Arteriosclerosis, Thrombosis, and Vascular Biology

Dk 1G)

Cholesterol-Induced Phenotypic Modulation of
Smooth Muscle Cells to Macrophage/Fibroblast—
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BASIC SCIENCES

OBJECTIVE: Vascular smooth muscle cells (SMCs) dedifferentiate and initiate expression of macrophage markers with
cholesterol exposure. This phenotypic switching is dependent on the transcription factor KIf4 (Krippel-like factor 4). We
investigated the molecular pathway by which cholesterol induces SMC phenotypic switching.

APPROACH AND RESULTS: With exposure to free cholesterol, SMCs decrease expression of contractile markers, activate Kif4, and
upregulate a subset of macrophage and fibroblast markers characteristic of modulated SMCs that appear with atherosclerotic
plaque formation. These phenotypic changes are associated with activation of all 3 pathways of the endoplasmic reticulum
unfolded protein response (UPR), Perk (protein kinase RNA-like endoplasmic reticulum kinase), Ire (inositol-requiring
enzyme) 1a, and Atf (activating transcription factor) 6. Blocking the movement of cholesterol from the plasma membrane
to the endoplasmic reticulum prevents free cholesterol-induced UPR, Kif4 activation, and upregulation of the majority of
macrophage and fibroblast markers. Cholesterol-induced phenotypic switching is also prevented by global UPR inhibition or
specific inhibition of Perk signaling. Exposure to chemical UPR inducers, tunicamycin and thapsigargin, is sufficient to induce
these same phenotypic transitions. Finally, analysis of published single-cell RNA sequencing data during atherosclerotic
plaque formation in hyperlipidemic mice provides preliminary in vivo evidence of a role of UPR activation in modulated SMCs.

CONCLUSIONS: Our data demonstrate that UPR is necessary and sufficient to drive phenotypic switching of SMCs to cells
that resemble modulated SMCs found in atherosclerotic plaques. Preventing a UPR in hyperlipidemic mice diminishes
atherosclerotic burden, and our data suggest that preventing SMC transition to dedifferentiated cells expressing macrophage
and fibroblast markers contributes to this decreased plaque burden.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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are quiescent, differentiated cells that are character-
ized by expression of contractile proteins, including the
smooth muscle—specific isoforms of a-SMA (a-smooth
muscle actin, Acta?) and MHC (myosin heavy chain,
Myh17), along with SM22a. (smooth muscle 22a, Tagln)

Vascular smooth muscle cells (SMCs) in healthy arteries

and Cnn1 (calponin, Cnn1)." SMCs remain phenotypically
pliable and can dedifferentiate in response to environ-
mental cues, switching off contractile gene expression
and increasing proliferation and migration. In preathero-
sclerotic arteries, SMCs form the major cellular compo-
nent of a thickened intimal layer, known as diffuse intimal
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Nonstandard Abbreviations and Acronyms

Highlights

4-PBA 4-phenylbutyric acid
Atf activating transcription factor

BiP/Grp78 binding immunoglobulin protein

CA7 ceapin A7

Chop C/EBP homologous protein

Cnn1 calponin

Edem endoplasmic reticulum degradation
enhancing a-mannosidase like protein

elF2a a-subunit of the eukaryotic elongation
factor 2

Grp94 heat shock protein 90 kDa beta mem-
ber 1

HFD high-fat diet

hTERT human telomerase reverse
transcriptase

Ire inositol-requiring enzyme

ISRIB integrated stress response inhibitor

Kif4 Krippel-like factor 4

LDL low-density
lipoprotein

MBD-Chol  methyl-B-cyclodextrin cholesterol

Myh11 smooth muscle myosin heavy chain

Perk protein kinase RNA-like endoplasmic
reticulum kinase
1-palmitoyl-2-(5-oxovaleroyl)-sn-
glycero-3-phosphocholine
scRNA-Seq single-cell RNA sequencing

POVPC

shRNA short hairpin RNA

SMC vascular smooth muscle cell
Tagin transgelin, SM-22a.

UPR unfolded protein response
Xbp1 X-box binding protein 1

thickening.? During plaque formation, increasing amounts
of lipids are deposited in the inner layer of the diffuse inti-
mal thickening around the SMCs. SMCs are also involved
in preventing plaque rupture by stabilizing the fibrous cap.3*
Atherosclerotic plaques contain cholesterol-laden macro-
phages (ie, foam cells), which undergo apoptosis to form
necrotic lipid cores in these lesions.® Multiple studies have
also reported the presence of lipid-laden SMCs in both cell
culture and whole animal studies.?® These SMC foam cells
have been detected in advanced atherosclerotic plaques in
apoE-deficient (Apoe™~) mice, as well as in early lesions, in
which the majority of the foam cells are SMC-derived.®0"

Lineage tracing studies have identified an expanded role
of SMCs in atherosclerotic lesions. Initial studies indicated
SMCs can assume a macrophage-like phenotype by dedif-
ferentiating and initiating the expression of macrophage
markers, a transition that is dependent on Kif4 (KrippelHike
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+ Exposure to cholesterol or oxidized phospholipids
triggers phenotypic switching of vascular smooth
muscle cells to a macrophage/fibroblast-like cell
and is associated with an unfolded protein response
(UPR), involving activation of all 3 arms of endoplas-
mic reticulum stress: Perk (protein kinase RNA-like
endoplasmic reticulum kinase), Ire (inositol-requiring
enzyme) 1a, and Atf (activating transcription factor)
6.

* Induction of endoplasmic reticulum stress and UPR
is necessary for phenotypic switching of smooth
muscle cells to macrophage/fibroblast-like cells.

* Cholesterol-induced phenotypic switching is medi-
ated primarily by the Perk-elF2a (a-subunit of the
eukaryotic elongation factor 2)-Atf4 axis of UPR.

* Chemically induced UPR without cholesterol expo-
sure is sufficient to cause phenotypic switching of
smooth muscle cells to a macrophage/fibroblast-
like cell.

* Reanalysis of previously published single-cell RNA
sequencing data shows preliminary evidence of
UPR activation in modulated smooth muscle cells
in vivo.

factor 4) signaling.'? The transition of SMCs to a macro-
phage-like cell is modeled in cell culture by exposing SMCs
to free cholesterol or oxidized phospholipids, which decreases
expression of contractile genes and increases expression of
macrophage markers (eg, Lgals3 [lectin, galactoside-binding,
soluble, 3] and Cd68 [cluster of differentiation 68]).'3'° In
human atherosclerotic plaques, cells expressing both SMC
and macrophage markers have been detected, which under-
scores the clinical relevance of SMC phenotypic switching
to a macrophage-like cell in atherosclerotic plaque burden.'®
Recent single-cell RNA sequencing (scRNA-Seq) analyses
have identified a distinct population of SMC-derived cells,
termed modulated SMCs, that appear with the development
of atherosclerosis in Apoe™~ mice fed a high-fat diet (HFD).'”
These modulated SMCs express a few macrophage mark-
ers, including Lgals3, but also express fibroblast markers.

A number of events can overwhelm the folding capacity
of the endoplasmic reticulum (ER) and trigger an unfolded
protein response (UPR), including accumulation of mis-
folded or incorrectly folded proteins, increased expres-
sion of normal proteins, oxidative stress, impaired calcium
homeostasis, and nutrient deprivation.’®?' In mammalian
cells, the UPR involves 3 membrane-associated sensors:
Perk (protein kinase RNA-like ER kinase) oligomerizes
and phosphorylates the elF2a. (a-subunit of the eukary-
otic elongation factor 2) which attenuates cellular protein
synthesis and preferentially promotes translation of the
Atf (activating transcription factor) 4; Ire (inositol-requiring
enzyme) 1 splices X-box binding protein (Xbp7) mRNA
and generates the activated transcription factor Xbp1; and
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the 90 kDa Atf6 translocates to the Golgi complex and
is activated by cleavage to a smaller 50 kDa protein.??-2*
The combined effect of activation of these UPR sensors
is to reduce the overall protein load by translational inhibi-
tion, increase levels of chaperones like Bip/Grp78 (bind-
ing immunoglobulin protein), Grp94 (heat shock protein
90kDa beta member 1), and Edem (endoplasmic reticu-
lum degradation enhancing a-mannosidase like protein) to
help fold the misfolded proteins and increase apoptosis.

ER stress and the UPR contribute to the formation of
atherosclerotic plaques. Free cholesterol levels are typically
low in the ER and an abnormal enrichment of cholesterol
in the ER can also trigger a UPR* Cholesterol-loaded
macrophages activate a UPR, and activation of the down-
stream cell death effector Chop ((CCAAT-enhancer-binding
protein] C/EBP homologous protein) leads to apoptosis.®
Hypercholesterolemic mice (Apoe™") that are also deficient
in Chop (Chop™") have 35% less atherosclerotic lesions,
indicating a pathogenic role for UPR in atherosclerosis.®
Exposure of SMCs to either free cholesterol or oxidized LDL
(low-density lipoprotein) in culture induces a UPR and apop-
tosis, but a role of the UPR in phenotypic switching of SMCs
was not pursued in this study.?” Furthermore, ER stress is
presentin SMCs in atherosclerotic plaques in mouse models
of diabetes and hyperhomocysteinemia, based on increased
expression of ER chaperones.?®? Additionally, exposure to
oxidized phospholipids can also elicit a UPR in human endo-
thelial cells, including the induction of Atf4.30-%2 Since the
UPR effector protein Atf4 both increases expression and
prevents proteasomal degradation of Kif4, we investigated
whether UPR is responsible for phenotypic switching of
cholesterol-loaded SMCs to cells with expression of macro-
phage and fibroblast markers, that is, the modulated SMCs
that appear with atherosclerotic plaque formation.'”*3

MATERIALS AND METHODS
Data Availability Statement

The authors declare that all supporting data are available within
the article and in the Data Supplement.

SMCs Explant and Culture Conditions,

Cholesterol Exposure, and Drug Treatments
Mouse aortic SMCs were explanted from the ascending aortas
of wild-type C57BL/6J (The Jackson Laboratory, Bar Harbor,
ME) mice as described earlier3* SMCs were explanted from
both male and female C57BL/6J mice and used in these
studies. Aortas from male and female mice were pooled to
obtain enough viable cells for maintenance and studies were
performed using this pooled population. This has been a stan-
dard practice in our laboratory. The SMCs were immortalized
by hTERT (human telomerase reverse transcriptase) overex-
pression using conditioned medium containing retrovirus from
pBabe.hTERTpuro-pA317 packaging cell line. Infected cells
were selected using 0.5 pg/mL puromycin for 1 week, then
switched back to regular SMC maintenance medium.

304  January 2021

UPR Drives SMC Phenotypic Changes With Cholesterol

SMCs were treated with indicated amounts of either free
cholesterol complexed to methyl-B-cyclodextrin  (methyl-
B-cyclodextrin - cholesterol, MBD-Chol; Millipore Sigma) or
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine
(POVPC; Cayman Chemical) or aggregated LDL (human
LDL, Thermo Fisher Scientific) in DME containing high glu-
cose (Cellgro), 10% FBS (Gibco), 1% antibiotic/antimycotic
(Millipore Sigma), and 0.2% BSA (Fisher Scientific) for 72
hours at 37°C and 5% CO,,'%%

SMCs were treated with U18666A, 4-phenylbutyric acid
(4-PBA), Kira6 (IRE1a kinase inhibiting RNase attenuator 6;
Millipore Sigma), trans-ISRIB (integrated stress response inhib-
itor; Thermo Fisher Scientific), tunicamycin (Calbiochem), and
thapsigargin (Tocris Bioscience) for the indicated amounts of
time. All drugs were dissolved in DMSO (Millipore Sigma) and
DMSO was used for no-treatment controls.

Generation of shRNA Against Perk

shRNA  (short  hairpin  RNA) oligo against Perk
(CACTTTGAACTTCGGTATATT) or scramble (CCTAAGGTTA-
AGTCGCCCTCG) was cloned into the pLKO.1 vector (Sigma-
Aldrich) and then packed into lentiviral particles using psPAX2
and pMD2.G (Takara Bio USA) in HEK293T cells and used to
infect immortalized SMCs using polybrene.

RNA Extraction, Quantitative Real-Time
Polymerase Chain Reaction, and Immunoblot

Analyses

RNA extraction, quantitative real-time polymerase chain reac-
tion, and immunoblot analyses were performed using standard
methods that are described in details in the Methods in the
Data Supplement. Please see the Major Resources Table in the
Data Supplement for detailed information on antibodies and
quantitative polymerase chain reaction primer sequences.

KIf4 Transactivation Assays

KIf4 transactivation assay was performed using a Cignal
Reporter Plasmid (Qiagen) and the luciferase activity was mea-
sured using a Dual-Luciferase Reporter Assay Kit (Promega)
according to manufacturer’s instructions.

Phagocytosis Assay

Phagocytic activity of SMCs was estimated by their uptake of
green fluorescent microspheres in response to various treat-
ments, followed by imaging using confocal microscopy. The
detailed procedure is described in the Data Supplement.

Cholesteryl Ester Formation Assay

Cholesteryl ester formation was quantified using Cholesterol/
Cholesteryl Ester Quantitation Assay kit (Colorimetric/
Fluorometric) from Abcam (ab65359), as per manufactur-
er's instructions. Detailed description is provided in the Data
Supplement.

Analysis of sScRNA-Seq Data

The mouse aorta scRNA-Seq count data was downloaded from
Gene Expression Omnibus under accession number GSE131776.
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The data was submitted to R package Seurat for cluster identifi-
cation and the analysis was performed as previously described."
Relative gene expression projected to t-stochastic neighbor
embedding plot was generated by function FeaturePlot of Seurat.

Statistical Analysis

All data shown are representative of at least 3 independent
experiments, unless noted otherwise, and expressed as =SD.
Data were tested for normality using Graph Pad Prism soft-
ware (Graph Pad Software, Inc, San Diego, CA), and all the data
passed normality. Unpaired 2-tailed Student t tests or 2-way
ANOVA followed by Tukey Honest Significant Difference post
hoc test were performed using Prism software. A<0.05 was
considered statistically significant.

RESULTS

Exposing SMCs to Either Free Cholesterol,
Aggregated Cholesterol, or Oxidized
Phospholipid Induces ER Stress and
Phenotypic Changes

We initially confirmed that exposing immortalized mouse
aortic SMCs to 10 pg/mL of MBD-Chol for 72 hours leads
to increased mRNA expression and protein levels of the
macrophage markers Cd68 and Lgals3, along with Abcal
(Abcal was assessed because its expression is high in
macrophages and controlled by intracellular cholesterol
levels; Figure 1A and 1C, Figure IB in the Data Supple-
ment) and decreased expression and levels of the SMC
differentiation markers Acta2, Tagin, and Cnn1 (Figure 1B
and 1C, Figure IA and IB in the Data Supplement).2637 We
repeated the MBD-Chol exposure experiments with low
passage, primary SMCs, and obtained similar results to
those with immortalized SMCs (Figure lIA through IIE in the
Data Supplement); therefore, the remainder of the stud-
ies were performed using immortalized SMCs. Phenotypic
switching of SMCs to cells with macrophage-like functions
is further supported by the induction of phagocytic activ-
ity in response to cholesterol exposure, as assessed by
increased uptake of fluorescently labeled beads compared
with little to no uptake by SMCs not exposed to cholesterol
(Figure 1D, Figure IC in the Data Supplement). MBD-Chol
exposure also increases lipid droplets in SMCs, as assessed
by increased Oil red O staining (Figure ID in the Data Sup-
plement). KIf4 expression, protein levels, and transcriptional
activity are also increased with exposure to MBD-Chol
(Figure 1A, 1C, and 1E; Figure IB in the Data Supple-
ment). Notably, we found that SMCs exposed to MBD-Chol
activate all 3 UPR pathways as indicated by the following
increases: ratio of spliced to unspliced Xbp1, IreTa phos-
phorylation, elF2a phosphorylation (elF2a is phosphory-
lated by activated Perk and is, therefore, a marker of Perk
pathway activation), Atf4 levels, and cleavage of Atf6 to its
50 kDa active form (Figure 1C, 1F, and 1G, Figure 1B, IID,
and lIE in the Data Supplement). Furthermore, downstream
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effectors of these pathways, including Chop and the chap-
erones BiP/Grp78, Grp94, and Edem, are also significantly
upregulated by MBD-Chol (Figure 1F). MBD-Chol expo-
sure also induces increased SMC apoptosis (Figure 1G in
the Data Supplement). Taken together, these data indicate
that MBD-Chol—-induced phenotypic switching of SMCs to
cells with macrophage features is associated with activation
of all 3 ER stress sensor pathways.

SMCs were also exposed to 25 pg/mL aggregated
LDL or 20 ug/mL of the oxidized phospholipid POVPC,;
treatment with either compound also upregulates Cd68,
Lgals3, and Abcal and downregulates Acta2, Tagln, and
Cnn1 (Figure llIA through IID, VIA through VIC, and VIE
in the Data Supplement) along with inducing phagocytic
activity (Figure IVA and IVB, VIID and VIIE in the Data
Supplement) and foam cell formation (Figure IVC in the
Data Supplement). Phenotypic switching in response to
aggregated LDL is associated with increased KIf4 tran-
script expression, protein levels, and transcriptional activa-
tion (Figure lIA, IC, 111D, and IVD in the Data Supplement)
accompanied by activation of all 3 arms of UPR (Figure
LA, I1IC through llIH in the Data Supplement). Additionally,
treatment with aggregated LDL increases cholesteryl ester
content in the cell (Figure IVE in the Data Supplement).

Inhibition of Cholesterol Transport From
the Plasma Membrane to the ER Abrogates
Cholesterol-Induced Phenotypic Switching

Nanomolar concentrations of the amphipathic amine
U18666A selectively block transport of free choles-
terol from the plasma membrane to the ER without
significantly interfering with transfer to the plasma mem-
brane® Studies of cholesterol-loaded macrophages
showed that U18666A blocks free cholesterol move-
ment to the ER and UPR-driven apoptosis.?® To deter-
mine if cholesterol transport from the plasma membrane
to the ER is required for the UPR, we treated SMCs with
MBD-Chol in the presence and absence of 70 nmol/L
U18666A. Cholesterol moves from the plasma mem-
brane through the Golgi to the ER, where it is converted
to cholesteryl esters. We confirmed that U18666A treat-
ment prevents the increase in cholesteryl ester formation
with cholesterol loading in SMCs to verify that U18666A
decreases the levels of cholesterol in the ER (Figure 2A).
U18666A treatment prevents SMC phenotypic switch-
ing with cholesterol loading (Figure 2B and 2C; Fig-
ure VA, VB, and VE in the Data Supplement) and also
blocks the increase in Kif4 transcript and protein levels,
as well as transcriptional activity (Figure 2B through 2D;
Figure VE in the Data Supplement). We confirmed that
U18666A prevents the cholesterol-induced UPR based
on the following: no increase in elF2a phosphorylation,
Atf4 levels, or Ire1a phosphorylation; lower Xbp 1 splicing
ratio; and no induction of Chop and the chaperones Bip/
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Figure 1. Cholesterol induces phenotypic switching and endoplasmic reticulum (ER) stress in immortalized vascular smooth
muscle cells (SMCs).

A and B, With exposure to 10 ug/mL methyl-B-cyclodextrin cholesterol (MBD-Chol) for 72 h, expression of macrophage markers Cd68 and
Lgals3 along with Abca? and Kif4 (Kriippel-like factor 4) are upregulated (A), while contractile marker genes Acta2, Tagin and Cnn1 are
downregulated (B). C, Immunoblots confirm increased protein levels of Cd68 (cluster of differentiation 68), Lgals3 (lectin, galactoside-binding,
soluble, 3), and Klf4 along with induction of ER stress including phosphorylation of Ire (inositol-requiring enzyme) 10 and elF2a (o-subunit of
the eukaryotic elongation factor 2), induction of Atf (activating transcription factor) 4 and increased cleavage of Atf6. D, Exposure to 10 pg/mL
MBD-Chol for 72 h increases phagocytic activity of SMCs as evident from the increased uptake of green fluorescent phagocytic beads. E, Kif4
transcriptional activity is increased when SMCs are exposed to cholesterol. F, Cholesterol exposure upregulates ER stress effector genes like
Atf4 and Chop as well as the chaperones Grp94, Bip, and Edem. G, Cholesterol treatment increases splicing of Xbp1, indicating activation of
the Ire1a pathway. Each result displayed here is representative of at least 3 independent biological replicates. P values were calculated using
unpaired 2-tailed Student t test. *£<0.05 or **P<0.01, vs no cholesterol treatment. DAPI indicates 4’,6-diamidino-2-phenylindole; p-elF2a,
phosphorylated elF2a; and p-lre1a, phosphorylated Ire1a.
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Figure 2. Blocking the movement of cholesterol from the plasma membrane to the endoplasmic reticulum (ER) blocks
phenotypic switching and ER stress in immortalized smooth muscle cells.

A, Cholesterol esterification is abrogated by 70 nmol/L U18666A, which prevents the trafficking of free cholesterol from the plasma membrane
to the ER. B, Cholesterol-induced upregulation of macrophage markers and Kriippel-like factor 4 (K/f4) at the mRNA level is reduced to
baseline upon concurrent exposure to 10 pg/mL methyl-3-cyclodextrin cholesterol (MBD-Chol) and 70 nmol/L U18666A for 72 h. C, Treatment
with U18666A prevents cholesterol-induced increases in Klf4, macrophage marker proteins, and unfolded protein response effector proteins
and signaling. D, Transcriptional activity of Klf4 is enhanced by cholesterol but reduced to baseline when U18666A blocks the movement of
cholesterol from the plasma membrane to the ER. E, U18666A reduces cholesterol-induced splicing of Xbp1, a marker for Ire (inositol-requiring
enzyme) 1a activation. F, Treatment with U18666A also reduces cholesterol-induced ER stress, as evidenced by decreased expression of
activating transcription factor (Atf) 4, Chop, and the ER chaperones Grp94, Bip, and Edem. Each result displayed here is representative of

at least 3 independent biological replicates. P values were calculated using 2-way ANOVA followed by Tukey Honest Significant Difference
post hoc t test. *P<0.05 or **P<0.01 vs no cholesterol treatment. For the U18666A-treated samples, #<0.05 or ##P<0.01 for U18666A
treatment vs no treatment (DMSO). CE indicates cholesteryl esters; elF2a, a-subunit of the eukaryotic elongation factor 2; FC, free cholesterol;
Lgals3, lectin, galactoside-binding, soluble, 3; p-elF2a, phosphorylated elF2a; p-Ire1a, phosphorylated Ire1a; and TC, total cholesterol.

Grp78 Grp94, and Edem (Figure 2C, 2E, and 2F; Figure for SMCs to both induce UPR and transition to a mac-
VC through VE in the Data Supplement). These data indi-  rophage-like state with cholesterol loading. Cotreat-
cate that cholesterol trafficking to the ER is necessary ~ ment of SMCs with U18666A reverses POVPC-induced
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phenotypic switching (Figure VIA through VIC, and VIE
in the Data Supplement) and increase in Kif4 levels
and transcriptional activation (Figure VIA, VIC, VIE, and
VIIC in the Data Supplement) and reduces phagocytic
activity (Figure VIID and VIIE in the Data Supplement).
U18666A successfully inhibits POVPC-induced activa-
tion of all arms of UPR (FigureVIC through VIE and VIIA
and VIIB in the Data Supplement). Additionally, treatment
with POVPC increases cholesteryl ester content in the
cell which is reversed by U18666A (Figure VIIIF in the
Data Supplement). Taken together, these data suggest
that POVPC induces UPR and phenotypic switching in
SMCs in a manner similar to that of free cholesterol.

Cholesterol-Induced Phenotypic Switching of
SMCs Is Prevented by Inhibition of the UPR

To confirm a role for the UPR in SMC phenotypic switch-
ing, SMCs were exposed to MBD-Chol for 72 hours and
a general UPR inhibitor, 4-PBA. 4-PBA prevents the cho-
lesterol-induced increases in macrophage marker expres-
sion and decreases in SMC differentiation markers, along
with lowering the expression and transcriptional activa-
tion of KIf4 (Figure 3A through 3C, Figures VIIIA, VIIC,
and VIIIG in the Data Supplement). Interestingly, 4-PBA
treatment alone increases expression and protein levels
of Acta2, Tagin, and Cnn1 (Figure VIIIA and VIIIC in the
Data Supplement). 4-PBA treatment successfully inhibits
MBD-Chol-induced UPR, as evidenced by lower expres-
sion of all tested ER stress effectors and chaperones
(Figure VIIIB through VIIIG in the Data Supplement).

To explore if a specific UPR pathway is responsible for
phenotypic switching, SMCs were exposed to MBD-Chol
and the following inhibitors: ISRIB to block the phosphor-
ylated elF2a-induced upregulation of Atf4, CA7 (ceapin
AT) to block the cleavage and activation of Atf6, and
Kira6 to inhibit Ire10.3*" ISRIB prevents the increased
expression and protein levels of macrophage markers
and KIf4 with MBD-Chol exposure, along with decreasing
Klf4 transcriptional activity, induction of phagocytic activ-
ity, and foam cell formation (Figure 3D through 3F, Figure
XA through XC in the Data Supplement). SMCs treated
with ISRIB and MBD-Chol also maintain expression and
levels of the SMC differentiation markers (Figure XA,
IXC, and IXG in the Data Supplement). Expectedly, ISRIB
treatment blocks the Perk-elF2a-Atf4 sensor, as indi-
cated by the lack of cholesterol-driven increases of Atf4,
but has no effect on the Ire1a or Atf6 pathways (Figure
IXB through IXG in the Data Supplement). To further con-
firm the role of the Perk pathway in cholesterol-induced
phenotypic switching, Perk levels were depleted using
shRNA (sh-Perk) and the cells subjected to MBD-Chol
treatment. Perk knockdown was confirmed by reduc-
tion in Perk mRNA levels compared to scramble shRNA
(Figure 3G). In cells infected with shRNA against Perk
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(sh-Perk), MBD-Chol—-induced increases in mRNA and
protein levels of macrophage markers and Kif4 were pre-
vented, as was the increase in KIf4 transcriptional activity
and the decreases in SMC contractile markers (Figure 3H
through 3J, Figure XIA, XIB, and XID in the Data Supple-
ment). Efficacy and specificity of Perk knockdown were
additionally confirmed by decreased elF2a phosphory-
lation and Atf4 levels (Figure XIC, XIF, and XIH in the
Data Supplement) with no significant effect on IreTa or
Atf6 (Figure XIC through XIG in the Data Supplement).
These data suggest that the Perk arm of UPR is primarily
responsible for cholesterol-induced phenotypic switching.

Exposure to an Atf6 inhibitor, CA7, does not reduce
macrophage marker expression, maintain contrac-
tile marker expression, or prevent increased levels and
activation of KIf4 in cholesterol-loaded SMCs (Figure
XIIA, XIIB, and XIIE in the Data Supplement), indicat-
ing that the Atf6 pathway is most likely not involved in
MBD-Chol—-induced phenotypic switching. CA7 efficacy
and specificity were confirmed by significant reduction
in cleaved Atf6 levels with no effect on phosphorylated
Irela or Atf4 levels (Figure XIIC, XIID, and XIIF in the
Data Supplement). Inhibition of Irela with Kira6 pre-
vents cholesterol-driven increases of Cd68 and Abcal
transcript levels but does not alter Lgals3 expression or
KIf4 levels or activity (Figure XIIIA and XIIIE in the Data
Supplement). Kira6 also increases the expression of
contractile proteins in the absence and presence of cho-
lesterol and, in the absence of cholesterol, this is associ-
ated with decreased KlIf4 transcriptional activity (Figure
XIIIB in the Data Supplement). The increased expression
of contractile marker genes upon Ireta is inhibition is
in agreement with a recent study that demonstrated a
reciprocal relationship between UPR and SMC differen-
tiation through the Ire1a pathway.*? Efficacy of Kira6 is
confirmed by significant reduction of Xbp1 splicing and
Irelo. phosphorylation levels, whereas its specificity is
confirmed by a lack of effect on Atf4 induction and Atf6
cleavage (Figure XIIIC, XIIID, and XIIIF in the Data Sup-
plement). The data support that phenotypic switching of
SMCs to macrophage-like cells is primarily driven by the
Perk-elF2a-Atf4 pathway of the UPR, which is estab-
lished to increase levels of KIf4.® The Irela pathway
may also contribute to increased Cd68 expression, which
appears to be independent of KIf4. This observation
aligns with an identified role of Xbp1 activation by IreTa
in increasing CD68 expression during granulocyte dif-
ferentiation.*® Importantly, when SMCs were treated with
MBD-Chol and any of the inhibitors described above,
there was no change in apoptosis compared with cells
treated with MBD-Chol alone (Figure XIV in the Data
Supplement).
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Figure 3. Inhibition of endoplasmic reticulum (ER) stress abrogates phenotypic switching of smooth muscle cells.

A and B, Cholesterol-induced upregulation of macrophage markers is reduced to baseline upon concurrent exposure to 10 pg/mL methyl-
f3-cyclodextrin cholesterol (MBD-Chol) and 5 mmol/L 4-phenylbutyric acid (4-PBA) for 72 h at both the mRNA (A) and protein (B) levels. C,
Transcriptional activity of KIf4 (Kriippel-like factor 4) that is enhanced by cholesterol is reduced to baseline by the ER stress inhibitor 4-PBA.

D and E, Treatment with 200 nmol/L ISRIB (integrated stress response inhibitor) reverses cholesterol-induced upregulation of macrophage
marker genes (D) and proteins (E). F, Exposure to ISRIB prevents the cholesterol-induced increase in Klf4 transcriptional activity. G, Quantitative
polymerase chain reaction analysis demonstrates successful downregulation of protein kinase RNA-like ER kinase (Perk) mRNA by shRNA
(short hairpin RNA) treatment. H, Perk knockdown reverses cholesterol-induced upregulation of macrophage marker genes. I, Inmunoblots
confirm downregulation of Perk abrogates cholesterol-induced increases in macrophage marker proteins. J, Downregulation of Perk also reduces
cholesterol-induced increase in the transcriptional activation of Kif4. Each result displayed here is representative of at least 3 independent
biological replicates. P values were calculated using 2-way ANOVA followed by Tukey Honest Significant Difference post hoc test. *P<0.05

and **P<0.01 vs no cholesterol treatment. For the 4-PBA-treated or ISRIB-treated samples, #/<0.05 or ##P<0.01 for drug treatment vs no
treatment (DMSO). For the shRNA-treated samples, #P<0.05 or ##/<0.01 for comparison between scramble shRNA (sh-Scramble) and sh-
Perk. Lgals3 indicates lectin, galactoside-binding, soluble, 3; sh-Perk, short hairpin RNA against Perk; and shRNA, short hairpin RNA.
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SMCs Exposed to Either Tunicamycin or
Thapsigargin Undergo Phenotypic Switching to
a Macrophage-Like Cell

We investigated if activation of the UPR by methods other
than cholesterol influx into the ER would also induce phe-
notypic switching of SMCs to a macrophage/fibroblast—
like cell. Tunicamycin inhibits N-glycosylation of proteins
in the ER and activates all 3 UPR pathways.** Thapsigar-
gin promotes UPR by inhibiting the transport of calcium
ions from the cytosol to the ER and the sarcoplasmic
reticulum, leading to depletion of ER calcium stores that
are critical for protein folding.*® Treatment with either
tunicamycin (5 hours) or thapsigargin (8 hours) success-
fully induces macrophage marker gene expression and
decreases expression of SMC markers (Figure 4A, 4B,
and 4D, Figures XVA, XVC, XVG, and XVIA in the Data
Supplement). Tunicamycin induces KIf4 expression and
increases its transcriptional activity (Figure 4A through
4C, Figure XVG in the Data Supplement), whereas thap-
sigargin does not affect Kif4 expression but increases its
transcriptional activity (Figure 4D and 4E). Cotreatment
with ISRIB reverses tunicamycin-induced upregulation of
Kif4 levels and activity and macrophage marker expres-
sion, again confirming that the Perk-elF2a-Atf4 axis of
UPR is necessary to drive SMCs to a macrophage-like
phenotype (Figure 4A through 4C, Figure XVC and XVG
in the Data Supplement). Both tunicamycin and thapsigar-
gin successfully induce ER stress, as shown by significant
increases in the levels of markers from all 3 pathways
(Figures XVB through XVG and XVIB and XVIC in the
Data Supplement). Thus, chemical induction of a UPR is
sufficient to induce phenotypic switching of SMCs.

Analysis of scRNA-Seq Data Shows Increased
UPR in Modulated SMCs

To validate our findings in vivo, we reanalyzed previously
published scRNA-Seq data (GSE131780).'" In that arti-
cle, scRNA-Seq was performed on Apoe™~ mice with an
SMC lineage tracer at baseline and at 8 and 16 weeks
after initiating an HFD. The resulting clusters of cells are
in agreement with the published data (Figure 5A)."” The
modulated SMC cluster that appears over time on HFD
has decreased expression of contractile markers Acta2
(Figure 5B), Tagin, and Cnn1 (Figure XVIIA and XVIIB in
the Data Supplement) when compared with other SMC
clusters. Modulated SMCs also show time-dependent
increased expression of the macrophage marker Lgals3
but not Cd68 (Figure 5C; Figure XVIIC and XVIID in
the Data Supplement). Interestingly, Atf4 (Figure 5D)
and Kif4 (Figure BE) expression also increase in the
modulated SMCs compared with other SMC clusters.
Thus, these analyses provide preliminary data that UPR
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is involved in phenotypic switching in vivo to a modu-
lated SMC, expressing both macrophage and fibroblast
markers.

SMCs Exposed to Cholesterol Upregulate
Fibroblast Cell Markers Identified in Modulated
SMCs Associated With Atherosclerosis
Progression

Based on the scRNA sequencing data of atherosclerotic
plaques in the root and ascending aorta of Apoe™~ mice
on HFD, phenotypically altered modulated SMCs that
appear with plaque formation upregulate Lgals3 but also
express fibroblast cell markers.'” Therefore, we assessed
whether cholesterol exposure in vitro also upregulates
these fibroblast markers. Treatment with 10 pg/mL
MBD-Chol for 72 hours upregulates the following fibro-
blast markers identified in modulated SMCs: Fn1, Ecrg4
(1500016010Rik), Prg4, Spp1, Len2, Timpi, Bgn, and
Dcn (Figure 6A) but not Fmod, Tnfrsf11b, and Collal
(data not shown). Interestingly, cotreatment with 4-PBA
abrogates the MBD-Chol-induced upregulation of all of
these genes except Ecrg4, indicating that a UPR is nec-
essary for the upregulation of these markers, similar to
its role in upregulating macrophage markers. To confirm
if the Perk pathway is responsible for the upregulation of
fibroblast markers, we cotreated SMCs with MBD-Chol
and ISRIB. Inhibition of the Perk pathway by ISRIB pre-
vents the upregulation of all the fibroblast markers except
Ecrg4 (Figure 6B). Additionally, tunicamycin treatment
upregulates the same fibroblast markers upregulated by
cholesterol (Figure XVIIl in the Data Supplement). Taken
together, our data indicate that cholesterol exposure in
vitro causes a phenotypic switch of SMCs to a dedif-
ferentiated cell, expressing macrophage and fibroblast
markers and resembling modulated SMCs detected in
atherosclerotic plagues, and that this phenotypic transi-
tion is primarily regulated by the Perk arm of the UPR.

DISCUSSION

With exposure to free cholesterol, SMCs downregulate their
differentiation markers and upregulate macrophage and
fibroblast markers to assume a modulated SMC phenotype.
The upregulation of macrophage makers is dependent on
the transcription factor Kif4, but the exact mechanism for
this activation of KIf4 has not previously been determined.'?
In this study, we demonstrate that cholesterol exposure
activates all 3 pathways of the UPR and induces pheno-
typic switching primarily via the Perk-elF2a-Atf4 arm of ER
stress. Thus, our data establish a link between cholesterol-
induced UPR and phenotypic modulation of SMCs to a mac-
rophage/fibroblast-like cell. The ER is sensitive to minimal
changes in membrane cholesterol levels, and inhibiting the
movement of free cholesterol from the plasma membrane
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Figure 4. Tunicamycin or thapsigargin treatment induces phenotypic switching in vascular smooth muscle cells (SMCs)
independent of cholesterol.

A and B, Exposure to 0.5 or 1 ug/mL tunicamycin (TM) for 5 h upregulates macrophage markers and Kriippel-like factor 4 (Klf4), and these
increases are successfully reversed by ISRIB (integrated stress response inhibitor) treatment both at the mRNA (A) and protein (B) levels. C, TM
treatment increases Kilf4 transcriptional activity in a dose-dependent manner and this increase is reversed by ISRIB treatment. D, Treatment with
0.5 or 1umol/L thapsigargin (TG) for 8 h induces phenotypic switching in SMCs but does not affect Kif4 expression. E, TG treatment causes a
dose-dependent increase in the transcriptional activity of Kif4. Each result displayed here is representative of at least 3 independent biological
replicates. P values were calculated using 2-way ANOVA followed by Tukey post hoc test. *P<0.05 or **£<0.01 vs no drug treatment (DMSO).
#P<0.05 or ##P<0.01 for TM+ISRIB treatment vs TM treatment only. Lgals3 indicates lectin, galactoside-binding, soluble, 3.
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Figure 5. Transcriptomic profiling of mouse aortic root atherosclerotic plaque shows increased unfolded protein response
(UPR) in modulated vascular smooth muscle cells (SMCs).

A, t-stochastic neighbor embedding (t-SNE) representation of various cell clusters detected in mouse aortic roots at baseline, and after 8 and
16 wk of high-fat diet (HFD) feeding. The disease-specific modulated SMC cluster, as identified by Wirka et al,' is highlighted by the dotted
red circle. B-E, t-SNE visualization of cell clusters at the 3 time points overlaid with expression of various genes shows decreased expression
of the contractile marker Acta2 (B) and increased expression of the macrophage marker Lgals3 (C), the UPR effector Atf4 (D), and Kif4 (E),
which is known to be responsible for phenotypic switching, in the modulated SMC cluster that appears over time on HFD. The scale on the
right of each gene indicates level of expression. Analysis was performed on published single-cell RNA sequencing data (GSE131780) from
Wirka et al'” where n=3 mice were used at each time point. Lgals3 indicates lectin, galactoside-binding, soluble, 3.
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Figure 6. Cholesterol upregulates a subset of fibroblast markers which are driven by unfolded protein response (UPR).
A, With exposure to 10 ug/mL methyl-3-cyclodextrin cholesterol (MBD-Chol) for 72 h, expression of a subset of fibroblast marker genes
identified in modulated vascular smooth muscle cells (SMCs) is upregulated, and this upregulation is abrogated for all but one of these

markers when UPR is inhibited by cotreatment with 5 mmol/L 4-phenylbutyric acid (4-PBA). B, Upregulation of fibroblast markers indicative of
modulated SMCs induced by 10 ug/mL MBD-Chol is also prevented by specific inhibition of the Perk (protein kinase RNA-like endoplasmic
reticulum kinase) pathway with 200 nmol/L ISRIB (integrated stress response inhibitor). Each result displayed here is representative of at least
3 independent biological replicates. P values were calculated using 2-way ANOVA followed by Tukey Honest Significant Difference post hoc
test. *P<0.05 or **P<0.01 vs no cholesterol treatment. For the 4-PBA- or ISRIB-treated samples, #P<0.05 or ##<0.01 for cholesterol+drug

treatment vs no treatment (DMSO).

to the ER prevents phenotypic switching with exposure
to MBD-Chol. Furthermore, overall inhibition of ER stress
response by treatment with 4-PBA also prevents SMC phe-
notypic switching with exposure to free cholesterol. Impor-
tantly, tunicamycin and thapsigargin exposure are known
triggers for UPR, and either treatment leads to phenotypic
switching of SMCs. Thus, induction of UPR via chemical
agents is sufficient to cause SMC phenotypic switching
independent of cholesterol loading. Tunicamycin-induced

Arterioscler Thromb Vasc Biol. 2021;41:302-316. DOI: 10.1161/ATVBAHA.120.315164

phenotypic transition is prevented by inhibiting the Perk-
elF20-Atf4 arm, once again confirming the involvement of
this pathway in SMC phenotypic switching.

Analysis of previously published scRNA-Seq data from
Apoe~~ SMC lineage traced mice showed increased Atf4
and Kif4 expression in the modulated SMC clusters that
appear with exposure to HFD, suggesting that UPR is
active in modulated SMCs. However, further studies are
needed to confirm the involvement of UPR in regulating
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SMC fate in atherosclerotic lesions in vivo. These modu-
lated SMCs have significantly decreased expression of
contractile markers (eg, Tagin and Cnn 1) and upregula-
tion of Lgals3 but not Cd68. The modulated SMCs also
increase expression of genes that characterize fibro-
blasts, specifically Fn1, Tnfsrf11b, and Collal, along with
small leucine-rich proteoglycans, Lum, Dcn, and Bgn.'”
When exposed to cholesterol in culture, SMCs upregu-
late the majority of the fibroblast marker genes identi-
fied in these modulated SMCs, including Fni, Ecrg4
(1500015010Rik), Prg4, Sppl1, Lcn2, Timpl, Bgn, and
Dcn but not Tnfsrf11b, Fmod, Collal, and Lum. Interest-
ingly, the MBD-Chol-induced upregulation of all but one
of these genes is reduced by both inhibition of general
UPR (4-PBA) and specifically the Perk pathway (ISRIB).
Therefore, cholesterol-induced UPR in SMCs may con-
tribute to the upregulation of a subset of the fibroblast
markers. The appearance of the modulated SMCs in
vivo involves the transcription factor Tcf21 (transcrip-
tion factor 21), but our studies did not detect increased
Tcf21 expression in MBD-Chol-treated SMCs (data not
shown).'” Therefore, activation of additional pathways,
including pathways increasing the expression of Tcf21,
are most likely involved in phenotypic modulation of SMCs
in vivo with atherosclerotic plaque formation. Similarly, we
did not detect increased levels of Scal in our cells (data
not shown), another factor that has been recently shown
to be a marker for SMC phenotypic switching in healthy
mouse aorta and atherosclerotic plaques.*®

Although ISRIB or shRNA-mediated inhibition of the
Perk-elF2a-Atf4 pathway effectively prevents pheno-
typic switching with exposure to free cholesterol, blocking
Ire1 signaling with Kira6 treatment significantly lowers
cholesterol-induced expression of Cd68 and Abcal but
has no effect on Lgals3 and Kif4. Kira6 treatment pre-
vents Irela-induced splicing of Xbp1, and spliced Xbp1
(sXbp1) has been shown to upregulate Cd68 during
granulocyte differentiation.*® Consistent with our results,
sXbp1 has not been shown to control Lgals3 or Kit4
expression. Intriguingly, the fact that Lgals3 and Kit4
remained high with cholesterol exposure and Kira6 treat-
ment, but Cd68 decreased, mimics the observed expres-
sion profile of atherosclerosis-related modulated SMCs.
It is important to note that the scRNA-Seq data con-
tradicts prior publications the show SMC lineage trace
positive cells expressing Cd68, as well as Lgals3, in the
atherosclerotic plaques of the Apoe™= mouse model.”
Immunohistochemical staining of human coronary arter-
ies identified up to 40% of CD68+ cells in plaques as
coexpressing smooth muscle a-actin, and CD68+ cells
have been identified with an SMC lineage—specific epi-
genetic mark.'>'® scRNA-Seq data of human coronary
artery specimens identified a similar modulated SMC
cluster found in mice, but with upregulation of CD68."
Although the expression and relevance of Cd68 remains
unresolved in the field, our data suggest a possible
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mechanism for the suppression of Cd68in some models
of phenotypic modulation, specifically, activation of the
Perk arm of UPR with suppression of Ire1a signaling.

We noted that both general (4-PBA) and each spe-
cific UPR inhibition in the absence of cholesterol loading
increases expression of SMC differentiation markers. SMC
differentiation markers were significantly upregulated when
Ire 1o was inhibited in another study, and we also found the
most significant increase in these markers with Kira6 treat-
ment alone.”? These indicate that minimizing ER stress may
contribute to maintaining SMCs in a differentiated, contrac-
tile state, and factors increasing ER stress play a role in
dedifferentiation of SMCs. A role for specifically Perk sig-
naling in SMC differentiation was previously supported by
studies illustrating that inhibition of Perk signaling prevents
SMC proliferation and restenosis in the rat angioplasty
model of restenosis.*” Conversely, overexpression of Perk
exacerbates SMC dedifferentiation and proliferation.

Extensive work has explored how genetic variants
altering lipid levels and inflammation contribute to ath-
erosclerosis, but less is known about how genetic altera-
tions affecting SMCs predispose to atherosclerosis. Our
data raise the possibility that some genetic syndromes
or specific variants associated with coronary artery dis-
ease potentially increase the risk for atherosclerosis by
triggering UPR and switching of SMCs to macrophage/
fibroblast-like cells. In Hutchinson-Gilford progeria syn-
drome, atherosclerosis is the major cause of mortality.*®
The syndrome is due to a mutation in lamin A (LMNA)
that deletes 50O amino acids and leads to the produc-
tion of a truncated protein, termed progerin.*® Using 2
mouse models for Hutchinson-Gilford progeria syndrome
(Apoe™~ mice expressing progerin ubiquitously or in an
SMC-specific manner), a recent study demonstrated that
both ER stress and UPR drive SMC death and atheroscle-
rosis but a role of UPR augmenting phenotypic switching
of SMCs to macrophage/fibroblast-like cells was not
explored.®®®" Medial SMC loss and atherosclerosis were
decreased using the ER stress inhibitor, tauroursodeoxy-
cholic acid, but without addressing the possibility that this
drug also decreased SMC phenotypic switching.®! Given
these findings and our data, we speculate that SMC phe-
notypic switching dedifferentiated cell expression mac-
rophage and fibroblast markers in Hutchinson-Gilford
progeria syndrome patients and mice contributes to the
early atherosclerosis associated with this condition.

ER stress triggering a UPR in macrophages and SMCs
has an established role in contributing to atheroscle-
rosis. ER stress markers, like Grp78, Grp94, and Chop,
are elevated in SMCs and macrophages in human ath-
erosclerotic plaques.®® Exposure to oxidized LDL and
free cholesterol has been shown to induce ER stress
and apoptosis in SMCs.?"%® Chop-deficiency protects
Ldlir’= and Apoe”~ mice from atherosclerosis?® Fur-
thermore, inhibition of ER stress by administering either
the chemical chaperone 4-PBA in drinking water or the
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Perk inhibitor, GSK26064 14, has been shown to reduce
lesion size in Apoe™~ mice.5*%® However, previous studies
focused on ER stress leading to macrophage and SMC
cell death as drivers of atherosclerosis. Our data, demon-
strating that cholesterol loading of SMCs also drives ER
stress-associated phenotypic switching of these cells,
identify a novel role for ER stress in plaque pathogen-
esis. Importantly, blocking SMC phenotypic switching via
SMC-specific deletion of KIf4 decreases plaque burden in
Apoe™~ mice.'? These data suggest that UPR-driven SMC
phenotypic switching promotes atherosclerotic plaque
formation and that preventing phenotypic switching via
pharmacological inhibition of the UPR in SMCs may be
therapeutically beneficial. To determine the role of ER
stress-driven SMC phenotypic conversion in plaque bur-
den, UPR-driven alterations in the SMC phenotype need
to be distinguished from UPR-driven SMC apoptosis.
SMCs dedifferentiate and increase expression of mac-
rophage and fibroblast markers in vivo and in vitro when
exposed to free cholesterol, and this phenotypic transi-
tion is dependent on activation of a UPR. Our data add
to the growing body of knowledge around SMC behavior
in atherosclerosis by determining that activation of the
UPR is both necessary and sufficient to induce this phe-
notypic switching of SMCs in vitro, and may contribute to
the formation of modulated SMCs with atherosclerotic
plague formation in vivo.'” These data extend our knowl-
edge of the role of ER stress and UPR in atherosclerotic
plaque formation and further emphasize the potential of
blocking ER stress in both macrophages and SMCs as
a therapeutic target to prevent coronary artery disease.
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