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Abstract

Objective—Stress granules (SG) are dynamic cytoplasmic aggregates containing mRNA, RNA-

binding proteins and translation factors that form in response to cellular stress. SG have been 

shown to contribute to the pathogenesis of several human diseases, but their role in vascular 

diseases is unknown. This study shows SG accumulate in vascular smooth muscle cells (VSMC) 

and macrophages during atherosclerosis.

Approach and Results—Immunohistochemical analysis of atherosclerotic plaques from LDLR
−/− mice revealed an increase in the stress granule-specific markers Ras‐GTPase‐activating protein 

SH3 domain‐binding protein (G3BP) and Poly-A-Binding Protein (PABP) in intimal macrophages 

and smooth muscle cells that correlated with disease progression. In vitro, PABP+ and G3BP+ 

stress granules were rapidly induced in VSMC and bone marrow derived macrophages in response 

to atherosclerotic stimuli, including oxidized low density lipoprotein and mediators of 

mitochondrial or oxidative stress. We observed an increase in eIF2α phosphorylation, a requisite 

for stress granule formation, in cells exposed to these stimuli. Interestingly, SG formation, PABP 

expression, and eIF2α phosphorylation in VSMCs is reversed by treatment with the anti-

inflammatory cytokine interleukin-19. Microtubule inhibitors reduced stress granule accumulation 

in VSMC, suggesting cytoskeletal regulation of stress granule formation. SG formation in VSMCs 

was also observed in other vascular disease pathologies, including vascular restenosis. Reduction 

of SG component G3PB1 by siRNA significantly altered expression profiles of inflammatory, 

apoptotic, and proliferative genes.

Conclusions—These results indicate that SG formation is a common feature of the vascular 

response to injury and disease, and that modification of inflammation reduces stress granule 

formation in VSMC.
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Introduction:

Cardiovascular disease is the leading cause of death worldwide, with vascular diseases in 

particular accounting for two-thirds of all cardiovascular disease-related mortalities1. Many 

vascular diseases such as atherosclerosis are pro-inflammatory in etiology2. In addition to 

immune cells, vascular smooth muscle cells (VSMCs) respond to inflammatory stimuli and 

synthesize pro-inflammatory modulators which further propagate VSMC activation and the 

recruitment of leukocytes to the atherosclerotic lesion3–6, resulting in localized inflammation 

and plaque. Indeed, recent studies have suggested that a majority of the cells in 

atherosclerotic lesions are SMC-derived7. Therefore, a better understanding of mechanisms 

that modulate the VSMC response to injury is key to development of therapeutics to combat 

multiple vascular diseases. The recent CANTOS trial provided the first-in-human evidence 

that targeting inflammation (by inhibiting interleukin-1β) prevented cardiovascular events in 

patients with residual inflammatory risk, without additional lipid lowering8. This supports 

the targeting of inflammatory components in vascular disease as a potential area of 

intervention.

Initiation and resolution of inflammation is a dynamic and tightly regulated process. The 

post-transcriptional regulation of mRNA stability and translation provides a mechanism by 

which VSMC can rapidly respond to inflammatory stimuli. RNA binding proteins can bind 

to AU-rich elements (AREs) in the 3’UTR of mammalian mRNAs to regulate transcript 

processing9,10. Notably, many inflammatory cytokine mRNAs contain conserved or semi-

conserved AU-rich elements in their 3’UTR, imparting target specificity for a potential anti-

inflammatory modality9. Under various forms of stress or drug-induced inhibition of 

translation, mRNAs stalled at a step in translation initiation assemble to form cytoplasmic 

structures called stress granules (SG). Stress granules are ribonucleoprotein complexes that 

contain stalled translation initiation complexes as well as mRNA. RNA-binding proteins 

such as HuR, TIA-1, and TTP, and translation initiation factors such as eIF4E, eIF4G, 

eIF4A, and eIF4B co-localize in SG11,12. The protein and RNA composition of stress 

granules suggests that processing of ARE-containing inflammatory transcripts likely occurs 

there. Controlling mRNA decay allows the cell to fine-tune mRNA abundance and 

translation for rapid adaptation to environmental conditions, especially inflammation11, and 

it has been posited that SG formation represents a “decision point” in the cell’s response to 

stress11. Several studies have suggested that transient SG formation is a cytoprotective 

response, whereas chronic appearance of SG is indicative of prolonged translational 

repression, with associated detrimental cellular effects. Indeed, prolonged SG assembly is 

recognized as a distinguishing cellular feature of Alzheimer’s disease13. Given the chronic 

nature of many vascular diseases, and atherosclerosis in particular, we hypothesized that SG 

formation occurs and may participate in the vascular response to injury.

Presently, the role of SG in vascular tissue, and their association with vascular diseases such 

as atherosclerosis, are poorly understood. Using an unbiased Mass-SPEC-based proteomic 

approach designed to identify proteins involved in RNA processing in VSMC, our lab 

identified 15 of 18 candidate proteins as SG components14. We hypothesized that 

atherogenic stimuli can induce SG formation in VSMC, and that the appearance and 

abundance of these structures is associated with disease progression. In this study we report 
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that SGs are induced in a time-dependent fashion in VSMC and macrophages in mouse 

models of vascular disease. SG components are increased in coronary artery from failing 

compared with non-failing human heart. In vitro modeling of atherosclerotic plaque VSMCs 

and macrophages showed that SG are rapidly induced in response to oxLDL stimulation and 

oxidative stress. Notably, stress granule formation in VSMCs could be reversed by treatment 

with the anti-inflammatory cytokine IL-19, which we had previously identified as a regulator 

of inflammatory cytokine mRNAs and HuR in VSMCs. Together, these results suggest that 

stress granule formation represents a vascular response to inflammation, and that 

modification of inflammation reduces SG formation. Stress granule formation may function 

as a marker and potentially a cellular decision point in the progression of such diseases.

Material and Methods

The authors declare that all supporting data are available within the article [and its online 

supplementary files].

VSMC Culture.

Primary human coronary artery vascular smooth muscle cells were obtained as 

cryopreserved secondary culture from LifeLine Cell Technology from a male individual 

which are utilized due to consistency with previous studies14–16(Frederick, MD) and 

maintained as we described17,18. Cells were used from passage 3–5. To induce SG 

formation, 20μM clotrimazole (Sigma-Aldrich, Allentown, PA) was added in serum-free 

media directly to VSMCs for 45 minutes, at which time cells were washed with PBS, fixed, 

and stained as detailed in the immunohistochemistry methods. For OxLDL (Kalen 

Biomedical, LLC, Germantown, MD) treatment, VSMC were serum-starved in 2% FBS 

media prior to stimulation with 50μg/ml for 24 hours unless indicated otherwise. For IL-19 

(Peprotech, Inc., Rocky Hill, NJ) treatment, we stimulated with 100ng/ml of human 

recombinant IL-19 for the times indicated. For calpain inhibition, VSMC were pre-treated 

with 100 μmol/L zLLal (Biomol Research Laboratories, cat# BML-PI116, Farmingdale, 

NY) for 30 minutes prior to stimulation. For Proliferation, HVSMCs were transfected with 

G3BP1 siRNA or scrambled control siRNA for 48h. Cells were seeded at 10,000 cells/well 

and counted at days 3 and 7 as described 17.

PCR Array.

Gene expression in hVSMCs transfected with G3BP1 siRNA or scrambled control was 

performed using the RT2 Profiler™ PCR Array Human Atherosclerosis, catalog # 

PAHS-038Z from Qiagen (Hilden, Germany) as described by the manufacturer. The results 

are graphed as SD from independent experiments. Primer sequences for RT-PCR are 

presented in Supplemental Materials Table 1.

BMDM isolation and treatment.

Bone marrow derived macrophages were isolated from the tibiae and femorae of C57BL/6J 

mice, both male and female, and differentiated in DMEM supplemented with 20% L929-

conditioned medium, 10% FBS and 1% penicillin-streptomycin for 5 days. BMDMs were 

incubated with 500 μM sodium arsenite (S7400, Sigma Inc., Cambridge, MA) for 30 
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minutes, or with 50 μg/mL of OxLDL (J65591, ThermoFisher Scientific, Waltham, MA) or 

aggregated LDL (J65039, ThermoFisher Scientific, Waltham, MA) for 24 hours.

Mice.

All mouse experiments were approved by the Institutional Animal Care and Use Committees 

of Temple University and New York University Medical Center. For all animals, food and 

water access is ad libitum, the facility uses a 12-hour light/12-hour dark cycle, and the cage 

bedding is Bed-o’-cob 1/8” made by Anderson’s Lab Bedding. LDLR−/− mice on the 

C57BL/6J background were purchased from The Jackson Laboratory (Stock number 

002207) and both male and female mice were used. Ligated mouse carotid arteries, aortic 

arch plaques from LDLR−/− mice fed western diet for 0, 5, 10, and 14 weeks, and human 

coronary arteries were collected as part of studies described previously19,20. Briefly, mice 

were housed in an AAALAC-approved facility and maintained on a normal laboratory diet 

until study commencement. Mice of both sexes were entered in the study in accordance with 

Robinet et al21., and at 8 weeks of age normal laboratory diet (TestDiet’s “PicoLab Rodent 

Diet 20, composed of 20% protein, catalog #5053 from Animal Specialties and Provisions) 

was replaced with a Western diet (42% fat, 0.2% cholesterol, Harlan Western diet TD.

88137) as part of a study described in Ellison et. al and Ray et. al16,19. The partial ligation 

model of injury was performed as part of a study we described in Ellison et. al22. Briefly, 

mice were anesthetized by injection of ketamine and xylazine. The left common carotid 

artery was dissected and ligated near the bifurcation. After 28 days, mice were euthanized 

and tissue was prepared for immunohistochemistry (IHC) and morphological analysis. 

Severity of hyperplasia is known to be strain dependent, and the C57BL/6 develops a more 

limited, intimal hyperplasia in response to carotid ligation23,24. For analysis of 

atherosclerosis in the aortic root, LDLR−/− mice were fed western diet (21% [wt/wt] fat, 

0.3% cholesterol; Research Diets) for 8, 12, or 16 weeks. At sacrifice, mice were 

anaesthetized with isoflurane and exsanguinated by cardiac puncture, perfused with PBS, 

followed by 10% sucrose in PBS. Aortic roots were embedded in OCT medium and frozen 

immediately for subsequent sectioning and staining. All animal models of vascular disease 

adhered to the guidelines for experimental atherosclerosis as described in Daugherty et al25.

Atherosclerosis analysis.

Hearts embedded in OCT were sectioned through the aortic root (6 μm) and stained with Oil 

Red O for lesion quantification using 6 sections per mouse, spanning the entire aortic root26. 

Lesion area was quantified by digital imaging system using ImageJ software. 

Immunofluorescence staining for CD68 (MCA1957, rat anti-mouse Bio-Rad Laboratories 

Inc., Hercules, CA), smooth muscle cell α-actin (53–9760-82, ThermoFisher Scientific, 

Waltham, MA) and G3BP (ab181150, Abcam Inc., Cambridge, MA) were performed on 

frozen atherosclerotic sections as previously described27. Briefly, after 4% PFA fixation, 

sections were incubated with a serum-free protein blocker solution (Agilent Technologies, 

Santa Clara, CA) for 1 hour, followed by an overnight incubation with primary antibodies in 

1% BSA and 5% goat serum in PBS. Tissues were incubated with appropriate fluorescent 

labeled secondary antibodies, followed by DAPI (D9542, Sigma Inc., Cambridge, MA) 

nuclear stain. The sections were imaged on a Leica SP5 microscope and the ImageJ plug-in 
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Analyze Particles was used to count the number of SGs in the aortic root. Measurements 

were conducted on 6 mice per group under blinded conditions.

Immunofluorescent staining and SG quantitation.

SGs were measured by the program StarSearch (Java program from University of 

Pennsylvania) and ImageJ as described in previous studies28,29. For cultured cells, the 

number of SG-bearing cells was quantified using the ImageJ software. IF images were 

randomly taken with a 20× and 40× objective lens in 10–20 different fields. The ImageJ 

plug-in “Analyze particles” was used to count the number of SGs in 40–50 cells per 

condition. Additionally, we used Star Search to confirm ImageJ results. Positive 

identification of SG formation was considered to be cytoplasmic punctate immunoreactivity 

for accepted SG marker proteins, including PABP and G3BP112. Immunostaining procedure 

was followed as outlined in Kedersha and Anderson, 200712. Immunofluorescent staining 

was performed on formalin fixed paraffin embedded tissue. Briefly, tissue was fixed in 10% 

neutral buffered formalin, embedded in paraffin, sectioned at 5um, deparaffinized in xylene 

and rehydrated through graded ethanols. Heat induced antigen unmasking was performed. 

Tissue sections were blocked with 5% donkey serum followed by primary antibodies; FXR1, 

PABP, G3BP1, smooth muscle cell α actin (SMC α actin), and HUR (all Abcam Inc., 

Cambridge, MA). Then tissues were incubated with appropriate fluorescently labeled 

(ALEXA FLUOR 488 – green and 568 – red) secondary antibodies, followed by DAPI (all 

Life Technologies Corp., Carlsbad, CA) nuclear stain.

Western blotting and protein determination.

Human VSMC extracts were prepared as described 17,19,30. Membranes were incubated with 

a 1:5000–9000 dilution of primary antibody, and a 1:5000 dilution of secondary antibody. 

Antibodies to G3BP1, eIF2a, p-eIF2a from AbCam. HSP70, HSP90 and tubulin were from 

Santa Cruz Biotechnology (Dallas, TX, USA). Reactive proteins were visualized using 

enhanced chemiluminescence (Amersham, Piscataway, NJ, USA) according to 

manufacturer’s instructions. Relative intensity of bands was quantitated by scanning image 

analysis and the Image J densitometry program and normalized to internal control proteins 

(HSP90 or tubulin).

Statistical Analysis.

The normality of distribution was tested with the D’Agostino-Pearson (omnibus K2) and 

Kolmogorov-Smirnov tests implemented in Prism statistical software (GraphPad, La Jolla, 

CA). Statistical significance between two groups was evaluated with a two-tailed Student’s 

t-test with Welch’s correction to determine equal variance. For multiple group comparisons, 

one-way analysis of variance (ANOVA) followed by Dunn’s multiple comparison test for 

non-parametric data and Tukey’s multiple comparison test for parametric data were 

performed. Results are expressed as mean ± SEM. Significance was accepted at the level of 

P ≤ 0.05. All experiments using cultured cells were performed in triplicate, from at least 

three independent experiments.
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Results

Stress granule formation correlates with atherosclerosis progression.

Atherosclerosis results from chronic inflammation in the artery wall, and several forms of 

cellular stress can drive its progression, including oxidative, mitochondrial, endoplasmic 

reticular and hemodynamic stresses. To determine whether stress granules accumulate in 

cells in the developing atherosclerotic lesion, we fed atherosclerosis-prone LDLR−/− mice a 

western diet (WD) for 0, 8, 12, and 16 weeks. We performed co-immunostaining for the 

stress granule-specific marker Ras‐GTPase‐activating protein SH3 domain‐binding protein 

(G3BP1) and smooth muscle cell (alpha actin) and macrophage (CD68) markers in cross-

sections of the aortic root. While there was little G3BP1 expression in the healthy aortic 

root, we found that G3BP1 accumulated in VSMC and macrophages in atherosclerotic 

plaques (Figure 1A). G3BP1 expression increased with plaque progression and was 

significantly upregulated after 12 and 16 weeks of western diet feeding (Figure 1B–C). To 

examine atherosclerosis in other sites in the aorta, we stained plaques in the aortic arch of 

LDLR−/− mice fed WD for up to 14 weeks. Similar to our findings in aortic root plaques, we 

observed cumulative staining of the stress granule-specific marker Poly-A Binding Protein 

(PABP) with atherosclerosis progression (Supplemental Data Figure I and II). Co-

localization of PABP and smooth muscle cells showed that PABP expression was increased 

specifically in the synthetic intima and cap layer of smooth muscle cells juxtaposed to the 

plaque, as compared to the quiescent and contractile medial smooth muscle cells in these 

lesions. Together, these data indicate that stress granule formation correlates with 

atherosclerotic vascular disease progression.

Stress granules form in VSMC in response to mitochondrial and oxidative stress

To understand the mechanisms of stress granule formation in VSMCs during atherosclerosis, 

we measured the accumulation of stress granule components including PABP and the RBPs 

HuR and FXR112 in response to various stimuli. In unstimulated human VSMC, we 

observed diffuse, cytoplasmic PABP and FXR1 staining, and nuclear HuR staining (Figure 

2A), consistent with the appearance of VSMC in the healthy aorta. Treatment of VSMCs 

with a known inducer of mitochondrial stress, clotrimazole, induced the co-localization of 

PABP, HuR, and FXR1 in cytoplasmic punctae (Fig 2A). Quantification of PABP+ punctae 

revealed that clotrimazole induced a 4-fold increase in the number of stress granules per cell, 

compared to control VSMC (Fig 2B). The SG inducer arsenite also induced SG formation in 

VSMC (Supplemental Data IIIB). As an independent measure of stress granules, we assayed 

phosphorylation of eIF2α, which signals ER stress and correlates with stress granule 

formation. Consistent with the increase in PABP+ puncta in VSMC treated with 

clotrimazole, we also observed an increase in eIF2α phosphorylation in these cells by 

Western blotting (Fig. 2C). Compared to control VSMC, there was a significant increase in 

the ratio to phospho-eIF2α to total eIF2α protein in clotrimazole-treated VSMC (Figure 

2C).

As oxidized forms of LDL (oxLDL) accumulate in the artery wall during atherosclerosis, we 

next tested whether oxLDL could stimulate the formation of stress granules in human 

VSMCs. While not as robust as clotrimazole, oxLDL treatment induced the accumulation of 

Herman et al. Page 6

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both PABP (Fig. 3A–B) and G3BP1 (Fig. 3C) in VSMCs, as measured by immunostaining 

and western blotting, respectively. Interestingly, in oxLDL-stimulated VSMC, stress granule 

localization was predominantly perinuclear or in cytoplasmic lamellae, whereas clotrimazole 

induced both perinuclear and cytoplasmic punctate staining. Furthermore, consistent with 

the observed increase in PABP+ granules and G3BP1 accumulation in VSMC exposed to 

oxLDL, we observed an increase in the ratio to phospho-eIF2α to total eIF2α protein in 

oxLDL-treated VSMC compared to control VSMC, as measured by western blotting (Fig. 

3D). Previous studies from our laboratory have shown that the anti-inflammatory cytokine 

IL-19 has important inhibitory effects on development of atherosclerosis, restenosis, and the 

VSMC response to inflammatory stimuli14–16,19,31. IL-19 significantly reduced both 

oxLDL-driven SG formation and eIF2α phosphorylation in VSMC (Figure 3E). This 

suggests a link between SG formation and atherogenic stimuli.

Stress granules form in macrophages in response to cholesterol loading and oxidative 
stress

During atherogenesis, monocytes are recruited into the arterial intima to clear accumulated 

lipoproteins. Macrophage uptake of oxLDL is thought to be a key event in the formation of 

cholesterol-loaded macrophage foam cells in the plaque. To test whether oxLDL induces 

stress granule formation in macrophages as well as VSMC, we treated bone marrow derived 

macrophages (BMDM) with oxLDL for 24h. While there was little detectable staining for 

G3BP1 in untreated BMDM, upon treatment with oxLDL G3BP1 accumulated in 

cytoplasmic puncta (Fig. 4A). Furthermore, oxLDL treatment of BMDM induced an 

increase in G3BP1 protein as measured by western blotting (Fig. 4B). To understand 

whether the observed increase in stress granule formation was result of oxidative stress 

induced by prolonged exposure to oxLDL or a result of cholesterol loading of the 

macrophages, we treated BMDMs with arsenite as an inducer of oxidative stress or 

aggregated LDL as an alternative means of cholesterol loading. Importantly, both arsenite 

and aggregated LDL treatment of macrophages increased the accumulation of G3BP1 

punctae as measured by immunostaining (Fig. 4A). Furthermore, western blotting showed 

that oxLDL and aggregated LDL increased macrophage G3BP1 protein levels to a similar 

extent (Fig. 4B–C). These data suggest that multiple cellular stresses present in 

atherosclerotic plaques, including oxidative stress and cholesterol loading, may contribute to 

stress granule formation in macrophage foam cells.

SG are increased in VSMC in vascular proliferative syndromes

To understand whether stress granules are formed in VSMC in other vascular pathologies, 

we next examined vascular restenosis, a disease of VSMC proliferation and migration that 

results from a maladaptive response to mechanical injury and cellular stress. We used a 

mouse carotid artery ligation model, which leads to VSMC migration and proliferation, and 

results in a neointima consisting of synthetic VSMCs22. Consistent with our findings in the 

healthy aortic arch and aortic root (Figure 1, Supplemental Figures. I, II), we observed little 

PABP immunoreactivity in unligated control mouse carotid arteries (Figure 5A). In contrast, 

following carotid artery ligation, there was a marked increase in PABP staining that 

localized to alpha actin-expressing VSMCs (Figure 5A–B). Importantly, PABP 

immunoreactivity was almost exclusively found in synthetic, neointimal VSMC compared to 
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the medial, quiescent VSMCs (Figure 5A), suggesting that stress granule formation is 

associated with the VSMC response to injury.

To translate these findings to human disease states, we stained coronary arteries from control 

and failing human hearts for PABP and alpha smooth muscle actin. A small, but detectable 

amount of PABP staining was observed in coronary arteries from non-diseased human hearts 

(Figure 5C). In contrast, coronary artery neointimal SMC from failing human hearts 

demonstrated significantly more PABP that co-localized with alpha smooth muscle actin 

staining (Figures 5C,D). Although it is difficult to detect punctate staining in formalin-fixed, 

paraffin embedded tissue, the increase in PABP accumulation in VSMC is consistent with 

stress granule formation in the failing heart, and is in agreement with our findings of stress 

granule formation in response to vascular injury in mouse models of atherosclerosis and 

restenosis.

Inhibiting VSMC cytoskeletal regulation and inflammation reduces stress granule 
formation

Studies have revealed a key role for microtubules in active transport and localization of 

stress granule components upon stressful stimuli, as well as participation in the nucleation 

and growth of the granule32. Calpain expression and function in particular are associated 

with vascular degenerative diseases, and calpain inhibitors are known to disturb 

microtubular dynamics and inhibition of calpain has anti-inflammatory effects in 

cardiovascular diseases33,34. To test whether cytoskeletal function may be critical for the 

formation of functional stress granules in VSMCs, we treated human VSMCs with the 

calpain inhibitor zLLal prior to treatment with clotrimazole. Compared to VSMCs treated 

with clotrimazole alone, cells treated with zLLal + clotrimazole showed a marked reduction 

in the number of stress granules per cell (Figure 6A and Supplemental Figure IIIA). Similar 

results were obtained with the SG inducer arsenite (Supplemental Figure IIIB). These 

findings point to a critical role of cytoskeletal regulation in the formation of stress granules 

in VSMCs. Considering clotrimazole is a potent SG inducer, we next treated human VSMCs 

with IL-19 prior to addition of clotrimazole. Pretreatment with IL-19 for 8 or 24 hours 

significantly reduced clotrimazole-induced accumulation of PABP, HuR and FXR1 staining 

in cytoplasmic puncta (Figure 6B,C). Quantification of PABP puncta showed a time-

dependent effect of IL-19 treatment on reduction of stress granule formation in VSMC 

(Figure 6C). Furthermore, IL-19 pre-treatment significantly reduced the phosphorylation of 

eIF2α in VSMCs treated with clotrimazole as determined by western blotting (Figures 6D). 

Together, these data suggest that SG formation is linked with the inflammatory state of the 

cell, and the anti-inflammatory cytokine IL-19 can reduce VSMC stress granule formation.

The loss of G3BP1 in hVSMC reduces SG formation and alters the VSMC stress response.

G3BP1 is considered a required component for normal stress granule assembly and 

importantly, recently identified as a master regulatory gene for CAD35,36. G3BP1 has been 

studied in numerous stress granule induction systems, but nothing has been reported 

regarding G3BP1 function in VSMC. To determine a functional role for SG in VSMC, 

human VSMC were transfected with G3BP1 or scrambled control siRNA, then challenged 

with clotrimazole. SG were quantitated by punctate PABP immunohistochemistry and 
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G3BP1 western blotting. Figure 7A,B shows that the loss of G3BP1 significantly reduced 

stress granule formation in response to clotrimazole. Loss of G3BP1 was validated by qRT-

PCR and western blot (Figure 7C, D). Because of SG involvement in mRNA processing, we 

next tested the possibility that loss of G3BP would alter gene expression in response to an 

atherogenic stimuli. Human VSMC were transfected with G3BP1 siRNA or scrambled 

control, challenged with oxLDL, and mRNA abundance measured by quantitative PCR array 

biased for genes involved in atherosclerosis. Figure 7D shows that human VSMCs lacking 

G3BP1 had significant differences in abundance of transcripts associated with inflammation, 

adhesion, apoptosis, coagulation and circulation, lipid metabolism, and cell growth and 

proliferation. This approach was repeated and abundance of selected inflammatory 

transcripts as well as others not present on the PCR array were quantitated by qRT-PCR. 

Supplemental Data Figure IV shows that inflammatory and proliferative transcripts were 

reduced in VSMC lacking G3BP1. Importantly, abundance of HuR, an mRNA stability 

protein known to be attenuated by IL-19, was significantly reduced, suggesting that IL-19 

and G3BP1 have common mRNA targets15,16,19. Finally, G3BP1 knockdown did not 

significantly change VSMC proliferation (Supplemental Data Figure V ). Together, these 

data show that loss of G3BP1 significantly alters the VSMC ability to form SG and respond 

to atherogenic stimuli, suggesting a critical role for SG components in vascular disease 

progression.

Discussion

Our current understanding of stress granules has been that they are formed in response to 

stress to preserve specific endogenous mRNA from degradation, storing and perhaps 

protecting these transcripts, rather than allowing re-initiation of translation or degradation37. 

Literature has focused on SG formation in neuron and glial cells, but they are not specific to 

those cells. Recent studies have shown that SGs may participate in the pathogenesis of 

neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and Alzheimer’s 

disease38,39. We hypothesized that SG may be involved in other chronic inflammatory 

diseases, such as atherosclerosis, and in the cellular response to vascular injury. The present 

study demonstrates that SG are actively formed in response to atherosclerotic inflammation 

and accumulate in intimal macrophages and VSMC with disease progression. This work 

identifies a number of pro-atherosclerotic stimuli that may stimulate stress granule formation 

in plaque macrophages and VSMC, including modified forms of LDL and inducers of 

mitochondrial and oxidative stress. Moreover, we also observed increased stress granule 

formation in other vascular pathologies in mice and humans, including restenosis and heart 

failure, respectively. Interestingly, we show that stress granule formation in VSMC can be 

significantly reduced by treatment with IL-19, an anti-inflammatory cytokine that we 

previously showed could inhibit atherosclerosis and the VSMC response to inflammatory 

stimuli. Together, these data suggest that stress granule formation may be a common 

response to vascular injury and/or inflammation, which allows VSMC and other cell types 

that participate in vascular inflammation to sequester mRNA transcripts and halt their 

translation.

Our findings are consistent with a previous report that oxidized LDL and high-fat diet can 

induce stress granule formation in mouse macrophages and liver40. Our study extends these 
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findings by showing that multiple stressors present in atherosclerotic plaques may contribute 

to the formation of stress granules in lesional macrophages, including aggregated forms of 

LDL that can mediate cholesterol loading of the macrophage, and mediators of oxidative 

stress. Moreover, our data indicate that the formation of stress granules is not limited to 

macrophages in atherosclerosis, and that these RNP granules readily accumulate in VSMC 

during atherogenesis and in response to vascular injury. As we observed in macrophages, 

oxLDL triggered stress granule formation in VSMC, although not to the same extent as 

chemical inducers of mitochondrial and oxidative stress (e.g., clotrimazole and sodium 

arsenite), which may activate different, or more potent stress response pathways12. 

Consistent with stress granule formation in other cell types41,42, oxLDL induced punctate 

staining and perinuclear clustering of PABP and G3BP1, and increased phosphorylation of 

eIF2α. However, in vivo, it is likely that oxLDL acts in concert with other pro-inflammatory 

factors to induce the formation of stress granules in both macrophages and VSMC in the 

plaque. For example, previous studies have shown that IL-1β can induce SGs in other cell 

types43, and considerable literature points to a role for this inflammatory cytokine in the 

development of atherosclerosis. Furthermore, VSMCs experience turbulent hemodynamics 

and inflammation, which may trigger the stress response pathways in the cells44, and this 

aspect remains to be further investigated.

VSMC are highly plastic, and as atherosclerosis progresses, normally quiescent medial 

VSMC respond to chronic local inflammation by modulating their phenotype to a synthetic, 

proliferative, and migratory de-differentiated myofibroid cell type44. Murine carotid artery 

ligation is a commonly used model to induce VSMC migration, proliferation, and de-

differentiation in vivo. In both atherosclerotic arteries and after carotid ligation, we observed 

significantly enhanced PABP immunoreactivity in the activated neointimal VSMCs 

compared with medial VSMC, suggesting these synthetic cells respond to stress by SG 

formation more so than the quiescent VSMCs. Similarly, significantly increased PABP 

immunoreactivity was detected in coronary artery neointimal SMC from failing human 

hearts compared with non-diseased hearts. As in animal models, these neointimal VSMCs 

are more synthetic than medial VSMCs, and as such, increased expression of SG 

components likely reflects the vascular transcriptomic response to localized inflammation. 

Stress granule formation has not been previously reported in this type of vascular injury, and 

these findings emphasize the response to vascular stress that cells in failing hearts are 

exposed to. Our finding of SG formation in VSMC in multiple vascular pathologies suggest 

that this may be a common mechanism by which the cell fine-tunes its transcriptional 

response to the mechanical and inflammatory stresses the vasculature must respond to.

Actin polymerization and cytoskeletal dynamics play a major role in the regulation of active 

tension development in smooth muscle45. Interestingly, previous studies have shown that 

many cytoskeletal-associated proteins localize to SGs and participate in SG dynamics46, 

suggesting that the cytoskeleton of VSMCs may be critical in modulating SG formation and 

the stress response. Calpains are activated by various pathophysiological stressors associated 

with vascular disorders (e.g., hypoxia, oxidized lipids, and inflammation47,48) and are 

expressed in atherosclerotic plaques of LDLR−/− mice34,49. Work by Thiemermann indicated 

that acute calpain inhibition significantly ameliorated cardiovascular dysfunction by 

reduction of acute and chronic inflammation34. Moreover, cells expressing the Calpain 
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inhibitor calpastatin fail to extend lamellipodia, as well as abnormal filopodia, extensions, 

and retractions, suggesting that calpain may regulate SG dynamics50. Indeed we showed that 

the calpain inhibitor N-benzyloxycarbonyl-L-leucyl-L-leucinal (zLLal), which reversibly 

blocks the calcium-dependent neutral cysteine protease calpain I51, significantly reduced 

clotrimazole-induced SG formation. This is notable in that a recent proteomic analysis of 

atherosclerotic coronary artery VSMC implied that dysregulation of the cytoskeleton may 

explain the switch between the contractile and synthetic phenotype of VSMCs52. In this 

regard, cytoskeletal changes observed in plaque and neointimal VSMC may have major 

implications on SG formation in VSMC during the development and progression of 

atherosclerosis and restenosis. A precise mechanistic link between calpain activity and SG 

dynamics remains to be elucidated.

Previous studies from our group identified potent anti-atherosclerotic and restenotic effects 

of the cytokine IL-19. In particular, we showed that IL-19 can reduce the stability of pro-

inflammatory mRNA transcripts in hVSMC14,15. We demonstrate in this study that IL-19 

reduces SG formation in VSMC. Indeed, IL-19 was effective at reducing the assembly of 

PABP+ and HuR+ puncta in both clotrimazole- and oxLDL-treated VSMC, and also reduced 

phosphorylation of eIF2α in these cells. These data identify a novel mechanism by which 

IL-19 may function to decrease vascular inflammation by reducing stress granule formation.

SGs can be difficult to characterize in vivo and their role may be better determined by 

examination of key components. In HeLa and 293T cell lines, G3BP1 is required for 

arsenate-induced SG formation, while overexpression of G3BP1 has been shown to induce 

SGs, even in the absence of stress35,53. A viable mouse knockout of G3BP1 revealed major 

alteration of the CNS, including impaired motor coordination and dysfunctions of synaptic 

transmission, suggesting a critical role for G3BP1 and SGs in neuronal function54. G3BP1 is 

implicated as a master regulatory gene for development of CAD36. In the present study, 

when knocked down in VSMC, not only was SG formation significantly reduced, but the 

VSMC response to atherogenic stimuli was altered, as the abundance of mRNA for such 

crucial functions as adhesion, cell proliferation, inflammation, lipid metabolism were 

significantly altered. This is a novel role for the SG component G3BP1 in any cell type, and 

points to a previously uncharacterized mechanism where SGs mediate the VSMC response 

to inflammatory stimuli. The role we observed for G3BP1 is congruent with our hypothesis 

that long-term expression of SGs or SG components may be maladaptive, such as the 

chronic inflammation in VSMCs that occurs in atherosclerosis. Addition of IL-19 to VSMC 

reduces HuR abundance, and targeted deletion of IL-19 in LDLR−/− mice increased levels of 

inflammatory cytokine mRNAs and the mRNA stability protein HuR in BMDMs and 

VSMCs16, that, similar to SGs, suggested a potential regulatory role for this cytokine in 

mRNA processing. Importantly, in addition to inflammatory transcripts, when G3BP1 is 

knocked down, HuR mRNA abundance was significantly reduced as well, suggesting a 

molecular link between IL-19 activity, SG formation, and VSMC response to inflammatory 

stimuli. Additional work is needed to define a precise IL-19/SG/HuR pathway in the 

response to inflammatory stress.

There remain several interesting questions to be addressed. First, does atherogenic stress 

induction of SG formation contribute to vascular disease? It is known that RNA binding 
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proteins target mRNAs with AU-rich elements (AREs) in their 3’UTR and recruit these 

transcripts to stress granules, and our study suggests that these structures may mediate the 

VSMC response to atherogenic stimuli. Whether atherogenic stimuli induce a specific subset 

of RNA binding proteins to mediate this process is not known. Second, what is the nature of 

the mRNAs being sequestered in stress granules? Previous studies have suggested that many 

housekeeping and cytokine mRNAs are present in stress granules, and defining the stress 

granule transcriptome of VSMC and macrophages will be of interest to determine which 

mRNAs are being sequestered in these structures. Finally, what are the consequences of 

stress granule assembly or disassembly in VSMC and immune cells in vascular pathologies? 

Although stress granules have been predominantly labeled as protective to prevent further 

cellular damage, the ramifications chronic SG formation and function in chronic vascular 

diseases remains to be fully characterized.
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FXR1 Fragile X-Related 1

HuR Human antigen R

oxLDL oxidized LDL

PABP Poly A Binding Protein
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Highlights

• Stress granules are induced in vascular disease.

• Stress granules form in cultured VSMC in response to atherogenic stimuli

• Stress granule formation can be inhibited by anti-inflammatory IL-19

• Reduction in stress granule formation alters the VSMC response to 

atherogenic stimuli
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Figure 1. 
Stress granules are induced during atherogenesis and increase with disease progression. (A) 

Representative images of atherosclerotic plaques in the aortic root of LDLR−/− mice fed 

western diet for 0, 8, 12 and 16 weeks, and stained with oil red O stain to identify neutral 

lipid (top panel, 40X), the macrophage marker CD68 (red) and G3BP (green) (middle panel, 

400X; * = lumen), and the smooth muscle cell marker alpha actin (red) and G3BP (green) 

(bottom panel, 40X; * = lumen). Arrows indicate co-stained cells. Plaque area has been 

outlined with a dotted line. (B-C) Quantification of plaque size (B) and G3BP1 fluorescence 
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intensity in plaques (C). Data are the mean ± s.e.m. of n=6 mice per time point. Significance 

was determined by one-way analysis of variance (ANOVA) followed by post-test of Dunn. 

*P≤0.05, **P≤0.005.
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Figure 2. 
Primary human vascular cells develop stress granules in response to mitochondrial stress. 

(A) Representative images of human VSMC either unstimulated or treated with the 

mitochondrial stressor clotrimazole (20 μM) and stained for the stress granule markers, 

PABP (purple), FXR1 (green), HuR (red). Cell nuclei were stained with DAPI (blue). (B) 

Quantification of punctate immunoreactivity in unstimulated and clotrimazole-treated 

human VSMC. Data are the mean ± s.d. of 50 cells per condition. (C) Western blot analysis 

of total and phospho-eIF-2α in unstimulated and clotrimazole-treated human VSMC. 

Quantification of the ratio of p-eIF2α:total eIF2α is shown below. Data are the mean ± s.d. 

of 3 experiments. *P≤0.05.
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Figure 3. 
OxLDL induces stress granule formation in human VSMCs. (A) Representative images of 

human VSMC either unstimulated or treated with oxLDL (50 μg/mL) and stained for the 

stress granule marker PABP (red) or alpha actin (green). Cell nuclei were stained with DAPI 

(blue). Arrows indicate PABP+ puncta. (B) Quantification of punctate immunoreactivity in 

unstimulated and oxLDL-treated human VSMC. (C) Western blot analysis of G3BP1 and 

HSC70 protein levels in human VSMCs treated with oxLDL for the indicated times. 

Densitometry analysis of G3BP1 protein relative to HSC70 is shown below. Data are the 
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mean of 3 independent experiments. (D) Western blot analysis of total and phospho-eIF-2α 
in unstimulated and oxLDL-treated human VSMC, densitometry of phospho-to-total protein 

ratios are shown below. (E) Western blot analysis of total and phospho-eIF-2α in VSMCs 

untreated or pretreated with IL-19 prior to stimulation with oxLDL. Data are representative 

of 3 independent experiments. *P≤0.05.
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Figure 4. 
Cholesterol loading and oxidative stress induce stress granules in macrophages. (A) 

Representative images of bone marrow derived macrophages (BMDMs) treated with 

oxidized or aggregated LDL (50 μg/mL) for 24 hours, or with the oxidative stressor sodium 

arsenite (500 μM) for 30 minutes, and stained for the stress granule marker G3BP1 (green). 

Cell nuclei were stained with DAPI (blue). (B-C) Western blot and densitometry analysis of 

G3BP1 protein levels in BMDMs treated with (B) oxLDL or (C) aggregated LDL. Data are 

the mean of 3 independent experiments. *P≤0.05.
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Figure 5. 
Enhanced PABP expression in injured mouse and human arteries. (A) Representative images 

of control and ligated mouse carotid arteries stained for PABP (red) and alpha smooth 

muscle actin (green) Larger bracket indicates neointima, smaller bracket is the media. (B) 

Quantification of PABP immunoreactivity in control or ligated mouse carotid arteries. N=4 

mice/group. (C) Representative images of normal human coronary artery and coronary 

artery from a failing human heart stained for PABP (red), alpha smooth muscle actin (green), 

and DAPI (blue). (D) Quantification of PABP immunoreactivity in human artery samples 

expressed as corrected total cellular fluorescence (CTCF). n=3 control, n=4 failing heart.
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Figure 6. 
Calpain inhibition and IL-19 reduce stress granule formation in human VSMCs. (A) 

Quantification of stress granules in human VSMCs unstimulated or pretreated with the 

calpain inhibitor zLLal prior to stimulation with clotrimazole. (B) Quantification of stress 

granules in human VSMCs untreated or pretreated with IL-19 prior to stimulation with 

clotrimazole (n=50). (C) Immunostaining for PABP (purple), HuR (red), and FXR1 (green) 

in human VSMCs untreated or pretreated with IL-19 prior to stimulation with clotrimazole. 

(D) Western blot analysis of total and phospho-eIF-2α in VSMCs untreated or pretreated 

with IL-19 prior to stimulation with clotrimazole. Data are the mean of 3 independent 

experiments. (E) Quantification of stress granules in human VSMCs untreated or pretreated 

with IL-19 prior to stimulation with oxLDL (n=50). (F) Western blot analysis of total and 

phospho-eIF-2α in VSMCs untreated or pretreated with IL-19 prior to stimulation with 

oxLDL. Data are the mean of 3 independent experiments. *P≤0.05, ** P≤0.01, or *** 

P≤0.001.
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Figure 7. 
Loss of G3BP1 alters hVSMC response to SG formation and inflammation. HVSMCs 

transfected with siRNA targeting G3BP1 or scrambled control were treated with 

clotrimazole and stained for PABP (red) (A), Arrows indicate punctate staining. SG 

formation was quantified using ImageJ and StarSearch software and graphed in (B), n=40. 

(C), qRT-PCR and (D) Western blot analysis verified G3BP1 knockdown in hVSMCs. (E) 

HVSMCs transfected with siRNA targeting G3BP1 or scrambled control were serum-

starved and stimulated with oxLDL for 16 hours, RNA collected, and expression of 

atherosclerosis-related transcripts were quantitated by PCR Array. The results are graphed as 

SD from two independent experiments. ** P≤0.01, or *** P≤0.001.
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