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Abstract

A low-frequency variant of sushi, von Willebrand factor type A, EGF and pentraxin domain 

containing protein 1 (SVEP1), an extracellular matrix protein, is associated with risk of coronary 

disease in humans independent of plasma lipids. Despite a robust statistical association, if and how 

SVEP1 might contribute to atherosclerosis remained unclear. Here, using Mendelian 

§This manuscript has been accepted for publication in Science Translational Medicine. This version has not undergone final editing. 
The definitive version was published in Science Translational Medicine on March 24 2021 in Volume 13, Issue 586, DOI: http://
10.1126/scitranslmed.abe0357. Please refer to the complete version of record at www.sciencetranslationalmedicine.org/. The 
manuscript may not be reproduced or used in any manner that does not fall within the fair use provisions of the Copyright Act without 
the prior written permission of AAAS.
*Corresponding author. nstitziel@wustl.edu.
†These authors contributed equally to this work
Author contributions: NOS conceived of the study. IHJ performed animal experiments. JSE and IHJ performed in vitro experiments. 
IHJ, JSE, AA, and NOS designed and interpreted the experiments. AA and KS generated critical reagents. EPY and CJK performed 
Mendelian Randomization analyses. PK provided and assisted with human specimens. KJL, BR, and RPM provided expertise in 
animal models and data interpretation. IHJ, JSE, and NOS wrote the manuscript. All authors reviewed and provided critical editing of 
the manuscript.

Competing interests: IHJ, JSE, AA, and NOS are inventors on U.S. Patent Application 62/962,736 submitted by Washington 
University that covers compositions and methods of treatment targeted to SVEP1-mediated disorders. NOS has received investigator-
initiated research funds from Regeneron Pharmaceuticals unrelated to the content of this study. The other authors have no conflicts.

Data and materials availability: All data associated with this study are included in the manuscript or Supplementary Materials. 
Biological materials are available from the Stitziel Laboratory under a material transfer agreement with Washington University.

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2021 September 24.

Published in final edited form as:
Sci Transl Med. 2021 March 24; 13(586): . doi:10.1126/scitranslmed.abe0357.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sciencetranslationalmedicine.org/


randomization and complementary mouse models, we provide evidence that SVEP1 promotes 

atherosclerosis in humans and mice and is expressed by vascular smooth muscle cells (VSMCs) 

within the atherosclerotic plaque. VSMCs also interact with SVEP1, causing proliferation and 

dysregulation of key differentiation pathways, including integrin and Notch signaling. Fibroblast 

growth factor receptor transcription increases in VSMCs interacting with SVEP1, and is further 

increased by the coronary disease-associated SVEP1 variant p.D2702G. These effects ultimately 

drive inflammation and promote atherosclerosis. Taken together, our results suggest that VSMC-

derived SVEP1 is a pro-atherogenic factor, and support the concept that pharmacological 

inhibition of SVEP1 should protect against atherosclerosis in humans.

One Sentence Summary:

Reducing SVEP1 confers protection from atherosclerosis and may be a therapeutic target for the 

treatment and prevention of coronary artery disease.

Introduction

Cardiometabolic diseases are leading causes of morbidity and mortality and their prevalence 

is increasing (1–8). Although approved treatments can help ameliorate these diseases, 

residual disease risk remains a substantial problem. Statin medications, for example, lower 

plasma cholesterol concentrations and reduce risk of coronary events by 20–30% (9), 

highlighting both substantial residual risk and an unmet need for identifying alternative 

treatment strategies. Human genetics is a powerful approach to uncover potential therapeutic 

targets and to date more than 160 loci have been robustly associated with coronary artery 

disease (CAD) (10). At most loci, however, the causal gene is unknown, presenting a major 

bottleneck and hindering the translation of these findings into new therapies. We previously 

performed a large-scale exome-wide association study of low-frequency protein altering 

variation in an attempt to identify genes for CAD and discovered a highly conserved 

missense polymorphism in SVEP1 (p.D2702G) that associated with an increased risk of 

disease (Odds Ratio = 1.14 per risk allele) (11). This CAD risk variant (hereafter referred to 

as SVEP1CADrv) was not associated with an effect on plasma lipids but had a modest 

positive association with blood pressure and type 2 diabetes (11), suggesting this variant 

may broadly contribute to the progression of cardiometabolic disease.

SVEP1, also known as polydom, encodes a large extracellular matrix protein with sushi 

(complement control protein), von Willebrand factor type A, epidermal growth factor-like 

(EGF), and pentraxin domains (12, 13). This gene was originally discovered in a screen for 

Notch-interacting proteins, as it contains Notch-like repeat EGF-domains (13). The only 

protein currently known to directly interact with SVEP1 is integrin α9β1 (14), a provisional 

matrix-binding integrin that is linked to increased blood pressure in humans (15, 16). 

Integrin α9β1 binds to the same protein domain that harbors the variant residue in 

SVEP1CADrv (14) and both proteins also play critical roles in development, including 

lymphatic patterning (17, 18).

Despite strong statistical evidence linking SVEP1 with CAD, its direct causality and 

potential disease-associated mechanisms were unclear. Here, we sought to determine if and 
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how SVEP1 may influence the development of atherosclerosis. Given the overlapping 

disease associations between SVEP1 and integrin α9β1, their shared biological functions, 

and the proximity of the variant to integrin α9β1’s binding site, we focused our mechanistic 

studies on cell types that play a prominent role in atherosclerosis and express either SVEP1, 

Integrin alpha-9 (ITGA9) , or both of these genes.

Results

SVEP1 is expressed by arterial VSMCs under pathological conditions

To begin characterizing the role of SVEP1 in the pathogenesis of atherosclerosis, we 

searched for disease-relevant tissues and cell types that express SVEP1. Expression data 

from the Genotype-Tissue Expression (GTEx) project indicated that human arterial tissue, 

including coronary arteries, express SVEP1 (fig. S1A). To confirm arterial expression, we 

used in situ hybridization on tissue explants from the aortic wall and left internal mammary 

artery (LIMA) of patients with established coronary artery disease. SVEP1 expression was 

detected within cells staining with the vascular smooth muscle cell marker smooth muscle 

α-actin (SMα-actin) (Fig. 1A). VSMCs are known to increase synthesis of certain 

extracellular matrix proteins in response to various pathological stimuli (19); therefore, we 

assessed expression data from relevant disease specimens to determine if this also applies to 

SVEP1. Indeed, SVEP1 expression was higher within human atherosclerotic tissue from 

carotid explants relative to patient-paired adjacent and macroscopically intact tissue (20) 

(fig. S1B). Athero-prone arterial tissue explants from patients with diabetes also expressed 

more SVEP1 compared to patients without diabetes (19) (fig. S1C).

To determine whether murine Svep1 expression recapitulated human SVEP1 expression, and 

may therefore be a viable animal model to study its effects on disease, we obtained mice 

expressing a lacZ reporter under the native Svep1 promotor of a single allele because mice 

with homozygous Svep1 deficiency have developmental defects and die from edema at 

embryonic day 18.5 (17, 21). Within healthy arterial tissue of young mice, we observed low 

β-gal expression, mostly colocalizing with VSMCs (Fig. 1B). These data are consistent with 

published single-cell studies that identify VSMCs within the healthy murine aorta as a minor 

source of Svep1 expression (22) (fig. S1D). To determine if murine Svep1 expression was 

increased in the development of atherosclerosis, as in humans, we assayed expression within 

mouse arterial tissue after inducing experimental atherosclerosis by feeding atheroprone 

(Apoe−/−) mice a Western, high-fat diet (HFD) for 8 weeks. Apoe−/− mice fed a standard 

chow diet (CD) served as non-atherogenic controls. After 8 weeks of an atherogenic HFD, 

we observed a 2-fold increase in Svep1 expression relative to CD fed control mice (Fig. 1C, 

S1E). This expression was colocalized with neointimal cells that co-stained with SMα-actin, 

suggesting VSMC expression (Fig. 1C).

Multiple cell types have been demonstrated to gain expression of VSMC markers in the 

context of atherosclerosis (23). Therefore, to test the hypothesis that VSMC-derived cells 

within the neointima are the predominate source of SVEP1, we generated Apoe−/− mice with 

VSMC-specific knockout of Svep1 (Svep1flox/floxMyh11-CreERT2Apoe−/−; hereafter 

referred to as Svep1SMC∆/∆) and mice with unaltered Svep1 expression (Svep1+/+Myh11-
CreERT2Apoe−/−; hereafter referred to as Svep1SMC+/+), which served as controls. Svep1 
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expression was assessed using in situ hybridization within the neointima of the aortic root of 

both groups after 8 weeks of HFD feeding. Indeed, while we observed robust Svep1 
expression in control mice, neointimal Svep1 expression was nearly undetectable in 

Svep1SMC∆/∆ mice (Fig. 1D, S1F). These data indicate that VSMC-derived cells are the 

predominant source of SVEP1 in atherosclerotic plaque.

Given the increased expression of Svep1 under atherosclerotic conditions in mice and 

humans, we tested the ability of atheroma-associated oxidized low-density lipoprotein 

(oxLDL) to directly induce Svep1 expression in VSMCs. Exposure to oxLDL increased 

Svep1 expression by 48% in primary VSMCs from Svep1SMC+/+ mice but not Svep1SMC∆/∆ 

mice, compared to vehicle-treated control cells (Fig. 1E). Both Svep1SMC+/+ and 

Svep1SMC∆/∆ cells increased expression of Cd36, indicating they were activated upon 

binding of oxLDL with its receptor (24). Exposure to oxLDL also modestly induced SVEP1 
expression in human primary coronary artery smooth muscle cells (CASMCs, fig. S1G).

Taken together, these data demonstrate that SVEP1 is produced locally by VSMCs in 

atherosclerotic disease and are consistent with prior studies which concluded that SVEP1 is 

produced by cells of mesenchymal origin (17, 21). Further, these data suggest that SVEP1 

may play a direct role in the pathogenesis of atherosclerosis and that mouse models are an 

appropriate means to interrogate this question.

SVEP1 drives atherosclerotic plaque development

To study the effect of Svep1 on atherosclerosis, we fed Apoe−/− and Svep1+/−Apoe−/− mice a 

HFD for 8 weeks and analyzed the resulting atherosclerotic plaque burden. There were no 

observed differences between genotypes in body weight, plasma total cholesterol, 

triglycerides, and glucose (Fig. 2A, B). Relative to controls, however, Svep1+/−Apoe−/− mice 

had a reduction in plaque burden (as characterized by the percentage of surface area staining 

positive with Oil Red O) in the aortic arch and whole aorta by en face preparations, as well 

as in sectioned aortic roots (Fig. 2C, D). The effect of Svep1 haploinsufficiency on reducing 

the development of atherosclerotic plaque in the aortic arch and en face aorta was notably 

greater than in the aortic root, perhaps reflecting differences in VSMC embryonic origin and 

biology (25). Svep1 haploinsufficiency also resulted in reduced macrophage staining within 

the aortic root neointima, as determined by the percentage of area staining positive for Mac3 

(Fig. 2E). We did not appreciate marked differences in measures of plaque stability, such as 

area staining positive for VSMC markers or necrotic core size, although collagen content 

was modestly higher in atheromas from control mice compared to Svep1+/−Apoe−/− mice 

(fig. S2).

We then tested the hypothesis that the atherogenic effects of SVEP1 could be attributed to its 

synthesis by VSMCs using Svep1SMC∆/∆ and Svep1SMC+/+ mice, as previously described. 

As with Svep1 haploinsufficiency, loss of Svep1 in VSMCs did not significantly alter body 

weight, plasma cholesterol, triglycerides and glucose concentrations (Fig. 3A, B) following 

8 weeks of HFD feeding. Also consistent with our Svep1 haploinsufficiency model, 

Svep1SMC∆/∆ mice had decreased plaque burden plaque in the aortic arch, whole aorta, and 

aortic root (Fig. 3C, D), as compared to Svep1SMC+/+ control mice. Additionally, atheromas 
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from Svep1SMC∆/∆ mice contained less macrophage staining and necrotic core area, 

indicators of plaque instability, and unaltered collagen content (fig. S3A-C).

Given the observations that loss of Svep1 in VSMCs resulted in a dramatic reduction in 

plaque size in the setting of 8 weeks of HFD feeding, we extended the length of plaque 

development to investigate the effect of SVEP1 on advanced plaque lesions. After treatment 

with tamoxifen, Svep1SMC+/+and Svep1SMC∆/∆ mice were fed HFD for 16 weeks. Again, no 

differences were observed in body weight (fig. S3D), plasma cholesterol, and glucose 

concentrations (fig. S3E) between groups. Triglycerides were higher in the Svep1SMC∆/∆ 

mice with nominal significance (P = 0.046), but this was not observed at other timepoints or 

in the haploinsufficiency model. Although we did not detect a statistically significant effect 

of VSMC-specific Svep1 deletion on atherosclerotic plaque burden (fig. S3F, G), plaques 

from Svep1SMC∆/∆ mice tended to be smaller and were both less complex and more stable 

than controls. These indicators of an altered plaque phenotype include decreased neointimal 

macrophage staining (Fig. 3E) and necrotic core size (Fig. 3F), in addition to greater 

collagen content (Fig. 3G). Taken together, these experimental atherosclerosis data suggest 

that SVEP1 drives atherosclerosis and increases plaque complexity in mice.

SVEP1 is causally related to cardiometabolic disease in humans

Due to the relationship we discovered between SVEP1 depletion and reduced atherosclerosis 

across our mouse models, we wondered if the human SVEP1 CAD-associated D2072G 

missense polymorphism was associated with altered SVEP1 expression in humans. We did 

not find that this allele (or other alleles in linkage disequilibrium) associated with changes in 

SVEP1 mRNA expression in GTEx (fig. S4A), however we did find that the 2702G risk 

variant (SVEP1CADrv) was associated with a significant increase in circulating plasma 

SVEP1 protein concentration (P = 8 × 10−14; Fig. 4A) as measured by two independent 

aptamers (fig. S4B) from participants in the INTERVAL study (26), suggesting that 

increased SVEP1 protein concentrations were associated with increased risk of CAD. We 

then tested if this was true for other genetic variants influencing SVEP1 plasma protein 

concentrations. Using published data from the INTERVAL study (26), we cataloged cis-

acting variants that associated with SVEP1 protein concentration at a genome-wide (P < 5 × 

10−8) level of statistical significance (Fig. 4B). We performed Mendelian randomization (27) 

using a subset of these variants in linkage equilibrium (r2 < 0.3) and found that increased 

SVEP1 protein was causally related to increased CAD risk (P = 7 × 10−11; Fig. 4C, D). We 

also asked if SVEP1 protein concentration was causally related to increased risk for 

hypertension and type 2 diabetes due to the prior associations we observed for the 

SVEP1CADrv allele with these risk factors. Indeed, we found that increased SVEP1 protein 

was causally related to both hypertension (P = 2 × 10−15; fig. S4C) and type 2 diabetes (P = 

0.0004; fig. S4D).

To investigate how the human SVEP1CADrv missense polymorphism might impact CAD 

risk, we generated homozygous mice harboring the human SVEP1CADrv at the orthologous 

murine position (Svep12699G/2699G; hereafter referred to as Svep1G/G). These mice were 

bred with Apoe−/− mice to generate Svep1G/GApoe−/− mice. We were not able to detect 

differences in body weight, serum total cholesterol, triglycerides, and glucose (fig. S4E-H) 
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between groups after feeding HFD. We also did not appreciate a significant difference 

between groups in the development of atherosclerotic plaque at either 8 or 16 weeks of HFD 

feeding (fig. S4I, J). Although our prior human genetic study revealed a robust association 

with an increased risk of CAD, the effect of the SVEP1CADrv in humans was modest, in 

which each copy of the G allele was associated with a 14% increased risk of disease. If an 

effect size in mice is similarly modest, further investigation would require a very large 

number of animals, presenting both pragmatic and ethical barriers. To circumvent these 

concerns, subsequent functional interrogation of the SVEP1CADrv was performed in vitro.

SVEP1 induces proliferation and integrin signaling in VSMCs

To begin characterizing the mechanism by which SVEP1 drives atherosclerosis, we sought 

to identify receptors and associated cell types that interact with SVEP1 in the extracellular 

space. Integrin α9β1 is the only protein known to interact with SVEP1 and the two proteins 

colocalize in vivo (14). Integrins are transmembrane, heterodimeric receptors that respond to 

the extracellular environment and influence numerous aspects of atherosclerosis (28, 29). 

Therefore, we hypothesized that integrin α9β1 (and associated cell-types) may be involved 

in SVEP1-mediated atherosclerosis. The α9 subunit (ITGA9) is known to exclusively 

heterodimerize with β1 (ITGB1), therefore assessing ITGA9 expression is a reliable proxy 

for integrin α9β1 expression. Integrin α9β1 expression has been documented in airway 

epithelium, smooth muscle, skeletal muscle, hepatocytes, and epithelial cells (14, 30–36), 

yet arterial tissue expresses the most ITGA9 of all GTEx tissues (fig. S5A). In situ 

hybridization confirmed that ITGA9 is broadly expressed in the human aortic wall and 

LIMA, predominately colocalizing with VSMCs (Fig. 5A). Likewise, VSMCs of the murine 

aorta expressed Itgα9 (Fig. 5B). Consistent with these data, single cell studies of the murine 

aorta indicated that VSMCs express Itgα9 (fig. S5B) (22). Given the established role of 

VSMCs in CAD (23), their expression of integrin α9β1, and the local expression patterns of 

SVEP1 in disease, we tested the hypothesis that VSMCs respond to SVEP1 in a cell-

autonomous manner to promote atherosclerosis.

The extracellular matrix (ECM) plays a critical role in orchestrating cellular responses to 

tissue injury, including promoting cell proliferation and differentiation (23, 37). We 

therefore assessed the proliferation of neointimal Svep1SMC∆/∆ and Svep1SMC +/+ VSMCs 

using immunofluorescent staining of the proliferation marker mini-chromosome 

maintenance protein-2 (MCM-2). Among cells expressing smooth muscle actin, fewer 

stained positive for MCM-2 in Svep1SMC∆/∆ mice as compared to Svep1SMC +/+ controls 

after HFD feeding for 8 weeks (Fig. 5C), suggesting SVEP1 induces VSMC proliferation.

To further explore the effects of SVEP1 on VSMCs, we generated and purified recombinant 

SVEP1 and its orthologous CAD risk variant (SVEP1CADrv) using a mammalian expression 

system. We tested the response of primary VSMCs to SVEP1 that was immobilized on 

culture plates, reflecting an overexpression-like assay while maintaining its physiologic 

context as an extracellular matrix protein (in contrast to genetic overexpression). VSMCs 

adhered to SVEP1 in a dose dependent manner (Fig. 5D). Exposure to both SVEP1 variants 

induced dose-dependent VSMC proliferation, based on bromodeoxyuridine (BrdU) 

incorporation (Fig. 5E). As a point of reference, we used oxLDL, a proliferative stimulus 
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relevant to atherosclerosis, in addition to SVEP1 to test VSMC proliferation; strikingly, 

SVEP1 induced more VSMC proliferation than oxLDL (Fig. 5F). Exposure to a 

combination of oxLDL and SVEP1, as exists within the atheromatous environment, caused 

the greatest amount of VSMC proliferation (Fig. 5F). Human coronary artery smooth muscle 

cells (CASMCs) also proliferated in response to SVEP1 (fig. S5C). Murine macrophages 

exposed to SVEP1 did not proliferate in the absence or presence of oxLDL (fig. S5D), 

suggesting that SVEP1 is not a proliferative stimulus for all cell types.

Integrin α9β1 is expressed by VSMCs, binds to SVEP1, and drives proliferation in some 

cell types (30). Therefore, to begin to interrogate the molecular mechanisms by which 

SVEP1 influences VSMCs, we tested whether SVEP1 exposure could induce integrin 

signaling in VSMCs. We seeded cells to wells coated with bovine serum albumin (as an inert 

protein control), Vascular cell adhesion molecule 1 (VCAM-1, a low affinity integrin α9β1 

ligand), or SVEP1 (a high affinity integrin α9β1 ligand). Cells adherent to SVEP1 had 

increased phosphorylation of canonical integrin signaling kinases, such as focal adhesion 

kinase (FAK), Paxillin (Pax), and Src, as well as downstream MAPK kinases, ERK and p38 

(Fig. 5G), relative to an inert protein control. SVEP1CADrv had similar effects as SVEP1 on 

integrin signaling in VSMCs (fig. S5E). We then tested if SVEP1-induced proliferation was 

dependent on integrin α9β1. Since Itgα9 exclusively heterodimerizes with Itgβ1, we used 

siRNA knockdown of Itgα9 to disrupt integrin α9β1. The proliferative effect of SVEP1 was 

completely inhibited by knockdown of Itgα9 using two different siRNA constructs (Fig. 

5H), suggesting that integrin α9β1 is necessary for SVEP1-induced VSMC proliferation.

SVEP1 and SVEP1CADrv regulate key VSMC differentiation pathways

We sought to characterize the response of primary VSMCs to the wildtype SVEP1 and 

SVEP1CADrv proteins using an unbiased methodology. Cells were collected after 20 hours of 

growth on the indicated substrate and transcriptomic analysis was performed using RNA-

sequencing. Pathway and gene ontology analysis was used to determine the shared and 

unique transcriptional response to the SVEP1 variants. Consistent with previous findings, 

cell adhesion and proliferation-related pathways and terms were enriched in the shared 

transcripts of cells exposed to either SVEP1 variant. These include ECM-receptor 

interaction, focal adhesion, integrin-mediated signaling, positive regulation of cell 

proliferation, and proliferative and mitogenic pathways (Fig. 6A, B, table S1). A striking 

number of differentiation and development-related pathways and terms were also enriched in 

cells exposed to the SVEP1 variants. These include angiogenesis, cell differentiation, and 

wound healing, among others (Fig. 6A, B, table S1).

SVEP1 contains different and repeating domains that are known to play critical 

developmental roles and may therefore be governing the effects of SVEP1 on VSMCs. 

Further, although Svep1−/− and Itgα9−/− mice have similar phenotypes of edema and 

lymphatic defects (17, 21), the phenotype of Svep1−/− mice is markedly more severe [death 

by embryonic day 18.5 vs postnatal day 12 (38)], suggesting that ITGA9 may have partial 

redundancy with an additional receptor(s) for SVEP1. To search for evidence of additional 

domain interactions, we cross-referenced the transcriptional profile of VSMCs to the SVEP1 

variants with InterPro (39), a database of protein domains. In addition to integrin-related 
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domains, transcripts that code for EGF-like domain-containing proteins were highly 

differentially expressed in cells exposed to SVEP1 (Fig. 6C). Repeat EGF-like domains 

often interact, as occurs in Notch signaling, suggesting SVEP1’s repeat EGF-like domains 

may be playing an important, but as of yet undescribed role in the biological function of 

SVEP1 (39). Indeed, transcripts related to Notch signaling were dysregulated in cells 

exposed to SVEP1 (Fig. 6A).

As an orthogonal approach to interrogating SVEP1’s mechanisms and potential binding 

partners, we sought to identify homologues in distantly related species. The Drosophila 

protein, uninflatable, is a potential orthologue of SVEP1 (40) and contains a region defined 

by three ephrin-receptor like domains, followed by tandem EGF-repeats and a Laminin-G 

domain (41), mirroring a region of SVEP1 that contains a highly similar sequence of 

domains. Inhibition of uninflatable in Drosophila larvae results in defective tracheal 

development, analogous to the vascular defects observed in zebrafish Svep1 mutants (42, 

43). Uninflatable has been shown to bind and modulate Notch signaling in Drosophila (42, 

44, 45). These findings, in addition to the RNAseq analysis, led us to hypothesize that 

SVEP1 may also modulate Notch signaling. VSMCs express multiple Notch receptors (46), 

thus, we tested the impact of SVEP1 on Notch signaling in VSMCs. This was assessed by 

seeding VSMCs on tissue culture plates treated with SVEP1 or BSA (as an inert control 

protein) for 4 hours, since Notch signaling is highly temporally regulated (47). Cells grown 

on SVEP1 had increased expression of canonical Notch targets Hey2 and Hes1 even without 

overexpression of a Notch receptor (Fig. 6D). Conversely, primary VSMCs collected from 

Svep1SMC∆/∆ mice had decreased transcription of Notch target genes (Fig. 6E), supporting 

the regulation of Notch signaling by SVEP1. SVEP1-induced proliferation was also 

completely abrogated upon Notch inhibition by the γ-secretase inhibitor DAPT (Fig. 6F). It 

is possible that Notch and integrin receptors may cooperatively regulate the effects of 

SVEP1, similar to that reported on non-canonical ECM Notch regulators Microfibrillar-

associated protein 5 (MFAP5) and Epidermal growth factor-like protein 7 (EGFL7) (48).

Our experimental atherosclerosis models and Mendelian randomization analysis indicate 

that both SVEP1 variants are atherogenic, with SVEP1CADrv having the greater 

atherogenicity of the two. We therefore investigated the differential transcriptional responses 

of VSMCs to the SVEP1 variants. This analysis revealed that many proliferation-related 

pathways were disproportionately regulated by the variants (Fig. 6G, H, table S1). Further 

exploration identified differential expression of the fibroblast growth factor (FGF) receptor 

family between the variants. The FGFR family is also sub-categorized within several of the 

most differentially regulated pathways and terms. FGF signaling is proatherogenic in 

VSMCs (49), so we assessed the effect of each variant on the direction and magnitude of 

transcription of each FGF receptor expressed by VSMCs. Consistent with their relative 

atherogenicities, SVEP1 increased expression of FGF receptors but exposure to 

SVEP1CADrv resulted in higher expression of FGF receptors (Fig. 6I). These data suggest 

that increased FGF signaling may contribute to the increased CAD risk associated with 

SVEP1CADrv.

Given the fundamental role of integrin, Notch, and FGFR signaling in regulating VSMC 

phenotype, we assessed the effects of SVEP1 in response to oxLDL, an inflammatory 
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stimulus relevant to atherosclerosis. Upon oxLDL stimulation, both Svep1SMC+/+ and 

Svep1SMC∆/∆ VSMCs decreased the expression of contractile markers Myh11 and SMα-
actin (Fig. 6J), and increased expression of the inflammatory marker C-C motif chemokine 

ligand 2 (Ccl2) (Fig. 6K), confirming an inflammatory response to oxLDL. C-X-C motif 

chemokine ligand 1 (Cxcl1), interleukin-6 (Il-6), and Ccl2 expression was lower in 

Svep1SMC∆/∆ VSMCs than Svep1SMC+/+ controls, suggesting that SVEP1 may be a pro-

inflammatory stimulus in VSMCs under atherosclerotic conditions.

SVEP1 promotes inflammation in atherosclerosis

To investigate how the loss of Svep1 influences pathways involved in the development of 

atherosclerosis at the tissue level, we performed RNA-seq analyses on mRNA extracted 

from aortic arches of Svep1SMC+/+and Svep1SMC∆/∆ mice after 8 weeks of HFD. Loss of 

Svep1 in VSMCs altered inflammatory pathways upon induction of atherosclerosis, 

including cytokine-cytokine receptor interaction, chemokine signaling, and NF-kappa B 

signaling pathways (Fig. 7A). Both cell adhesion molecules (CAMs) and ECM-receptor 

interaction were also dysregulated in the atherosclerotic aortic arches from Svep1SMC∆/∆ 

(Fig. 7A, B and table S2). Quantitative PCR using cDNA from the aortic arches of the same 

mice was used to validate the RNA-seq results. Specifically, Ccl2, Spp1 (secreted 

phosphoprotein 1, also known as osteopontin), and Cxcl5 (C-X-C motif chemokine ligand 5) 

were decreased in Svep1SMC∆/∆ mice, as compared to Svep1SMC+/+ mice (fig. S6A). Despite 

these differences, we did not find a significant alteration in circulating inflammatory 

mediators in these mice, suggesting SVEP1 influences local tissue inflammation but not 

systemic inflammation (fig. S6B). These data are also consistent with our observations that 

Svep1 depletion decreases neointimal macrophage staining in atherosclerotic plaque.

Integrins play a critical role in the immune response, we therefore asked whether immune 

cells may also express integrin α9β1 and interact with SVEP1 in atherosclerosis. In human 

peripheral blood cells, moderate integrin α9β1 expression was detected by neutrophils and 

low expression was detected by CD14lowCD16+ non-classical, CD14highCD16+ 

intermediate, and CD14+CD16- classical monocytes (fig. S7A) as previously reported (50). 

Given that monocytes alter their expression profiles upon tissue entry and differentiation into 

macrophages (51), we sought to test if macrophages in atherosclerotic plaque express 

ITGA9. Indeed, ITGA9 expression was detected in CD68+ macrophages within human 

atherosclerotic plaque by in situ hybridization (fig. S7B).

We then sought to further assess the expression of integrin α9β1 expression in circulating 

murine leukocyte subsets. High expression of integrin α9β1 was detected in both Ly6Chi 

and Ly6Clow monocytes and we could detect low expression in neutrophils (Fig. 7C). These 

expression patterns were unaltered in heterozygous Svep1 deficiency (fig. S7C) and we did 

not observe an induction of integrin α9β1 expression upon oxLDL treatment in any cell type 

tested (fig. S7D, E). Considering that integrin α9β1 is expressed by monocyte subsets in 

peripheral mouse blood, we further analyzed its expression in myeloid cells from the aortas 

of Apoe−/− and Svep1+/−Apoe−/− mice following 8 weeks of HFD feeding. We discovered 

that integrin α9β1 was expressed in both macrophages and Ly6Chi monocytes of these mice 
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(Fig. 7D), consistent with human expression data. We similarly detected robust expression of 

Itgα9 by neointimal macrophages using in situ hybridization (Fig. 7E).

Since integrin α9β1 is expressed on monocytes/macrophages, we sought to better 

understand whether SVEP1 could be directly interacting with integrin α9β1 on these cells. 

To test this, we generated mice with myeloid cell lineage-specific knockout of Itgα9 using 

LysM-Cre (Itgα9flox/floxLysM-Cre, hereafter referred to as Itga9MAC∆/∆). Itga9+/+LysM-Cre 
mice (referred to as Itga9MAC+/+) served as controls. First, we confirmed that bone marrow-

derived macrophages from Itga9MAC∆/∆ animals had a reduction in the amount of integrin 

α9β1 that was present on the cell surface (Fig. 7F). We then tested the ability of peritoneal 

macrophages from these animals to migrate in response to SVEP1 using a trans-well 

migration assay. SVEP1 exposure induced a dose-dependent trans-well migration of 

macrophages from Itga9MAC+/+ control animals but not from Itga9MAC∆/∆ mice (Fig. 7G). 

This suggests that SVEP1 and integrin α9β1 may directly interact to augment myeloid cell 

homing or migration. Consistent with this, THP-1 cells, a human monocytic cell line, 

adhered to SVEP1 in a dose-dependent manner (fig. S7F). Integrin signaling was also 

activated in THP-1 cells upon exposure to SVEP1 or SVEP1CADrv and no differences were 

observed between the variants (fig. S7G).

To test if SVEP1 had similar effects on leukocytes in vivo, we performed an in vivo 

monocyte recruitment assay in Svep1SMC+/+ and Svep1SMC∆/∆ mice. After 8 weeks of HFD 

feeding, we injected yellow-green (YG) latex beads intravenously to label circulating 

Ly6Clow monocytes. Flow cytometry was performed three days after intravenous bead 

injection (to confirm labeling) and the aortic tissues were isolated for histology on the fourth 

day following bead injection (to assess recruitment). We confirmed that YG beads were 

preferentially labeled on Ly6Clow monocytes and not on Ly6Chigh monocytes, indicating 

efficient bead labeling of circulating monocytes (fig. S7H). We did not observe a difference 

between groups in the efficiency of bead labeling for monocyte subsets (fig. S7I). Next, we 

quantified the number of labeled monocytes recruited into atherosclerotic plaques of aortic 

roots using fluorescent microscopy. Svep1SMC∆/∆ mice had fewer YG beads per atheroma, 

with or without normalization to the percentage of labeled monocytes, relative to 

Svep1SMC+/+ mice (Fig. 7H). Taken together, these data support SVEP1’s role in promoting 

inflammation in atherosclerosis, either indirectly by promoting an inflammatory VSMC 

phenotype, directly by interacting with integrin α9β1 on circulating or tissue leukocytes, or 

a combination of these processes.

Discussion

Human genomic studies hold great promise in identifying therapeutic targets for disease 

(52), but a substantial limitation in translating their findings is the identification of specific 

causal genes that underlie the observed statistical associations. In a previous study, we 

identified a low-frequency polymorphism in SVEP1 that robustly associated with coronary 

artery disease risk in humans (11), but it was not clear if SVEP1 was the causal gene in the 

locus. Here, we present evidence that SVEP1 is causal in coronary artery disease using 

experimental mouse models and Mendelian randomization.
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Atherosclerosis is a complex, multifactorial disease process with numerous cell types 

playing a role in its pathogenesis. This presents an arduous challenge when validating 

genomic risk loci and testing their mechanisms. The SVEP1CADrv does not associate with 

changes in plasma lipid concentrations (11), prompting us to explore how SVEP1 might 

influence other aspects of disease pathogenesis. We used human and mouse expression data 

at the cell and tissue level to develop mechanistic hypotheses, which we then tested using in 

vivo and in vitro approaches. Specifically, high basal arterial expression of both SVEP1 and 

ITGA9, and increased SVEP1 expression under pathological conditions, led us to 

hypothesize that these proteins may influence local disease processes. Upon exposure to 

various pathologic stimuli, VSMCs can undergo a “phenotype shift”, in which they lose their 

quiescent, contractile properties and become migratory, proliferative, inflammatory, and 

synthetic (23, 53). VSMCs gain properties of matrix-synthesizing fibroblasts during 

atherosclerosis (54), making VSMCs our primary candidates for the source of SVEP1 within 

atherosclerotic plaque. In fact, consistent with prior reports which concluded that SVEP1 is 

not produced by endothelial or immune cells (21) ,we observed negligible Svep1 expression 

in the plaques of Svep1SMC∆/∆ animals. Thus, our results provide strong evidence that 

atherogenic SVEP1 is indeed synthesized by VSMC-derived cells within the atherosclerotic 

plaque.

Using two independent mouse models in which Svep1 was depleted either partially in all 

cells (Svep1SMC+/−) or fully in only VSMCs (Svep1SMC∆/∆), we demonstrated that depleting 

SVEP1 resulted in a significant reduction in the development of atherosclerotic plaque with 

a magnitude of effect similar to murine models of other CAD risk loci (54, 55). We then 

used expression of ITGA9 to identify disease-relevant cell types that may respond to 

SVEP1. This led to the hypothesis that SVEP1 may be interacting with VSMCs by an 

autocrine mechanism or monocytes by a paracrine mechanism to promote atherosclerosis. 

VSMCs play a particularly complex and intriguing role in atherosclerosis and warrant 

further discussion. Recent lineage tracing studies have challenged the notion that VSMCs 

play a protective role in atherosclerosis (23) by demonstrating that a large, heterogenous 

population of cells within plaque are derived from VSMCs (23, 53, 56). Furthermore, 

numerous CAD risk loci have now been linked to VSMCs (57). This study demonstrates that 

SVEP1 influences the behavior of VSMCs by regulating pathways with vital roles in VSMC 

biology. These pathways include integrin, Notch, and FGFR signaling, each of which has 

been shown to contribute to atherosclerosis (29, 49, 58, 59). Recent studies have provided 

novel insights into the regulation of VSMC phenotype in atherosclerosis by various 

transcription factors (54, 56, 60). The ECM also plays a fundamental role in regulating 

VSMC phenotype and is amenable to pharmacologic intervention. Current strategies for the 

treatment and prevention of CAD consist of lowering risk factors, such as plasma lipids, yet 

substantial residual risk remains despite effective treatment. Intervening on VSMCs may be 

a powerful complimentary approach to these traditional therapies.

In addition to its association with CAD, our Mendelian randomization results suggest that 

circulating SVEP1 causally underlies risk of hypertension and type 2 diabetes. Although the 

source of SVEP1 in human plasma is unknown, other ECM proteins have been detected in 

the circulation of patients with atherosclerosis, suggesting that plasma concentrations of 

these proteins may reflect tissue concentrations and atherosclerotic remodeling (61, 62). The 
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mechanisms by which the genetic variants used in the Mendelian randomization affect 

plasma SVEP1 are unclear. Two reasonable hypotheses include modification of protein 

secretion or degradation. Alternatively, it is possible that protein-modifying polymorphisms 

could alter the affinity of aptamer binding (and thus impact the estimated plasma protein 

concentrations). It is unlikely that altered aptamer binding is a major contributor, however, 

because differential plasma SVEP1 concentrations were observed using two independent 

aptamers and because the majority of genetic variants linked to altered plasma 

concentrations were not located in protein-coding DNA segments. Further studies will be 

required to determine the precise mechanisms by which these variants affect plasma protein 

concentrations. Regardless, the power of the two sample Mendelian randomization 

framework is that these alleles are allocated randomly at birth and are associated with 

plasma SVEP1 concentrations in the absence of disease, suggesting that the presence of 

disease is not driving altered SVEP1 concentrations, but rather that altered SVEP1 

expression is causally related to disease. This further suggests that circulating SVEP1 may 

be useful as a predictive biomarker.

Additional human genetic data support a broader role of SVEP1 in cardiometabolic disease. 

The alpha subunit of integrin α9β1, which binds to SVEP1 (14) with an affinity that far 

exceeds its other known ligands (63–66), is also associated with blood pressure in multiple 

studies (15, 16). Overexpression of disintegrin and metalloproteinase with thrombospondin 

motifs-7 (ADAMTS-7), another CAD risk locus, in primary rat VSMCs alters the molecular 

mass of SVEP1 (67). The overlapping disease associations and molecular interactions 

between these three risk loci converge on SVEP1 and point to a regulatory circuit with a 

prominent, yet unexplored role in cardiometabolic disease. Further studies will be required 

to validate their interactions and mechanisms in vivo, and to explore the potential of 

targeting this pathway for the treatment of cardiometabolic disease.

Our in vivo data were limited to the Apoe−/− mouse model and our functional studies were 

limited to VSMCs and myeloid cells. Additional confirmatory studies in other model 

systems and cell types are needed to further evaluate the therapeutic potential of targeting 

SVEP1. In addition, as SVEP1 is critical for development, we chose to deplete SVEP1 in 

our VSMC-specific model starting at 6 weeks of age and we do not know how long the 

protein is retained in the ECM. Finally, although VSMC-specific depletion of SVEP1 did 

not result in any obvious deleterious impact, we did not rigorously evaluate those animals 

for more subtle adverse effects.

Our complementary mouse models demonstrate that Svep1 haploinsufficiency and VSMC-

specific Svep1 deficiency significantly abrogate the development of atherosclerosis. Each 

intervention appeared to be well tolerated by mice, as we did not observe any adverse 

response to SVEP1 depletion. Similarly, our Mendelian randomization analyses suggest 

there may be a therapeutic window to safely target SVEP1. These findings suggest that 

targeting SVEP1 or selectively modulating its interactions may be a viable strategy for the 

treatment and prevention of coronary artery disease.
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Materials and Methods

Study design

We designed this study to experimentally determine if SVEP1 causally contributes to risk for 

atherosclerosis. We used primary tissues harvested from humans and mice to determine if 

SVEP1 was produced in tissues and cell types of relevance to atherosclerosis. We utilized 

Mendelian randomization to determine if SVEP1 is causally related to cardiovascular 

disease in humans. To study the mechanism by which SVEP1 may promote atherosclerosis, 

we performed animal studies in HFD fed Apoe−/− mice. The number of animals used in each 

study group are specified in the figure legends. The in vitro experimental data included in 

this manuscript are representative of multiple experimental outcomes. Experiments were not 

performed in a blinded fashion. All animal studies were performed according to procedures 

and protocols approved by the Animal Studies and Institutional Animal Care and Use 

Committees of the Washington University School of Medicine. All human research 

participants provided written informed consent for the studies described below which were 

conducted according to procedures and protocols approved by the Human Research 

Protection Office and Institutional Review Board of the Washington University School of 

Medicine.

Mice

Svep1+/− mice were made by KOMP (knockout mouse project), and these mice were then 

crossed with mice expressing the flippase FLP recombinase under the control of the 

promoter of the human actin beta gene (hATCB) to generate Svep1flox/flox (Svep1∆/∆) mice. 

CRISPR/Cas9 genome editing technology was used in collaboration with the Washington 

University School of Medicine Genome Engineering and Transgenic Micro-Injection Cores 

to generate Svep1G/G mice on a C57BL/6 background harboring the SVEP1 mutation at the 

homologous murine position (p.D2699G). Svep1+/− and Svep1G/G mice were crossed with 

Apoe−/− mice (#002052, Jackson Laboratory) to get Svep1+/−Apoe−/− and Svep1G/+Apoe−/− 

mice, which we maintained as breeders to generate experimental and control mice. We 

crossed Svep1∆/∆ mice with Myh11-CreERT2 (#019079, Jackson Laboratory) mice to 

generate Svep1∆/+Myh11-CreERT2 mice. Svep1∆/+Myh11-CreERT2 males were then 

crossed with Svep1∆/+ females to generate experimental Svep1∆/∆Myh11-CreERT2 and 

control Svep1+/+Myh11-CreERT2 male littermate mice. Finally, Svep1∆/∆Myh11-CreERT2 

males were crossed with Apoe−/− females. We maintained Svep1∆/+Myh11-CreERT2Apoe
−/− males and Svep1∆/+Apoe−/− females as breeders to generate experimental 

Svep1∆/∆Myh11-CreERT2Apoe−/− (Svep1SMC∆/∆) and control Myh11-CreERT2Apoe−/− 

(Svep1SMC+/+) mice. To activate Cre-recombinase, mice were injected intraperitoneally with 

1 mg of tamoxifen (#T5648, Sigma-Aldrich) in 0.1 mL peanut oil (#P2144, Sigma-Aldrich) 

for 10 consecutive days starting at 6 weeks of age. Tamoxifen treatment was performed with 

all experimental and control mice in an identical manner. Itgα9flox/flox (Itgα9∆/∆) mice were 

gifts from Drs. Dean Sheppard and Livingston Van De Water (Albany Medical College, New 

York), and LysM-Cre mice were provided from Dr. Babak Razani (Washington University 

School of Medicine, Saint Louis). We crossed Itgα9fl/fl mice with LysM-Cre mice, and 

maintained Itgα9fl/+LysM-Cre mice as breeders to generate Itgα9fl/flLysM-Cre 
(Itgα9MAC∆/∆) and control Itgα9+/+LysM-Cre (Itgα9MAC+/+) mice. All mice were housed in 
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a pathogen-free environment at the Washington University School of Medicine animal 

facility and maintained on a 12 hr light/12 hr dark cycle with a room temperature of 22 ± 

1°C. Table S3 lists primer information.

Statistical analysis

For animal model data, a two-group independent t-test, one-way analysis of variance 

(ANOVA), or two-way ANOVA were used, provided the data satisfied the Shapiro-Wilk 

normality test. Otherwise, the Mann-Whitney U test, Kruskal-Wallis one-way ANOVA test, 

and Friedman two-way ANOVA test were used. Bonferroni correction was used for post-hoc 

multiple comparison in ANOVA. Unless otherwise stated, cellular assays were analyzed by 

an unpaired, two-tailed, heteroscedastic t-test. Statistical analyses were performed with 

GraphPad Prism. Individual data points are reported in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SVEP1 is expressed by VSMCs under pathological conditions.
(A) Expression of SVEP1 in human aortic wall and LIMA cross-sections from patients using 

in situ hybridization (ISH).

(B) β-gal expression in the aortic root, BCA (brachiocephalic artery), LC (lesser curvature) 

from 8-week-old Svep1+/−Apoe−/− and Apoe−/− mice.

(C) Expression of Svep1 using ISH in the aortic root from young (8-week-old) CD-fed and 8 

weeks of HFD-fed Apoe−/− mice.

(D) Expression of Svep1 using ISH in the aortic root from Svep1SMC+/+ and Svep1SMC∆/∆ 

mice after 8 weeks of HFD feeding. Outlined areas indicate the regions magnified in the 

next panels. Tissues in (A-D) were co-stained with the VSMC marker, SMα-actin. Scale 

bars, 50 µm. M, media; L, lumen; P, plaque.

(E) Cd36 and Svep1 expression in primary VSMCs from Svep1SMC+/+ and Svep1SMC∆/∆ 

mice with or without the addition of oxLDL for 48 hr (n = 6–12/group, N = 2). Data were 
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analyzed with an unpaired nonparametric Mann-Whitney test. The bar graphs depict the 

mean ± SEM. ***P < 0.001; ****P < 0.0001.
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Fig. 2. Svep1 haploinsufficiency abrogates atherosclerosis.
(A) Body weight of Apoe−/− and Svep1+/−Apoe−/− mice during HFD feeding.

(B) Plasma total cholesterol, triglycerides, and glucose of mice after HFD feeding.

(C) En face Oil Red O-stained murine aortas. Outlined areas indicate the aortic arch regions 

magnified in left panels. Quantification of Oil Red O-stained area in each aortic arch and 

whole artery.

(D) Oil Red O-stained murine aortic root cross-sections. Quantification of Oil Red O-stained 

area. Scale bar, 500 µm.

(E) Mac3 staining in murine aortic root sections. Quantification of Mac3 as a percentage of 

plaque area. Scale bar, 200 µm. M, media; L, lumen; P, plaque. n = 7–17/group (A-E). Data 

were analyzed with a one-way ANOVA (A) or unpaired nonparametric Mann-Whitney test 

(B-E). The bar graphs depict the mean ± SEM. *P < 0.05; **P < 0.01; NS, not significant.
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Fig. 3. VSMC-specific Svep1 deficiency reduces atherosclerosis and plaque complexity.
(A) Body weight of Svep1SMC+/+ and Svep1SMC∆/∆ mice during HFD feeding.

(B) Total plasma cholesterol, triglycerides, and glucose in mice.

(C) En face Oil Red O-stained murine aortas. Outlined areas indicate the aortic arch regions 

magnified in left panels. Quantification of Oil Red O-stained area in each aortic arch and 

whole artery.

(D) Oil Red O-stained murine aortic root cross-sections. Quantification of Oil Red O-stained 

area. Scale bar, 500 µm.

(E) Mac3 staining of murine aortic roots. Quantification of Mac3 as a percentage of plaque 

area.
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(F) Necrotic core of murine aortic roots outlined on H&E-stained sections. Quantification of 

necrotic core as a percentage of plaque area.

(G) Collagen staining of murine aortic roots using Masson’s trichrome stain. Quantification 

of collagen as a percentage of plaque area. Scale bars, 200 µm. M, media; L, lumen; P, 

plaque. n = 13–15/group (A- D) or 8–9/group (E-G). Data were analyzed with a one-way 

ANOVA (A) or unpaired nonparametric Mann-Whitney test (B-G). The bar graphs depict 

the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

Jung et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2021 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Plasma SVEP1 is causally related to CAD in humans.
(A) The effect of the CAD-associated SVEP1 p.D2702G allele on plasma SVEP1 expression 

in humans. Effect refers to the change per alternative allele (2702G) in units of normalized 

protein concentration after adjusting for covariates as previously described (26).

(B) Genome-wide Manhattan plot for variants associated with plasma SVEP1 in humans. 

The –log10(P) of the association with SVEP1 concentration is plotted for each variant across 

the genome according to chromosomal position (X-axis). The red line indicates genome-

wide significance (P < 5 × 10−8). The association peak on chromosome 9 overlies the 

SVEP1 locus.

(C) Estimated effect (with 95% confidence intervals) of each variant included in the 

Mendelian randomization analysis on plasma SVEP1 expression and CAD risk. The red line 

indicates the causal effect estimate (P = 7 × 10−11).

(D) The estimated causal effect (with 95% confidence intervals) of each SNP included in the 

Mendelian randomization analysis for a one unit increase in SVEP1 concentration is plotted 

along with the overall summary estimate from the causal analysis.
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Fig. 5. SVEP1 induces Itgα9-dependent proliferation in VSMCs.
(A) ITGA9 expression in human aortic wall and LIMA cross-sections from patients using 

ISH. M, media; L, lumen.

(B) Expression of Itgα9 in the aortic root from 8-week-old Svep1SMC+/+ and Svep1SMC∆/∆ 

mice using ISH. Outlined areas indicate the regions magnified in the next panels. Scale bar, 

50 µm.

(C) MCM-2 immunofluorescent staining of aortic root regions from Svep1SMC+/+ and 

Svep1SMC∆/∆ mice after 8 weeks of HFD feeding. Yellow arrows indicate MCM-2+/SMα-

actin+ cells within plaque. Quantification of MCM-2+/SMα-actin+ cells (n = 13–15/group). 

Scale bars = 50 µm. Tissues in (A-C) were co-stained with the VSMC marker, SMα-actin.

(D) Adhesion of murine VSMCs to increasing concentrations of immobilized SVEP1. 

Adhered cells were counted manually and normalized to wells lacking SVEP1.

(E) Proliferation of murine VSMCs in response to increasing concentrations of immobilized 

SVEP1 and SVEP1CADrv using a BrdU incorporation assay.

(F) Svep1SMC∆/∆ murine VSMCs were incubated in wells precoated with 30 µg ml−1 SVEP1 

protein or BSA (as vehicle control) and treated with or without 50 µg ml−1 oxLDL in the 

culture media for 36 hr. Proliferation was determined by BrdU incorporation.

(G) Immunoblots of integrin signaling kinases and downstream kinases of murine VSMCs 

adhered to control, VCAM-1, or SVEP1-treated plates. β-actin was used as loading control.
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(H) Murine VSMCs were transfected with control or Itga9-targetted siRNAs and grown on 

immobilized SVEP1 or BSA. Proliferation was determined by BrdU incorporation. n = 4–

12/group; N = 2–3 for D-H. Data were analyzed using an unpaired nonparametric Mann-

Whitney test (C) or a two-tailed t-test (F and H). The bar graphs depict the mean ± SEM. *P 
< 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6. SVEP1 modulates key VSMC-developmental pathways.
(A-C) Common transcriptional response of murine VSMCs to SVEP1 and SVEP1CADrv 

proteins. Dysregulated (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, 

(B) Gene Ontoloty (GO) term molecular functions, and (C) InterPro domains. Top 5 

dysregulated categories plus additional, select categories are included. Full results are 

available in table S1. Bars represent -log10 of P values (n = 4/group).

(D) Transcription of canonical Notch target genes in murine VSMCs after 4 hours of 

adhesion to SVEP1, relative to BSA.

(E) Basal transcription of Notch target genes in Svep1SMC+/+ and Svep1SMC∆/∆ murine 

VSMCs.

(F) Proliferation of murine VSMCs in response to immobilized SVEP1. Cells were treated 

with DMSO (carrier) or 25 µM DAPT. Proliferation was determined by BrdU incorporation. 

n = 3–6/group; N = 2–3 for D-F.
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(G-H) Differential transcriptional response of murine VSMCs to SVEP1 and SVEP1CADrv 

proteins. Dysregulated (G) KEGG pathways, and (H) GO term molecular functions. Top 5 

dysregulated categories plus additional, select categories are included. Full results are 

available in table S1. Bars represent -log10 of P values.

(I) Bar graph of Fgfr transcript counts from murine VSMC RNAseq. Each transcript is 

normalized to the BSA control group. n = 4/group for G-I.

(J, K) qPCR of (J) VSMC markers, and (K) inflammatory markers of murine VSMC 

cultured with or without 50 µg ml−1 oxLDL for 24 hr (n = 4–6/group; N = 2). Data were 

analyzed using a two-tailed t-test (D-F and I-K). The bar graphs depict the mean ± SEM. *P 
< 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. SVEP1 promotes inflammation in atherosclerosis.
(A-B) Differential transcriptional profile of atherosclerotic aortic arches from Svep1SMC+/+ 

and Svep1SMC∆/∆ mice. Dysregulated (A) KEGG pathways, and (B) GO term molecular 

functions. Top 5 dysregulated categories plus additional, select categories are included. Full 

results are available in table S2. Bars represent -log10 of P values (n = 3–4/group).

(C) Histogram for Itgα9β1 expression in mouse blood neutrophils (CD11b+Ly6G+), 

Ly6Clow (CD11b+Ly6Clow), and Ly6Chigh (CD11b+Ly6Chigh) monocytes from Svep1SMC+/+ 

and Svep1SMC∆/∆ mice after 8 weeks of HFD.

(D) Histogram of Itgα9β1 expression in the subpopulations of aortic leukocytes. 

Macrophages (CD64+CD11b+), DCs (CD11c+MHCIIhigh), neutrophils (CD11b+Ly6G+), 

and Ly6Chigh (CD11b+Ly6Chigh) monocytes from Apoe−/− and Svep1+/−Apoe−/− mice after 

8 weeks of HFD (n = 3–4/group; N = 3).
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(E) Expression of Itga9 in the aortic roots from Svep1SMC+/+ and Svep1SMC∆/∆ mice using 

ISH after 8 weeks of HFD. Tissues were co-stained for Mac3 and SMα-actin. Scale bars, 50 

µm.

(F) Expression of Integrin alpha-9 in BMDM from Itgα9MAC+/+ and Itgα9MAC∆/∆ mice (n = 
3/group; N = 3).

(G) Migratory response of thioglycolate-elicited murine macrophages from Itgα9MAC+/+ 

and Itgα9MAC∆/∆ were determined using a chemotaxis chamber incubated with 0, 50, and 

200 ng ml−1 of SVEP1 protein. Migrated cells were counted by an automated microscope 

and expressed as cells per field of view (n = 4/group; N = 2).

(H) In vivo monocyte recruitment assay. YG-bead uptake within plaque lesion in the aortic 

root regions from Svep1SMC+/+ and Svep1SMC∆/∆ mice. Quantification of YG-bead uptake 

showing the total number of YG-beads per section (left Y axis), and the number of YG-

beads normalized to the percentage of labeled Ly6Clow monocytes (right Y axis) (n = 6–7/

group). Scale bar, 50 µm. Data were analyzed using two-tailed t-test (G) or unpaired 

nonparametric Mann-Whitney test (H). The bar graphs depict the mean ± SEM. *P ≤ 0.05; 

**P < 0.01.
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