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Abstract

Background and aims: Increased receptor tyrosine kinase (RTK) activity has been historically 

linked to atherosclerosis. Paradoxically, we recently found that global deficiency in c-Kit function 

increased atherosclerosis in hyperlipidemic mice. This study aimed to investigate if such unusual 

atheroprotective phenotype depends upon c-Kit’s function in smooth muscle cells (SMC).

Methods: We studied atherosclerosis in a SMC-specific conditional knockout mice (KitSMC) and 

control littermate. Tamoxifen (TAM) and vehicle treated mice were fed high fat diet for 16 weeks 

before atherosclerosis assessment in the whole aorta using oil red staining. Smooth muscle cells 

were traced within the aortic sinus of conditional c-Kit tracing mice (KitSMC eYFP) and their 

control littermates (KitWT eYFP) by immunofluorescent confocal microscopy. We then performed 

RNA sequencing on primary SMC from c-Kit deficient and control mice, and identified 

significantly altered genes and pathways as a result of c-Kit deficiency in SMC.

Results: Atherosclerosis significantly increased in KitSMC mice with respect to control groups. 

In addition, the loss of c-Kit in SMC increased plaque size and necrotic core area in the aortic 

sinus of hyperlipidemic mice. Smooth muscle cells from KitSMC eYFP mice were more prone to 

migrate and express foam cell markers (e.g., Mac2 and MCAM) than those from control littermate 

animals. RNAseq analysis showed a significant upregulation in genes associated with cell 
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proliferation, migration, lipid metabolism, and inflammation secondary to the loss of Kit function 

in primary SMCs.

Conclusions: Loss of c-Kit increases SMC migration, proliferation, and expression of foam cell 

markers in atherosclerotic plaques from hyperlipidemic mice.

Graphical Abstract
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1. INTRODUCTION

Atherosclerosis is the most common underlying condition behind cardiovascular 

complications and deaths worldwide [1]. Atherogenesis begins upon increased endothelium 

permeability, intimal inflammation due to lipoprotein accumulation and oxidation, and 

smooth muscle cells (SMC) migration [2–4]. Specifically, SMC provide strength to the 

plaque cap and actively participate in arterial remodeling by secreting extracellular matrix 

(ECM) and other structural proteins [5]. However, these proliferating and migrating 

synthetic SMC are pro-inflammatory in nature and add to the lesion size after up-taking 

oxidized low density lipoprotein (ox-LDL) and transforming into foam cells [6]. In late stage 

atherogenesis, SMC death leads to cap thinning and eventual rupture [7].

Multiple studies indicate that phenotypic switching of SMC is influenced by the activity of 

receptor tyrosine kinases (RTKs), like PDGFR and VEGFR [8, 9]. The release of these 

receptors’ ligands by endothelial cells, platelets, and macrophages during vascular disease 

potentially promotes SMC differentiation and migration [10]. For instance, increased 

PDGFRβ or VEGFR activity promotes plaque formation and intimal hyperplasia in 

hyperlipidemic animal models compared to littermate controls [8, 11]. However, translation 

of these findings has been problematic. Inhibition of RTKs has failed to benefit patients in 

their fight against SMC proliferative diseases such as restenosis in a Phase III clinical trial 

[12].

c-Kit is a member of the RTK family that regulates differentiation, proliferation and survival 

of hematopoietic stem cells [13]. This receptor is also commonly used to identify stem cells 

in the heart [14]. Gain and loss of c-Kit function have been implicated in carcinogenesis 
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[15]. Recent studies have shown that the receptor tyrosine kinase c-Kit (CD117) and its 

ligand stem cell factor (SCF) are present in arterial endothelial cells and SMC [16]. 

Evidence for an involvement of c-Kit in vascular disease is presently limited to descriptive 

data with progression of neointimal hyperplasia after balloon injury [17]. Bone marrow cells 

expressing c-Kit were described as part of the pool of circulating progenitors that contribute 

to post injury wall thickness in mice [18]. However, the pathogenic character of circulating 

c-Kit+ cells in neointimal hyperplasia contradicts recent studies demonstrating the lack of 

contribution from circulating progenitor cells to the neointimal lesion [19]. Consequently, 

the contribution of c-Kit in vascular disease remains unclear and not sufficiently explored.

We have recently identified c-Kit in the cap and media of atherosclerotic lesions of patients 

and hyperlipidemic mice [20]. We showed that global c-Kit deficiency in mutant mice leads 

to a significant increase in atherosclerotic burden compared to control littermates [20]. In 

addition, we determined that c-Kit deficient primary SMC show an increase in proliferation, 

migration, and foam cell formation compared to wild type (WT) controls in vitro [20]. Our 

previous results indicate that c-Kit signaling has an atheroprotective role in vivo, and that 

this role may be dependent on SMC. Using state-of-the-art animal models, this work 

investigates whether inactivation of c-Kit in SMCs is sufficient to increase atherosclerotic 

burden in hyperlipidemic mice. We also aim at identifying the signaling pathways 

responsible for the atheroprotective role of c-Kit in SMC.

2. MATERIALS AND METHODS

2.1 Animal models

2.1.1 KitSMC: The c-Kit conditional knockout mouse (Kitlox66−71/lox66−71) from Dr. 

Rafii’s laboratory (Weill Cornel Medical College, Ithaca, NY) [21] was crossed with ApoE
−/− animals (Stock #002052, The Jackson Laboratories, Bar Harbor, ME) [22] until 

homozygous double transgenic mice were obtained. Simultaneously, male mice carrying the 

Myh11-CreERT2 from Dr. Offermanns’ lab (Max-Planck-Institute, Berlin, Germany) [23], 

which allows Cre mediated recombination in SMC after tamoxifen (TAM) injections, were 

bred with female ApoE−/− animals. Then, male Myh11-CreERT2 ApoE−/− mice were cross-

bred with female Kitlox66−71/lox66−71 ApoE−/− to obtain the Kitlox66−71/lox66−71 Myh11-

CreERT2 ApoE−/− triple transgenic mouse (KitSMC). The experimental colony was 

maintained by crossing male Kitlox66−71/+ Myh11-CreERT2 ApoE−/− mice with female 

Kitlox66−71/+ ApoE−/−. Genotyping was performed by tail-DNA PCR as previously described 

[21, 23]. To inactivate the c-Kit gene specifically in SMCs, we randomly assigned male 

KitSMC mice into two groups at 8 weeks of age and fed one group TAM-rich diet (TD 

130858, Harlan Laboratories) for 4 weeks to inactivate the c-Kit gene, and the other group 

normal chow for four weeks (VEH) as the control. Afterwards, all mice were fed high fat 

diet (HFD, Harlan Laboratories, Indianapolis, IN) for 16 weeks to accelerate the 

development of atherosclerosis.

2.1.2 KitSMC eYFP: Male Myh11-CreERT2 Kitlox66−71/+ ApoE−/− eYFP+ mice that were 

obtained using a Myh11-CreERT2 ApoE−/− eYFP+ breeder from Owen’s lab [24] were 

cross-bred with female Kitlox66−71/+ ApoE−/− to obtain the KitSMC eYFP transgenic 
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(Kitlox66−71/lox66−71 Myh11-CreERT2 eYFP+/+ ApoE−/−) and control littermate mice KitWT 

eYFP (Kit+/+ Myh11-CreERT2 eYFP+/+ ApoE−/−). To inactivate the c-Kit gene specifically 

in SMCs and activate the eYFP gene, male KitSMC eYFP and KitWT eYFP mice were fed a 

TAM-rich diet for 4 weeks starting at 8 weeks of age. Afterwards, all mice were fed HFD for 

16 weeks to accelerate the development of atherosclerosis.

2.1.3 KitMut: KitW/+ and KitW-v/+ mice (Stock #100410, The Jackson Laboratories) were 

cross-bred to generate KitW/W-v (KitMut) mice and wild type littermate controls. KitMut mice 

carry a c-Kit null mutation (W) and a hypomorphic allele (W-v), and represent the severest 

c-Kit mutant that survives gestation [25]. This model was only used for cell culture and in 
vitro experiments. All animal procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Miami Miller School of Medicine.

2.2 Atherosclerosis assessment

Murine aortas in neutral buffered 10% formalin (Sigma, St Louis, MO) were submitted to 

Eehscience LLC (Pickerington, OH) for Oil Red-O staining and independent quantification 

of atherosclerotic burden. Eehscience remained blinded to experimental groups during 

atherosclerosis assessment (Supplementary Methods). Serial cryosections of 5 μm thickness 

were cut through the aortic sinus (AV). Two sections separated by 100 μm distance were 

examined from each mouse, corresponding to two different depths inside the valve. Sections 

were stained with hematoxylin and eosin and Oil Red O, and whole aortic valve area, lesion 

area, and necrotic core area were quantified by digital imaging [26].

2.3 Blood chemistry and lipid profile

Blood chemistry, lipid profile, and complete blood counts (CBC) were determined in 

heparinized venous blood collected from each mouse before euthanasia. Blood samples were 

submitted to the University of Miami Comparative Pathology lab for automated analysis.

2.4 Confocal immunofluorescence microscopy

Co-detection of 1) c-Kit and smooth muscle actin (SMA), 2) eYFP and SMA, and 3) eYFP, 

SMA, and Mac2 was performed in paraffin embedded mouse arterial tissues. These included 

the aorta, carotid artery, and aortic sinus. After antigen retrieval, blocking, and staining with 

antibodies (Supplementary Methods), sections were counter stained with 300 μM DAPI 

solution (cat# D1306, Invitrogen) in PBS for 2 minutes, and mounted in polyvinyl alcohol 

mounting media with DABCO antifading (Cat#10981, Sigma-Aldrich). Tissue sections were 

examined with a confocal scanning laser microscope Zeiss LSM 510 META (Carl Zeiss, 

Thornwood, NY) in an inverted configuration. Data were captured and analyzed with Zeiss 

LSM 510 Meta and Image Browser software (Carl Zeiss,_Oberkochen, Germany). For aortic 

sinus tissues, images were taken from existing atherosclerotic plaques at two depths (160 

and 260 um) in the valve, and quantification was done in two lesions per depth. Two 

independent investigators blinded to the study analyzed the cellular composition of the 

plaques. Image acquisition and quantification details are found in the Supplementary 

Methods.
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2.4 Cell culture

Murine primary aortic SMCs were isolated from KitMut mice and control wild type 

littermates using the explant technique and cultured in DMEM-F12-FBS (5:3:2; Thermo 

Fisher Scientific) supplemented with 100 μg/ml penicillin, 100 μg/ml streptomycin, 0.1 mM 

glutamine, 10 mM sodium pyruvate, and 0.75% sodium bicarbonate [27]. Primary cells were 

used for three passages to avoid extensive loss of contractile features. For mechanistic 

studies, c-Kit expression was rescued in KitMut SMC using a lentiviral vector 

(Supplementary Methods).

2.5 Western blot

Protein lysates were prepared in RIPA buffer supplemented with 200 mM 

phenylmethylsulfonyl fluoride, 100 mM sodium orthovanadate (Santa Cruz Biotechnology, 

Dallas, TX), and a complete protease inhibitor cocktail (Roche Life Science, IN). Protein 

concentration was determined using a commercial Bradford’s protein assay kit (BioRad). 

Proteins were resolved in 4–12% SDS-polyacrylamide gels (NuPAGE, Thermo Fisher 

Scientific) before transferring onto PVDF membranes (GE Healthcare, Marlborough, MA). 

Specific proteins were detected using antibodies against c-Kit (1:1000, Cat# sc-1494, Santa 

Cruz Biotechnology), MCAM (1:1000, Cat#ab75769, Abcam), and β-actin (1:5000, Cat# 

A5316 and Cat# A1978, Sigma). Bound antibodies were detected after sequentially 

incubating the membranes with HRP-conjugated secondary antibodies, and Amersham ECL 

Western Blotting Detection Reagent (GE Healthcare) or Supersignal West Femto Maximum 

Sensitivity Substrate (Cat# 34095 Thermo Fisher). For immunoprecipitation (IP), c-Kit was 

pulled down from 200 μg of arterial or cellular lysate using 1 μg of anti-c-Kit antibody (Cat# 

A4502, Dako) and 20 μl of Protein A/G PLUS-Agarose microbeads (Cat# sc-2003, Santa 

Cruz Biotechnology). Microbeads were washed with pre-cold RIPA buffer before analysis 

by Western blot.

2.6 RNA sequencing

Total RNA was isolated from KitWT (n=5) and KitMut (n=5) primary SMC using the Quick-

RNA MiniPrep kit (Zymo Research, Irvine, CA, USA). RNA quality was validated in the 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Sequencing was 

carried out on the Illumina NovaSeq 6000 NGS platform at the University of Miami’s 

Hussman Institute for Human Genomics (Supplementary Methods).

2.7 Quantitative Real-Time PCR (qPCR)

Cell and tissue RNAs were isolated using the Quick-RNA MiniPrep kit (Zymo Research, 

Irvine, CA). cDNAs were generated with a high capacity cDNA reverse transcription kit 

(Thermo Fisher Scientific). The relative abundance of c-Kit (Kit) and select differentially 

expressed genes was assessed using TaqMan Gene Expression Assays (Thermo Fisher 

Scientific) and normalized with respect to GAPDH. Real-time PCR was performed on an 

ABI Prism 7500 Fast Real-Time PCR System (96-well plate) (Applied Biosystems). 

Relative gene expression was determined using the ΔΔCT method [28].

Zigmond et al. Page 5

Atherosclerosis. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.8 Statistics

Results were presented as the mean ± S.E.M, or median [interquartile range] for non-

parametric values. A two-tailed Student t-test was used to compare the difference between 

two groups, and a one-way ANOVA followed by a Tukey’s or Newman-Keuls test was 

applied to compare the difference between multiple groups. Non-parametric values were 

compared using the Mann-Whitney test. A p-value <0.05 was considered significant.

3. RESULTS

3.1 c-Kit expression in SMCs is vasculoprotective

To evaluate the role of SMC-derived c-Kit in atherogenesis, we developed an SMC-targeted 

c-Kit conditional knockout mouse (KitSMC). The re-arrangement of the c-Kit gene that leads 

to inactivation was demonstrated in the aorta of triple transgenic mice fed a TAM–rich diet 

but not in those fed normal chow (Supplementary Figure 1A). Gene inactivation of c-Kit was 

further confirmed by IP Western blot. c-Kit protein levels decreased 68% after gene 

inactivation in the vasculature of TAM treated mice compared to controls (Supplementary 

Figure 1B, 1.00 ± 0.22 vs. 0.32 ± 0.05, p=0.041). As expected, TAM did not affect splenic c-

Kit levels in conditional mice (Supplementary Figure 1C, 1.00 ± 0.16 vs. 1.06 ± 0.04, 

p=0.89). In addition, immunofluorescent stained images for c-Kit and SMA in the aorta of 

these mice showed almost complete elimination of c-Kit in the media of TAM fed KitSMC 

mice compared to vehicle fed animals (Supplementary Figure 2).

To further investigate the role of SMC-derived c-Kit in atherosclerosis, KitSMC mice were 

fed TAM-rich diet or normal chow for one month followed by HFD for 16 additional weeks. 

Supplementary Figure 3 presents a heat map of atherosclerotic burden in harvested aortas 

stained with Oil-Red-O (Supplementary Figure 4). Tamoxifen fed KitSMC mice showed a 

2.4-fold increase in percent plaque burden compared to chow fed controls (Supplementary 

Figure 3B, VEH 12.34 [7.29 – 13.35] vs. TAM 29.03 [23.02 – 32.23] %, p=0.0014). 

Tamoxifen treatment was also associated with a significant increase in lipid content in aortic 

lesions (Supplementary Figure 5; VEH 1120.00 ± 54.08 vs. TAM 1371.00 ± 57.74 μm2, 

p=0.0081). Interestingly, when we examined the plasma cholesterol levels of TAM fed mice, 

they were significantly lower than the controls; however, both groups were above the 

threshold to induce atherosclerosis (Supplementary Table 1). Next, we ruled out the potential 

effects of TAM on atherosclerosis. Tamoxifen has shown to reduce atherosclerotic lesion 

size in the coronary arteries of cynomolgus macaques, by degrading and preventing the entry 

of LDL products into the artery [29]. To control the effects of TAM on atherosclerotic 

burden, both KitSMC and their control littermates KitWT were fed TAM chow for 4 weeks, 

followed by 16 weeks on HFD (Figure 1 and Supplementary Figure 6). The KitSMC group 

showed a 2.2-fold increase in percent atherosclerotic burden in the overall aorta compared to 

their control littermates (Figure 1B, KitWT 16.30 [9.72 – 19.11], KitSMC 36.25 [28.56 

−54.67] %, p=0.0003). Again, the plasma cholesterol levels of TAM treated KitSMC mice 

showed a significant decrease compared to controls, even though they were above the 

threshold for causing atherosclerosis (Supplementary Table 2). We further demonstrated 

increased atherosclerosis in the aortic sinus (AV) of mice with deficient c-Kit expression in 

SMC (Figure 2; lesion area, KitSMC 642698 ± 65742 vs. KitWT 411612 ± 39121 μm2, 
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p=0.0071; necrotic core area, KitSMC 302401 ± 45771 vs. KitWT 137099 ± 28386 μm2, 

p=0.0070). This increment in atherosclerosis severity in c-Kit deficient mice occurred in the 

absence of quantitative changes in collagen content with respect to control animals 

(Supplementary Figure 7; KitSMC 31.28 ± 3.60 vs. KitWT 25.48 ± 3.20 %, p=0.27). The 

outcomes from this transgenic mouse model confirm that loss of c-Kit in SMC exacerbates 

atherogenesis.

3.2 c-Kit controls SMC identity and migration into the plaque

In atherogenesis, SMC undergo differentiation from their quiescent contractile phenotype to 

a more proliferative synthetic phenotype. c-Kit expression in SMC of c-Kit wild type mice 

decreases during the course of atherosclerosis (Supplementary Figures 8 and 9). In order to 

trace the effect of c-Kit loss on SMC differentiation in vivo, we bred a reporter transgenic 

mouse [KitSMC eYFP] and its control littermates [KitWT eYFP]. When exposed to TAM, this 

mouse constitutively expresses YFP in cells of SMC origin. Labeling of SMCs with eYFP 

after TAM exposure happens independently of the c-Kit genotype (Supplementary Figure 

10; percent eYFP+ cells 84.63 ± 1.85 in KitWT vs. 84.01 ± 0.48 in KitSMC, p=0.76), while 

loss of c-Kit in the vasculature depended upon the presence of the conditional allele 

(Supplementary Figure 11; percent c-Kit+ cells 77.75 ± 1.00 in KitWT vs. 3.07 ± 1.10 in 

KitSMC, p=0.0001). Immunofluorescent staining of the atherosclerotic AV detected a 

significant increase in the total percentage of SMC-derived (YFP+) cells in lesions from 

KitSMC animals compared to wild type controls (Figure 3; percent of total YFP+ cells 64.58 

± 3.26 in KitSMC vs. 49.40 ± 1.57 in KitWT, p=0.0030). Interestingly, the two 

subpopulations responsible for this increase were fully dedifferentiated YFP+ SMCs 

(Supplementary Table 3). Both YFP+ cells that had lost expression of the SMA marker 

(SMA− Mac2−; 42.58 ± 6.77% in KitSMC vs. 19.84 ± 5.80% in KitWT, p=0.034) and those 

that had fully transformed into SMC-derived foam cells (SMA− Mac2+; 36.99 ± 8.02% in 

KitSMC vs. 12.92 ± 1.80% in KitWT, p=0.019) were significantly increased in lesions from 

conditional knockout animals (Supplementary Table 3 and Figure 4). These results indicate 

that c-Kit expression plays a role in maintaining SMC identity during atherogenesis and 

decreases the migration and/or proliferation of dedifferentiated SMC into the plaque.

3.3 Loss of c-Kit signaling leads to transcriptional upregulation of genes associated with 
SMC phenotypic switch and foam cell formation

In order to elucidate the pre-existing changes in c-Kit deficient SMC that might predispose 

to atherogenesis, gene expression profiles of primary SMC from c-Kit deficient (KitMut, 

n=5) and littermate wild type mice (n=5) were generated by bulk RNA sequencing. KitMut 

mice (also known as KitW/W-v) carry a c-Kit null mutation (W) and a hypomorphic allele 

(W-v), and represent the severest c-Kit mutant that survives gestation [25]. We use this 

model to isolate c-Kit deficient SMC because the activity of the Myh11 promoter is lost 

quickly in cell culture [30], preventing us from efficiently deleting c-Kit in KitSMC cells. In 

addition, it avoids the potential introduction of chimerism in culture if SMC are isolated 

from tamoxifen-treated KitSMC animals. Both c-Kit deficient and wild type controls for this 

experiment are generated by crossing KitW/+ and KitW-v/+ mice.
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A total of 12,891 genes were differentially expressed between KitMut and littermate wild 

type cells (FDR<0.05; Supplementary Figure 12). Of these, 1,136 were upregulated over two 

folds, while 1,892 were downregulated at least two folds in KitMut vs. wild type cells. 

Supplementary Table 4 lists the genes with the highest expression differences between c-Kit 

deficient and wild type SMC. Primary SMC from KitMut mice have increased expression of 

genes associated with SMC proliferation such as Igfbp5, Htr1b, Creb5, and Sost [31–34]. In 

addition, c-Kit deficiency results in downregulation of migration inhibitors such as Lum and 

Stc1 [35, 36]. Lipid metabolism and processing are decreased in these cells likely secondary 

to reduced levels of Stc1 [35], and upregulation of Cspg4 and Mcam [37, 38]. These 

transcriptional differences may explain the increase in foam cell formation we have 

previously shown in vitro [20], and the higher number of SMC-derived foam cells in lesions 

of KitSMC mice (Supplementary Table 3 and Figure 4). c-Kit deficient SMC also show an 

upregulation of the inflammatory mediators Mcam and Mgll [37, 39], and a decrease in the 

inflammation repressors Il1rn and A2m [40, 41].

The 3,028 differentially expressed genes identified by RNAseq and with log2FC >ǀ1ǀ were 

used to predict the molecular pathways affected by loss of c-Kit signaling in SMC. 

Supplementary Table 5 shows the most significantly affected pathways detected by IPA. 

Pathways with predicted activation in KitMut compared to wild type cells covered cellular 

processes such as cell proliferation and migration, apoptosis signaling, inflammation, and 

production of ECM proteins. In contrast, pathways with predicted inhibition included those 

contributing to lipid metabolism and efflux, SMC contractile gene expression, and 

vasodilation.

Using qRT-PCR, we confirmed upregulation in KitMut cells of four differentially expressed 

genes (Mcam, Mgll, Smpd3, and Sost) related to foam cell formation, inflammation, or 

SMC migration (Supplementary Figure 12B). Expression of these genes was brought back to 

wild type levels after transducing KitMut cells with a lentivirus carrying the c-Kit gene under 

the PGK promoter. Up-regulation of MCAM in c-Kit deficient cells was confirmed at the 

protein level (Figure 5A and B). In addition, there was a higher percentage of total MCAM+ 

cells (26.14 ± 1.95 vs. 11.89 ± 1.83%, respectively; p=0.0007) and SMA+/MCAM+ cells 

(19.30 ± 0.88 vs. 5.24 ± 1.38%, respectively; p=0.0001) in valve lesions from SMC-specific 

c-Kit knockout animals (KitSMC) compared to littermate controls (KitWT; Figure 5C and D). 

Higher rates of proliferation and migration were also observed in vitro in c-Kit deficient 

cells (KitMut) SMC compared to wild type controls (Supplementary Figure 13). These 

results confirm the role of c-Kit signaling in the transcriptional regulation of pro-

inflammatory and proliferation- and migration-related genes in primary SMC.

4. DISCUSSION

The present work demonstrates that c-Kit expression in SMC is vasculoprotective. We have 

shown that c-Kit in SMC: 1) protects the murine vasculature against atherosclerosis, 2) 

decreases the migration of SMC-derived cells towards the plaque and their phenotypic 

dedifferentiation, and 3) regulates the expression of genes involved in SMC migration, 

proliferation, and lipid metabolism. To our knowledge, we are the first to provide evidence 
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that a tyrosine kinase receptor in SMC plays a pivotal and protective role in the 

pathophysiology of atherosclerosis.

Our data demonstrate that c-Kit is an important regulator of SMC differentiation in 

atherogenesis, and its presence is necessary to prevent the formation of SMC-derived 

macrophage like cells that contribute to disease burden. These results contrast with a vast 

literature on the role of c-Kit as a functional marker for vascular progenitor cells [42]. In the 

setting of other vascular diseases, prior studies have shown reduced neointimal hyperplasia 

secondary to the loss of c-Kit function in progenitors [43] and SMC [44]. However, the 

contribution of progenitors to the atherosclerotic plaque has been controversial [45], and 

subsequent studies showed that the majority of plaque cells originate from pre-existing SMC 

in the wall [46]. This apparent discrepancy reflects the differences between neointimal 

hyperplasia (restenosis) and atherosclerosis in terms of etiology, natural history, culprit 

lesions, and progenitor cell contribution to lesion progression. The absence of mast cells in 

some c-Kit mutant mice (KitW-sh/W-Sh) reduces plaque burden in hypercholesterolemic mice 

[47]. Nonetheless, our studies with the global c-Kit mutant mouse confirm that the protective 

effect of vascular c-Kit expression overrides the negative role of circulating inflammatory 

cells [20].

Our study revealed that loss of vascular c-Kit changes the lesion composition in the plaque 

of hyperlipidemic mice. The conditional mouse developed plaques that were abundant in 

SMC-derived cells (eYFP+) with either a macrophage (SMA− Mac2+ eYFP+) or undefined 

phenotype (SMA− Mac2− eYFP+). It is plausible that the absence of c-Kit favors the SMC 

transformation towards a macrophage like phenotype during atherogenesis, reducing the 

number of structural SMCs within the plaque. Interestingly, loss of c-Kit increases 

expression of melanoma cell adhesion molecule (Mcam, CD146) in SMC. MCAM is a cell 

surface glycoprotein that controls adhesion and migration of inflammatory cells into and out 

of the lesions [37, 48]. MCAM expression in macrophages causes CD36 internalization and 

lysosomal degradation during lipid uptake [37]. This causes the lipid loaded macrophages to 

be retained in the lesion and contributes to foam cell formation [37].

In silico pathway analyses have also identified that c-Kit inhibition impacts the Smad 

signaling pathway. Inhibition of the interaction of the Smad2/3 complex with TGFβ prevents 

the transcription of contractile genes like SM22α and differentiation of SMC into their 

quiescent contractile phenotype [49]. Moreover, c-Kit deficiency leads to inhibition of the 

liver X receptor-retinoid X receptor pathway. This receptor plays a crucial role in lipid efflux 

through transcription of the ATP-binding cassette transporters ABCA1 and ABCG1 [50]. We 

have previously shown that ABCG1 is downregulated in c-Kit deficient SMC [20].

The phenotype of SMC-derived foam cells in human and mouse plaques remains elusive. 

Typically, they are identified by the downregulation of SMC contractile markers and 

expression of the macrophage markers Mac2 and CD68 [24, 51]. However, a recent single-

cell RNA-seq analysis revealed that dedifferentiated SMC in murine plaques did not have a 

macrophage-like transcriptional phenotype, and lacked upregulation of key macrophage 

markers such as CD16, CD32, CD11b, CD64, CD86, and F4/80 [52]. Despite the absence of 

an extensive macrophage-like transformation, many dedifferentiated SMC in the lesion were 
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positive for lipid uptake [52], suggesting that more subtle phenotypic changes may be 

sufficient for SMC-cell derived foam cell formation. Considering the proposed beneficial 

function of other dedifferentiated SMC phenotypes in plaque stability [53], it is of 

paramount importance to define the mechanisms that promote SMC lipid uptake and 

retention.

Besides increased expression of foam cell markers, our work indicates that loss of c-Kit 

signaling in primary SMC results in profound changes at the transcriptional level, including 

pathways involved in inflammation, proliferation, migration, and SMC differentiation. The 

multi-target transcriptional effects of c-Kit and, in turn, its role in SMC differentiation are 

likely due to this receptor’s ability to phosphorylate and activate multiple signaling 

pathways including PI3K-Akt [54] and the Src family of kinases [55]. Activation of Akt has 

been shown to protect against SMC apoptosis, promote plaque stability through ECM 

proteins, and reduce the formation of necrotic cores in lesions [56]. Wang et al. proposed 

that the SCF/c-Kit axis protects SMC from apoptosis [44]. Our previous work showed that 

global loss of c-Kit increased atherosclerosis and favored a synthetic phenotypic switch of 

SMC in vitro [20]. This transformation was characterized by activation of pro-inflammatory 

pathways associated with NF-κβ transcription [57].

Of note, SMC-specific c-Kit deficient animals develop lower levels of hyperlipidemia than 

the littermate wild type group. Despite this difference, plasma cholesterol levels in both 

experimental groups are above the threshold for disease development, and the former in fact 

develop more atherosclerosis than controls. This is a phenomenon that is also observed in 

constitutive c-Kit deficient ApoE−/− mice (KitMut) [20]. Previously, it was proposed that this 

effect was due to gastrointestinal dysfunction due to the loss of Cajal cells in KitMut mice 

[58]. Our study with SMC-specific models suggests a different or synergistic culprit, namely 

the deletion of c-Kit in the gastrointestinal smooth muscle that is innervated by Cajal cells.

In summary, this study is highly significant because: 1) it is the first study to rigorously 

evaluate the role of SMC-derived c-Kit in atherosclerosis, 2) it provides the first evidence 

that c-Kit plays a central role in determining the SMC phenotype, and 3) it furnishes new 

therapeutic targets to mitigate the devastating effects of atherosclerosis. We now confirm that 

SMC are the source of c-Kit’s vasculoprotective function in the wall, and propose that c-Kit 

expression specifically in SMC reduces atherosclerosis by controlling the transcription of 

genes associated with synthetic foam cell-like SMC differentiation. Findings from this study 

may also shed light on the role of c-Kit in other vascular occlusive diseases.
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HIGHLIGHTS

• c-Kit, a well-known stem cell marker, plays an important role in smooth 

muscle cells

• c-Kit deficiency increases smooth muscle cell migration to atherosclerotic 

lesions

• c-Kit deficiency increases smooth muscle cell-derived foam-cell formation

• c-Kit expression decreases atherosclerosis unlike other receptor tyrosine 

kinases
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Figure 1: 
Atherosclerosis development in c-Kit conditional knockout (KitSMC) and wild type (KitWT) 

mice treated with tamoxifen.

(A) Heat map of plaque occurrence in whole aortas from and KitWT (Kit+/+ Myh11-

CreERT2 ApoE−/−, n=11) and KitSMC (Kitlox66−71/ lox66−71 Myh11-CreERT2 ApoE−/−, n=9) 

mice after feeding a tamoxifen rich diet for 4 weeks, followed by 16 weeks of high fat diet. 

(B) Quantification of percent atherosclerosis burden in the aorta. Error bars indicate the 

groups’ median ± interquartile range. Groups were compared using the Mann-Whitney test.
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Figure 2: 
c-Kit inactivation in SMC increases atherosclerotic disease in the aortic valve (AV).

(A) Representative hematoxylin and eosin stained sections of the aortic valve in KitWT (Kit
+/+ Myh11-CreERT2 ApoE−/−, n=11) and KitSMC mice (Kit66/71 / 66/71 Myh11-CreERT2 

ApoE−/−, n=9) after feeding tamoxifen rich diet for 4 weeks, followed by 16 weeks of high 

fat diet. Scale bars=200 um. The area within the box was digitally amplified at the bottom. 

(B) Percentage of plaque accumulation in the aortic valve in hyperlipidemic KitWT and 

KitSMC mice. Data are presented as mean ± S.E.M. Groups were compared using a two-

tailed Student’s t-test.
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Figure 3: 
c-Kit inactivation in SMC increases migration of SMC-derived cells into plaques.

(A) Representative immunofluorescent images of aortic sinus lesions from KitWT eYFP (Kit
+/+ Myh11-CreERT2 eYFP ApoE−/−, n=6) and KitSMC eYFP mice (Kit66/71 / 66/71 Myh11-

CreERT2 eYFP ApoE−/−, n=6). Mice fed tamoxifen-rich diet for 4 weeks, followed by high 

fat diet for 16 weeks. Tamoxifen inactivates c-Kit in KitSMC mice while allowing the tracing 

of SMC-derived cells in both experimental groups. Images were stained for smooth muscle 

actin (SMA, red) and eYFP (green). Nuclei were counterstained with DAPI (blue). The 

media (M) is outlined in red, while the lesion (L) is outlined in white. Scale bars=100 um. 

(B and C) Quantification of labeled cells in the media (B) and lesion (C) as percentage of 

total DAPI+ cells. Data represent the mean values of two plaques per depth at two different 

depths (160 and 260 um) in the aortic sinus. Data are presented as mean ± S.E.M. and 

compared using a two-tailed Student’s t-test.
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Figure 4: 
c-Kit inactivation increases SMC-derived foam cells in lesions of hyperlipidemic mice.

(A) Representative immunofluorescent images of aortic sinus lesions from KitWT eYFP (Kit
+/+ Myh11-CreERT2 eYFP ApoE−/−, n=5) and KitSMC eYFP mice (Kit66/71 / 66/71 Myh11-

CreERT2 eYFP ApoE−/−, n=5). Mice were fed tamoxifen-rich diet for 4 weeks, followed by 

high fat diet for 16 weeks. Tamoxifen inactivates c-Kit in KitSMC mice while allowing the 

tracing of SMC-derived cells in both experimental groups. Images were stained for Mac2 

(gray) and eYFP (green). Nuclei were counterstained with DAPI (blue). The media (M) is 

outlined in red, while the lesion (L) is outlined in white. Scale bars=100 um (B) 

Quantification of Mac2+ YFP+ cells as percentage of total SMC-derived (YFP+) cells. Data 

represent the mean values of two plaques per depth at two different depths (160 and 260 um) 

in the aortic sinus. Data are presented as mean ± S.E.M. and compared using a two-tailed 

Student’s t-test.
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Figure 5. 
Loss of c-Kit increases protein expression of melanoma cell adhesion molecule (MCAM) in 

SMC.

(A and B) Protein expression and quantification of MCAM in wild type (n=4), c-Kit 

deficient (mutant, KitMut, n=4), and rescued KitMut primary SMC (n=4) after transduction 

with a c-Kit expressing lentivirus. Data are presented as mean ± S.E.M. MCAM expression 

was normalized using β-actin levels, then standardized against expression in the wild type 

group. Groups were compared using two-tailed t-tests with or without Welch’s correction for 

unequal variances. (C) Representative immunofluorescent images of aortic valves from 

KitWT (Kit+/+ Myh11-CreERT2 ApoE−/−, n=5) and KitSMC mice (Kit66/71 / 66/71 Myh11-

CreERT2 ApoE−/−, n=5). Mice fed tamoxifen-rich diet for 4 weeks, followed by high fat diet 

for 16 weeks. Images were stained for MCAM (red) and SMA (green). Nuclei were 

counterstained with DAPI (blue). Scale bars=100 um. (D) Quantification of MCAM+, SMA
+, and double positive cells as percentage of total (DAPI+) cells in the media and lesions 

from KitWT and KitSMC mice. Data represent the mean values of two plaques per depth at 

two different depths (160 and 260 um) in the aortic sinus. Data are presented as mean ± 

S.E.M. and compared using two-tailed Student’s t-tests.
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