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Abstract
Smooth muscle cells (SMC) can undergo distinct fate transitions that in�uence atherosclerotic plaque
phenotype: SMC make up the protective �brous cap that prevents plaque rupture, but can also
transdifferentiate to a destabilizing pro-in�ammatory phenotype. We found that LMO7, a scaffolding
protein that modulates SMC phenotype, is induced in atherosclerosis. SMC LMO7 deletion produced a
paradoxical phenotype with enhanced indices of plaque stability despite greater lipid content. We
determined that LMO7 promotes SOAT1 ubiquitination and degradation. LMO7 depletion thus favored
cholesterol esteri�cation and “safe” storage, relieving ER stress and subsequent induction of KLF4 and
SMC transdifferentiation. Immunostaining and single cell sequencing con�rmed that SMC LMO7
depletion enhanced cap stabilizing fate transitions while substantially reducing in�ammatory
transdifferentiation. Similarly, LMO7 was induced in human atherosclerosis, but at lower levels in stable
versus ruptured plaques. These �ndings reveal that SMC cholesterol esteri�cation, rather than total
cholesterol content, in�uences plaque composition and stability.

Introduction
Atherosclerosis is the main cause of morbidity and mortality in the US and Europe.  Despite widespread
use of lipid lowering agents that help slow the progression, complications of atherosclerotic plaque
rupture, including myocardial infarction and stroke, remain major challenges1. Accordingly, plaque
stability is a key factor in prognosis2, 3. New approaches to reduce the incidence of thrombotic events
would signi�cantly improve morbidity and mortality consequent to atherosclerosis.

 

Cholesterol accumulation in the vessel wall leads to plaque formation. Macrophages that engulf the
excess cholesterol become foam cells and contribute to a pro-in�ammatory milleu4. Excessive
intracellular cholesterol promotes apoptosis and formation of a necrotic core in the lesions. Smooth
muscle cells (SMC) form a protective �brous cap, providing an essential stabilizing function to separate
the pro-thrombotic necrotic core from the lumen5. Medial SMC migrate from the plaque shoulder to cover
the plaque core at early stages6. These SMC secrete copious extracellular matrix (ECM) to form the
�brous cap. Because the thickness and stability of the �brous cap predicts the vulnerability to rupture7,
SMC are thought to play a protective role in plaques. Recent fate mapping studies have expanded our
understanding of the heterogeneity and roles of SMC-derived populations in atherosclerosis. Notably,
SMC transdifferentiation to a macrophage-like state is now appreciated to be a major source of foam
cells in mouse and human lesions, with 50% of foam cells derived from SMC in human coronary lesions
in one analysis8-10. The �nding that SMC undergo phenotypic modulation to macrophage-like cells in
hyperlipidemic conditions11 suggests a new paradigm where SMC-derived cells can play distinct roles
within lesions: the macrophage-like SMC can contribute to the in�ammatory lesion core, whereas matrix
synthesizing SMC-derived cells act as a protective component in the �brous cap. Single cell RNA
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sequencing (scRNAseq) analyses have demonstrated that SMC can give rise to distinct populations12

including in�ammatory, matrix-producing and osteogenic subtypes13.

 

Several studies have recently shown that Kruppel Like Factor 4 (KLF4), a transcription factor implicated in
pluripotency, is a key factor promoting SMC dedifferentiation9, 13, 14. KLF4 has been shown to play a
fundamental role in the SMC phenotypic switching, including in the transition to the pro-in�ammatory
macrophage-like state9. Although expressed in many hematopoietic cells including macrophages,
LGALS3 has been identi�ed as a KLF4-regulated marker of phenotypically modulated SMC13. LGALS3
expression may represent an early-stage transition that subsequently gives rise to multiple distinct
phenotypes during atherosclerosis progression13. Early signals through which hypercholesterolemia
in�uences SMC transcription factors and phenotypic switching in atherosclerosis are still poorly
understood.

 

We have recently identi�ed LIM domain only protein 7 (LMO7) as a potent modulator of SMC
phenotype15. LMO7 is a scaffolding protein containing multiple protein-protein interaction domains.
LMO7 loss of function in SMC enhances cell proliferation and ECM deposition following vascular
injury15. Given the roles for SMC phenotypic modulation, proliferation, and ECM synthesis in
atherosclerosis, we hypothesized that LMO7 loss of function may lead to more stable lesions with a
thicker �brous cap. 

Methods
Mice.Lmo7�/� mice on a C57BL/Swiss mixed background were a gift from Dr. Ju Chen (UCSD). Myh11-
CreERT2 and Apoe−/− mice were purchased from Jackson Laboratory. Mouse strain with Gt(ROSA26)-
ZsGreen reporter was a generous gift of Dr. Daniel Greif (Yale). For lineage tracing studies, the
Gt(ROSA26)-ZsGreen reporter strain was crossed with Myh11-CreERT2 mice on the Apoe−/− background.
Recombination was induced by injecting 6 week old mice with 1 mg/kg tamoxifen for 5 days, followed by
5 day washout. Inducible, smooth muscle-speci�c Lmo7 knockout mice were generated by crossing the
Lmo7�/� line with the above-mentioned ROSA26-ZsGreen/Myh11-CreERT2/Apoe−/− reporter line.
Genotyping of all the mice was performed by PCR. Mice were housed in pathogen-free conditions at Yale
University. All experiments were approved by the institutional animal care and use committee of Yale
University.

Human tissue studies. Human carotid arteries of the Munich Vascular Biobank16 were taken during
carotid endarterectomy (CEA) followed by �xation for 48 hours in 2% zinc-formalin and para�n
embedding. Per specimen, four 5µm thick sections were stained with hematoxylin and eosin (HE) and
Elastin van Gieson’s staining. Based on the histochemical stains, plaques were characterized according to
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their features as stable or unstable/ruptured following the American Heart Association (AHA)
classi�cation after Stary et al.17 and Redgrave et al.18 to determine critical �brous thickness. Plaque and
the non-diseased control portion of the carotid biopsy (as illustrated in Fig. 6a) were separated and lysed
for RNA analysis.

Animal experiments. After tamoxifen injection and washout, mice were fed with high fat diet (HFD, 40%
kcal%, 1.25% cholesterol, Research Diets D12108C) starting at 8 weeks of age for 0–12 weeks as
indicated. For blood lipid assays, mice were starved overnight and anesthetized with 100mg/kg ketamine
and 10mg/kg xylazine to collect blood by retro-orbital bleeding before and after HFD feeding. The blood
samples were centrifuged at 10,000 rpm for 10 min at R.T. and the plasma (upper phase) was collected
for total cholesterol and triglyceride measurement using Cholesterol Assay Kit (Abcam, ab65390) and L-
Type Triglyceride M Enzyme Kit (Fuji�lm), respectively. Mice were sacri�ced at indicated time points post
HFD feeding and were immediately perfused �rst with sodium nitroprusside (SNP) in PBS then 4%
paraformaldehyde (PFA). The aortic root (sinus) and the whole aorta as well as brachiocephalic artery
(BCA), left common carotid artery, and left subclavian artery branches were dissected and immersed in
cold 4% PFA for overnight followed by dehydration in 30% sucrose for another 24 hours. Then the vessels
were embedded in OCT compound (Tissue Tek, Elkhart, IN) for cryosectioning.

Mouse single cell RNA sequencing sample preparation and sequencing. After 12 weeks HFD, mice were
sacri�ced and perfused with PBS. The aortic root, aortic arch and the three major branches, including
brachiocephalic artery, left common carotid artery and left subclavian artery were dissected. Tissues were
brie�y digested in adventitia stripping mix (175U/ml Collagenase II and 1.25U/ml elastase in HBSS) at
37°C for 10 min, and adventitia was peeled off. Then the vessels were cut into 1-2mm long rings and
digested in digestion mix (600U/ml collagenase II and 2.5U/ml elastase in HBSS) for 1 h at 37°C with
shaking at 700 rpm. Cell suspensions were �ltered through 70 µm cell strainer and pelleted at 500 x g for
5 min at 4°C. Cells were then stained in viability staining buffer (0.01 µg/ml DAPI in PBS + 2% FBS) for 5
min at 4°C and maintained in this buffer for cell sorting. DAPI negative Cells were sorted using FACSAria
II (BD Biosciences) into DMEM + 10% FBS. Cell numbers were counted and ~ 10,000 cells per sample
were used immediately for single-cell library preparation at Yale Keck Biotechnology Resource Laboratory.
Cells were loaded into a 10x Genomics micro�uidics chip and encapsulated with barcoded oligo-dT-
containing gel beads using the 10x Genomics Chromium controller according to the manufacturer’s
instructions. Single-cell 3’ V3.1 libraries were then constructed according to the manufacturer’s
instructions. Libraries from control and Lmo7iΔSM samples were multiplexed into one lane and sequenced
with setting of paired-end 150bp on an Illumina HiSeq 4000 instrument.

Analysis of scRNASeq data. Fastq �les from each mouse genotype were aligned to the reference genome
containing ZsGreen1 gene individually using CellRanger Software (10x Genomics). The dataset was then
analyzed using the Partek Flow platform. The dataset was trimmed of cells with read count fewer than
600 or more than 15,000, cells expressing fewer than 500 genes or more than 4,000 genes, and cells with
more than 10% mitochondrial counts. The gene expression values then underwent library-size
normalization, where raw gene counts from each cell were normalized relative to the total number of read
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counts present in that cell. Principal component analysis (PCA) was used for dimensionality reduction,
followed by cell clustering using a graph-based clustering approach. t-distributed stochastic neighbor
embedding (t-SNE) was then used for two-dimensional visualization of the resulting clusters. Contractile
SMC, modulated SMC, �bromyocyte, macrophage, endothelial cell, T cell, neutrophil and �broblast
populations were classi�ed based on the gene expression pro�le. Cells within the speci�c classi�cation
were combined for further analysis for differential gene expression analysis between control and
Lmo7iΔSM groups.

Histological staining. Haemotoxylin & Eosin (H&E) staining was performed at Yale Pathology Tissue
Service using standard protocols. For Picro-Sirius Red (PSR) staining, tissue sections were washed with
water to remove OCT and immersed in staining solution (0.1% Direct Red 80 (Sigma, #365548) in a
saturated aqueous solution of picric acid) for 1h. The sections were then washed with two changes of
0.5% acetic acid solution, dehydrated with three changes of 100% ethanol, cleared with Histoclear
(National Diagnostics, HS-200) and mounted with DPX mounting media (Electron Microscopy Sciences).
For en face Oil Red O (ORO) staining of aortas, the dissected aorta was cut longitudinally and pinned on a
silicon plate. The aorta was �xed with 4% PFA for 1h at RT, brie�y rinsed with 78% methanol and
immersed in the ORO staining solution (0.2% w/v ORO solution in methanol mixed with 1M NaOH at 7:2
ratio) for 1h. Then the aorta was washed with 78% methanol twice and mounted with OCT medium
between two microscope slides. Tissue sections and cell ORO staining follows the same protocol as
above. Micrographs of ORO staining was taken with a Nikon Eclipse 80i microscope using NIS Elements
software. For �lipin staining, cells were washed with PBS and �xed with 4% paraformaldehyde for 1 h at
home temperature, followed by incubation with 1.5 mg/ml glycine in PBS for 10 min at room temperature
(R.T) to quench the paraformaldehyde. Cells were then stained with �lipin working solution (0.05 mg/ml
�lipin (Sigma, F-9765) in PBS + 10% FBS) for 2 hrs at R.T. Cells were rinsed with PBS twice and were
imaged on a Nikon Eclipse Ti Confocal Microscope.

Immunohistochemistry and immuno�uorescence. For Immunohistochemistry, cryosections were air-dried
completely and �xed/permeabilized in cold acetone for 10 min. OCT was removed by distilled H2O
washing. For TGF-β (MAB1835, clone #1D11, R&D Systems, 1: 25), staining was performed using Mouse-
on-Mouse (M.O.M.™, BMK-2202, Vector Laboratories) kit and developed using DAB kit (SK-4100, Vector
Laboratories) per manufacturer’s protocol. For Ter-119 (14-5921-81, Invitrogen, 1: 100), staining was
performed using goat anti-rat HRP (31470, Invitrogen, 1: 500) and developed using DAB kit, followed by
Methyl Green counterstain. The sections were mounted in DPX mounting media (Electron Microscopy
Sciences) and imaged on a Nikon Eclipse 80i microscope using NIS Elements software. For
Immuno�uorescence, cryosections were air-dried completely and washed with distilled H2O to remove
OCT. The sections were then permeabilized/blocked in blocking buffer (4% goat normal serum, 1% BSA
and 0.5% Triton X-100 in PBS) at room temperature (R.T.) for 1 hr, incubated with primary antibodies at
4°C for 20 hrs, and secondary antibodies at R.T. for 1 hr in blocking buffer. Finally, the sections were
stained with DAPI for nuclei at R.T. for 5 min and mounted with Vectashield Mounting Media (Vector
Laboratories). The following primary antibodies were used: LMO7 (sc-98422x, Santa Cruz, 1: 100),
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LGALS3 (CL8942AP, Cedarlane, 1: 100), ACTA2 (sc-32251 AF546, Alexa 546-conjucated, Santa Cruz, 1:
300), CD68 (MCA1957, Bio-Rad, 1: 100), Ki67 (MA5-14520, Thermo, 1: 200), KLF4 (#4038, Cell Signaling,
1: 100), p-SMAD3 (S423/425) (ab52903, Abcam, 1: 100), ATF4 (#11815, Cell Signaling, 1: 100), SOAT1
(ab39327, Abcam, 1: 100). Appropriate �uorescent secondary antibodies were purchased from Molecular
Probes and diluted 1: 300 in blocking buffer. For cleaved Caspase 3 (cCasp3) staining (#9664, Cell
Signaling, 1: 150), VECTASTAIN® Elite ABC kit (PK-6101, Vector Laboratories) was used and developed
by Tyramide signal ampli�cation (NEL705A001KT, Akoya Biosciences) steps. Micrographs were captured
on a Nikon Eclipse Ti Confocal Microscope using Volocity software.

Primary tissue or cell isolation and cell culture. To isolate primary SMC for cell culture mice were
sacri�ced, perfused with PBS, and the descending aortas were isolated by microdissection. The vessels
were brie�y digested in adventitia stripping mix (175U/ml Collagenase II and 1.25U/ml elastase in HBSS)
for 10 min, and the adventitia was peeled off. Then the vessels were cut into 1-2mm long rings and
digested in digestion mix (400U/ml collagenase II, 2.5U/ml elastase and 0.2mg/ml soybean trypsin
inhibitor in HBSS) for 1hr at 37°C with shaking at 700rpm. The cell suspension was centrifuged at 20 X g
for 5 min, washed once with DMEM + 20% FBS + Penicillin/Streptomycin (Pen/Strep) and plated in culture
dish in the same media. Cells were subcultured 1: 3 ~ 4 upon becoming 90% con�uent. Primary human
aortic SMCs were purchased from Lonza at passage 3 and propagated in M199 media with 10% FBS, 2.7
ng/ml EGF, 2 ng/ml FGF and Pen/Strep (complete media). Cells were used for experiments between
passages 4–7. Drugs used in the experiments: Cycloheximide (Sigma, C7698-1G), MG132 (Selleckchem,
S2619), methyl-β-cyclodextrin cholesterol (Sigma, C4951), K-604 (Biovision, B-2926).

Transient transfection of siRNA. Transient transfection of small interfering RNA (siRNA) in hCASMC was
performed using Lipofectamine® RNAiMAX (Life Technologies). Cells were plated the day before
transfection to reach a con�uency of 70%. Transfection reagent and siRNA were mixed in OPTI-MEM
(Gibco) and added to the cells as per the Lipofectamine instructions. M199 (human ASMC) or DMEM
(mouse ASMC) media with 20% FBS was added to the cells after 6 hours. After another 18 hours, the
media was changed to M199 complete media (human ASMC) or DMEM + 20% FBS (mouse ASMC).
siRNA for LMO7 or SOAT1 and nonsilencing siRNAs (siControl) were purchased from Invitrogen.

Cholesterol biochemical assay. Mouse ASMCs were starved for 16 hrs and treated with 10 ug/ml
cholesterol for 72 hrs. Cells were washed with PBS and scraped in 1ml PBS. Cells were spun down at 200
X g for 5 min. 1/10 of the cells were lysed in RIPA buffer and used for protein quanti�cation and the
remainder were used for cholesterol assay. Cholesterol was extracted from these cells with 200 ul of
chloroform: isopropanol: NP40 (7:11:0.1). The pellet was spun at 15,000xg for 10 min and the
supernatant containing lipid was transferred to a clean glass bottle and dried under nitrogen gas. Dried
lipid was dissolved with 200 ul 1X Reaction Buffer provided in the Amplex® Red Cholesterol Assay Kit
(Invitrogen, A12216). Total cholesterol (TC) was measured using the kit with esterase in the reaction,
while free cholesterol (FC) was measured without esterase. Cholesterol ester (CE) level was calculated by
subtracting FC from TC. The mass of each cholesterol fraction was normalized to the mass of protein of
the corresponding sample.
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Cell lysis and western blotting. Cells were brie�y washed with PBS and scraped in cold 1X RIPA buffer
supplemented with Protease inhibitor cocktail and PhosSTOP (Roche) on ice. Cell lysates were
centrifuged at 20,000 x g for 3 min at 4°C and the supernatant was mixed with loading buffer and heated
at 95°C for 5 min. Equal amounts of protein from different samples were separated on SDS-PAGE gel,
transferred onto PVDF membrane and immunoblotted with primary antibodies at 4°C for 16 hrs and
secondary antibodies (Pierce) at R.T. for 1 h. Blots were developed using SuperSignal®
Chemiluminescence Substrate (Pierce). Digital images were taken with Gel Doc™ XR + System using
ImageLab software. Primary antibodies used: LMO7 for human samples (ab224113, Abcam, 1: 1000),
LMO7 for mouse samples (sc-98422x, Santa Cruz, 1: 2000), LGALS3 (CL8942AP, Cedarlane, 1: 1000),
MYH11 (M7786, Sigma, 1:1000), KLF4 (ab129473, Abcam, 1: 1000), ATF4 (#11815, Cell Signaling, 1:
1000), CHOP (#2895, Cell Signaling, 1: 500), SOAT1 (ab39327, Abcam, 1: 1000), Ubiquitin (13724,
Cayman, 1: 1000), β-Tubulin (sc-9104, Santa Cruz, 1: 500), GAPDH (#2118, Cell Signaling, 1: 2000), β-
actin (#3700, Cell Signaling, 1: 1000). Secondary antibodies conjugated with HRP were purchased from
Thermo Fisher and used at 1: 3000 dilution. Densitometry of bands was quantitated using ImageJ.

Immunoprecipitation. Cells were washed and scraped as above except using 1X Cell Lysis Buffer (Cell
Signaling). After centrifugation, equal amount of cell lysate from each sample was mixed with primary
antibodies with gentle rotation at 4°C for 16 hrs. Then magnetic beads (Bio-Rad) were added and rotated
for another 2 hrs to pull down antibody-protein complexes. Beads were washed with Cell Lysis Buffer
twice and heated in the presence of loading buffer at 95°C for 5 min. Primary antibodies used for IP:
SOAT1 (ab39327, Abcam, 1: 100), normal Rabbit IgG (#2729, Cell Signaling). Western analysis was the
same as above.

qRT-PCR. Cells were brie�y washed with PBS and scraped in TRIzol™ (Invitrogen) and RNA was extracted
and puri�ed using Direct-zol™ RNA Miniprep Plus kit (ZYMO Research). cDNA was reverse transcribed
using 5X All-In-One RT MasterMix (G486, ABM) with equal amount of RNA from each sample. cDNA was
then diluted 1: 10 and used for quantitative real-time PCR analysis (Bio-Rad CFX96 Real-Time System)
using BrightGreen qPCR MasterMix (MasterMix-S, ABM). For miRNA analysis, miRNAs were puri�ed using
miRNeasy Kit (217004, Qiagen) and reverse transcribed using miRNA cDNA Synthesis Kit (G902, ABM),
followed by real-time qPCR analysis using BrightGreen miRNA qPCR MasterMix (MasterMix-mS, ABM).
qPCR was analyzed using the delta delta CT method. All samples were run in duplicate, and signals were
normalized to the indicated housekeeping genes/microRNAs.

Statistical analysis. Values are presented as mean ± standard error of the mean (SEM). Statistical
analysis was performed using Graph-Pad (Prism7). Comparisons between two samples were performed
using the nonparametric Mann-Whitney U test. Data sets with three or more groups were analyzed by 2-
way ANOVA followed by Holm-Sidak multiple comparisons testing. Comparisons between two curves
were performed by Nonlinear Regression with Extra sum-of-squares F test. P-value smaller than 0.05 was
considered signi�cant.

Results
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LMO7 is induced in mouse atherosclerosis

We examined LMO7 expression in SMC and other cells during murine atherosclerosis development. We
generated a smooth muscle-speci�c, tamoxifen-inducible, ZsGreen reporter mouse in the Apoe-/-

background (Myh11_CreERT2; Gt(ROSA26)-ZsGreen;  Apoe-/-). Tamoxifen treatment results in �uorescent
labeling of SMCs and their daughter cells (Suppl Fig. 1a). We subjected these mice to high fat diet (HFD)
feeding, harvested the brachiocephalic artery (BCA) at multiple time points, and immunostained for LMO7
and LGALS313. LMO7 expression was relatively low prior to HFD feeding but was greatly induced in the
plaque by HFD, although not in medial layer (Suppl Fig. 1a). We found that cholesterol loading of cultured
SMC was su�cient to induce robust expression of LMO7 in vitro (Suppl Fig. 1b). LMO7 staining was
found in ZsGreen+ and ZsGreen- cells and was most prominent after 4-weeks HFD feeding in
ZsGreen-/LGALS3+ cells, which are likely macrophages. However, from 8 weeks onward, there was
extensive LMO7 staining in ZsGreen+ cells, suggesting potential roles in SMC as well as in macrophages.
Intriguingly, LGALS3 staining directly correlated with the LMO7 staining pattern in ZsGreen+ cells,
suggesting a potential role for LMO7 in transdifferentiating SMC (Suppl Fig. 1a, arrows). 

Global Knockout of LMO7 induces larger plaque but with a stabilized structure

To investigate the function of LMO7 during atherosclerosis progression, we compared Lmo7 global
knockout mice (Lmo7-/-) crossed with Apoe-/- mice to Apoe-/- control after 12 weeks HFD. There was no
signi�cant difference in total plasma cholesterol or triglycerides before and after HFD feeding between
the two groups (Suppl Fig. 2a). We observed a signi�cantly larger Oil Red-O (ORO) positive area in the
whole aorta en face, in segments of the aortic arch, and in the brachiocephalic artery (BCA) in the
Lmo7-/- mice compared to the controls (Suppl Fig. 2b-c).

We further examined the histological structure of BCA plaques. Lesion size was larger in the Lmo7-/- mice,
but the necrotic core was smaller, and �brous cap was thicker (Suppl Fig. 2d), suggesting that LMO7
deletion enhanced plaque stability. We also note a reduced fraction of Lmo7-/- mice with erythrocyte
in�ltration in the plaque (Ter-119 staining), a surrogate for spontaneous plaque rupture (Suppl Fig. 2e).
Consistent with this, we observed a larger collagen+ area in the Lmo7-/- BCA plaques using polarized
microscopy of Picro-Sirius Red (PSR) stained sections (Suppl Fig. 2f). These data reveal that global
LMO7 knockout yielded a larger but more stabilized plaque.

Knockout of LMO7 in SMC alters SMC phenotype and promotes features of plaque stability

To investigate the function of LMO7 speci�cally in SMC during atherosclerosis progression, we generated
Gt(ROSA26)-ZsGreen, Lmo7�/�, Myh11_creERT2, Apoe-/- (Lmo7iΔSM) mice. These mice, along with
Gt(ROSA26)-ZsGreen, Lmo7+/+, Myh11_creERT2, Apoe-/- (control) mice, were injected with tamoxifen and
fed with HFD for 12 weeks. There was no signi�cant difference in total cholesterol or triglycerides
between the two groups (Fig. 1a). There was no difference in ORO staining in the whole aorta en
face between the Lmo7iΔSM and control mice, but we observed a signi�cantly larger ORO positive area in
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the aortic arch and BCA plaques in the Lmo7iΔSM mice (Fig. 1b-c). H&E staining in BCA plaques showed
no difference in lesion size between the Lmo7iΔSM and control mice; however, we noted multiple features
of enhanced stability in the Lmo7iΔSM mice, including a smaller necrotic core and thicker �brous cap (Fig.
1d), lower fraction of mice with Ter-119+ staining (Fig. 1e), and a larger collagen+ area (Fig. 1f).

Cell composition is an important determinant of plaque stability19, 20, with a greater SMC to macrophage
ratio in the lesion, and especially in the �brous cap area, correlating with plaque stability21. We observed
a larger ACTA2+ (SMC) area and smaller CD68+ (macrophage) area in the plaques of Lmo7iΔSM mice
compared to controls, and a higher percentage of ACTA2+ cells and a lower percentage of CD68+ cells in
the �brous cap area of Lmo7iΔSM mice (Fig. 1g), indicating a more favorable cellular composition. 

We noticed a marked increase in SMC-derived (ZsGreen+) cells in the BCA lesions of Lmo7iΔSM mice
compared to controls (Fig. 1g, 2a). To quantitatively assess the phenotypes of these SMC-derived cells,
we immunostained for ACTA2 and LGALS3. Similar to CD68 (Fig. 1g), there was a reduction in LGALS3+

cells in the Lmo7iΔSM compared to controls (Fig. 2a). In the �brous cap, we noted more ZsGreen+ cells in
Lmo7iΔSM versus control lesions, and a higher percentage of these cells were ACTA2+ (Fig. 2a). There was
also a trend toward a lower percentage of ZsGreen+ LGALS3+ cells relative to total DAPI+ nuclei in the cap
(Fig. 2a). In the ZsGreen+ population, there were more ACTA2+ and fewer LGALS3+ cells, indicating that
the phenotypic modulation of SMC was skewed toward more protective and less in�ammatory states in
the Lmo7iΔSM mice. Moreover, the percentage of ZsGreen- LGALS3+ cells relative to DAPI+ nuclei was also
reduced (Fig. 2a), indicating that the recruitment, or retention of macrophages in the lesion was also
suppressed in the Lmo7iΔSM mice. 

To determine whether the increased number of SMC-derived (ZsGreen+) cells in the Lmo7iΔSM lesions was
due to altered SMC proliferation and/or apoptosis, we immunostained for Ki67, a proliferation marker,
and cleaved caspase 3 (cCasp3), an apoptosis marker, in the BCAs. There were more ZsGreen+ Ki67+ cells
in the �brous cap of the Lmo7iΔSM mice (Suppl Fig. 3), indicating enhanced SMC proliferation. This is
consistent with our prior report of enhanced SMC proliferation in Lmo7iΔSM mice following vascular
injury15. We found that there were fewer ZsGreen+ cCasp3+ cells within �brous cap cells (DAPI+) and in
the ZsGreen+ SMC (Fig. 2b), revealing that LMO7 limits proliferation and promotes apoptosis in plaque
SMCs.

Phenotypic modulation by cholesterol treatment is suppressed in LMO7-de�cient SMC 

We next determined whether LMO7 could regulate cholesterol-induced SMC transdifferentiation in vitro by
treating primary mouse aortic SMC isolated from WT or Lmo7-/- mice with cyclodextrin-balanced
cholesterol (as in 11). As expected, qPCR analysis indicated that cholesterol treatment inhibited Myh11
and induced Lgals3 RNA in WT SMC (Fig. 2c). Cholesterol-induced changes in these lineage markers were
signi�cantly reduced in Lmo7-/- SMC (Fig. 2c), consistent with an inhibited transdifferentiation in the
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Lmo7iΔSM mice (Fig. 2a). Cholesterol treatment reduces SMC collagen expression in vitro22. We noted
higher RNA levels of several collagen genes in Lmo7-/- cells compared to WT both at baseline and after
cholesterol treatment (Suppl Fig. 4), consistent with the higher ECM content in the Lmo7iΔSM mice (Fig.
1f). 

We further evaluated KLF4, a master regulator of SMC phenotypic modulation9. Similar to Lgals3,
cholesterol treatment induced Klf4 mRNA in both WT and Lmo7-/- SMC, but to a lesser extent in the
Lmo7-/-cells (Fig. 2d). These differences were also observed in the protein levels of KLF4, LGALS3 and
MYH11 in WT and Lmo7-/- SMC lysates (Fig. 2f).  Immunostaining for KLF4 was also reduced in BCA
lesions in the Lmo7iΔSM mice (Fig. 2e). Collectively, these data indicate that LMO7 is required for optimal
KLF4 expression and SMC phenotypic modulation in response to cholesterol.  

LMO7 regulates lineage markers and KLF4 expression via TGF-β-miR-145 axis

Our previous �ndings demonstrated that loss of LMO7 in SMC induces stronger TGF-β signaling in
vascular injury models15. Here, in atherosclerosis, we also observed stronger immunostaining for TGF-β
as well as p-SMAD3, the major signal-transducer of this pathway, in BCAs of Lmo7iΔSM mice compared to
WT lesions (Suppl Fig. 5a, b). Considering the protective role of the TGF-β pathway in SMC in
atherosclerosis23, we tested whether TGF-β contributes to the anti-transdifferentiation effect of LMO7
depletion. Co-treatment of cultured SMC with cholesterol and SB431542, an inhibitor of TGFβRI, largely
eliminated the difference between WT and Lmo7-/- in expression of Myh11, Lgals3, and Klf4 (Suppl Fig.
5c). 

Previous studies have demonstrated that TGF-β suppresses KLF4 expression by inducing the miR-
143/145 microRNA cluster24. Moreover, cholesterol treatment induces KLF4 by inhibiting miR-145 in
SMC25. Therefore, we assessed miR-145 expression in the Lmo7-/-SMC after cholesterol and SB431542
treatment. We noticed higher levels of miR-145 at baseline in the Lmo7-/-SMC (Suppl Fig. 5d), consistent
with increased TGF-β signaling15. Cholesterol treatment inhibited miR-145 expression in both WT and
Lmo7-/- SMC, likely due to the suppression of TGF-β signaling, however, miR-145 expression remained
signi�cantly higher in Lmo7-/-SMC compared to WT SMC (Suppl Fig. 5d). Lastly, co-treatment of SMC
with TGFβRI inhibitor and cholesterol further suppressed miR-145 levels in Lmo7-/- SMC down to the
expression observed in WT cells (Suppl Fig. 5d). The regulation of miR-145 is consistent with that of
KLF4 by LMO7. These data suggest that the TGF-β-miR-145-KLF4 axis could, at least in part, mediate the
LMO7-regulated SMC phenotypic modulation.

LMO7 regulates ER stress via cholesterol metabolism

Endoplasmic reticulum (ER) stress is elevated in SMC in hyperlipidemic conditions26, and has also been
implicated in KLF4 regulation:  ER stress activates ATF4, which in turn transactivates the KLF4 gene and
inhibits KLF4 protein degradation27. We therefore hypothesized that LMO7 may in�uence KLF4
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expression by modifying cholesterol-induced ER stress. Cholesterol treatment induced a signi�cant
upregulation of ATF4 and its downstream pro-apoptotic gene CHOP in WT SMC, but not in the Lmo7-/-

SMC (Fig. 3a). Additionally, immunostaining showed less ATF4 expression in the Lmo7iΔSM mice
compared to control (Fig. 3b), indicating attenuated ER stress.

Excess of free cholesterol (FC) is a major inducer of ER stress26, 28. We determined that FC levels as
measured by �lipin staining were lower in the Lmo7-/- SMCs compared to WT cells following cholesterol
treatment (Fig. 3c). Differential cholesterol uptake does not likely explain this difference in FC as our cell-
based transdifferentiation assays employ a water-soluble cholesterol formulation. Furthermore, there was
no difference in Lrp1 mRNA, the major receptor for LDL uptake in SMC29 between WT and Lmo7-/- SMC
(Suppl Fig. 6a). We also found no differences in mRNA for critical genes in the cholesterol biosynthesis
pathway, including Sqle, Cyp51, Dhcr24 and Hmgcr30 between WT and Lmo7-/- SMC either at baseline or
with cholesterol (Suppl Fig. 6b). There was also no change in ABCA1, the main membrane transporter
which mediates cholesterol e�ux31 (Suppl Fig. 6c). 

We hypothesized that FC was reduced in Lmo7-/-SMC through enhanced conversion of FC to cholesterol
ester (CE), an important mechanism shown to reduce cholesterol cytotoxicity26, 32. This could potentially
explain the in vivo data showing higher ORO positive area in the aortic arch (Fig. 1b) and BCA (Fig. 1c) of
Lmo7iΔSM mice, as ORO stains speci�cally neutral lipids including CE but not FC. We performed ORO
staining on cholesterol-treated mouse SMC in culture and observed more ORO+ lipid droplets in the
Lmo7-/- SMC (Fig. 3d). This observation correlated with increased cholesterol esters found in LMO7-
de�cient SMC (Fig. 3e). Total cholesterol (TC) was similar in WT and Lmo7-/- SMC but FC reduced in cells
lacking Lmo7 (Fig. 3e). Together, these data suggested that the reduced level of FC in Lmo7-/-SMC is
likely due to its accelerated conversion to CE.

LMO7 regulates SOAT1 expression by mediating its ubiquitination and proteasomal degradation

Sterol o-acyltransferase (SOAT; also called ACAT) catalyzes the conversion of FC to CE. Notably, we
observed an increase expression of SOAT1, the major SOAT isoform in SMC, in Lmo7-/- SMC compared to
WT SMC (Fig. 4a). Concordantly, in vivo analysis showed stronger SOAT1 immuno�uorescence in
ZsGreen+ cells in the BCA of the Lmo7iΔSM mice (Fig. 4b), suggesting that LMO7 may attenuate SOAT1
expression. We did not see a signi�cant difference in Soat1 mRNA between WT and Lmo7-/- SMC (Suppl
Fig. 6d), suggesting that LMO7 might control SOAT1 expression at the post-transcriptional level. Thus, we
analyzed whether LMO7, an F-box protein that mediates proteasomal degradation of target proteins15,
interacts directly with SOAT1. Our results show that SOAT1 and LMO7 co-immunoprecipitate (Fig. 4c)
and suppression of protein synthesis using cycloheximide (CHX) revealed a slower rate of SOAT1 protein
decay (enhanced protein half-life) in the Lmo7-/- SMC compared to WT cells (Fig. 4d). These results
suggest that LMO7 might regulate SOAT1 protein stability and degradation. Indeed, we observed that the
proteasome inhibitor MG-132 enhanced the SOAT1 ubiquitin signal in control but not LMO7 depleted cells
(Fig. 4e), indicating that LMO7 can mediate the ubiquitination of SOAT1 protein.
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To verify the function of SOAT1 in LMO7-mediated SMC phenotypic modulation, we next assessed
cholesterol-induced SMC transdifferentiation in the presence of the SOAT1 inhibitor K-604. In both WT
and Lmo7-/- SMC, SOAT1 inhibition enhanced the induction of KLF4, LGALS3, and the ER stress markers
ATF4 and CHOP (Fig. 4f). Importantly, SOAT1 inhibition abrogated the effect of Lmo7-/-, such that levels
of KLF4 and LGALS3 were comparable to WT controls (Fig. 4f). These data suggest that modulation of
cholesterol-induced SMC transdifferentiation, by LMO7, requires SOAT1-dependent regulation of
cholesterol metabolism.

Single cell RNA sequencing revealed a distinct cellular composition of SMC-derived cells in the Lmo7iΔSM

mice

To comprehensively investigate the changes in plaque composition and SMC phenotype with loss of
LMO7, we performed single cell RNA sequencing (scRNAseq) analysis of cells isolated from aortic root,
aortic arch and its three major branches which were harvested from control and Lmo7iΔSM mice (both on
Apoe-/- background) fed a HFD for 12 weeks. We combined cell data points from WT and Lmo7iΔSM

groups for analysis and identi�ed 11 populations by graph-based clustering (Fig. 5a). Based on the gene
expression pro�le, we identi�ed all the major cell types in the atherosclerotic lesion, including SMCs,
�broblasts, macrophages (including classically activated- “Macrophage 1”, and alternatively activated-
“Macrophage 2” clusters), endothelial cells, neutrophils, and T lymphocytes (Fig. 5b). Five SMC-derived
ZsGreen+ clusters were identi�ed (Fig. 5b). Based on the published de�ning markers for various
subpopulations12, 13, they were classi�ed as “SMC” (classical contractile phenotype SMC), cap-stabilizing
“Phactr1+ SMC”13, “Transitioning SMC” (Klf4+ Lgals3+ Myh11low), in�ammatory “Macrophage-like cell”
(expressing both SMC and macrophage markers) or rupture-protective “Fibromyocyte”12 (Fig. 5a, de�ning
genes shown in Fig. 5b). Interestingly, WT and Lmo7iΔSM mice displayed distinct pro�les of SMC-derived
populations: WT mice contained 52.2% transitioning SMC, while this population was dramatically
reduced (8.0%) in Lmo7iΔSM mice (Fig. 5c). Conversely, there were many more contractile SMC and
slightly increased �bromyocytes in Lmo7iΔSM mice (Fig. 5c). Interestingly, the macrophage1 cluster was
also reduced in Lmo7iΔSM plaques, suggesting reduced in�ammation (Fig. 5c). These data were
consistent with the plaque characterization based on immunostaining and lineage tracing in Fig. 1-2.

 

LMO7 is induced in human atherosclerosis and enriched in ruptured lesions

To determine whether these roles of LMO7 may translate to human atherosclerosis, we evaluated LMO7
mRNA levels in human atherosclerotic arteries from patients undergoing carotid endarterectomy. These
samples included normal control regions (Fig. 6a). There was an increase in LMO7 mRNA in all
atherosclerotic regions (average of 3-fold induction) compared to a non-diseased control segment of the
same artery in each patient (Fig. 6b). Additionally, there was 5.7-fold more LMO7 mRNA in ruptured
human plaque samples compared to stable plaques (Fig. 6b). These data reveal a positive correlation
between SMC LMO7 expression and atherosclerotic plaque vulnerability in patients. 
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Discussion
The most salient �nding of our study is the identi�cation of LMO7 as a key molecule that integrates
cellular cholesterol metabolism and SMC transdifferentiation affecting atherosclerotic plaque
composition and stability. We demonstrate that cholesterol-induced LMO7 promotes SOAT1
ubiquitination and degradation leading to accumulation of FC. LMO7 depletion stabilizes SOAT1,
promoting cholesterol esteri�cation in SMC. This alleviates ER stress-induced induction of KLF4 and
in�ammatory SMC fate transitions (Fig. 6c). Finally, our study also reveals that enhancing cholesterol
esteri�cation dramatically alters SMC phenotypic modulation and promotes features of plaque stability.

The pathogenesis of atherosclerosis involves the actions of multiple cell types. The complex role of
SMCs in this disease was underestimated until recently. Previously, SMCs were thought to de-differentiate
to a synthetic phenotype and participate in �brous cap formation. While SMC transitions are indeed
necessary for �brous cap formation6, 33, recent studies showed that SMC can also transform into a range
of diverse phenotypes in lesions, including macrophage-like cells9, 11, �bromyocytes12, osteoblasts and
chondrocytes23. Since these different phenotypic transitions likely exert distinct or even opposite effects
with respect to lesion growth and stability, it is crucial to understand the mechanisms controlling cell fate.
In the current study, we demonstrated that loss of LMO7 in SMC led to alteration of intracellular
cholesterol processing and phenotypic modulation. A comprehensive scRNAseq analysis showed that the
“transitioning” SMC state (Klf4+ Lgals3+ Myh11low) was substantially reduced in the Lmo7iΔSM mice,
consistent with analysis of lesion cell composition by immunostaining. Moreover, the LMO7-de�cient
SMC-derived cells presented enhanced proliferation and viability and deposited larger amounts of ECM,
leading to features of stable plaque.

We demonstrated that LMO7 modulates cholesterol-induced SMC phenotypic switching in vitro via
regulation of KLF4 and LGALS3 expression, the two key players in this process9, 13. We further showed
that suppression of KLF4 and LGALS3 expression in Lmo7−/− SMC was due to the attenuated ER stress
and ATF4 activity. Previous studies showed that unresolved ER stress leads to apoptosis in macrophages
and SMCs26, 32. ER stress could also induce dramatic phenotypic modulation in SMCs by activating
ATF4, thus inducing KLF4 expression27. The Milewicz group recently published a study demonstrating
that inhibiting the PERK-eIF2α-ATF4 pathway suppresses SMC transition to macrophage-like cells by
cholesterol treatment34. This study supports our �nding that cholesterol-induced ER stress is a critical
mediator of adverse SMC phenotypic modulation in atherosclerosis, and approaches to suppress SMC ER
stress may have therapeutic utility.

In addition to cholesterol metabolism and ER stress, our data suggest that LMO7 may also regulate KLF4
and LGALS3 expression via TGF-β1 signaling. Our previous study showed that knockout of LMO7 in SMC
induced elevated TGF-β1 expression and signaling, contributing to enhanced collagen deposition in
injury-induced vascular remodeling15. Interestingly, cholesterol treatment could suppress TGF-β1
signaling and downstream effectors35. We now report that SMC LMO7 depletion enhances TGF-β1
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expression and signaling in atherosclerotic plaques, and that TGF-β1 inhibition blunts the protective
effect of LMO7 depletion on cholesterol-induced SMC transdifferentiation in vitro. These data indicate
that LMO7 can in�uence KLF4 expression through a TGF-β1-dependent miR-145 axis. It is likely that the
ability of LMO7 to regulate both TGF-β1 signaling and cholesterol esteri�cation accounts for the potent
effects of this protein on SMC fate transitions in atherosclerosis.

Lmo7 global knockout or only in SMC-derived cells elicited a similar phenotype of smaller necrotic core
and thicker �brous cap, although Lmo7−/− mice had larger lesions compared to control, while the SMC
Lmo7 de�cient mice did not, indicating that LMO7 may also play roles in other relevant cell types. For
example, TGF-β1-induced endothelial-mesenchymal transitions can contribute to atherosclerosis36.
Macrophages may also play a role in the phenotype of Lmo7−/− mice. Intriguingly, in our scRNAseq
analysis with Lmo7iΔSM mice, we observed a dramatic alteration of macrophage subpopulations,
indicating that SMC exert a paracrine effect on macrophages, potentially through TGF-β1 signaling,
which has been shown to in�uence macrophage classical versus alternative activation patterns37, 38. Our
�ndings suggest that targeting LMO7 speci�cally in SMC has bene�cial effects on lesion composition
without enhancing lesion size.

In atherosclerosis, monocyte-derived macrophages were thought to be the major cell type to process
excessive cholesterol, which internalize modi�ed lipoproteins and become foam cells. However, recent
studies in human and mouse lesions revealed that majority of the foam cells are derived from SMCs8, 39.
This �nding highlights the role of SMC in cholesterol storage and its contribution to the control of lipid
content in the plaque. In our study, loss of LMO7 in SMC enhanced the conversion of FC to CE, a critical
step of lipid droplet formation in foam cells, and increase in foam cell number is associated with reduced
SMC transition to macrophage-like cells, as well as with a more stable plaque. Interestingly, previous
studies showed that foamy cells derived from macrophages are less in�ammatory than non-foamy
cells40, 41, suggesting that foam cell formation for lipid storage is a protective mechanism in
hyperlipidemic disease.

Current treatments targeting atherosclerotic vascular diseases, including statins and anti-PCSK9
antibodies, aim to lower circulating lipid levels. These therapies have proven to be effective, but there are
still an estimated 805,000 myocardial infarctions per year, and stroke accounts for > 5% of all deaths in
the US1, indicating that additional approaches are required to prevent the occurrence of atherothrombotic
events. Enhancing plaque stability may be a bene�cial strategy. In our study, when cholesterol
esteri�cation was enhanced via elevated SOAT1 by manipulating LMO7 expression globally, or in a SMC-
speci�c manner, it induced features of stabilized plaque, with smaller necrotic cores and thicker �brous
caps. This change in cholesterol storage did not affect circulating cholesterol and triglyceride or cellular
TC levels, indicating that promoting cholesterol storage in the esteri�ed form can by itself enhance lesion
stability, or potentially combine with the existing lipid-lowering therapies to further reduce incidence of
myocardial infarction and stroke.
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Cholesterol esteri�cation is catalyzed by SOAT, which may therefore serve as a potential drug target.
SOAT inhibition has been evaluated in mouse atherosclerosis with con�icting results42–46. Studies from
the Chang lab showed that myeloid-speci�c knockout of ACAT1/SOAT1 in Apoe−/− mice reduced lesional
macrophage content and suppressed atherosclerosis progression45, 46. Additionally, administration of an
ACAT/SOAT inhibitor in Apoe−/− mice reduced atherosclerosis44. However, Accad et al. reported that
global knockout of SOAT1/ACAT1 reduced neutral lipids but resulted in more macrophages in the
lesions42. Further, Fazio et al. demonstrated that transplantation of ACTA1/SAOT1-de�cient bone marrow
to the LDLR−/− mice exacerbated atherosclerosis43, suggesting a bene�cial role of macrophage SOAT1.
Importantly, in patients receiving standard care for secondary prevention, administration of ACAT/SOAT
inhibitors elicited less normalized atheroma volume regression compared to placebo group (ATIVATE
trial47), and increased the incidence of major cardiovascular events in patients with familial
hypercholesterolemia (CAPTIVATE trial48), indicating a protective role of SOAT activity in human
cardiovascular disease. Our results that loss of LMO7 in SMC promoted plaque stability by induction of
SOAT1 expression provide additional insights into the bene�cial role of SOAT1. This assertion is
strengthened by the �nding that inhibition of SOAT activity in mouse ASMC enhanced their transition to
macrophage-like cells by cholesterol treatment11 and abolished the protective effect of LMO7 depletion
on this process. These �ndings suggest that SOAT1 in SMCs attenuates the cholesterol-induced SMC
phenotypic transitions that destabilize atherosclerotic plaques, such that enhancing SMC SOAT1
activation and cholesterol esteri�cation may be a potential therapeutic strategy.

We report that LMO7 is induced by cholesterol in SMC in plaques, and regulates cholesterol processing,
which, in turn, in�uences SMC phenotypic transitions, plaque composition, and features of stability.
Notably, LMO7 is also induced in human atherosclerosis compared to healthy vessel and is expressed at
higher levels in ruptured or unstable compared to stable lesions. Interestingly, an LMO7 SNP (rs2273996)
has been associated with human coronary artery disease49. These studies suggest that LMO7 expression
and binding partners and cholesterol esteri�cation speci�cally in SMC could be of interest for targeting
lesion stability.
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Figure 1

Loss of LMO7 in SMC induces feature of stable plaque in atherosclerosis. Gt(ROSA26)-ZsGreen, Lmo7�/�,
Myh11_creERT2, Apoe-/- (ZsGreenGt, Lmo7iΔSM, Apoe-/-) and Gt(ROSA26)-ZsGreen, Lmo7+/+,
Myh11_creERT2, Apoe-/- (control) mice were injected with 1mg/kg tamoxifen at 6-week old for 5 days,
followed by washout for 5 days. The mice were then fed with HFD for 12 weeks. (a) The plasma was
harvested, and cholesterol and triglyceride levels were measured as shown in the Methods. (b) The aorta
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and the three branches of aortic arch were harvested. The BCA was dissected for histological analysis
and the rest was subjected to en face Oil Red O (ORO) staining. The positive area was quanti�ed using
ImageJ in the whole aorta or in the aortic arch, thoracic aorta and abdominal aorta region, separately, and
normalized to the whole area of the corresponding region. (c) The cross-sections of BCA were subjected
to ORO staining and the positive area was quanti�ed against the whole plaque area. (d) The cross-
sections of BCA were subjected to Haematoxylin & Eosin (H&E) staining and the area of plaque and
necrotic core and thickness of �brous cap were quanti�ed using ImageJ. The necrotic core was de�ned
as the area without intact cells and normalized to the whole plaque area. The thickness of �brous cap
was de�ned as the shortest distance from lumen to the largest necrotic core in the plaque. (e) The cross-
sections of BCA were subjected to immunohistochemistry for Ter-119, and counterstained with Methyl
Green. The percentage of mice with a positive staining of Ter-119 in the BCA was shown on the right. (f)
The cross-sections of BCA were subjected to Picro-Sirius Red (PSR) staining. The positive area was
quanti�ed using ImageJ and normalized to the whole plaque area. (n=11 for control, n=10 for Lmo7iΔSM)
(g) The cross-sections of BCA were immunostained for ACTA2 (red) and CD68 (Cy5). ACTA2+ and CD68+

area was quanti�ed using ImageJ and normalized to the whole plaque area. In the �brous cap area,
ACTA2+ and CD68+ cells were counted and normalized all �brous cap cells (DAPI+). (n=10 for control, n=7
for Lmo7iΔSM) Scale bar, 50 μm. Data are expressed as mean±SEM. *P<0.05, **P<0.01, ****P<0.0001.
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Figure 2

Loss of LMO7 in SMC suppresses phenotypic modulation and promotes cell viability in vivo. (a) The
cross-sections of BCA were immunostained for ACTA2 (red) and LGALS3 (Cy5). The ZsGreen+, ZsGreen+

ACTA2+, ZsGreen+ LGALS3+, ZsGreen- LGALS3+ cell populations were counted and normalized to all the
cells (DAPI+) or ZsGreen+ cells in the �brous cap area as indicated. (b) The cross-sections of BCA were
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immunostained for cleaved Caps3 (cCasp3) (Cy5). The ZsGreen+ cCasp3+ and LGALS3+ cCasp3+ cell
populations were counted and normalized to all the cells (DAPI+) or ZsGreen+ cells in the �brous cap
area. (n=10 for control, n=8 for Lmo7iΔSM) (c, d) Mouse aortic SMCs were starved as in the Methods and
treated with 40 µg/ml methyl-β-cyclodextrin cholesterol for 72 hrs. The cell lysates were harvested and
mRNA was puri�ed for real time qPCR analysis of (c) Myh11, Lgals3 and (d) Klf4 (n=4). (e) The serial
sections as shown in Fig. 1g were immunostained for ACTA2 (red) and KLF4 (Cy5). (f) Mouse ASMCs
were starved and treated with cholesterol as in (c, d) and the cell lysates were harvested for western
analysis of MYH11, KLF4 and LGALS3, using β-Tubulin as loading control. (n=5) Scale bar, 50 μm. Data
are expressed as mean±SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3

LMO7 regulates ER stress via cholesterol metabolism. (a) Mouse aortic SMCs were starved as in the
Methods and treated with 40 µg/ml methyl-β-cyclodextrin cholesterol for 72 hrs, and the cell lysates were
harvested for western analysis of ATF4 and CHOP, using β-Tubulin as loading control (n=4). (b) The
cross-sections of BCA were immunostained for ATF4 (red) and LGALS3 (Cy5). (c, d) Mouse aortic SMCs
were starved as in the Methods and treated with 40 µg/ml methyl-β-cyclodextrin cholesterol for 72 hrs,
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and cells were �xed for (c) �lipin staining or (d) ORO staining (n=4). (e) Mouse aortic SMCs were starved
as in the Methods and treated with 10 µg/ml methyl-β-cyclodextrin cholesterol for 72 hrs. The cells were
scrapped in PBS and cholesterol was extracted as shown in the Methods and subjected to analysis using
Amplex® Red Cholesterol Kit (n=4). Scale bar, 50 μm. Data are expressed as mean±SEM. *P<0.05,
**P<0.01.

Figure 4
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LMO7 regulates SOAT1 expression by mediating its ubiquitination and proteasomal degradation. (a)
Mouse aortic SMCs were starved as in the Methods and treated with 40 µg/ml methyl-β-cyclodextrin
cholesterol for 72 hrs, and the cell lysates were harvested for western analysis of SOAT1, using β-actin as
loading control (n=4). (b) The cross-sections of BCA were immunostained for SOAT1 (red) and LGALS3
(Cy5). (c) Endogenous SOAT1 protein was pulled down by speci�c antibody and the immunoprecipitates
were subjected to western analysis of LMO7 (Representative of 3 biological repeats). (d) mASMCs were
starved in 0.5% FBS and treated with Cycloheximide (CHX). Cell lysates were harvested at various time
points as indicated and subjected to western analysis for SOAT1, using β-actin as loading control (n=4).
(e) Human aortic SMCs were transfected with control siRNA or siRNA for LMO7 for two days, followed by
vehicle or MG-132 treatment for another 24 hrs. The cell lysates were harvested for SOAT1
immunoprecipitation and blotted for ubiquitin and LMO7 (n=2). (f) Mouse aortic SMCs were starved for
24 hrs as in the Methods and were treated with 40 µg/ml methyl-β-cyclodextrin cholesterol with or without
10 μM K-604 for 72 hrs, and the cell lysates were harvested for western analysis of various markers as
shown, using β-actin as loading control (n=6). Scale bar, 50 μm. Data are expressed as mean±SEM.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 5

Single cell RNA sequencing analysis revealed distinct cell populations of SMC-derived cells in Lmo7iΔSM

mice. (a) t-SNE visualization of cell clusters present in the atherosclerotic aortic root, aortic arch and its
three main branches from control and Lmo7iΔSM mice combined (2 mice per genotype). (b) Heatmap
visualization of marker gene expression in each cell cluster. (c) t-SNE visualization of control and
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Lmo7iΔSM group separately. Pie charts show the proportion of each cluster within SMC-derived population
or all the harvested cells. 

Figure 6

LMO7 RNA is induced in human atherosclerosis. (a) The diseased and non-diseased portion of human
atherosclerotic carotid arteries were separated and subjected to qPCR analysis for LMO7 (n=10). (b) The
human stable atherosclerotic carotid arteries and ruptured ones were analyzed for LMO7 RNA (n=15 for
each group). (c) Schematic illustrating how cholesterol-induced LMO7 modulates SMC phenotypic
modulation via regulating SOAT1 protein stability, cholesterol esteri�cation, ER stress and KLF4/LGALS3
expression.
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