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Preventing Cholesterol-Induced Perk (Protein 
Kinase RNA-Like Endoplasmic Reticulum 
Kinase) Signaling in Smooth Muscle Cells Blocks 
Atherosclerotic Plaque Formation
Abhijnan Chattopadhyay ,* Pujun Guan (关蒲骏),* Suravi Majumder , Kaveeta Kaw , Zhen Zhou (周桢), Chen Zhang,  
Siddharth K. Prakash , Anita Kaw , L. Maximillian Buja, Callie S. Kwartler , Dianna M. Milewicz

BACKGROUND: Vascular smooth muscle cells (SMCs) undergo complex phenotypic modulation with atherosclerotic plaque 
formation in hyperlipidemic mice, which is characterized by de-differentiation and heterogeneous increases in the expression 
of macrophage, fibroblast, osteogenic, and stem cell markers. An increase of cellular cholesterol in SMCs triggers similar 
phenotypic changes in vitro with exposure to free cholesterol due to cholesterol entering the endoplasmic reticulum, triggering 
endoplasmic reticulum stress and activating Perk (protein kinase RNA-like endoplasmic reticulum kinase) signaling.

METHODS: We generated an SMC-specific Perk knockout mouse model, induced hyperlipidemia in the mice by AAV-PCSK9DY 
injection, and subjected them to a high-fat diet. We then assessed atherosclerotic plaque formation and performed single-cell 
transcriptomic studies using aortic tissue from these mice.

RESULTS: SMC-specific deletion of Perk reduces atherosclerotic plaque formation in male hyperlipidemic mice by 80%. 
Single-cell transcriptomic data identify 2 clusters of modulated SMCs in hyperlipidemic mice, one of which is absent 
when Perk is deleted in SMCs. The 2 modulated SMC clusters have significant overlap of transcriptional changes, but 
the Perk-dependent cluster uniquely shows a global decrease in the number of transcripts. SMC-specific Perk deletion 
also prevents migration of both contractile and modulated SMCs from the medial layer of the aorta.

CONCLUSIONS: Our results indicate that hypercholesterolemia drives both Perk-dependent and Perk-independent SMC 
modulation and that deficiency of Perk significantly blocks atherosclerotic plaque formation.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Atherosclerosis is a complex process driven primar-
ily by hypercholesterolemia and involving multiple 
cell types, including vascular smooth muscle cells 

(SMCs), endothelial cells, and inflammatory cells. Lin-
eage tracing studies of atherosclerotic lesions in hyper-
lipidemic mice revealed a more prominent role of SMCs 
in plaque formation than originally proposed.1,2 Single-
cell genomic technologies subsequently identified 

complex phenotypic modulation of SMCs associated 
with atherosclerotic plaque formation in hyperlipidemic 
mice.1,3,4 These modulated SMCs are de-differentiated 
with decreased expression of genes encoding contrac-
tile proteins (eg, Myh11, Acta2, Tagln, Cnn1) and have 
variable increased expression of genes that predict het-
erogeneous phenotypic changes, including increased 
expression of markers for macrophages (eg, Lgals3), 
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fibroblasts (Lum and Fn1), osteogenic cells (Spp1), and 
stem cells (Ly6a). Importantly, this phenotypic modulation 
in both mouse and human atherosclerosis is heteroge-
neous in terms of the degree of de-differentiation and 
marker gene expression.

A critical question is how hypercholesterolemia drives 
atherosclerosis-associated phenotypic modulation of 
SMCs and atherosclerotic plaque formation. SMC-
specific deletion of Klf4 in hypercholesterolemic mice 
decreases plaque size and the number and extent of 
phenotypic modulated SMCs, specifically increasing the 
expression of SMC differentiation markers and decreas-
ing the number of Lgals3-positive and chondrocyte-like 
modulated SMCs.3,5 In addition, SMC-specific deficiency 
of other transcription factors, Tcf21 and aryl hydrocarbon 
receptor (Ahr), and activation of retinoic acid signaling in 
hyperlipidemic mice have reduced the number of modu-
lated SMCs in atherosclerotic plaques.1,4,6

Hypercholesterolemia is the major risk factor for 
atherosclerotic plaque formation. SMC transcriptome 
changes similar to the molecular signature of modulated 
SMCs that appear with plaque formation in hypercho-
lesterolemic mice can be modeled in vitro by exposing 
SMCs to cholesterol.7 Exposure to either free cholesterol 
or oxidized LDL (low-density lipoprotein) leads to de-
differentiation of the SMCs and increases the expres-
sion of SMC modulation markers, including macrophage 
markers (eg, Lgals3), fibroblast markers (eg, Fn1), and 
osteogenic cell markers (eg, Spp1).7 Using this model 
system of cholesterol-driven SMC phenotypic modu-
lation, we determined that the movement of free cho-
lesterol into the endoplasmic reticulum (ER) induces 

ER stress and activates the 3 signaling pathways of 
an unfolded protein response (UPR): (1) Perk (protein 
kinase RNA-like ER kinase), which activates eIF2α 
(α-subunit of the eukaryotic initiation factor 2), increases 
the expression of Atf4 (activating transcription factor 4) 
and represses translation; (2) Ire-1 (inositol-requiring 
enzyme 1), which has dual kinase and ribonuclease 
activity and generates the activated transcription factor 
Xbp1 (X-box binding protein) by alternatively splicing its 
mRNA; and (3) Atf6 (activating transcription factor 6), 
which is activated through cleavage to a smaller form in 
the Golgi complex.8–10 Atf4 drives increased Klf4 expres-
sion and prevents the proteasomal degradation of the 
translated protein, and we found that SMCs exposed to 
free cholesterol increase Klf4 expression, protein levels, 
and transcriptional activity.7,11 Either knockdown of Perk 
expression or exposure to Perk inhibitors (ie, integrated 
stress response inhibitor) prevents both Klf4 activation 
and the majority of cholesterol-driven phenotypic modu-
lation of SMCs. Based on these data, we sought to deter-
mine if cholesterol-induced Perk signaling in SMCs plays 
a similar role in SMC phenotypic modulation associated 
with plaque formation in hypercholesterolemic mice. 
SMC-specific Perk-deficient (PerkSMC−/−), and control 

Nonstandard Abbreviations and Acronyms

α-SMA	 smooth muscle α-actin
Atf4	 activating transcription factor 4
DEG	 differentially expressed genes
eIF2α	� α-subunit of the eukaryotic initiation 

factor 2
EMT	 endothelial-mesenchymal transition
GO	 gene ontology
HFD	 high-fat diet
Ire-1	 inositol-requiring enzyme 1
LDL	 low-density lipoprotein
MBD-Chol	 methyl-β-cyclodextrin cholesterol
mSMC	 modulated smooth muscle cell
Perk	 protein kinase RNA-like ER kinase
RNP	 ribonucleoprotein
SMC	 smooth muscle cell
TC	 total cholesterol
UPR	 unfolded protein response
Xbp1	 X-box-binding protein

Highlights

•	 Vascular smooth muscle cells (SMCs) undergo 
complex phenotypic modulation with atherosclerotic 
plaque formation in hyperlipidemic mice, character-
ized by downregulation of their characteristic con-
tractile markers and upregulation of macrophage-, 
fibroblast-, osteogenic cell-, and stem cell-specific 
markers. Our previous in vitro studies have shown 
that this transition is regulated by cholesterol-
induced endoplasmic reticulum stress-induced 
unfolded protein response, particularly via the perk 
arm of the unfolded protein response.

•	 When placed on a high-fat diet, hyperlipidemic male 
mice with SMC-specific deletion of Perk (PerkSMC−/−)  
demonstrated ~80% reduction in atherosclerotic 
plaque formation, despite having proatherogenic 
increases in circulating serum lipid levels.

•	 Single-cell transcriptomic studies detected 2 mod-
ulated SMC clusters, one of which disappeared 
when Perk was specifically deleted from SMCs. 
These 2 clusters had significant overlap in their 
transcriptomic profiles, but the Perk-dependent 
cluster showed a unique phenotype of significantly 
decreased global transcript levels, a marker of an 
integrated stress response.

•	 Pathway analysis identified cellular migration as one 
of the top downregulated pathways in PerkSMC−/− 
aortas, and our histopathologic and in vitro studies 
confirmed that Perk deletion blocked migration of 
contractile as well as modulated SMCs from the 
medial layer of the aorta into the intima.
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mice were injected with a single dose of AAV-PCSK9DY 
and fed a high-fat diet (HFD) for 12 weeks. We found 
that Perk deletion in SMCs prevented up to 80% of 
plaque formation in the hyperlipidemic mice and inhibited 
both SMC phenotypic modulation and migration.

METHODS
Data Availability Statement
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. The 
raw single-cell RNA sequencing data  have been deposited 
to SRA (Sequence Read Archive) under accession number 
PRJNA850125.

Code Availability Statement
All bioinformatics analyses were performed using freely avail-
able software, and no custom codes were generated for this 
article.

Generation of SMC-Specific Perk Knockout 
Mice
Perkfloxed/floxed (Perkfl/fl, strain No. 023066; also designated as 
Eif2ak3tm.1.2Drc/J) and SM22αCre+/− mice [B6.Cg-Tg(Tagln-
Cre)1Her/J, strain #017491] were obtained from The 
Jackson Laboratory (Bar Harbor, ME). The SM22αCre+/−Per
kfl/+ obtained from crossing the above 2 strains were back-
crossed into Perkfl/fl mice to obtain SM22αCre+/−Perkfl/fl mice 
(hereafter referred to as PerkSMC−/−). SM22αCre−/−Perkfl/fl lit-
termates were used as controls (referred to as PerkSMC+/+). 
All animal experiments were performed in accordance with 
policies of the Animal Welfare Committee and the Center 
for Laboratory Animal Medicine and Care (CLAMC) of The 
University of Texas Health Science Center at Houston and 
guidelines from the National Institutes of Health.

AAV-PCSK9DY Injection and High-Fat Diet
At 6 weeks of age, both male and female PerkSMC−/− and 
PerkSMC+/+ mice were injected with a single dose of AAV-
PCSK9DY containing 1.1×1011 viral particles into a retro-orbital 
vein. At 7 weeks of age, the mice (12–15 mice per sex per 
genotype) were placed on HFD and maintained for 12 weeks.

Lipid Profile Analysis
Total cholesterol and triglycerides were analyzed in the sera of 
PerkSMC−/− and PerkSMC+/+mice 12 weeks after they were placed 
on the HFD, using Fast Performance Liquid Chromatography 
at the Baylor College of Medicine Mouse Metabolism and 
Phenotypic Core, as described earlier.12 (N=9–12 mice per sex 
per genotype)

En Face Oil Red O Staining of Aortas
Aortas were opened longitudinally to expose the lumen, washed 
with 60% isopropanol for 30 seconds, and stained with Oil Red 
O solution (0.3% in 60% isopropanol) using standard proto-
cols. Ten aortas were analyzed per genotype (5 males and 5 

females per group), according to the guidelines recommended 
by the American Heart Association.13 Plaques were quantified 
using ImageJ software and expressed as percentage area cov-
ered in plaque relative to the area of the entire aorta. Analysis 
was performed by 2 blinded individuals.

Histopathology
Paraffin-embedded cross-sections (5 μm) from formalin-
fixed tissues (root and ascending aorta) were stained with 
hematoxylin and eosin (H&E) or used for immunofluores-
cent staining according to established protocols. Please see 
the Supplemental Materials and Methods for details. Images 
were acquired using a Zeiss LSM800 microscope. Five to 10 
randomly chosen fields were imaged per sample for hema-
toxylin and eosin (H&E) stain. Lesion areas were quantified 
using ImageJ. For immunofluorescence, tissue sections were 
stained with antibodies against α-SMA, Vcam1, Pai1, and 
F4/80 along with anti-goat IgG with either anti-rabbit or anti-
rat IgG, to ensure the specificity of the antibodies used for 
immunofluorescence staining (Figures S1F and S6A). Please 
refer to the Major Resources Table for detailed information on 
the antibodies used.

Single-Cell RNA Sequencing
Aortic tissue from the aortic root to the distal aortic arch 
was isolated from age-matched male mice of each geno-
type at baseline and following AAV-PCSK9DY injection and 
HFD. Tissues from 4 mice per genotype, per treatment were 
pooled together and digested to obtain single-cell suspen-
sions, as previously described.14 Please see the Supplemental 
Methods for details.

Quality Control, Dimensionality Reduction, and 
Cell-Type Annotation
The CellRanger Software (10X genomics) was used to 
align the sequenced fragments to the reference genome. 
Successfully mapped regions were counted to generate the 
expression level of genes in each cell. Then, the count matrix 
was analyzed by the R package Seurat (V4.03).15 Cells with 
high levels of mitochondrial genes (>10%), indicating dead or 
dying cells during sequencing were removed, along with cells 
with extremely low levels (<0.3%) of mitochondrial genes. Cells 
with a limited number of expressed genes (≤800) were also 
removed. Details about the fraction reads in cells per group, 
number of genes detected and individual cells analyzed per 
annotated cell type are provided in Figure S2D and S2E. Next, 
the gene expression values underwent normalization to correct 
for sequence depth variation. Highly variable genes (Top 2000) 
were selected to perform canonical correlation analysis to iden-
tify “anchors”, which were used to integrate data from different 
conditions. After merging datasets, the normalized reads were 
scaled, and the mitochondrial expression ratio and number of 
reads counted were regressed out. We performed principal 
component analysis for dimensionality reduction. The selected 
principal components (Top 52) were used to create a shared 
nearest neighbor graph. On the graph, Louvain algorithm with 
multilevel refinement was applied to identify clusters. Uniform 
Manifold Approximation and Projection was used to visualize 
the clustering outcomes. Cell types were annotated manually 
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by the expression pattern of marker genes. The marker genes 
of each cell type were identified by nonparametric Wilcoxon 
Rank-sum test with exclusion of genes that were detected in 
<30% of a given cell type.

Identification of Differentially Expressed Genes 
and Pathway Analyses
To detect the influence of the interaction between SMC-
specific deletion of Perk and hypercholesterolemia, we applied 
generalized linear model implemented by R package MAST (V 
1.18).16 The model is specified as follows:

y X X X X Xig iPerk iHCL iPerk iHCL iCDR= + + + +β β β β β0 1 2 4 5

yig is the expression level of genes in the cell i; XiPerk ,  

XiHCL ∈{ , }0 1  indicates the genotype group, the hypercho-
lesterolemia group of the cell i; XiCDR indicate the proportion 
of genes detected in the cell i. We used the likelihood ratio 
test, testing for differences when we drop the interaction term 
X XiPerk iHCL to get P values.

For 2 group comparisons (SMC versus modulated smooth 
muscle cell [mSMC], mSMC1 versus mSMC2), similar general-
ized linear model was used. We estimated the coefficient for the 
main effect and tested the significance of it. The detection rate 
was used as a covariate.17 For tests, Benjamini and Hochberg’s 
method was used to control the false discovery rate.18 Corrected 
P values ≤0.05 were considered statistically significant.

For the differentially expressed genes, we ranked them by 
Z-scores of the coefficients: when comparing among 4 groups, 
it is β4 that indicates the interaction effect on the tested gene; 
between 2 groups, it is β  that indicates main effects. Next, we 
performed preranked gene set analysis to identify whether the 
effect/change tends to occur toward the top (or bottom) of a 
pathway gene list from gene ontology (GO) annotations.19

RNAscope
RNAscope experiments were performed using materials from 
Advanced Cell Diagnostics, Inc. (Newark, CA), according to 
manufacturer’s instructions.

Trajectory Analyses and Transcription Factor 
Enrichment Analyses
To understand the effect of Perk during the modulation process, 
we conducted trajectory analyses. We extracted all SMCs and 
mSMCs, and then used potential of heat diffusion for affinity-
based transition embedding implemented in phateR (V1.0.7) to 
generate a 2-dimensional embedding, which is highly suitable 
to identify developmental branches.20 Then, we performed tra-
jectory inference with slingshot (V2.0.0) to identify the lineage 
structure and principal curves.21 TradeSeq (V1.6.0) was used 
to identify genes significantly associated within a lineage, that 
is, whether gene expression is constant across pseudotime.22 
Next, we assessed differential expression patterns between 
conditions of those genes within a lineage, especially focus-
ing on significantly different genes between PerkSMC−/− and 
PerkSMC+/+ at baseline and after HFD. Hierarchical clustering 
was used to identify the gene modules based on the dynamic 
gene expression pattern. To unveil the biological function 
of each module, we used hypergeometric test to determine 
whether a pathway from GO annotations is enriched.

We conducted transcription factor enrichment analyses 
to identify transcription factors responsible for the changes 
in gene expression of each lineage among different condi-
tions.23 Chip-seq database was queried to determine which 
transcription factors may be most closely associated with 
genes, which had differential expression patterns between our 
various conditions. We prioritized transcription factors that are 
differentially expressed among the groups and whose targets 
are also enriched in the differentially expressed genes. The 
analysis was performed on R (V4.1.0). Ggplot2 (V3.3.5) and 
ComplexHeatmap (V2.8.0) were used for data visualization.24,25

SMC Explants and Cholesterol Treatment
Aortic SMCs were explanted from the ascending aortas of 
PerkSMC−/− and PerkSMC+/+ mice as described earlier.26 SMCs 
were treated with indicated amounts of free cholesterol com-
plexed to methyl-β-cyclodextrin (MBD-Chol, Millipore Sigma) 
in DMEM containing high glucose (Cellgro), 10% FBS (Gibco), 
1% antibiotic/anti-mycotic (Millipore Sigma), and 0.2% BSA 
(Fisher Scientific) for 72 hours at 37 °C and 5% CO2.

RNA Extraction, Quantitative Real-Time PCR, 
and Immunoblot Analyses
RNA extraction, quantitative real-time PCR, and immunoblot 
analyses were performed using standard protocols, which are 
described in the Supplemental Methods section. Please refer 
to Table S1 in the Major Resources Table for details of qPCR 
primers and antibodies used.

Transwell Migration Assay
PerkSMC−/− and PerkSMC+/+cells were plated on the upper 
layer of a cell culture insert containing a permeable mem-
brane overnight and then treated with MBD-Chol for 72 
hours. The cells were then washed with PBS, methanol and 
distilled water, followed by staining with NucBlue (Thermo 
Fisher Scientific). The permeable membranes containing the 
migrated cells were excised, mounted on glass slides using 
Permount (Thermo Fisher Scientific), covered with cover slips, 
and sealed with clear nail polish. The cells were then imaged 
using filters for DAPI on a Zoe Fluorescent Cell Imager (Bio-
Rad Laboratories). The experiment was performed in triplicate 
using independent samples and 4 randomly chosen fields 
were imaged per sample each time. The migrated cells were 
counted using ImageJ software.

Klf4 Transcriptional Activity Assay
SMCs explanted from PerkSMC−/− and PerkSMC+/+ mice were trans-
fected with Klf4 Cignal Reporter Plasmid (Qiagen), followed by 
treatment with MBD-Chol. Luciferase activity was measured 
using a Dual Luciferase Reporter Assay Kit (Promega), accord-
ing to manufacturer’s instructions. Klf4 activity was expressed 
as the ratio of firefly to Renilla chemiluminescence.

Statistical Analysis
All data shown are expressed as ±SD. Data were tested for 
normality using Graph Pad Prism software version 9.2.0. (Graph 
Pad Software, Inc, San Diego, CA). The following data passed 
normality and were analyzed using unpaired 2-tailed t test with 
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Welch correction: atherosclerotic lesion size using Oil Red 
O (genotypes were not separated by sex), LDL levels when 
the mice were not separated by sex, quantification of aortic 
root lesions by histology and quantification of cell density in 
the medial layers of the ascending aortas. The following data 
passed normality and were analyzed using 2-way ANOVA, fol-
lowed by Tukey multiple comparisons test: LDL levels when 
separated by sex, qPCR for Lgals3, Klf4 luciferase activity and 
cholesterol-induced SMC migration studies. The following data 
did not pass normality and were analyzed by Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test: atherosclerotic 
lesion size using Oil Red O when genotypes were separated by 
sex, total cholesterol, VLDL (very low-density lipoprotein), HDL, 
triglyceride levels (when genotypes were separated by sex), 
and all qPCR data except for Lgals3. The following data did not 
pass normality and were analyzed using Mann-Whitney U test: 
total cholesterol, VLDL, HDL, and triglyceride levels (when the 
mice were not separated by sex), lesion quantification in the 
ascending aorta and quantification of foam cells. P<0.05 was 
considered statistically significant.

RESULTS
SMC-Specific Deletion of Perk in 
Hypercholesterolemic Mice Substantially 
Reduces Atherosclerotic Plaque Burden 
Despite Proatherogenic Increases in Serum 
Lipid Levels
The absence of Perk protein was confirmed in the aortas 
of PerkSMC−/−mice through immunoblot analyses (Figure 
S1A). Hyperlipidemia was induced in these mice by injec-
tion of a single dose of AAV-PCSK9DY (1.1×1011 viral 
particles) at 6 weeks of age and initiation of a HFD a 
week later. After 12 weeks on the HFD, male PerkSMC+/+ 
mice demonstrated higher weights than female PerkSMC+/+ 
mice, but there were no significant differences among 
weights of PerkSMC+/+ mice and PerkSMC−/− mice in either 
sex, or between those of male and female PerkSMC−/− 
mice (Figure S1B).

The mice were sacrificed after 12 weeks on a HFD 
and whole aortas harvested and stained with Oil Red O 
to assess plaque formation. In PerkSMC+/+ mice, exten-
sive atherosclerotic plaques were observed in the root, 
ascending aorta, and aortic arch, with fewer plaques 
in the descending aorta (Figure  1A). In contrast, the 
PerkSMC−/−mice had greatly diminished plaque forma-
tion in the ascending, arch, and descending aorta and 
a few plaques in the aortic root (23.1±5.4% of the 
aorta showed plaques in controls versus 7.0±2.0% in 
PerkSMC−/−, Figure 1A and 1B; Figure S1C). The loss of 
Perk in SMCs prevented plaque formation to a greater 
degree in male than female mice: 28.4±2.1% versus 
5.3±2.3%, and 19.1±3.1% versus 8.0±1.1 (Figure 1C). 
Histological assessment of plaque area determined 
that SMC-specific deficiency of Perk both significantly 
reduced the size of the plaques in the aortic root and 

lead to a lack of plaque in the ascending aorta (Fig-
ure 1D through 1G). The reduction of plaque occurred 
in the PerkSMC−/−mice despite significantly higher serum 
levels of total cholesterol, VLDL, LDL and triglycerides 
after 12 weeks on the HFD in the PerkSMC−/−mice when 
compared with PerkSMC+/+mice (Figure S1D). Total cho-
lesterol was significantly elevated after hyperlipidemia 
was induced only in male PerkSMC−/− mice and VLDL 
only in female PerkSMC−/− mice compared with their cor-
responding PerkSMC+/+mice, while triglyceride levels went 
up in both sexes of PerkSMC−/− mice when compared 
with similarly treated PerkSMC+/+mice (Figure S1E). Thus, 
SMC-specific deletion of Perk prevents the majority of 
atherosclerotic plaque formation despite proatherogenic 
changes in serum lipid levels.

Histological analyses of the root and ascending aorta 
were pursued, and a number of changes were detected 
in the medial layers of the mutant and wild-type (WT) 
mice after hyperlipidemia was induced. First, the cell 
density in the ascending aorta medial layer increased 
in the PerkSMC−/−ascending aorta (Figure  1H). Second, 
the PerkSMC−/−ascending aorta had a 4-fold increase in 
the number of cells with the appearance of foam cells 
when compared with PerkSMC+/+ mice (818±249 ver-
sus 216±122 cells/mm2, Figure 1I and 1J). Finally, the 
medial layers of the aortic roots and ascending aortas 
of PerkSMC−/− mice had more intense staining for α-SMA 
(smooth muscle α-actin) when compared with those of 
PerkSMC+/+ mice (Figure 1K). Atherosclerotic plaques in 
the aortic roots of PerkSMC−/− mice had >2-fold more cells 
positive for F4/80 (a marker specific for macrophages 
based on single-cell RNA sequencing data) compared 
with the plaques in the aortic roots of PerkSMC+/+ mice (Fig-
ure 1K and 1L; Figure S1F). It is notable that lesions in 
the ascending aortas and root of PerkSMC+/+ mice showed 
foci of osteogenic metaplasia, which were absent in the 
PerkSMC−/− aortas (Figure S1G). These data indicate that 
SMC deletion of Perk may prevent loss of medial SMCs 
but does not block cholesterol uptake based on the for-
mation of SMC-derived foam cells in the medial layer.

Single-Cell Transcriptomics of PerkSMC−/− 
and PerkSMC+/+ Aortas at Baseline and After 
Hypercholesterolemia Show Loss of a Specific 
Subset of Modulated SMCs in the PerkSMC−/− 
Aortas
Single-cell transcriptomic data of cells from the aortic 
root to the distal aortic arch from PerkSMC+/+ and PerkSMC−/− 
at baseline and after hypercholesterolemia were used to 
identify cell clusters, which included contractile SMCs, 
2 modulated SMC clusters (mSMC1 and mSMC2), 
fibroblasts, macrophages, and endothelial cells (Figure 
S2A through S2C). The mSMC1 cells were present at 
baseline and increased 4-fold in both PerkSMC+/+ and 
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Figure 1. Smooth muscle cell (SMC)-specific deletion of Perk in hypercholesterolemic mice substantially reduces 
atherosclerotic plaque burden despite proatherogenic increases in serum lipid levels.
A, En face Oil Red O staining of aortas shows significantly reduced plaque formation in PerkSMC−/− mice compared with PerkSMC+/+ mice, which is 
quantified in B (N=10, P<0.001, by unpaired Student t test with Welch correction). C, Oil Red O staining of aortas shows that Perk-deficiency 
prevents plaque formation to a higher degree in males than in females (N=5 per sex per genotype, analyzed by Kruskal-Wallis test followed by 
Dunn multiple comparisons test). H&E staining demonstrates that PerkSMC−/− mice have smaller atherosclerotic lesion areas in both the aortic 
roots (D, F, N=6, P=0.031, by unpaired Student t test with Welch correction) and the ascending aortas (E, G, N=6, P=0.001, by Mann-
Whitney U test). H. Medial layers of PerkSMC−/− ascending aortas demonstrate higher cellular density that those of PerkSMC+/+ascending aortas 
(N=6, P=0.006, by unpaired Student t test with Welch correction). I and J, The medial layers of the ascending aortas of PerkSMC−/− mice contain 
a significantly higher number of foam cells compared with PerkSMC+/+mice (N=6, P=0.002, by Mann-Whitney U test). K and L, Immunostaining 
against the macrophage-specific marker F4/80 shows significantly higher staining in the aortic roots of PerkSMC−/− mice (P<0.001, using 
unpaired Student t test with Welch correction). Medial layers of the aortic roots and ascending aortas of PerkSMC−/− mice demonstrated more 
intense staining for α-SMA (smooth muscle α-actin) when compared with those of PerkSMC+/+ mice. Data are represented as mean±SD. AF 
indicates autofluorescence; L, lumen; M, medial layer; and P, plaque.
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PerkSMC−/− aortas with hypercholesterolemia. In contrast, 
mSMC2 cells were rare at baseline for both genotypes, 
and increased 70-fold with hypercholesterolemia in 
PerkSMC+/+ aortas but only 2-fold in PerkSMC−/− aortas (Fig-
ure 2A and 2B). Notably, there was a small cluster of cells 
classified as macrophages grouped near the mSMC2 
cells (green cluster; Figure 2A). The 2 separate macro-
phage clusters were compared, and the main difference 
between them is that the cells clustering near mSMC2s 
have decreased expression of macrophage markers and 
increased expression of  contractile genes, suggesting 
they are SMC-derived. Due to the uncertainty of their ori-
gin, these cells were excluded from subsequent analyses 
(Figure S2F and S2G). Contractile SMC numbers were 
similar in PerkSMC+/+ and PerkSMC−/− aortas at baseline but 
decreased by half in the PerkSMC+/+ aortas after induction 
of hypercholesterolemia, and this decrease did not occur 
in the PerkSMC−/− aortas (Figure 2A).

The established transcriptomic markers for ath-
erosclerosis-associated modulation of SMCs were 
assessed in the modulated SMC clusters.1,3,4 When 
compared with contractile SMCs, mSMC1 and mSMC2 
clusters expressed SMC contractile genes at decreased 
levels (Acta2, Myh11, and Tagln) and increased expres-
sion of previously described SMC modulation markers, 
including Lgals3, Spp1, Lum, and Fn1 (Figure  2C).1,3,4 
To verify that mSMC1 and mSMC2 are SMC-derived 
cells, we assessed pathway changes based on the dif-
ferentially expressed genes between contractile SMCs 
and all mSMCs and applied correlation analysis based 
on the top 2000 highly variable genes. Marker genes of 
mSMC1 and mSMC2 are enriched in pathways related 
to extracellular matrix organization, cell adhesion, and 
migration, which align with the previously identified path-
ways altered in atherosclerosis-associated modulated 
SMCs (Figure 2D).4 Based on previous studies, we cal-
culated gene signatures specific to contractile and mod-
ulated SMCs and clearly identified downregulation of the 
contractile signature and a specific modulation signature 
in mSMCs when compared with other cell types (Fig-
ure S2H).1 Furthermore, we performed pairwise correla-
tion analysis based on highly variable gene expression 
across all cell types, and mSMC1 and mSMC2 exhibited 
a strong degree of similarity with each other (r=0.98) 
and contractile SMCs (r=0.91 for mSMC1 and r=0.94 
for mSMC2, Figure 2E). Thus, Perk deficiency in SMCs 
in hypercholesterolemic mice increased the number of 
contractile SMCs and blocked the formation of 1 of the 2 
clusters of modulated SMCs when compared with wild-
type hypercholesterolemic mice.

To assess if the mSMCs are pericyte-derived or 
derived from cells undergoing endothelial-mesenchymal 
transition (EMT), we defined a pericyte signature and 
an EMT signature based on previous studies.1,27 Con-
sidering the significant overlap between EMT and mod-
ulation signatures, we also investigated an endothelial 

signature in these clusters. We found that the pericyte 
signature was expressed at similar levels in mSMCs, 
contractile SMCs and macrophages. We did detect a 
higher EMT signature but the endothelial signature was 
not present, so we concluded that the EMT signature 
was due to overlap with the modulated SMC signature 
(Figure S2H). Taken together, these data exclude the 
possibility that the majority of mSMCs are pericyte or 
endothelial cell derived.

Contractile SMC Clusters in the 
Hypercholesterolemic PerkSMC+/+ Mice Activate 
Perk Signaling
Since exposure to free cholesterol increases Perk sig-
naling in SMCs in vitro, we initially sought to determine 
if Perk signaling was increased in contractile SMCs in 
hypercholesterolemic PerkSMC+/+ mice.7 Transcriptomic 
changes in contractile SMC clusters in the aortas of 
the PerkSMC+/+ and PerkSMC−/− mice at baseline and with 
hypercholesterolemia were assessed by MAST to iden-
tify differentially expressed genes, and gene set enrich-
ment analysis based on GO annotations was used to 
identify pathways altered with loss of Perk signaling in 
the hypercholesterolemic PerkSMC−/− SMCs (Figure 3A).16 
Two major pathways activated in these analyses, peptide 
biosynthetic process and translation, suggest hypercho-
lesterolemia induces Perk signaling in PerkSMC+/+ contrac-
tile SMCs, and loss of Perk re-activated these pathways. 
In fact, 1 activated pathway is negative regulation of the 
biosynthetic pathways, which is specifically processes 
(in this case, loss of Perk) that reduce the disruption of 
translation driven by ER stress. Another activated path-
way in the PerkSMC−/− contractile SMCs from the hyper-
cholesterolemic mice is muscle contraction, and we have 
previously shown that blocking Perk signaling prevents 
cholesterol-driven de-differentiation of SMCs (Figure 3A 
and 3B).7 Suppressed pathways in the hypercholester-
olemic PerkSMC−/− SMCs include complement activation 
and regulation of migration (Figure 3A and 3B).

To further assess the role of Perk in these choles-
terol-driven signaling pathways, ascending aortic SMCs 
were explanted from PerkSMC+/+ and PerkSMC−/− mice and 
exposed to free cholesterol (MBD-Chol). Similar to our 
previous findings, the PerkSMC+/+ aortic SMCs de-dif-
ferentiate and increase the expression of UPR mark-
ers downstream of Perk activation (Atf4, Ddit3, Hspa5, 
Hsp90b1, and Edem) with exposure to MBD-Chol, 
and these transcriptional changes are blocked in the 
PerkSMC−/− SMCs (Figures S3A through S3C and S4A).7 
PerkSMC+/+ SMCs increased both Klf4 expression and 
activity with MBD-Chol exposure, whereas PerkSMC−/− 
SMCs did not, further supporting that Klf4 activation with 
hypercholesterolemia is Perk-dependent (Figure  3C). 
MBD-Chol exposure upregulated expression of genes 
in the complement activation pathway (C1qa, C1qb, C3, 
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Figure 2. Single-cell transcriptomics of PerkSMC−/− and PerkSMC+/+ aortas at baseline and after hypercholesterolemia show loss 
of a specific subset of modulated smooth muscle cells (SMCs) in the PerkSMC−/− aortas.
A, Modulated SMC clusters mSMC1 and mSMC2 expanded and appeared in the hypercholesterolemic PerkSMC+/+ mice with plaque formation, 
but mSMC2 did not appear in the PerkSMC−/− aortas with hypercholesterolemia. B, Perk deletion rescues the loss of contractile SMCs in 
PerkSMC+/+ aortas following HFD (top). mSMC1 cells are present at baseline in both genotypes and increase to a similar level following 
hypercholesterolemia. However, mSMC2 cells are rare at baseline in both mice but expand dramatically in PerkSMC+/+ aortas compared with 
PerkSMC−/− aortas. C, Expression patterns of contractile and SMC modulation markers in PerkSMC+/+ aortas following hypercholesterolemia. D, 
Top pathways in which DEGs of mSMC and cSMC clusters are enriched. E, Correlation plot indicates that mSMC1 and mSMC2 cells highly 
correlate with each other, as well as with contractile SMCs. Data are represented as mean±SD.
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Figure 3. Contractile smooth muscle cell (SMC) clusters in the hypercholesterolemic PerkSMC+/+ mice activate Perk signaling.
A, Gene ontology (GO) enrichment analysis of the DEGs identified the Top 25 up- and downregulated pathways altered specifically with 
loss of Perk signaling in contractile SMCs. B, Heatmap of the genes up- and downregulated in select pathways in contractile SMCs that are 
specifically altered due to deletion of Perk. C, Cholesterol-induced increases in expression and transcriptional activation of Klf4 are abrogated 
by Perk deletion in explanted PerkSMC−/− SMCs. D, Cholesterol-induced increased expression of the complement pathway components C1qa, 
C1qb, C3, and C4b in SMCs is abolished by the deletion of Perk. E, Perk deletion reduces migration of SMCs. F, The Ire1 arm of unfolded 
protein response is upregulated in PerkSMC−/− SMCs and is further activated by cholesterol treatment. G, Ribonuclear protein assembly 
associated genes are upregulated at baseline in PerkSMC−/− SMCs and show further activation with cholesterol exposure, and this increased 
expression is abrogated by the chemical inhibition of Ire by Kira6. All qPCR data were analyzed by Kruskal-Wallis test followed by Dunn multiple 
comparisons test. Data are represented as mean±SD. HFD indicates hypercholesterolemia followed by high-fat diet.
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and C4b) in PerkSMC+/+ SMCs, and this upregulation was 
prevented in PerkSMC−/− SMCs, which potentially explains 
the suppression of the complement pathway with loss of 
Perk (Figure 3D; Figure S3D).

Since our GO analysis indicated cellular migration was 
suppressed in Perk-deficient aortas, we sought to deter-
mine whether Perk activation with cholesterol exposure 
increases migration of SMCs. PerkSMC+/+ SMCs indeed 
increased migration with cholesterol exposure, and 
PerkSMC−/− SMCs migrated significantly slower both at 
baseline and with cholesterol exposure (Figure 3E; Fig-
ure S3E). Assessment of the effect of Perk deficiency on 
MBD-Chol-induced proliferation and apoptosis of SMCs 
did not identify any significant differences between 
mutant and WT SMCs (Figure S4B and S4C).

Another pathway activated in the hypercholesterol-
emic PerkSMC−/− aortic contractile SMCs is ribonucleo-
protein complex assembly. Activation of another arm of 
UPR, Ire1, is established to drive RNP (ribonucleopro-
tein) assembly, so we assessed Ire1 activity in SMCs 
based on altered splicing of its target, Xbp1.28 PerkSMC−/− 
aortic SMCs exhibited significantly higher levels of 
spliced Xbp1 (sXbp1) compared with PerkSMC+/+ both 
at baseline and with MBD-Chol treatment (Figure 3F). 
To determine whether increased Ire1 activity is respon-
sible for augmented expression of ribonuclear proteins 
in the hypercholesteremic PerkSMC−/− aortas, the expres-
sion of ribosomal genes increased in the pathway were 
assessed in the explanted SMCs. PerkSMC−/− SMCs had 
increased expression of RpII7, Ago2, and Celf1 at base-
line and with exposure to MBD-Chol when compared 
with similarly treated PerkSMC+/+ SMCs; the Ire1 inhibi-
tor Kira6 blocked this increased gene expression in the 
PerkSMC−/− SMCs (Figure 3G; Figure S4D).

Transcriptomic Differences Between the 
mSMC1 and mSMC2 Clusters Identify 
Increased Perk Signaling in mSMC2 Cells and 
Changes in Global Transcript Levels
We sought to characterize transcriptomic differences 
between mSMC1 and mSMC2 cells and assess Perk sig-
naling in the mSMC2 cells. The top 20 genes upregulated 
in the mSMC1 and mSMC2 clusters were identified and 
half of these markers overlapped between the clusters 
(Figure 4A; Figure S5A). Heatmaps were generated with 
the expression of genes that are upregulated with Perk 
signaling, along with markers of SMC differentiation and 
modulated SMC genes. These maps clearly illustrate the 
heterogeneity and overlap of expression of modulated 
SMC markers of both mSMC clusters (Figure  4B). This 
map, along with analysis of expression levels, illustrates 
the expression of Perk targets is greater in the mSMC2 
than mSMC1 cells (Figure 4B and 4C). The heatmap also 
illustrates that mSMC1 are less differentiated and have 
increased expression of Vcam1 and other “fibromyocyte” 

markers (Lum, Dcn, Fn1) than mSMC2.1 Importantly, the 
mSMC2 cluster uniquely contains a subset of cells that 
have upregulated macrophage markers. Both clusters 
contain cells that have increased expression of osteogenic 
markers and Sca1 (Ly6a). Finally, the 2 clusters differ in 
global transcript levels with mSMC2 cells having decreased 
transcript levels when compared with mSMC1 and con-
tractile SMCs (Figure 4D). Assessment of transcript lev-
els in all SMC clusters found that the levels in contractile 
SMCs do not differ at baseline based on genotype and 
increase with hypercholesterolemia in both genotypes. For 
both hypercholesterolemic contractile SMCs and mSMC1 
cells, PerkSMC+/+ have significantly lower transcript levels 
than PerkSMC−/−, likely due to a subset of cells with very low 
transcript levels. Importantly, this subset of cells does not 
form to the same extent in the PerkSMC−/− aortas.

To assess global changes between mSMC1 and 
mSMC2 cells from the hypercholesterolemic PerkSMC+/+ 
aortas, we performed gene set enrichment analysis 
based on GO annotations. mSMC2 cells showed signifi-
cant downregulation of genes involved in translation and 
peptide biosynthesis, further supporting that Perk signal-
ing is increased in these cells. Ribosomal assembly and 
rRNA processing genes are downregulated in mSMC2, 
which potentially contributes to lower RNA transcripts in 
these cells. Genes involved in SMC migration, cell adhe-
sion, and actin filament bundle assembly pathways are 
activated in mSMC2 cells, likely due to signaling path-
ways distinct from Perk increasing the expression of 
SMC differentiation markers in these cells (Figure S5B). 
The UPR activates regulated Ire1α-dependent decay of 
specific mRNA transcripts, and the levels of some regu-
lated Ire1α-dependent decay-specific transcripts are 
present in mSMC1 cells but absent or decreased in the 
majority of mSMC2 cells (Figure S5C).29

Finally, we sought to localize these modulated SMCs in 
atherosclerotic plaques. Serpine1 is primarily expressed 
in mSMC2 and contractile SMCs in hypercholesterol-
emic PerkSMC+/+ aortas when compared with mSMC1 
(Figure 4E). We used immunostaining for its correspond-
ing protein, Pai1, to assess the localization of mSMC2 
cells in the aortic root and ascending aortas of hypercho-
lesterolemic PerkSMC+/+ and PerkSMC−/− mice. In both the 
aortic roots and ascending aortas of WT mice, Pai1+ cells 
were primarily localized to the lesions and medial layer, 
while the PerkSMC−/− aortas had little to no staining (Fig-
ure 4F, Figure S6A). Similarly, RNAscope analyses iden-
tified positive staining for Serpine1 mRNA in the media 
of PerkSMC+/+ aortic roots and ascending aortas, with less 
intense staining throughout the plaque and the fibrous 
cap, while the corresponding PerkSMC−/− tissues demon-
strated little to no signal (Figure S6B). Correlated with 
these findings, cholesterol-driven expression of Serpine1 
was found to be Perk-dependent in the explanted SMCs 
(Figure 4G). Vcam1 expression was significantly higher in 
the mSMC1 cluster than mSMC2 in hypercholesterolemic 
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Figure 4. Transcriptomic differences between the mSMC1 and mSMC2 clusters identify changes in global transcript levels and 
increased Perk signaling in mSMC2 cells.
A, The top 20 genes upregulated in the mSMC1 and mSMC2 clusters show substantial overlap. B, Heatmap compares expression of Perk 
targets, contractile genes, fibromyocyte markers, macrophage and complement pathway markers, and osteogenic markers between mSMC1 
and mSMC2. C, Compared with cSMCs and mSMC1 cells, mSMC2 cells show significantly increased expression of Perk targets (only cells 
that had detectable expression of the concerned genes were included in the analysis). D, mSMC2 cells have significantly decreased mRNA 
transcripts when compared with cSMCs in both genotypes with and without hyperlipidemia and HFD as well as mSMC1 (Continued )
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PerkSMC+/+ aortas (Figure  4H). Vcam1 immunostaining 
in the aortic root in the PerkSMC+/+ and PerkSMC−/− aortas 
identified staining in the plaques, but more intense stain-
ing was present in the fibrous cap of the PerkSMC+/+ aortas 
(Figure 4I; Figure S6A). In the ascending aortas, Vcam1+ 
staining cells were in the plaque in the PerkSMC+/+ aortas, 
while strong Vcam1 staining was observed in the cells 
in the medial layer of PerkSMC−/− mice. Staining for Vcam1 
mRNA was observed in the fibrous cap region of the aor-
tic root lesions of both PerkSMC+/+ and PerkSMC−/− mice, 
and in the medial layer of PerkSMC−/− roots. Vcam1 tran-
scripts were present in the fibrous caps of the lesions in 
the ascending aortas of PerkSMC+/+mice and in the medial 
layer of PerkSMC−/− ascending aortas (Figure S6C). Impor-
tantly, Vcam1 expression increased to a similar extent in 
both the PerkSMC+/+ and PerkSMC−/− SMCs with exposure 
to MBD-Chol, further confirming that cholesterol-driven 
Vcam1 expression is not Perk-dependent (Figure 4J).

SMC Modulation Driven by Hypercholesterolemia 
in Mice Occurs Through 2 Lineages, One of 
Which Is Dependent on Perk Signaling
To study the influence of Perk deletion in SMCs on the 
dynamic changes of SMC modulation with hypercho-
lesterolemia, the trajectories of transcriptomic changes 
were analyzed. Potential of heat diffusion for affinity-
based trajectory embedding representation of transcrip-
tomic data from the SMC clusters was used to capture 
the modulation process; in this representation, con-
tractile SMCs remained closely grouped together (gray 
cells), while mSMC1 (red) and mSMC2 (pink) cells align 
briefly, then distribute radially (Figure 5A and 5B).20 The 
mSMC1 cells further disperse along multiple lineages, 
while mSMC2 form a single lineage. We then performed 
trajectory inference on this embedding. Contractile SMCs 
were used as reference and 3 major lineages were iden-
tified by Slingshot.21 The distribution of the pseudotime 
trajectories (ie, dynamic changes in gene expression) 
within each lineage showed differences among the 
3 groups (Figure 5C). At the late stage of modulation, 
lineage 1 showed the greatest increase in the number 
of cells in both the hypercholesterolemic PerkSMC+/+ and 
PerkSMC−/− aortas, while the aortas not exposed to hyper-
cholesterolemia had few cells in this lineage. The late 
stage of lineage 2 is dominated by cells from hypercho-
lesterolemic PerkSMC+/+, whereas PerkSMC−/− cells track 
with the contractile SMCs from mice not exposed to 

hypercholesterolemia. The density curves in lineage 3 
completely overlap in all 4 groups and most like repre-
sent minor modulation of contractile SMCs.

To investigate signaling that drives the changes iden-
tified by the trajectories, we first determined significant 
gene expression changes associated with the trajecto-
ries. Then, we tested the differences among the groups, 
identified modules based on patterns of dynamic gene 
expression, and then performed  overrepresentation 
analysis based on GO annotations to identify the path-
ways associated with the modules. For the Perk-inde-
pendent trajectory (lineage 1), we identified 7 modules 
based on gene expression patterns through the lineage 
trajectory (Figure  5D). For example, the light blue bar 
designates a module that shows decreasing expression 
of SMC differentiation genes with hypercholesterol-
emia, including Myh11, and Cnn1, with this decreased 
expression slowed but not prevented in mSMC1 cells in 
hypercholesterolemic PerkSMC−/− aortas. The red module 
of genes encodes many of the markers of SMC modula-
tion, including Lgals3, Spp1, Anxa2, Dcn, and Smoc1 and 
shows less robust increases in expression in PerkSMC−/− 
aortas when compared with PerkSMC+/+ aortas. Overall, 
most of the modules show modest changes between the 
PerkSMC−/− and PerkSMC+/+ aortas, except the last 2 mod-
ules. For the Perk-dependent trajectory (lineage 2), the 
gene expression changes associated with the trajectory 
are limited but more dramatically altered (Figure  5E). 
The purple module contains genes that are increased 
in mSMC2 cells in the hypercholesterolemic PerkSMC+/+ 
aortas and includes scavenger receptors.

The ChIP-seq database was queried to identify tran-
scription factors responsible for the changes in gene 
expression among groups in the modulated SMC clus-
ters. We focused on transcription factors differentially 
expressed among the groups that had their target genes 
similarly altered. We identified seventeen transcription 
factors linked with lineage 1‚ and 2 transcription factors 
for lineage 2 (Figure S7A and S7B). Both Perk-depen-
dent and Perk-independent lineages involved Stat3 and 
Sox9 transcription factors (Figure 5F and 5G). Specific 
for mSMC1 lineage were Tcf21 and Ahr (Figure  5F), 
transcription factors already identified to be involved in 
SMC modulation with hypercholesterolemia.1,6

Finally, in vitro assessment of PerkSMC+/+ SMCs found 
Sox9 expression increased with exposure to free cho-
lesterol, and loss of Perk prevented this increase in the 
PerkSMC−/−  SMCs and in lineage 2 cells (Figure S7C; 

Figure 4 Continued. cells in both genotypes. E, Serpine1 shows higher expression in mSMC2 than mSMC1. F, Pai1+ mSMC2 cells were 
abundant in the media and the lesions in both the aortic root and the ascending aortas of control mice and quite rare in those of PerkSMC−/− 
mice. G, Expression of Serpine1 is dependent on Perk. H, Vcam1 expression is significantly higher in mSMC1 compared with mSMC2. I, 
Vcam1 immunostaining in the aortic root in the PerkSMC+/+ and PerkSMC−/− aortas identified staining in the plaques, but more intense staining was 
present in cells in the fibrous cap of the PerkSMC+/+ aortas. In the ascending aortas, Vcam1+ staining cells were in the plaque in the PerkSMC+/+ 
mice, but stronger Vcam1 staining was observed in the cells the medial layer of PerkSMC−/− mice. J, Cholesterol-induced upregulation of Vcam1 
is independent of Perk. All qPCR data were analyzed by Kruskal-Wallis test followed by Dunn multiple comparisons test. Data are represented 
as mean±SD. AF indicates autofluorescence; L, lumen; M, medial layer; and P, plaque.



Basic Sciences - AL
Chattopadhyay et al Perk Signaling in SMCs Drives Atherosclerosis

Arterioscler Thromb Vasc Biol. 2022;42:1005–1022. DOI: 10.1161/ATVBAHA.121.317451� August 2022    1017

Figure 5. Smooth muscle cell (SMC) modulation driven by hypercholesterolemia in mice occurs through 2 lineages, one of 
which is dependent on Perk signaling.
A, Relative location of contractile SMC (cSMC), mSMC1, and mSMC2 cells among the various cell clusters. B, Distribution of contractile 
SMCs (gray), mSMC1 (red), and mSMC2 (pink) along different trajectories. C, Distribution of the pseudotime trajectories within each lineage 
highlights the differences among the 3 groups of SMCs. D and E, Modules of genes that have a similar pattern of expression through the 
lineage trajectory 1 (D) and trajectory 2 (E). F and G, Transcription factors affected by Perk enriched in lineages 1 (F) and 2 (G). HFD indicates 
hypercholesterolemia followed by high-fat diet.
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Figure  5G). In contrast, the increase in Sox9 expres-
sion in mSMC1 cells is primarily Perk-independent but is 
influenced by Perk loss (Figure 5F). Interestingly, Tcf21 
expression is not increased with cholesterol exposure 
in PerkSMC+/+ SMCs but is significantly upregulated in 
PerkSMC−/−  SMCs and this increased expression of Tcf21 
is also evident in the PerkSMC−/−  trajectory of lineage 1 
cells (Figure 5F; Figure S7D).

DISCUSSION
Despite decades of research, the molecular and cellular 
links between hypercholesterolemia and atherosclerotic 
plaque formation have not been fully delineated. We pre-
viously found that cholesterol activates the Perk arm of 
the UPR and leads to atherosclerotic plaque-associated 
phenotypic modulation of SMCs in vitro, characterized by 
de-differentiation and increased expression of macro-
phage, osteogenic, and fibroblast markers.1,3,4,7 Previous 
studies found UPR-initiated apoptosis in macrophages 
contributed to atherosclerotic plaque formation.30,31 Addi-
tionally, treatment with a general chemical inhibitor of ER 
stress rescued loss of medial SMCs and reduced plaque 
burden in a mouse model of Hutchinson-Gilford Proge-
ria Syndrome.32 Here, we investigated the contribution 
of UPR-driven Perk signaling in SMCs and found that 
Perk deletion in SMCs prevents up to 80% of plaque 
formation that occurs in hypercholesterolemic mice and 
blocks the formation of one of the 2 modulated SMC 
clusters that form in the aortas of hypercholesterolemic 
wild-type mice. The mSMC2 cells in the hypercholester-
olemic PerkSMC+/+ aortas express genes upregulated by 
Perk signaling (eg, Atf4 and Klf4) at higher levels than 
either the contractile SMCs or mSMC1 clusters, implicat-
ing Perk signaling in the formation of these cells. Fur-
thermore, transcriptomic changes in the contractile SMC 
clusters with hypercholesterolemia show ER stress is 
activated in PerkSMC+/+ contractile SMCs and specifically 
blocked with Perk-deficiency. Thus, our findings support 
the conclusion that hypercholesterolemia-driven Perk 
signaling alters contractile SMCs and contributes to phe-
notypic modulation to mSMC2 cells, and both of these 
Perk-dependent changes in SMCs contribute to athero-
sclerotic plaque formation. Our data also indicate that 
another major modulated SMC population, mSMC1 cells, 
which are characterized by Vcam1 expression, is formed 
through Perk-independent pathways, and we show here 
that Vcam1 expression is cholesterol-driven in SMCs in 
vitro but not Perk-dependent. Performing these studies 
in SMC lineage-traced mice would conclusively establish 
that mSMC1 and mSMC2 cells are derived from SMCs, 
and the lack of those experiments remains a limitation 
of this study; however, based on our correlation analyses 
(Figure 2E), these cells are very likely derived from SMCs.

We previously found that blocking Perk signaling 
suppresses SMC de-differentiation associated with 

hypercholesterolemia, and here we show that loss of Perk 
also decreases SMC migration, both at baseline and with 
cholesterol treatment. These observations, along with the 
single-cell RNA sequencing data that Perk deficiency 
prevents the hypercholesterolemia-induced decreases in 
the number of contractile SMCs in PerkSMC+/+ aortas, sug-
gest that Perk deficiency blocks SMC migration from the 
media to the intima in hypercholesterolemic PerkSMC−/−  
mice. These findings align with data showing that chemi-
cal inhibition of Perk signaling decreases neointimal 
formation and increases differentiation of medial SMCs 
in a rat arterial injury model.33 With hypercholesterolemia, 
SMCs in the medial layer of PerkSMC−/− aortas do take up 
cholesterol and assume a foam cell appearance, but Perk 
deficiency prevents these cholesterol-rich SMCs from 
undergoing phenotypic modulation to mSMC2. Impor-
tantly, the increased number of SMC-derived foam cells 
in the aortic media of the PerkSMC−/− mice does not lead to 
cholesterol crystal deposits and necrotic areas, or to an 
influx of macrophages into the medial layer. Finally, Perk 
deficiency does not prevent modulation to mSMC1 cells 
with hypercholesterolemia but does decrease the migra-
tion of these mSMC1 to the intima. While our single-cell 
RNA sequencing analysis did not identify proliferation or 
apoptosis pathways as being altered, we cannot com-
pletely rule out that blocking Perk-driven SMC apoptosis 
also contributed to the maintenance of contractile SMCs 
in the medial layer.

Trajectory analyses of SMC modulation indicate that 
contractile SMCs initially undergo phenotypic modu-
lation in a uniform manner, then diverge into mSMC1 
and mSMC2 clusters. mSMC2 cells do not form in 
the hypercholesterolemic PerkSMC−/− aortas, while the 
mSMC1 trajectory is populated in both the PerkSMC+/+ 
and PerkSMC−/− hypercholesterolemic aortas. These cells 
potentially contribute to the fibrous cap of the plaques.4 
How hypercholesterolemia drives the formation of 
mSMC1 cells is unknown, but other potential pathways 
have been identified and were present in our lineage 
data analyses.1,34 Tcf21 is a transcription factor identi-
fied to be involved in mSMC1 modulation in our study, 
and Tcf21 has an established role in SMC differentia-
tion and phenotypic modulation with plaque formation 
in mice, and in the pathogenesis of atherosclerosis in 
humans.1,35–37 Another transcription factor, Ahr, was 
found to be active in cells in the fibrous cap of plaques 
and is involved in mSMC1 cell modulation in our study.6 
Our data indicate that Perk deficiency prevents the 
migration of the majority of Vcam1+ mSMC1 cells into 
the intima, so the role of mSMC1 in driving atheroscle-
rotic plaque burden is not defined in this study.

Similar to previous studies, the transcriptomic 
changes in mSMC1 and mSMC2 clusters are hetero-
geneous with substantial overlap between the 2 clus-
ters.1,3,4 The expression of Perk-regulated genes and 
pathway analyses indicate Perk activation in mSMC2 
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cells. The presence of increased levels of oxidized LDL 
in the neointima, along with increased expression of 
scavenger receptors identified with lineage tracing, may 
be responsible for augmented UPR and Perk signaling 
in these cells. Cholesterol loading of SMCs has been 
shown to activate ER stress, disrupt energy utilization, 
and lead to SMC death.38 Increased cholesterol uptake 
by macrophages drives an UPR and subsequent CHOP-
driven apoptosis; a subset of mSMC2 cells highly 
express the gene encoding CHOP, Ddit3.11,39 A subset 
of mSMC2 cells also express macrophage markers, 
along with elevated expression of complement pathway 
genes, suggesting these mSMC2 cells may escape 
immune surveillance.40 Furthermore, C3 is upregulated 
in SMCs with cholesterol in a Perk-dependent manner, 
similar to data that other cells downregulate C3 expres-
sion with loss of Perk.41 It is important to note that cells 
with high expression of macrophage markers clustering 
close to the mSMC2 group (see Figure 2A, green next 
to the pink cluster) were not included as SMCs in our 
analyses to avoid any contamination of macrophages in 
the analyses of SMC modulation but may have led to 
an underestimation of  the phenotypic modulation to a 
macrophage-like cell. Modulated SMCs in atheroscle-
rotic plaques drive inflammation in part through activa-
tion of complement, and C3 can trigger macrophage 
migration and clonal expansion of SMCs.40 Macrophage 
and other inflammatory cells secrete and activate TGF-
β in plaques, which could lead to re-expression of 
SMC differentiation markers in mSMC2 cells.3,42 All 
these cellular stresses, along with UPR-driven regu-
lated Ire1α-dependent decay, may ultimately decrease 
global transcript levels in the mSMC2.29,43,44 Importantly, 
our data support that Perk signaling is activated in the 
mSMC2 cells, but we cannot determine how much of 
the modulation of these cells is due to Perk signaling 
versus factors in the environment of the plaque.

The mSMC2 phenotype characterized by low global 
transcript levels has not been described in previous sin-
gle-cell transcriptomic studies in hypercholesterolemic 
mice. We identified these mSMC2 cells based on clus-
tering using both genotypes, with and without hypercho-
lesterolemia, potentially amplifying the mSMC2 cluster 
based on the importance of Perk signaling in the modu-
lation. Importantly, our quality control (QC) protocols of 
the transcriptomic data removed both cells with ≤800 
genes detected and cells in which mitochondrial gene 
reads are >10%, similar to protocols used in other stud-
ies. Our mSMC1 and mSMC2 clusters both share sig-
nificant overlap of gene expression with modulated SMC 
clusters identified in other publications. However, we do 
not know if these previously described modulated SMC 
clusters contained cells with low transcript levels, ie, simi-
lar to the subset of low transcript level cells identified in 
our hypercholesterolemic mSMC1 and contractile SMC 
clusters.

Pathway analyses on transcriptomic data from aortic 
contractile SMC clusters indicated that RNP assembly 
was activated in hypercholesterolemic PerkSMC−/− aortas, 
and Ire1 activation was found to be significantly higher 
in explanted PerkSMC−/− SMCs than PerkSMC+/+ SMCs. 
We also found evidence of augmented regulated Ire1α-
dependent decay due to Ire1 activation in mSMC2 in 
hypercholesterolemic PerkSMC+/+ aortas. Previous stud-
ies found Ire1 inhibition suppresses plaque progression 
in hyperlipidemic mice, but we cannot exclude that Ire1 
activation in PerkSMC−/− SMCs contributed to reduced 
plaque formation.45

Breakthrough atherosclerotic plaques did form in the 
aortic root in the hypercholesterolemic PerkSMC−/− aortas, 
though these plaques were significantly smaller than the 
plaques in the PerkSMC+/+ mice. Increased sheer stress 
from the turbulent blood flow in the root may augment 
plaque formation by alternative Perk-independent path-
ways in the aortic root. Macrophage numbers increased 
with hypercholesterolemia to similar levels in both the 
PerkSMC+/+ and PerkSMC−/− aortas despite the significant 
decrease in plaque burden in the PerkSMC−/− aortas. 
Immunofluorescent staining demonstrated a significantly 
higher number of cells that stained positive for the mac-
rophage-specific marker F4/80 in the aortic root lesions 
of PerkSMC−/− mice, raising the possibility that the plaques 
in the aortic root of the hypercholesterolemic PerkSMC−/− 
are enriched in macrophages (Figure 1K and 1L).

Single-cell transcriptomic data and histology of the 
atherosclerotic plaques indicate similar changes in mod-
ulated SMCs when either Perk or Klf4 are deleted from 
SMCs.3 SMC deficiency of either gene in hypercholester-
olemic mice decreases the number of cells in modulated 
SMC clusters and increases the number of contractile 
SMCs. Brachiocephalic artery atherosclerotic plaques in 
SMC Klf4-deficient Apoe−/− mice are 50% smaller than 
similarly treated Apoe−/− mice, but aortic plaque forma-
tion has not been assessed.5 Thus, additional studies are 
required to determine if Perk deficiency in SMCs prevents 
plaque formation to a greater extent than Klf4 SMC dele-
tion, and if so, what are the additional cellular pathways 
blocked with Perk deficiency. Additionally, we did not use 
Apoe−/−  mice but rather induced hypercholesterolemia in 
wild-type mice through injection of AAV-PCSK9DY, and 
therefore, direct comparison of our data with others’ data 
may be influenced by our use of wild-type mice.

A surprising observation was that the PerkSMC−/− 
mice have higher total cholesterol, VLDL, LDL, and 
triglycerides and lower HDL compared with PerkSMC+/+ 
mice. The expression of Lipa (lysosomal acid lipase, 
Lal), which hydrolyzes cholesteryl esters in SMCs and 
macrophages, was reduced in the hypercholesterol-
emic PerkSMC−/− aortas when compared with PerkSMC+/+ 
aortas, which may contribute to reduced uptake of 
esterified cholesterol (data not shown). Exogenous Lal 
administration enhances uptake of cholesterol from the 
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circulation into the tissues.46,47 Adipocyte-specific Lipa 
overexpression also reduces blood cholesterol levels 
in HFD-fed mice and Lipa deficiency leads to impaired 
formation of HDL in LDL-loaded human dermal fibro-
blasts.48,49 Decreased Lipa expression in SMCs could 
also decrease free cholesterol uptake in the PerkSMC−/− 
SMCs but did not prevent formation of SMC foam cells 
in the PerkSMC−/− aortic walls.

In summary, hypercholesterolemia drives modulation 
of contractile SMCs to both mSMC2 by a Perk-depen-
dent pathway and mSMC1 in a Perk-independent man-
ner. Perk deletion in SMCs also blocks a subset of cells in 
the contractile SMC and mSMC1 clusters from decreas-
ing their transcript levels with hypercholesterolemia, 
and Perk-dependent mSMC2 cells are characterized by 
decreased global transcript levels. Based on the overall 
data, we propose a model of plaque formation in which 
hypercholesterolemia in mice drives Perk-dependent de-
differentiation and migration of SMCs into the intima, and 
with that migration, the SMCs are exposed to additional 
environmental factors that lead to modulation into 2 dis-
tinct fates (Figure 6). Specifically, mSMC1 cells remain 
de-differentiated, thus primed to proliferate and migrate, 
and contribute to the fibrous cap. In contrast, mSMC2 
cells experience further cholesterol-driven ER stress, 
leading to decreased global transcript levels and cell 
death, thus likely contributing to the necrotic core. Perk 
loss in SMCs prevents both the migration and the pheno-
typic modulation into mSMC2 and, therefore, we cannot 
be certain whether mSMC2 cell formation is dependent 

on Perk signaling or migration into the intima, or both. 
Regardless, our findings establish a clear mechanistic 
link from hypercholesterolemia-driven Perk activation to 
Perk-dependent migration and phenotypic modulation of 
SMCs to atherosclerotic plaque formation.
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