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ABSTRACT

BACKGROUND: Smooth muscle cells (SMCs) substantially contribute to the development of
atherosclerosis through a process called “phenotypic switching.” Our previous work identified an SMC-
derived intermediate cell type, termed “SEM” cells, which plays a crucial role in SMC transition to other
cell types and in lesion development. Activation of retinoic acid (RA) signaling by all-trans retinoic acid
(ATRA) attenuates atherosclerosis in mice coincident with suppression of SEM cell formation. However,
the effect of RA signaling on advanced disease and the underlying molecular mechanisms by which RA
modulates SMC transition to SEM cells are largely unknown.

METHODS: We applied SMC lineage tracing atheroprone mice and biochemistry and cell and molecular
biology techniques (e.g., RNA sequencing, quantitative reverse transcription PCR, co-immunoprecipitation,
and chromatin immunoprecipitation-quantitative PCR) to reveal the regulatory mechanisms of RA
signaling in SMC transition to SEM cells.

RESULTS: Activation of RA signaling with ATRA in established atherosclerosis significantly reduced
SEM cells and lesion size while increasing fibrous cap thickness. Mechanistically, retinoic acid receptor
alpha (RARa) directly targets the promoters of Ly6a and Ly6cl in mouse SMCs, and activation of RA
signaling recruits EZH2 to the regulatory elements triggering local H3K27me3. Distinct from a molecular
model that reported for RA recruitment of HDAC1 during embryogenesis, RARo/EZH2 complex recruits
SIRT1 and SIRT®6, rather than classical HDACs, to the regulatory regions of key SEM cell marker genes.
This subsequently reduces multiple acetylated histone modifications (e.g., H3K27ac, H3K4ac, H3K9ac,
H3K14ac, H3K56ac) with recruitment of the transcription corepressor, NCOR1, to repress downstream
SEM cell marker genes.

CONCLUSIONS: Our findings provide novel mechanistic insights into RA modulating SMC phenotypic
switching in atherosclerosis, suggesting molecular targets for preventive and therapeutic interventions for

atherosclerosis and its clinical complications.
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INTRODUCTION

Atherosclerosis, characterized by modulation and lesion infiltration of multiple cell types in response to
lipid accumulation in the artery wall, remains the major cause of cardiovascular disease (CVD)'.
Pathophysiological responses of multiple cell types, including vascular smooth muscle cells (SMCs),
endothelial cells (ECs), and immunocytes (e.g., macrophages, T cells), contribute to the development,
progression, and clinical complications of atherosclerosis®>. SMCs contribute the majority of cells in
atherosclerotic plaques through “phenotype switching” and transitioning to other cell types®. Several lines
of evidence, including human genetics, SMC lineage tracing in mouse genetic models, and single cell RNA-
sequencing (scRNA-seq)*’, have shown that SMC phenotypic plasticity is a causal mediator for
atherosclerotic plaque stability and clinical events, suggesting opportunities for therapeutic intervention for
atherosclerotic CVD.

Our recent work and others identified multiple SMC-derived cell types in atherosclerotic lesions
and several regulators of SMC phenotype switching, such as retinoic acid (RA) signaling, TCF21, KLF4,
OCT4, ZEB2, in atherosclerosis®®. Our previous research identified a novel cell state derived from SMCs,
“SEM” cells, named because of their expression of marker genes of stem cells (Ly6a), endothelial cells
(Veaml), and monocytes (Ly6cl)’. SEM cells have substantial overlap with Lgals3" intermediate cells® and
fibromyocytes’ described by other groups. We also indicated that activation of RA signaling with all-trans
retinoic acid (ATRA) blocked SMC transition to SEM cells, attenuated atherosclerosis progression, and
increased features of lesion stability’. Our current work seeks to understand the molecular mechanisms by
which RA signaling modulates SMC-SEM cell transition.

Classically, RA (e.g., ATRA, 9-cis-RA, and 13-cis-RA) binds and activates RA receptors (RARs)
to form heterodimers with retinoid X receptors (RXRs)* 20, This complex binds to retinoic acid response
elements (RAREs)!!, which recruits histone acetyltransferase (HATs) and Trithorax proteins, mediating
H3K4me3 and promoting downstream gene transcription'?. However, some exceptions to this classical
model have been reported. For instance, RA repression of development-related genes, such as Hoxb1' and
Fgf8' was mediated by recruitment of EZH2 and HDACI to the upstream regulatory sequences of the

2
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genes. The regulatory mechanisms of RA signaling in SMC phenotype switching has yet to be elucidated.
Here, we demonstrate that even in advanced disease, activation of RA signaling by ATRA reduces
the proportion and number of SEM cells and atherosclerotic lesion area while enhancing lesion stability.
Using cultured mouse SMCs, we elucidated the precise molecular mechanism by which RA signaling
represses expression of SEM cell marker genes and attenuates SMC-SEM cell transition. The mechanism
involves RARa/EZH2 complex recruitment of SIRT1 and SIRT6, rather than classical histone deacetylases
(HDAC:S), to the regulatory regions of SEM cell marker genes that represses their expression through
extensive reduction in acetylated histone modifications and recruitment of the transcription corepressor,
nuclear receptor corepressor 1 (NCOR1). Our study provides novel mechanistic insights into RA
modulation of SMC phenotypic switching in atherosclerosis, suggesting molecular targets for clinical
prevention and therapy for the disease.
METHODS
Mouse studies
All mouse experiments were approved by the Institutional Animal Care and Use Committee of Columbia
University. Generation of SMC lineage tracing ROSA26-S-#Creen!” L dly~; Myhll-CreER™ mice and
induction of SMC-specific expression of ZsGreenl with tamoxifen diet and atherosclerosis with Western
diet (WD) were previously described®. As the Myh11-CreER™ locus was integrated into the Y chromosome,
all SMC lineage tracing mice used in this study are male. To administer ATRA in advanced atherosclerosis,
SMC lineage tracing mice were fed tamoxifen diet and then WD for 16 weeks before oral administration
of ATRA (2.5 mg/kg mice) or vehicle (corn oil), 3 times/week.
Hematoxylin and eosin staining
Apical parts of mouse hearts were collected, fixed, and embedded in Tissue Frozen Medium. Hematoxylin
and eosin (H&E) staining was performed using aortic sinus sections in the Histology Service of the
Molecular Pathology Shared Resource at the HICCC, Columbia University. Lesion area and fibrous cap
thickness were measured using Aperio ImageScope software (Leica).

Flow cytometry analysis
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Single cells were prepared from mouse atherosclerotic aortas as previously reported®. Cell pellets were
resuspended in FACS buffer with rat anti-mouse CD16/CD32 (eBioscience, 16-0161) to block unspecific
binding of antibodies to Fc receptors and subsequently incubated with DAPI, rat anti-mouse LY6A-APC
(eBioscience, 17-5981), and rat anti-mouse LY 6C-PE (Biolegend, 128007) for 20 min at 4°C. SMC-derived
ZsGreen1 'LY6A'LY6C1" SEM cells were analyzed and sorted on BD Influx instrument as previously
described®.

Cell culture and in vitro chemical treatment

Mouse smooth muscle cells and SEM cells were cultured in DMEM+10% FBS medium as previously
described®. The cells were treated with vehicle, ATRA (10 uM), BMS493 (10 uM), and/or GSK126 (10
uM) as indicated for 3 days before analyses.

RNA-seq data analyses

Paired-end strand-specific RNA libraries were sequenced on Illumina NovaSeq 6000. Gene expression was
quantified using Salmon v0.11.2'% with transcriptome index built from GENCODE M20. Gene expression
was obtained by summing transcript level TPM (Transcripts Per Million) for each gene. Scaled TPMs were
used for visualization on heatmaps. Differential expression (DE) analysis was performed using DESeqg?2
package in R'S. Genes with >10 total count across all samples were retained for DE analysis. Genes with
fold change >2, FDR <0.05 in the Wald test and FDR <0.05 in the likelihood ratio test were considered
differentially expressed. Log2 fold change was shrunken using apeglm method!” implemented in DESeq?2.
Differentially expressed genes in ATRA group compared to control were subject to Gene Ontology (GO)
enrichment analysis. Enriched Biological Pathways were identified for downregulated genes in ATRA
group using clusterProfiler package'®. GO terms were simplified using simplify function with a similarity
cutoff of 0.7. Fastq files and gene expression matrix from RNA-seq data will be deposited in the Gene
Expression Omnibus database. Accession code is pending.

Quantitative RT-PCR

RNA was extracted and cDNA was synthesized according to the manufactures’ manuals of Quick-RNA
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Miniprep kit (Zymo Research, R1054) and High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4368813), respectively. Quantitative PCR (qPCR) was performed using 2x PowerUp SYBR
Green Master Mix (Applied Biosystems, A25777) with QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems). The following primers were used in qPCR experiments: mActb F: 5’-
GGCTGTATTCCCCTCCATCG-3’; mActb R: 5’-CCAGTTGGTAACAATGCCATGT-3’; mLy6a F: 5°-
AGGAGGCAGCAGTTATTGTGG-3’; mLy6a R: 5’-CGTTGACCTTAGTACCCAGGA-3’; mLy6cl F:
5’-GCAGTGCTACGAGTGCTATGG-3’; mLyé6cl R: 5-ACTGACGGGTCTTTAGTTTCCTT-3".
ChIP-qPCR

Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR) was performed using the SimpleChIP
Enzymatic Chromatin IP Kit (Magnetic Beads) (CST, #9003), following manufacturer’s protocol. The
following antibodies were used for ChIP experiments: RARo (Abcam, ab41934), EZH2 (CST, #5246),
Acetyl Histone H3 (Lys27) (CST, #8173), Tri-Methyl-Histone H3 (Lys27) (CST, #9733), SIRT1 (Millipore,
07-131), SIRT6 (Abcam, ab191385), Acetyl Histone H3 (Lys9) (Active Motif, 39137), Acetyl Histone H3
(Lys14) (Millipore, 07-353), Acetyl Histone H3 (Lys56) (Active Motif, 39281), Acetyl Histone H3 (Lys4)
(Millipore, 07-539), NCOR1 (Bethyl Laboratories, A301-145A), p300 (Millipore, 05-257), Tri-Methyl-
Histone H3 (Lys4) (CST, #9751), HDAC1 (CST, #34589), HDAC3 (CST, #85057), HDAC6 (CST, #7612),
normal rabbit IgG (CST, #2729), and normal mouse IgG (Santa Cruz, sc-2025). The DNA products were
quantified by qPCR using SimpleChIP Universal gPCR Master Mix (CST, #88989). The primers used for
ChIP-qPCR are as follows: mLy6a promotor F: 5’-CTTCCATCCCAGTTGCCAGT-3’; mLy6a promotor
R: 5’-CCCCAGTAGGCTCTTGCATC-3’; mLy6c1 promotor F: 5’-GCTTTCTAGTTGGCAAGCACA-3’;
mLy6cl promotor R: 5’-ACCATGGTGCAGGAGAACTG-3".

Co-IP and western blot

Co-immunoprecipitation (Co-IP) was conducted using the Nuclear Complex Co-IP Kit (Active Motif,
54001) according to the manufacturer’s manual. The antibodies used for Co-IP and following western blot

are RARa (Abcam, ab41934), RARa (CST, #62294), EZH2 (CST, #5246), HDAC1 (CST, #34589),
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HDAC2 (CST, #57156), HDAC3 (CST, #85057), HDAC4 (CST, #15164), HDACS (CST, #20458),
HDACS6 (CST, #7612), HDAC7 (CST, #33418), normal rabbit IgG (CST, #2729), and normal mouse IgG
(Santa Cruz, sc-2025).

Statistical analysis

Normality was assessed using the Shapiro-Wilk test. Statistical significance was determined using unpaired
Student’s t-test for two group comparisons of atherosclerotic lesion areas of aortic sinuses, fibrous cap
thickness, and SEM cell proportion and number from vehicle and ATRA-treated mice. RNA-seq, RT-qPCR,
and ChIP-qPCR were performed in biological triplicates. Data are shown as mean+SD. GraphPad Prism 9
was used for all statistical analyses.

RESULTS

We previously reported that ATRA attenuated SEM cell formation during atherosclerosis development and
progression®. To examine the effects of ATRA on advanced disease, we fed ROSA26-SE-7Green’* . [ dly";
Myh11-CreER™ mice WD for 16 weeks, then gave another 10-week WD along with either ATRA or vehicle
(corn oil) treatment (Figure 1A). ATRA treatment significantly reduced atherosclerotic lesion area and
increased fibrous cap thickness in established atherosclerosis (Figure S1A through S1C). Importantly,
among all ZsGreenl" SMC lineage cells prepared from atherosclerotic aortas, we found that both the
proportion and number of SEM cells were significantly decreased (Figure 1B and 1C).

To confirm that ATRA directly targets SMC to SEM cell transition through activation of RA
signaling but not simply via changes in circulating lipoproteins as reported'®, we treated ex vivo cultured
SEM cells, pooled from atherosclerotic aortas, with ATRA. The expression of key SEM cell marker genes,
Ly6a and Ly6¢cl, was markedly reduced by ATRA (Figure S1D). In addition to SEM cell marker genes, we
previously observed that two other clusters of genes (i.e., extracellular matrix-related genes and
inflammatory genes) were upregulated in SEM cells versus SMCs. Gene Ontology (GO) analysis of
downregulated genes in SMCs treated with ATRA suggested that multiple biological processes, particularly

99 G¢

“inflammatory response,” “extracellular matrix organization,” and “regulation of inflammatory response,”
were repressed by ATRA (Figure S2A). Multiple genes related to extracellular matrix organization (e.g.,

6
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Fnl, Colla2, Lum) and inflammatory response (e.g., Ccl7, Cxcl10, Ccl5) were strongly downregulated in
ATRA-treated SMCs (Figure S2B through S2D). These data, combined with our previous findings’,
suggest that activation of RA signaling represses SMC transition to SEM cells by inhibiting expression of
SEM cell-related genes, particularly the key SEM cell marker genes.

To further corroborate that SEM cell marker genes are directly repressed by RA signaling, rather
than non-RAR target effects of ATRA, we treated mouse SMCs with ATRA or BMS493, an inverse agonist
of pan-RARs. Inhibition of RA signaling by BMS493 significantly upregulated SEM cell marker genes,
Ly6a and Ly6cl (Figure 1D). To test if RA directly regulates transcription of SEM cell marker genes, we
examined enrichment of RARa, a key receptor for RA ligands, at promoter regions of Ly6a and Ly6¢l.
RARa occupied both Ly6a and Ly6¢l promoters at baseline, which was induced further by ATRA treatment
(Figure 1E). These data indicate that RA signaling can directly target transcription of key SEM cell marker
genes.

Activation of RA signaling typically replaces transcriptional repressors with co-activators, which
then recruit HATS, activating downstream gene transcription'?. However, we did not find enrichment of
p300, a HAT reported to participate in RA-mediated gene activation?’, at the promoters of Ly6a and Ly6¢l
under basal or ATRA-treated conditions (Figure S3A). Therefore, we tested an alternative mechanism that
has been reported for RA-induced gene repression in development, involving recruitment of EZH2 to
trigger H3K27me3'*. First, our endogenous co-immunoprecipitation (co-IP) results in mouse SMCs
indicated a physical interaction between RARa and EZH2 (Figure 1F). Next, we found that EZH2 directly
targeted the promoter regions of Ly6a and Ly6¢l and enrichment of EZH2 at the promoters increased in
response to activation of RA signaling by ATRA (Figure 1G).

EZH2 is a histone methyltransferase known to induce H3K27me3 at promoters to repress
downstream genes?!'. We found that ATRA induced a marked upregulation of H3K27me3 at Ly6a and Ly6cl
promoters in mouse SMCs (Figure 1H). In contrast, the levels of H3K4me3, another active histone

methylation mark, at the promoters of Ly6a and Ly6¢cl were comparable in ATRA versus vehicle-treated
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SMCs (Figure S3B). Moreover, GSK126, a highly selective EZH2 methyltransferase inhibitor??, partially
rescued the ATRA-repressed Ly6a and Ly6cl expression (Figure 1I), suggesting that EZH2
methyltransferase activity is necessary for the suppression of SEM cell marker genes. Overall, these data
suggest a model of RA-mediated recruitment of EZH2 triggering H3K27me3 at promoters of SEM cell
marker genes to suppress their transcription.

Other transcription cofactors, such as HDACs (e.g., HDACI), are reported to participate in
RARo/EZH2-mediated gene repression in development (e.g., Hoxbl, Fgf8)'* % through modulation of
histone acetylation at promoters of downstream genes. However, it is unclear if HDACs participate in
regulation of SEM cell marker genes. We found that levels of H2K27ac and H3K4ac, two types of histone
acetylation related to active gene transcription, were decreased at promoters of Ly6a and Ly6¢l in response
to activation of RA signaling in SMCs (Figure S3C and S3D). Mammalian HDACs can be divided into
several classes, such as Class I (HDAC1-3), Class II (HDAC4-7), and Class III (SIRT1-7)%. Our co-IP data
suggested that RARa physically interacted with HDAC1, HDAC3, and HDACG6 in SMCs (Figure S4A).
However, ChIP-qPCR revealed decreased occupancy of HDAC1 and HDAC3 (Figure S4B and S4C) and
no significant enrichment of HDAC6 (Figure S4D) at the promoters of Ly6a and Ly6¢l in response to
ATRA. This suggests that Class I and Class I HDACs may not be responsible for the decreased levels of
H3K27ac and H3K4ac at promoter regions of SEM cell marker genes.

Next, we focused on SIRT1 and SIRT6 as they are deacetylases predominantly found in the nucleus
and regulate gene expression®*. We found that SIRT1 and SIRT6 occupied the promoters of Ly6a and Ly6¢l
and that their enrichment at the promoters was induced by ATRA (Figure 2A and 2B), suggesting that
SIRT1 and SIRT6 participate in RA-mediated SEM cell marker gene repression by catalyzing several
histone acetylation modifications at the promoters of Ly6a and Ly6c¢1. To further address this, we examined
additional known substrates of SIRT1 and SIRT6 deacetylases (H3K9ac, H3K14ac, and H3KS56ac;
epigenetic marks for active gene transcription)” and found that occupancy of all three epigenetic

modifications of histone acetylation was decreased at promoters of Ly6a and Ly6cl by ATRA (Figure 2C
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through 2E).

Alterations of these epigenetic modifications (H3K27me3, H3K27ac, H3K4ac, H3K9ac, H3K 14ac,
and H3K56ac) result in chromatin compaction and recruitment of transcription corepressors to block
downstream gene transcription®®. To consolidate this, we interrogated the enrichment of NCORI, a
transcription corepressor associated with RA signaling in autophagy modulation®’, at regulatory elements
of SEM cell marker genes. The results indicated that ATRA led to markedly increased recruitment of
NCORI to the promoters of Ly6a and Ly6cl (Figure 2F), suggesting that RA-altered epigenetic
modifications at promoters of SEM cell marker genes inhibits downstream genes at least partially through
recruitment of NCORI.

DISCUSSION

SMC phenotype switching is a central event during development of atherosclerosis. Several signaling
pathways (e.g., RA signaling®), transcription factors (e.g., TCF217, KLF4, OCT4%), and epigenetic
modifiers (e.g., ZEB2®) have been identified as regulators of SMC phenotype switching and their clinically
importance is supported by human genetic studies. However, the molecular mechanisms of how these
regulators modulate SMC transition to SEM cells are only partially understood. The effects of RA signaling
on SMC proliferation®® and neointima formation in a rat injury model*’ were explored two decades ago. In
subsequent studies, activation of RA signaling was found to decrease atherosclerotic lesion area in rodent

19.30 Yet until our recent work®, the actions of RA signaling on SMC phenotype

atheroprone models
switching and trajectories of SMC-derived cells in atherosclerosis were not known. Here, we focused on
the molecular regulatory mechanisms of RA signaling in SMC phenotype switching in atherosclerosis.
First, we found that activation of RA signaling can suppress SEM cells and regress atherosclerotic
lesions in mice with advanced disease, providing a translational framework for therapeutic targeting of
established disease not just prevention of atherosclerosis as suggested by our prior studies®. Next, we
demonstrated a novel molecular model for how RA signaling suppresses expression of key SEM cell marker
genes (e.g., Ly6a and Ly6¢1) and SMC transition to SEM cells. Activation of RA signaling recruited EZH2

to the promoters of key SEM cell marker genes, triggering the repressive epigenetic mark, H3K27me3, and

9
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enhanced SIRT1 and SIRT6 deacetylases, reducing histone acetylation at multiple lysine residues, marks of
active gene transcription, at promoters of Ly6a and Ly6¢1. The relevant chromatin remodeling recruits the
transcription corepressor, NCORI1, to repress expression of downstream SEM cell marker genes. By doing
s0, RA signaling inhibits SMC to SEM cell transition and attenuates atherosclerosis (Figure 2G).

The novel molecular model of RA-mediated suppression of SMC to SEM cell transition that we
revealed is distinct from the classical RA-induced gene activation paradigm. Similar to a few prior reports
of RA repression of genes (e.g., Hoxb1"3, Fgf8'*%) during mouse embryogenesis, we found that RA signaling
blocked expression of SEM cell marker genes, Ly6a and Ly6cl, by recruiting EZH2 and triggering
H3K27me3 at the promoters of the target genes. Yet, inconsistent with these prior reports, we did not find
subsequent recruitment of HDACI or other classical HDACs (e.g., HDAC2-7) by RARo/EZH2 complex.
Instead, SIRT1 and SIRT6 were markedly enriched at Ly6a and Ly6¢cl promoters in response to the
activation of RA signaling, resulting in decrease of multiple acetylated histone modifications (e.g.,
H3K27ac, H3K4ac, H3K9ac, H3K 14ac, H3k56ac) at these promoter regions. Our current work is the first
to reveal that SIRT1 and SIRT6 are transcription cofactors participating in RA signaling-mediated
suppression of SEM cell marker genes and blocking of SMC transition to SEM cells.

Our research provides novel insights but has limitations that merit further work. We have identified
RARo/EZH2/SIRT1/SIRT6/NCOR1 complex in RA repression of SMC to SEM cells, but this does not
exclude the potential involvement of additional transcriptional cofactors (e.g., HDACS8-11, HATSs, or histone
methyltransferases). Our data indicate that RA modulates gene expression in a broad epigenetic regulatory
manner to block SMC to SEM cell transition. Indeed, it has been widely reported that multiple epigenetic
remodelers, such as HATs (e.g., NCOA3*!), HDACs (e.g., HDAC1'), are involved in RA-mediated gene
regulation in other settings. Future studies are needed to interrogate the broader epigenetic landscape
alterations that are driven by activation of RA signaling and how these are deterministic of SMC transition
to SEM cells and subsequent transition to other cell types.

There are significant differences and overlap in the atherosclerosis phenotypes described for each
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of the signaling (e.g., RA signaling), genetic (e.g., TCF21, KLF4), and epigenetic (e.g., ZEB2) regulators
of SMC phenotype switching. For instance, K/f4 deletion in SMCs results in suppression of SMC
phenotypic transition and marked reduction in atherosclerotic lesion size®. SMC-specific genetic deletion
of Tef21 leads to decreased SMC-derived fibromyocytes within lesions and fibrous caps’. Loss of Zeb2 in
SMCs inhibits SMC transition to fibromyocytes but promotes chondromyocyte development®. In contrast,
activation of RA signaling by ATRA blocks SMC to SEM cell transition, attenuates atherosclerosis, and
promotes lesion stability®. Given this phenotypic overlap, there may be crosstalk in the regulatory events
among these factors and signaling pathways in SMCs. Indeed, it has been reported that RA induced Kif4
expression in SMCs*2. Our data provide the context to interrogate, at the local and genome level, specific
interactions between RA signaling and other regulators of SMC phenotypic switching.

In conclusion, we reveal a novel molecular mechanism by which RA signaling blocks SMC to SEM
cell transition, providing a deeper mechanistic insight into SMC phenotypic switching in atherosclerosis.
Our study suggests several molecular targets for both prevention of atherosclerosis progression and therapy

of established disease independent of lipid lowering strategies currently used in clinic.
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FIGURE LEGENDS

Figure 1. Activation of retinoic acid signaling represses SMC to SEM cell transition via EZH2-
mediated epigenetic silencing of key SEM cell marker genes. A, Schematic of administration of ATRA
and vehicle (corn oil), 3 times/week, to the SMC lineage tracing mice on Western diet for 26 weeks in total.
B and C, Flow cytometry analysis of ZsGreenl "LY6A"LY6C1" SEM cells showed both proportion (B) and
number (C) of SEM cells from atherosclerotic aortas were markedly reduced by ATRA administration. n=6
mice for each group. ***P<(0.001. D, RT-qPCR of SEM cell marker genes, Ly6a and Ly6¢1, in mouse SMCs
indicated that activation of RA signaling by ATRA repressed while inhibition of RA signaling by BMS493
promoted SEM cell marker gene expression. n=3, ***P<(.001. E, ChIP-qPCR showed enrichment of

RARa at promoters of Ly6a and Ly6cl. n=3, *P<0.05. F, Endogenous co-IP with mouse SMC nuclear

protein extractions indicated physical interaction between RARa and EZH2. G, ChIP-qPCR showed
occupancy of EZH2 at promoters of Ly6a and Ly6¢cl, n=3, *P<0.05, **P<0.01. H, H3K27me3 levels at
promoters of Ly6a and Ly6cl were significantly induced by ATRA treatment, n=3, ***P<(0.001. I,
Treatment of mouse SMCs with GSK126, an EZH2 methyltransferase activity inhibitor, partially restored

expression of SEM cell marker genes, Ly6a and Ly6¢cl, repressed by ATRA, n=3, ***P<(0.001.

Figure 2. SIRT1 and SIRT6 mediate RARo/EZH?2 repression of SEM cell marker genes through
extensive alterations in epigenetic marks at promoter regions. A and B, ChIP-qPCR results showed that
enrichment of SIRT1 and SIRT6 at promoters of Ly6a and Ly6¢cl was enhanced in response to activation of
RA signaling by ATRA. n=3, *P<0.05, **P<0.01. C through E, ChIP-qPCR data show that levels of SIRT1
and SIRT6 substrates, H3K9ac (C), H3K14ac (D), and H3K56ac (E), at promoter regions of SEM cell
marker genes, Ly6a and Ly6cl, were significantly reduced by ATRA. n=3, **P<0.01, ***P<0.001. F,
Transcription corepressor, NCOR1, was enriched at promoters of Ly6a and Ly6¢l by activation of RA
signaling. G, Schematic of proposed molecular model by which RA signaling modulates SMC to SEM cell

transition in atherosclerosis and affects disease development.
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Figure 1. Activation of retinoic acid signaling represses SMC to SEM cell
transition via EZH2-mediated epigenetic silencing of key SEM cell marker genes
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Figure 2. SIRT1 and SIRT6 mediate RAR«/EZH2 repression of SEM cell marker
genes through extensive alterations in epigenetic marks at promoter regions
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Figure S1. Activation of retinoic acid signaling in advanced atherosclerosis blocks SMC-derived SEM cells,
reduces lesion area, and increases fibrous cap thickness. A, Representative images of hematoxylin and eosin
(H&E) stained aortic root sections from vehicle (Control) and ATRA treated mice on Western diet for 26 weeks.

B and C, Statistical analysis of lesion areas (B) and fibrous cap thickness (C) of aortic root sections from mice

in vehicle (Control) and ATRA groups. n=6 mice for each group. *P<0.05, **P<0.01. D, Expression of SEM
cell marker genes, Ly6a and Ly6¢1, in ex vivo cultured SEM cells was dramatically reduced by ATRA treatment.

n=3, ¥***P<0.001.
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Figure S2. Activation of retinoic acid signaling represses multiple SMC-derived SEM cell related genes
and pathways. A, Gene Ontology (GO) analysis of downregulated genes in ATRA-treated mouse SMCs versus

vehicle group indicated multiple biological processes, including “inflammatory response,

9 ¢¢

extracellular matrix

organization,” and “regulation of inflammatory response,” were repressed by activation of retinoic acid signaling.
B through D, heatmaps showing that multiple SEM cell-associated genes, including extracellular matrix related
genes (B) and inflammatory genes (C and D), were markedly suppressed by ATRA.

19


https://doi.org/10.1101/2022.11.09.515888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.09.515888; this version posted November 10, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A

0.0204

0.0154

% Input

0.005+
0.000-

N ok wN e

10
11
12
13
14
15

0.0104

Ly6a promoter

ns

m IgG
=3 p300

Ly6c1 promoter

0031 - 156

=3 p300

ns

5=
4 -

ns

B Ly6a promoter

m IgG
= H3K4me3

Ly6c1 promoter

ns

H gG
= H3K4me3

C Ly6a promoter

% Input

24
0-
Lyéc1 promoter

107

% Input

8-

60—
4-

D

*kk

m gG 2.0

=3 H3K27ac 1.5

1.04

% Input

0.5

0.0-

Tk

m IgG 2.0+
= H3K27ac 1.5

1.0

% Inpu

0.5

0.0-
ATRA

Ly6a promoter

m IgG
=3 H3K4ac

*kk

Ly6c1 promoter

m gG
= H3K4ac

*hk

Figure S3. Enrichment of p300, H3K4me3, H3K27ac, and H3K4ac at promoters of key SEM cell marker
genes in vehicle and ATRA treated mouse SMCs. A and B, ChIP-qPCR showed comparable enrichment of
p300 and epigenetic mark H3K4me3 at promoters of SEM cell marker genes, Ly6a and Ly6cl, in vehicle and
ATRA treated mouse SMCs. ns, not significant. C and D, Levels of H3K27ac and H3K4ac at promoters of Ly6a
and Ly6¢l were significantly induced by ATRA. n=3, ***P<0.001.

A Input P

QS} Q‘ﬁ
\Cb@ & \%O &

-— -

RAR«

(o | HDAC?
[ewew 77 = | HDAC3

HDAC4

HDAC1

HDACS

. HE

HDACB

HDACT

B
0.4+
0.3
0.2+

% Input

0.1
0.0-

ok

Ly6a promoter

m IgG
= HDAC1

Ly6c1 promoter

0.4
0.39

0.2+

% Input

0.1

0.0-
ATRA

*k

H gG
= HDAC1

C

nput

%

—
o
a
C

%

Ly6a promoter

0044 _"_ wm IgG

0.034 = HDAC3

0.024
0.014

0.00-

Ly6ct promoter
0.05+
0.044
0.034
0.024
0.014

0.00-
ATRA -

m gG
= HDAC3

*

%

D

0.025-
0.020-

2 0.0154

c

0.0104

0.005-

0.000-

Ly6a promoter

ns  mm IgG

= HDACE

Ly6cT promoter

0037 _ns mm IgG

= HDAC6

Figure S4. HDAC1-7 do not participate in RARa/EZH2-mediated SEM cell maker gene repression. A,
Endogenous co-IP with mouse SMC nuclear protein extractions indicated physical interaction between RARa
and HDAC1, HDAC3 and HDAC6. Note: IgG heavy chain bands showed in exposure images of HDAC4,
HDACS, and HDAC?7. B and C, ChIP-gPCR showing reduced enrichment of HDAC1 and HDAC3 at promoters
of Ly6a and Ly6¢1 in ATRA-treated mouse SMCs. n=3, *P<0.05, **P<0.01. D, ChIP-qPCR data indicated little
occupancy of HDAC?7 at promoters of Ly6a and Ly6¢l in both vehicle and ATRA-treated mouse SMCs. ns, not

significant.
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