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ABSTRACT

 

This work identifies the Fragile X-related protein (FXR1) as a reciprocal regulator of HuR 

target transcripts in vascular smooth muscle cells (VSMC).  FXR1 was identified as an HuR 

interacting protein by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The-HuR-

FXR1 interaction is abrogated in RNase-treated extracts, indicating that their association is 

tethered by mRNAs. FXR1 expression is induced in diseased, but not normal arteries. SiRNA 

knock down of FXR1 increases abundance and stability of inflammatory mRNAs, while 

overexpression of FXR1 reduces their abundance and stability. RNA-EMSA and RIP demonstrate 

that FXR1 directly  

of TNF .  FXR1 expression is increased in VSMC challenged with the anti-inflammatory cytokine 

IL-19, and FXR1 is required for IL-19 reduction of HuR. This suggests FXR1 is an anti-

inflammation responsive, HuR counter-regulatory protein that reduces abundance of pro-

inflammatory transcripts.  

Additionally, we observed significantly increased poly-A-Binding protein (PABP) 

expression localizing to discrete punctate structures in both vascular smooth muscle (VSMC) and 

endothelial cells (EC) of the aortic arch of Ldlr-/- mice, as compared to WT controls. E

phosphorylation, requisite for SG formation, was also induced by clotrimazole and oxLDL in these 

cells. Interestingly, VSMCs pre-treated with anti-inflammatory cytokine IL-19 followed by 

clotrimazole significantly reduced the formation of SGs and eIF2a phosphorylation, suggesting a 

relationship between inflammation and SG formation in vascular cells. Reduction of SG 

component G3BP1 by siRNA knockdown significantly reduced stress granule formation and 

inflammatory gene abundance in hVSMC. Microtubule inhibitors reduced SG formation in 

hVSMC. These results support the hypothesis that SG formation in atherosclerosis is driven by 

inflammation, SG may mediate the cellular response to inflammation, and that anti-inflammatory 

treatment may lessen atherosclerosis progression and plaque formation by reduction of SGs. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cardiovascular Disease and Vascular Inflammation 

Despite nutritional modification and lipid reducing medications, atherosclerotic 

vascular syndromes account for 50% of all mortality in the United States and is 

increasing in the developing world. Cardiovascular disease is a considerable medical 

and socioeconomic problem contributing to mortality of many conditions including 

myocardial infarction, stroke, renal failure, and peripheral vascular disease, and this will 

worsen with an increasing number of patients with co-morbidity such as obesity and 

Type 2 diabetes.  Current research points to atherosclerosis as a lipid-driven 

inflammatory disease which drives nearly all vascular diseases such as PAD and 

coronary artery disease (CAD)1.  

The early process of atherosclerosis is initiated by common major risk factors 

which include hypertension, sedentary lifestyle, high low density lipoprotein (LDL) levels, 

smoking, obesity, and insulin resistance, which promote lipoprotein particle accumulation 

in the sub-endothelial space. Our blood vessels are composed of three distinct layers: 

the adventitia, the media, and the intima. The outermost layer, the adventitia, is a layer 

of connective tissue. The media makes up the middle layer which is a thick layer of 

vascular smooth muscle cells (VSMCs). The innermost layer is the intima, and is 

composed of a single layer of endothelial cells (ECs). The vascular endothelium is the 

continuous cellular lining of the cardiovascular system, and is another often targeted 

area for anti-atherosclerotic therapies. The healthy endothelium, a non-thrombogenic 

surface, is involved in the regulation of cholesterol and lipid transcytosis, as well as 

inflammation and immunity; however, under pathological conditions such as 

hypercholesterolemia, the endothelial cell layer can contribute to the progression of 
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vascular disease2. Atherosclerosis develops at sites of disturbed blood flow and LDL 

retention which activates inflammatory signaling pathways such as NF- B and c-Jun N 

terminal kinase- -

- 3 6. Atherosclerotic 

plaque development begins with the expression of adhesion molecules such as ICAM-1 

and VCAM-1 by endothelial cells, which bind circulating leukocytes, allowing monocytes 

to enter the arterial intima by extravasation due in large part to expression of 

chemoattractants such as monocyte chemoattractant protein-1 (MCP-1)7. Increased 

expression of cell adhesion molecules promotes permeability of endothelial layer and 

subsequently leukocyte extravasation which gave rise to the inflammatory hypothesis of 

atherogeneis, as opposed to the formally favored lipid theory1. In addition, recent studies 

have shown microparticles from human atherosclerotic plaques can transfer ICAM-1 to 

endothelial cells to recruit inflammatory cells also contributing to the inflammatory cycle 

that has been initiated8. Therapeutics which target endothelial cells and the steps 

described above have been met with limited success and more investigation is required 

into the mechanisms by which these cells promote vascular disease. 

Following changes to the endothelium that permit extravasation of leukocytes, 

monocytes mature into macrophages where they express lipid and scavenger receptors 

which recognize and engulf oxidized lipoproteins. Our understanding of the 

heterogeneity in macrophage populations has evolved greatly over the last few years, 

specifically identifying new subsets of monocyte and dendritic cells, as well as tissue-

specific functions for macrophages and macrophage phenotype7,9 11. Recent studies 

have further cemented VSMCs contribution to atherosclerotic plaques through their 

transition to macrophage-like cells, adding to the heterogeneity of the population12,13. 

The continual accumulation of cholesterol esters by macrophages leads to the formation 
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of foam cells, while the macrophages perpetuate the pro-inflammatory response by 

chronic synthesis of cytokines14.  These cytokines act in an autocrine and paracrine 

manner to regulate cell proliferation, migration, and extracellular matrix production, 

which participate in producing large, lipid-laden, pro-inflammatory plaques that may 

become obstructive and vulnerable to rupture15. Macrophages have long been attractive 

targets for therapeutics due to their major role in the pathogenesis of atherosclerosis. 

The most recent studies on atherosclerosis have focused on utilizing monocyte-derived 

cells to promote lesion regression and cholesterol efflux in order to further understand 

how we can treat atherosclerosis following its development16,17.  

Aside from an innate immune response, new evidence suggests that the innate 

and adaptive arms of the immune system work together in the progression of 

atherosclerosis. Dendritic cells, which provide a link between the two arms, accumulate 

both in human and mouse plaque and promote atherogenesis by expression of CCL17 

directed suppression of T-regulatory cells18. Another study showed lesion resident 

CD11c+ antigen presenting cells (APCs) can activate T cells, demonstrating a key role 

for dendritic cells bridging the innate and adaptive immune response in 

atherosclerosis19. The adaptive immune response is mediated by T and B lymphocytes 

and has been shown to promote inflammation during atherogenesis, but these cells also 

produce regulatory cells and antibodies that can be protective as well20. In the end, we 

need to further investigate how targeting the innate and adaptive immune responses 

could have beneficial effects in vascular diseases.  

The injurious effects of pro-inflammatory cytokines resulting in VSMC activation 

and development of multiple vascular diseases are well described, although these cells 

are often overlooked as therapeutic targets compared to macrophages and endothelial 

cells21,22.  VSMC respond to and produce pro-inflammatory immune modulators, 
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promulgate autocrine activation, and recruitment of leukocytes to the lesion, which leads 

to a localized vascular inflammatory response2,23.  In more advanced atherosclerosis, 

VSMC form a cap over the developing plaque; the thickness of which is tightly linked to 

VSMC activation and is responsible for lesion stability24,25.  The major cause of mortality 

in human patients is rupture of the atherosclerotic plaque resulting in acute thrombus 

formation and myocardial infarction24. In restenosis and allograft vasculopathy (AV), 

which are also vascular inflammatory diseases, VSMC play a larger role, where they 

migrate into the intima, proliferate and synthesize cytokines and matrix proteins, leading 

to loss of lumen and subsequent tissue ischemia. Consequently, identification of 

proteins, pathways, and processes which modulate the VSMC response to injury is key 

to development of therapeutics to combat multiple vascular diseases.  

The inducible inflammatory response is very dynamic, requiring the coordination 

of both cell-type and signal-specific programs to regulate hundreds of genes. 

Transcriptional control of inflammatory mediators is required to initiate the inflammatory 

response and is the topic of several comprehensive reviews, but post-transcriptional 

mechanisms are also critical in regulating the balance of inflammation26 31. The instability 

of inflammatory mediator mRNAs is essential as it permits a fine-tuned control of 

inflammation to ensure it can be rapidly turned on and off as needed during disruptions 

to homeostasis32. The dysregulated expression of cytokines has been linked to cancer, 

inflammatory, and autoimmune diseases33. Post-transcriptional mRNA stability is an oft 

over-looked, yet key mechanism in the regulation of inflammation, particularly in the 

context of vascular disease34,35.  

1.2 RNA stability is regulated by cis-acting sequences.  

A large number of inflammatory mediators, mainly cytokines and chemokines, 

have unstable mRNAs due to cis-acting adenine and uridine-rich (AU-rich) elements 



 

5 

(AREs) in the 36. The ARE provides a binding site for trans-

acting RNA-binding proteins (RBPs) which regulate stability or translation of the 

transcript. ARE-mediated regulation of transcripts provides an exquisite and specific 

level of control in the processing of mRNAs. An estimated 5-8% of all human transcripts 

contain AREs and they consist of various large clusters of overlapping AUUUA pentamer 

and UUAUUUAUU nonamers37. Class I AREs contain multiple copies of the AUUUA 

pentamer motif clustered as tandem repeats, while class II AREs have one or a few 

38. Class III AREs lack the classic AUUUA 

motif but contain other cis-regulatory elements such as the nonameric 

UUAUUUA(U/A)(U/A) or UUAUUUAUU motifs39. Many transcripts contain more than one 

single ARE and these different cis-acting elements can act independently from one 

another which allows the transcript to be regulated via multiple mechanisms of post-

transcriptional regulation40. The fate of a transcript to be stabilized or destabilized can 

depend on the combined actions of RBPs along the transcript41. Transcripts containing 

AREs are also capable of binding multiple RBPs, either via the same ARE sequence or 

at different cis-acting elements, suggesting competition and underlining the complex 

regulation of mRNA stability42. Clearly, the many cis-regulatory sequences and RBPs 

which recognize them underscore the complexity and opportunity to characterize the 

regulation of these transcripts (Figure 1).  Multiple studies thus far have demonstrated 

that RNA stability provides a rapid level of regulation that can have major effects in 

maintaining global inflammation. For example, Shaw and Kamen demonstrated that 

-CSF mRNA into the 

- -globin transcript to be significantly unstable43. 

This finding paved the way for more studies on transcript stability, particularly of 
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44. 

result of increased TNF  mRNA half-life due to loss of the unstable ARE44. The 

importance of RNA stability was further supported by Hao and Baltimore in 2009 when 

they found differences in mRNA stability of TNF  had a greater influence on the 

temporal order of gene expression than transcriptional control elements45.  

The cis ARE sequences are highly specific and recognized by over 20 trans-

acting RBPs. Among them there are two distinct categories: those that bind and stabilize 

transcripts allowing for increased protein translation, and those that destabilize the 

transcript to induce increased transcript degradation. One mechanism used to 

-5 -tail. 

-protein 

complex comprised of different exonucleases to execute the exonucleolytic cleavage in 

ARE-mediated decay46. The exact mechanisms by which RBPs interact with the target 

ARE to induce exosomal degradation are not completely understood, but some human 

exosomal homologs specifically bind to AU-rich elements, which may facilitate ARE-

dependent degradation by the exosomal complex47,48. RNA stability factors can mask 

endonucleolytic cleavage sites, thus protecting mRNA from endonucleolytic cleavage to 

increase mRNA stability31.  

As we learn more about the mechanisms behind RNA stability, we are certain the 

temporal regulation of ARE-containing transcripts is crucial to many cellular processes. 

In the context of inflammation, fibroblasts and bone marrow-derived macrophages 

-containing transcripts and it was found 

genes of class I AREs peaked mRNA expression at 0.5 hours, class II AREs at 2 hours, 

and class III ARE-containing genes at 12 hours. These results also indicated a 



 

7 

-induced proteins. For 

example, the first group of genes induced appeared involved in acute phase 

inflammation, the second group encoded cytokines and chemokines to perpetuate 

inflammation, and finally, the third group of genes included those for tissue remodeling, 

wound healing and therefore possibly chronic inflammation49. The post-transcriptional, 

temporal regulation of these inflammatory genes should be further investigated in 

inflammatory diseases such as atherosclerosis to determine if targeting specific classes 

at specific times would be beneficial.  

Destabilizing RNA binding proteins currently out number stabilizing RNA binding 

proteins, but the roles and regulation of both during the inflammatory response and 

disease progression are still unclear. Based on the cis-acting sequences on 

inflammatory transcripts, there is a clear co-existence, or competitive balance between 

RNA elements that stabilize and destabilize the mRNA, and that destabilizing RBPs may 

be used to dampen an inflammatory response via AREs50.   

 
1.3 Inflammatory transcripts are destabilized by trans-acting RBPs 

Tristetraprolin (TTP), the most well characterized member of the small family of 

CCCH tandem zinc finger (TZF) domain proteins, is one of the first identified 

destabilizing RNA binding proteins. In 1990, Lai et al., identified TTP to be rapidly 

transcribed in response to insulin and other mitogens. DuBois et al. identified a novel 

regulatory protein Nup475 (alias for TTP), which functioned as a nucleic acid binding 

protein involved in regulating the response of growth factors51. TTP was found to bind 

reports to implicate TTP as a possible inflammation modulating RNA binding protein 52. 
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Figure 1. Stability of mRNAs regulated by RNA-binding proteins. Adapted from 

Herman and Autieri53. Most inflammatory mRNA transcripts contain AU-rich elements 

-acting RBPs bind and 

regulate transcript stability. Stabilizing RBPs can promote translation preventing its 

degradation. Destabilizing RBPs can promote transcript degradation by binding and 

recruiting exosomal degradation machinery. 
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The mechanism by which TTP is activated has been elucidated. Mitogen-activated 

protein kinase (MK2) directly phosphorylates TTP at serine residues 52 and 178 in 

mouse TTP which reduces the stability of TTP by allowing 14-3-3 adaptor proteins to  

bind TTP, forming a complex that inhibits TTP-dependent degradation of transcripts54. In 

addition, phosphorylation of TTP may also reduce its affinity for binding the ARE55. In a 

knock-in TTP mouse in which serine 52 and 178 are mutated to non-phosphorylatable 

and transcript stabilization in macrophages stimulated with LPS56. In 2016, Patial et al., 

removed from TTP mRNA, preventing its autoregulation, resulting in more abundant 

TTP. Increased expression of TTP in mice resulted in protection in mouse models for 

human inflammatory diseases such as rheumatoid arthritis, psoriasis, and multiple 

sclerosis by decreasing the production or stability of pro-inflammatory cytokines57. TTP 

has also been shown to regulate the stability of COX-258, IL-259, IL-658,60, IL-861, Cyclin 

D162, IL- 58, GM-CSF63, IL-264, IL-1058 and CXCL165. TTP is a negative regulator of the 

66. The inflammasome is a 

central regulator of many inflammatory diseases including atherosclerosis where it drives 

the production of pro-inflammatory cytokines, mainly IL- 66. The synthesis of these 

studies implicate TTP as an important regulator of inflammation.  

HNRNP or heterogeneous nuclear ribonuclear protein is a family of RBPs with a 

wide range of functions, but notable for this discussion is its ability to act as a trans-

factor for regulating gene expression67. HnRNP I was found to function as a decay-

promoting factor for the Low Density Lipoprotein Receptor (LDLR) mRNA transcript 

68.  AUF1 (hnRNP D) is a destabilizing RBP that has been 

implicated in regulating inflammatory transcripts. AUF1, similar to TTP, acts as negative 
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feedback facilitator in response to inflammatory stimuli such as LPS and endotoxin.  

AUF1 exists in several isoforms, most notably as 37- and 40-kDa polypeptides69. AUF1 

significantly increased the in-vitro decay of the GM-CSF 3'-UTR through binding of the 

ARE70 -inflammatory cytokine 

IL-10 and induce its synthesis in THP-1 cells following inflammatory stimulation71. One 

study focusing on the fatal progression of endotoxemia to endotoxic shock, 

macrophages from AUF1-/- 

and IL- to the conclusion that AUF1 had protective effects by 

attenuating pro-inflammatory cytokine expression72. An AUF1 knockout mouse model 

was used to study atopic dermatitis, another inflammatory disease.  This study 

corroborated that mice lacking AUF1 display enhanced contact hypersensitivity 

characterized by a substantial increase in T lymphocytes and macrophage infiltration, as 

well as a significant increase in pro-inflammatory cytokines73. The roles of TTP and 

AUF1 are critical and yet understudied in regulating inflammation in specifically 

inflammatory vascular diseases where the resolution or significant reduction of 

inflammation could have potential therapeutic benefits.  

Another ARE-binding protein known for its negative regulation of transcripts is T-

cell intracellular antigen 1, also known as TIA1. TIA-1 and T-cell intracellular antigen 

related (TIAR) do not function as typical RBPs. Although TIA-1 functions through ARE 

-inflammatory 

transcripts 

without affecting the mRNA stability, instead, they divert mRNA from the polysomes to 

untranslated messenger ribonucleoproteins74. TIA-1 knockout macrophages had 

significantly increased LPS-induced expression of TNF

due to lack of TIA-1 translational silencing75. TIA-1 also regulates COX-2 expression 
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through an ARE-dependent mechanism; again through translational silencing and not by 

directly decreasing RNA stability76. The role of TIA-1 as an anti-inflammatory RBP is not 

well studied or understood; however, in Phillips et al., the authors examined the role of 

both RBPs TTP and TIA-1 in the context of arthritis.  Mice lacking either TIA-1 or TTP 

develop inflammatory arthritis, while mice deficient in both TIA-1 and TTP develop more 

severe arthritis77. The results of this interesting study suggest TTP and TIA-1 may 

cooperate to determine the severity of inflammatory arthritis, but more importantly, that 

these two RBPs could be considered suppressors of arthritis. Lastly, under hypoxic 

conditions, TIAR and TIA1 were found to co-aggregate in stress granules to destabilize 

hypoxia-inducible factor-1 alpha (HIF- -angiogenic transcription 

factor, demonstrating the potential of these RBPs to respond to other inflammatory 

stressors78. Further studies on TIAR and TIA1 in the context of vascular inflammation 

are warranted.  

Butyrate response factor-1 (BRF1), a zinc finger protein homologous to TTP, also 

contains a CCCH tandem zinc-finger motif that binds mRNA.  BRF1 binds AU-rich 

transcript. Similar to TTP, BRF1 phosphorylation is critical to controlling its function as a 

stability factor. BRF1 features two overlapping consensus sequences for protein kinase 

B (PKB) phosphorylation, and phosphorylation of BRF1 by PKB stabilizes ARE-mRNA79. 

Phosphorylation of BRF1, analogous to TTP, prevents the destabilizing function of this 

RBP. BRF1 shares many mRNA targets with TTP, but to distinguish the role of BRF1, a 

targeted disruption of BRF1 in vivo resulted in mid-gestation death with extra-embryonic 

and intra-embryonic vascular abnormalities and heart defects80. The embryos and 

embryonic fibroblasts cultured under both normoxia and hypoxic conditions had elevated 



 

12 

VEGF-A; however, this was not a result of increased stability but rather due to 

translational regulation 80.  

The fragile-X family of proteins includes Fragile-X mental retardation protein 

(FMRP) as well as homologs Fragile-X related proteins (FXR1-) 1 and 2. FMRP is an 

RBP widely expressed in mammalian tissues but is most notable for a trinucleotide 

repeat expansion, inactivating the X-linked FMR1 gene causing the mental retardation 

Fragile X syndrome81,82. FMRP and its homolog FXR1 contain two KH domains and an 

RGG box which are classic domains of RBPs. Like FMRP, FXR1 is also expressed 

widely in tissue, but is enriched in certain tissue types, specifically in heart, liver, muscle, 

and testis83

the mRNA stability83. Khera et al., found that anti-inflammatory transforming growth 

factor- - 84. In this study, TGF- 

regulation of inflammatory mediators. Evidence suggests phosphorylation of FMR at Ser 

144 plays a role in translational repression, but the effects of phosphorylation of FXR1 

are not known. Khera et al., demonstrated that inhibition of the p38/MAPK pathway 

upregulates FXR1 expression through an unknown mechanism; however, the role of 

FXR1 as an inflammatory repressor requires further investigation, and phosphorylation 

could be a critical signaling event in this activity.  

KSRP, the KH-type splicing regulatory protein (KSRP) is an RBP first found to be 

involved in regulated splicing of c-src, but has been implicated in destabilization of other 

transcripts which contain AREs48.  KSRP has been associated with chronic inflammation 

of the central nervous system (CNS). KSRP-/- astrocytes expressed increased levels of 
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- 85. KSRP was identified as an RBP, binding 

distinct regions of the IL- t in 

cultured breast cancer cells42. Chen et. al., confirmed KSRP is a key mediator of mRNA 

machinery, mainly exosomes47. Proteins involved in the cellular inflammatory response, 

such as iNOS and COX-2 are regulated by KSRP through binding of the ARE and 

interacting with the exosome86.  Overall, there is a lack of evidence that RBPs are 

upregulated or downregulated in vascular inflammatory diseases; therefore, more 

investigation is needed to determine if these inflammation-regulating proteins have 

potential to be targets for therapeutic development.  

1.4 Stabilization of inflammatory transcripts  

HuR is a ubiquitously expressed member of the Hu (ELAV) family of RBPs, while 

family members HuB, C, and D are primarily neuronal87. HuR is one of the best 

characterized RBPs as it is known to regulate a comprehensive collection of ARE-

containing mRNAs including those coding for cytokines, cell-cycle regulators, growth 

factors, tumor suppressors, proto-oncogenes, inflammatory enzymes, and apoptosis 

regulatory proteins88. An initial study by Fan and Steitz demonstrated that 

overexpression of HuR enhanced the stability of a -globin reporter mRNA in vitro, which 

was supported by a second study89. HuR has the ability to shuttle between the nucleus 

and the cytoplasm to regulate transcript stability; however, the mechanisms by which 

HuR translocates between the nucleus and the cytoplasm are not clearly understood. 

Phosphorylation of HuR by various kinases including the protein-kinase C family 

90.  AMP-activated 

kinase (AMPK), the p38 MAPK and MAPKAPK-2 (MK2) pathway, as well as post-

transcriptional regulation by methylation, may also play a role in HuR translocation and 
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activation91

-free and in vitro systems92,93.  Mice lacking HuR in 

myeloid-lineage cells showed enhanced sensitivity to endotoxemia and an exacerbated 

inflammatory cytokine profile, citing HuR as a homeostatic coordinator of mRNAs that 

are essential for the innate immune response94. HuR is also auto-regulatory as it 

HuR itself95.  

HuR was found to be an important regulator of the  inflammatory response of 

endothelial cells under mechanical and biochemical stress96. In addition, HuR 

expression and cytoplasmic abundance is increased in the intima and neointima layers 

in vascular pathologies including atherosclerosis and intimal hyperplasia where smooth 

muscle cells play a critical role in progression of disease97. Reduced HuR expression 

also attenuated proliferation of hVSMCs, consistent with the recognized ability of HuR to 

stabilize cell cycle promoting transcripts, including cyclin A, B1, c-Fos, c-Myc, and cyclin 

D198. Because proliferation and inflammation are tightly coupled in vascular disease, 

HuR function may represent an attractive target to develop interventions to reduce or 

block vascular diseases. 

Quaking (QKI) is an RBP primarily expressed in the brain, heart, lung, and 

testis99. QKI is a member of the highly conserved Signal Transduction and Activator of 

RNA (STAR) family of RBPs100. Various QKI isoforms regulate RNA metabolism of 

cellular processes such as myelination, cell fate determination, embryogenesis, and 

blood vessel development101. Most of the functions of QKI have been identified in 

differentiation of oligodendrocytes102. Li et al. identified QKI as a critical regulator of 

smooth muscle development, as qki null mice showed the vitelline vessel, which 

connects the artery to the yolk sac, was deficient in smooth muscle cells103. In adult 
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vascular smooth muscle cells, QKI regulates Myocardin (Myocd), a driver of smooth 

muscle cell re-differentiation and regulator of VSMC phenotype, through expression and 

alternative splicing104. The same study also found QKI poorly expressed in quiescent 

VSMC but strongly induced in response to vascular injury, suggesting QKI is responsible 

for dedifferentiation of VSMC as part of a vascular repair process104. Using femoral cuff 

placement to induce injury, Veer et al., demonstrated that isolated primary VSMCs from 

the QkV (hypomorphic) mouse had significantly reduced cellular proliferation, migration, 

and collagen production, further supporting QKIs role in regulating VSMC phenotype and 

dedifferentiation104. QKI is also expressed in the endothelium of healthy human arteries 

- -catenin to enhance protein expression 

and maintain endothelial barrier function105. Overall, it is clear that although QKI has 

multiple functions, it plays a critical role in regulating smooth muscle and endothelial cell 

response to inflammatory stimuli which may contribute to inflammatory and proliferative 

vascular diseases.  

1.5 RBPs in stress granules and disease 

RNA processing in response to cellular stressors often occurs in phase-dense 

structures called stress granules (SG) that form in the cytoplasm of eukaryotic cells.  The 

composition of stress granules suggests that processing of ARE-containing inflammatory 

transcripts are likely occurring there. Stress granules are ribonucleoprotein (mRNP) 

complexes found in the cytoplasm when translation initiation is impaired and contain 

stalled translation initiation complexes as well as mRNA.  SGs differ from P-bodies, 

which are another type of cytoplasmic granule. P-bodies contain mRNA associated with 

mRNA decay machinery and translational repressors, but SGs and P-bodies can overlap 

or dock suggesting the two granules can exchange components106. Stresses such as 

oxidative stress, hypoxia, and inflammation, along with drug-induced inhibition of 
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translation initiation disrupt ribostasis and can cause SGs to form in a cell. SGs are not 

uniform in structure and are very dynamic with two distinct layers that aid in their 

function. The SG is made up of a core structure, which is the inner layer that has a 

higher concentration of proteins and mRNA compared to the outer structure known as 

the shell layer. The shell layer is more dynamic and less concentrated region of the SG, 

but allows the SG to undergo fusion, fission, and flow in the cytosol107. The dynamic 

nature of the SG layers has led to the hypothesis that shell structure components 

(mRNAs and proteins) can exchange rapidly while the components of the core may be 

slower moving or less likely to exchange.   

There are numerous interactions that drive SG assembly and function, among 

those is protein-protein interactions between RBPs to crosslink mRNPs. Known SG 

component, Ras GTPase-activating protein-binding protein 1 (G3BP1), can mediate SG 

assembly through self-interaction under certain stress conditions108. Modifications of 

protein-protein interactions also influence SG assembly, an evidenced by the 

phosphorylation of G3BP1 which prevents multimerization therefore inhibiting SG 

assembly108. RGG domain arginine methylations are also a common modification 

observed to influence SG components and therefore assembly. Lastly, crosslinking of 

RNA by RBPs can influence and dictate SG formation, utilizing untranslated mRNAs to 

provide a scaffold for RBPs to bind and assemble dense cores or less dense shell 

structures. Many RBPs have Intrinsically Disordered Regions or IDRs, which are regions 

of the protein that do not adopt a single structured state but can move between different 

conformations or tertiary structures109. IDRs can provide short linear motifs or SLiMs that 

allow short protein sequences to fit into binding sites on other well folded domains. IDRs 

can also provide sites for RNA binding, and they promote beta-zipper formation which 

may play a role in dense core formation due to strong and stable interactions109. Some 



 

17 

studies have suggested SGs form due to liquid-liquid phase separation (LLPS) in that 

phase separation occurs between macromolecules in solution that condense into dense 

liquid droplets. IDRs have been found to help drive the LLPS observed in SG formation, 

permitting densely packed droplets of tight, stable interactions and less dense less 

stable interactions by means of IDRs of RBPs109. Overall, studies have pointed to the 

various roles of SG components such as RBPs and RNAs and the ways interactions 

between them can drive SG assembly and formation, but the exact mechanism are still 

not fully elucidated.   

RNA-binding proteins (RBP) such as HuR, TIA-1, and TTP, and translation 

initiation factors such as eIF4E, eIF4G, eIF4A, and eIF4B also colocalize in SGs110,111. 

Phosphorylation of translation initiation factor eIF2alpha is a key signaling event in the 

process of SG formation. SGs are often detected by immunohistochemical staining for 

known SG markers Poly-A Binding Protein (PABP) and G3BP1 in addition to 

phosphorylation of eIF2alpha112. To drive SG formation, various stimuli can be used 

including sodium arsenite and clotrimazole, with clotrimazole being specific to just SGs 

and not P-bodies112. In this dissertation, we will utilize clotrimazole to induce SG 

formation and the SG markers to detect SGs in VSMCs.  

Several studies have posited that transient SG formation is a cytoprotective 

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

repression, with predicted detrimental cellular effects.  Indeed, prolonged SG assembly 

 and other 

neurodegenerative diseases113. SGs are of interest in the RBP/RNA field because of 

their dynamic nature. By studying SG formation and function, one can study many 

aspects of RNA biology including RNA localization, translation, degradation, and 

signaling pathways. Additionally, SGs are part of a conserved mechanism of mRNP 
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compartmentalization observed in maternal mRNPs and neuronal granules to respond to 

stressful conditions. Mutations in SG components have also been linked to 

neurodegenerative diseases as mentioned, but potentially other pathologies as well106. 

In this dissertation we will consider the role of RBP-rich SGs in chronic inflammatory 

vascular diseases such as atherosclerosis and restenosis.  

1.6 Inflammatory signals and regulation of RBPs 

Most regulatory processes in a cell occur through modified responses rather than 

large overarching changes. RBPs provide a fine-tuned response to inflammation, 

functioning to create a balance of transcripts readily available for cellular needs (Table 

1). Because RNA binding proteins play such a key role in regulating inflammatory 

transcripts, it is intuitive then that RBPs themselves are regulated by inflammatory 

stimuli, but evidence that they actually are is scant (Figure 2). Although both TTP and 

BRF1 are negative regulators of inflammation, both are induced by LPS in 

macrophages, likely as a compensatory response114. AUF1 is also induced in 

macrophages following LPS stimulation71. The expression of QKI was found to be 

initially downregulated by 4 hours of LPS stimulation in RAW-264.7 macrophages, but 

returned to baseline beyond 12 hours115. HuR expression is tightly coupled with AKT 

phosphorylation levels, and HuR gene transcription is up-regulated via PI3K/AKT/NF-

signaling116. For a more detailed summary of pro-inflammatory stimuli altering RBPs see 

Table I117 119 

1.7 Vascular disease targets interface post-transcriptional regulation by RBPs 

Targeting anti-inflammatory pathways to combat vascular disease has had 

promising results thus far, but there are still no successful therapy options. Pro-

- -1) which are heavily 

regulated by RBPs as described and have also been highly targeted for anti-
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inflammatory therapies. Complete inhibition or blocking of pro-inflammatory cytokines 

and pathways could cause long-term immunosuppression and greater risk for infections; 

therefore, an intervention that could balance the inflammatory profile may offer benefits. 

A better understanding of the regulation and function of RBPs in response to 

inflammation could allow for fine-tuned therapeutics that alter the levels of these 

cytokines and their downstream pathways, especially when compared to the current 

therapies described below120.  

Targeting pathways of inflammation, both upstream and downstream of 

inflammatory biomarkers, appears to offer more attractive targets focusing on a single 

bio-marker. Anti-inflammatory therapies developed so far for atherosclerosis include 

methotrexate, which is a folic acid antagonist found to reduce atherosclerosis and 

hypercholesterolaemic rabbits by reducing upstream cytokines such as IL-6 and 

121. Allopurinol is in inhibitor of xanthine oxidase which normally promotes the 

formation of ROS which plays a central role in vascular inflammation27,122. Colchine, 

most commonly known for treating gout, has been found to suppress NLRP-3 

inflammasome which in turn reduces levels of IL- 123. IL- -

inflammasome are just a few of the targeted anti-inflammatory mediators that feature 

thus far.  

Inflammatory diseases such as rheumatoid arthritis, multiple sclerosis, psoriasis, 

and other autoimmune diseases have increased risks for cardiovascular events. 

adalimumab) or with recombinant fusion protein etanercept, which targets the TNF 

receptor have been used to treat rheumatoid arthritis124. Follow-up studies of rheumatoid 

arthritis cohorts demonstrated patients receiving the TNF inhibitor had reduced  
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Table 1. Inflammatory effects on RNA-binding proteins (RBPs) and the resulting 

changes in RNA stability. Adapted from Herman and Autieri53.  
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l target for anti-

stability could provide another targeting tool. 

Chemokines are pro-inflammatory cytokines that recruit and activate leukocytes 

during the inflammatory process of vascular disease. CC chemokine monocyte 

chemoattractant protein-1 (MCP-1) is upregulated in human atherosclerotic plaques as 

well as vascular smooth muscle and endothelial cells exposed to minimally modified 

lipids. The loss of CCR2 on an ApoE-/- background resulted in decreased lesion 

formation and suggests MCP-1 is critical in early atherosclerotic lesion development125. 

MLN1202 is a highly specific humanized monoclonal antibody that interacts with CCR2 

and inhibits MCP-1 binding. The results of the phase II clinical trial demonstrated 

reduced serum CRP, a predictive biomarker for vascular disease, but more studies need 

to be completed to determine the role of MCP-1 and CCR2 in human vascular disease 

and if this ARE-containing chemokine would be an ideal target potentially via the post-

transcriptional regulation of stability126.  

Another anti-inflammatory compound is canakinumab which is an IL-

neutralizing monoclonal antibody, which is an approved drug for use in rare but severe 

heritable pediatric conditions with IL- 127. In addition, the Canakinumab 

Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) is also addressing the 

inflammation hypothesis, by determining whether inhibiting IL-

downstream pathways would result in reduced cardiovascular deaths128. In phase IIb 

clinical trials, canakinumab was highly effective at reducing C-reactive protein (CRP), IL-

6, and fibrinogen levels, supporting the inflammatory hypothesis of atherosclerosis as 

targets for therapeutics129. The trials have moved on to phase III, secondary-prevention 
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CANTOS trial with 17,200 patients with myocardial infarction, elevated CRP levels, and 

stable cardiovascular disease128.  Another study, the Cardiovascular Inflammation 

Reduction Trial (CIRT), has incorporated low dose treatment of methotrexate following 

post myocardial infarction to inhibit the upstream cytokines TNF and IL-6 mainly130. The 

focus again of these clinical trials are ARE-containing transcripts, suggesting an 

untapped area for therapeutic targets among the ones that are currently being tested.  

Overall, the therapies for cardiovascular diseases that target anti-inflammatory 

pathways regularly focus on cytokines and chemokines that contain AREs in their 

ation. 

The conflicting results thus far demonstrate that a decrease in inflammation could lead to 

reduced cardiovascular disease but that targeting cytokines and chemokines is quite 

difficult. These results point towards the need to find new ways to target inflammatory 

mediators. RNA stability provides an interesting new way to modulate inflammation and 

more investigation is needed to determine if these RBPs possess the therapeutic 

characteristics needed to be successful. We hypothesize that throughout the 

progression of vascular disease, a shift in the balance between destabilizing and 

stabilizing RBPs due to changes in the environment, i.e inflammation, apoptosis, and 

hypoxic conditions, can cause more stabilization of inflammatory cytokines and less 

destabilization and clearance of inflammation (Figure 2).  

1.8 Potential counter-regulatory mechanism of RBPs by P38. 

Numerous studies have shown LPS-induced induction of RBPs, which begs the 

question; which other inflammatory or anti-inflammatory stimuli can modulate RBPs and 

therefore regulate the repertoire of ARE- containing inflammatory transcripts?  p38 

MAPK activation drives atherosclerosis, playing many roles including stimulating the 

secretion of MCP-1 and IL-8 to attract monocytes to vascular endothelial cells; promotes  
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Figure 2. RNA-binding proteins as pro and anti-inflammatory regulators of 

atherosclerosis. Adapted from Herman and Autieri53. Pro-inflammatory signaling and 

cytokine expression drive the progression of atherosclerosis. Regulated expression 

and activation of RNA-binding proteins in these critical areas further promotes 

localized inflammation. The competitive balance of stabilizing RBPs over 

destabilizing RBPs could induce atherosclerosis progression, and the reverse could 

in theory promote plaque regression.  
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differentiation of monocytes into macrophages; inhibits proliferation while also inducing 

apoptosis in endothelial cells; mediates MCP-1 dependent transendothelial cell 

migrations; and activates integrins and chemotaxis131. Many RBPs are substrates of the 

p38 MAPK pathway, implying these proteins are part of signaling pathways responding 

to pro-inflammatory stimuli132,133. A strong link has been established between the p38 

pathway and 

disease, inflammatory bowel disease, as well as endotoxin-induced shock, collagen-

induced arthritis, and acute lung inflammation134 138. In addition, inflammatory cytokines 

-1 as well as LPS and environmental stresses are known catalysts 

of initiating p38 signaling. In macrophages, p38a plays a critical role in regulating the 

expression of pro-inflammatory mediators including IL- -6, and many 

others133,139,140. The activation of p38 MAPK is not restricted to monocytes/macrophages, 

but also vascular endothelial and vascular smooth muscle cells131. P38 can also regulate 

endothelial cell proliferation and differentiation through VCAM-1141. Various stimuli can 

activate the p38 pathway in all of these cell types including ROS142, high levels of 

glucose143, free fatty acids144, cholesterol145, as well as pro-inflammatory cytokines146, 

placing RBP expression downstream from all of these cardiovascular risk factors.  

Despite this, selective p38 MAPK inhibitors so far have yielded little or no clinical benefit 

in vascular diseases. It is well documented that p38 promotes expression of pro-

inflammatory mediators but is also activated by them, creating a feed-forward amplifying 

inflammatory response; therefore, it is important to note p38 has an anti-inflammatory 

mechanism to prevent uncontrolled inflammation. As a result, a negative feedback loop 

via intracellular signaling leads to the upregulation of anti-inflammatory cytokines such 

as IL-10147. Long-term blockades of p38 by selective inhibitors may also prevent the 

function of anti-inflammatory factors needed to limit and resolve inflammation, which in 
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some cases exacerbates more inflammation and defeats the purpose of the therapeutic, 

which may explain the disappointing p38 clinical trials. Therefore, it is critical we look for 

more specific, down-stream targets of p38, such as RBPs, to attempt to effectively limit 

inflammation and chronic inflammatory diseases.   

In terms of anti-inflammatory cytokine effects on RBPs expression or activity, IL-

10, the prototypical anti-inflammatory cyt

through suppression of p38 MAPK and therefore inhibition of HuR148,149. In addition, 

Cuneo et al., demonstrated IL-19, a member of the IL-10 superfamily of anti-

inflammatory cytokines, was able to reduce the stability of pro-inflammatory and 

proliferative ARE-containing transcripts by modifying the nucleocytoplasmic translocation 

of HuR150. TGF- -inflammatory cytokine, upregulates TTP, increased FXR1 

mRNA levels, and induced HuR translocation from the nucleus84,151 153.  

Many anti-inflammatory compounds owe their efficacy to effects on RBPs.  For 

example, the common NSAID aspirin has an inhibitory effect on COX-2 activity, but can 

also paradoxically increase the stability of COX-2 via the p38 MAPK pathway154. 

Glucocorticoids are also capable of destabilizing the mRNA of numerous cytokines and 

- -6, MCP-1, and iNOS. Destabilization of 

by glucocorticoids and could be blocked with a transcriptional inhibitor such as 

actinomycin D 155,156. Immunosupressive drugs cyclosporin A (CsA) and rapamycin have 

both been found to destabilize IL-3 mRNA by ARE-dependent mechanisms157,158.  The 

anti-rejection drug, rapamycin, alters cyclin D1 and c-myc mRNA stability via TTP and its 

phosphorylation states62. Statins, which are most recognized for their ability to inhibit 

HMG-CoA reductase to lower cholesterol levels, also have vascular protective effects 

independent of its effects on cholesterol. A beneficial anti-inflammatory side-effect of 
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statins is a result of stabilizing endothelial nitric oxide synthesis (eNOS) mRNA through a 

PI3K/PKB pathway. It is known from a separate study that hnRNP E1 can stabilize 

eNOS, both resulting in beneficial vascular dilation159,160.  

Together, these studies suggest anti-inflammatory treatments can alter RNA 

stability, in many cases by destabilizing inflammatory mediators; however, very little is 

known about the exact mechanisms by which RBPs are involved in the ARE-dependent 

regulation of these transcripts. More work is needed to characterize the pathways and 

processes in which pro- and anti- inflammatory stimuli affect the landscape of protein-

RNA interactions which mediate ARE-dependent stabilization of transcripts.  

1. 9 Anti-inflammatory cytokine IL-19 and its role in vascular inflammation 

IL-19 was first recognized and cloned by Expressed Sequence Tag databases 

for IL-10 homologs and was considered a member of the IL-10 family161. The IL-19 gene 

shares 21% amino acid identity with IL-10, and the IL- -10 

2, where other IL-10 family members reside161.  Since then, 

IL-19 has been grouped into a subfamily which also includes IL-20, IL-22, and IL-24, and 

- - 162,163. A 

uniting feature of the IL-19 subfamily members is that they all signal through different 

combinations of shared receptor chain complexes. IL-19 does not bind the IL-10 

receptor, rather, IL-19 signals through the IL-20 receptor, and shares greater structural 

similarities with IL-20 and IL-24 compared to IL-10164. IL-19 signals through the 

heterodimerization of the alpha and beta subunits of the IL-20 receptor, which differs 

from IL-20 and IL-24 both of which signal through homodimerization of the IL-20 receptor 

subunits and IL-22 receptor. CD4+ and CD8+ T cells isolated from mice lacking the IL-20 

receptor beta chain, a shared receptor for IL-19, had enhanced pro-inflammatory IL-2 

and IFNy compared to controls, and were unable polarize to the Th2 inflammatory 
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response165. These in vivo studies suggest IL-19 signaling plays a critical role in 

inflammation and the ability of immune cells to correctly respond to insult or injury.  

Despite sharing receptor complexes, IL-19 functions differently from the other 

subfamily members, and from IL-10. One study suggests IL-19 has pro-inflammatory 

properties and can induce expression of IL-6, but no other study has reported these 

effects166. In terms of its anti-inflammatory properties, IL-19 polarizes T cells towards the 

anti-inflammatory Th2 cytokine response and also polarizes macrophages towards their 

M2 phenotype167. Early on, IL-19 was thought to be expressed exclusively in immune 

cells, therefore, much of the characterization of IL-19 occurred in T cells and B 

cells168,169. Since then, our lab has further characterized IL-19, revealing a role for the 

cytokine in non-immune cells and having major functions in cells of the vasculature, 

including endothelial (ECs) and smooth muscle cells (SMCs)170. Other studies have also 

identified IL-19 expression in non-immune cells such as keratinocytes, bronchial 

epithelial cells, synovial tissue, and in fetal membranes171 176.  

In terms of the vasculature, experiments focusing on human ECs demonstrated 

IL-19 could be induced by pro-inflammatory stimuli, and in those cells IL-10 or IL-20 

expression was detected169. Coronary arteries from human patients with allograft 

vasculopathy demonstrated expression of IL-19 in ECs and VSCMs and in CD45+ 

leukocytes as detected by immunohistochemistry, while uninjured or healthy arteries did 

not have IL-19 present168,169. In the atherosclerosis mouse model, ApoE-/- mice were 

found to have IL-19, while again the control, in this case the C57BL/6 wild type mouse 

lacked IL-19168,169. Based on these two studies, the evidence points to IL-19 playing a 

role in vascular injury and atherogenesis due to IL-  

1.10 The role of IL-19 in VSMCs 
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The observed anti-inflammatory effects of IL-19 occurs in many cells of the 

vasculature, but in this section, we will focus on the effects in VSMCs. Rats with 

adenoviral delivery of IL-19 prior to balloon angioplasty had decreased VSMC 

proliferation and decreased neointima formation following injury compared to the control 

groups. Conversely, Il19-/-  mice that underwent carotid ligation surgery had significantly 

increased neointima/intima ratio compared to the control wild type mice. The effects of 

the loss of IL-19 in the restenosis model could then be rescued by intraperitoneal 

injections of IL-19, demonstrating a specific role for IL-19 in VSMCs during the vascular 

injury response177.  IL-19 also reduced proliferation, migration, and inflammatory gene 

expression in human VSMCs treated with IL-19, demonstrating the conserved effects of 

this anti-inflammatory cytokine150,168,178. The effects of IL-19 are cell-type specific, as 

observed by the fact that IL-19 increases proliferation, spreading, and migration in ECs, 

the opposite of the effects in VSMCs169. Concurrently, human VSMCs treated with IL-19 

also demonstrated decreased proliferation in addition to activation of signal transducer 

and activator of transcription 3 (STAT3)168. The increase in STAT3 in VSMCs treated 

with IL-19 is interesting because an increase in expression of STAT-responsive 

suppressor of cytokine signaling 5 (SOCS5) was also observed. IL-19-induced SOCS5 

expression causes inhibition of inflammatory mediators and this result is dependent on 

STAT3. In addition, IL-19 reduces the expression of pro-inflammatory and some 

proliferative genes such as IL-1 , IL8, cyclin D1, and cyclooxygenase. These results 

support a transcriptional mechanism by which IL-19 mediates inflammation in VSMCs.  

Unlike IL-10, IL-

therefore, although transcriptional changes are observed, other post-transcriptional 

mechanisms may be responsible for the anti-inflammatory effects caused by IL-19. As 

mentioned in section 1.8, IL-19 reduces both the abundance and mRNA stability of pro-
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inflammatory and proliferative ARE-containing transcripts by modulating stabilizing RBP, 

HuR in VSMCs and in other cells of the vasculature such as ECs and bone-marrow 

derived macrophages (BMDMs) 150,179. IL-19 also reversibly inhibits HuR translocation 

from the nucleus to the cytoplasm, where HuR is active and functions to regulate RNA 

stability. Additionally, IL-19 reduces phosphorylation of HuR, another key component in 

HuR activation and function150. In a recent study, Ray et al., observed that IL-19 is an 

atheroprotective cytokine which reduces the abundance of HuR leading to reduced 

mRNA stability of inflammatory mediators as demonstrated using an IL-19 

double knockout mouse model180.   

1.11 Summary 

Results from the recent CANTOS trial support the leading role of inflammation in 

vascular disease181. The focus of this dissertation is on VSMC partly because they 

respond to and synthesize pro-inflammatory immune modulators and lead to the 

recruitment of leukocytes to the atherosclerotic lesion causing localized vascular 

inflammation in the lesion 2,25,182. In many vascular diseases, VSMC migrate into the 

intima, where they proliferate and synthesize cytokines and matrix proteins leading to 

loss of lumen and subsequent tissue ischemia.  Resolution of inflammation is a dynamic 

and tightly regulated process and much attention has been aimed at identification of 

countervailing mechanisms that modulate inflammatory processes183,184.  A better 

understanding of counteracting mechanisms that modulate inflammatory processes, and 

identification of proteins and pathways which modulate the VSMC response to injury is 

key to development of therapeutics to combat multiple vascular diseases.  

RBPs are cytokine responsive proteins and are activated distally of key 

inflammatory pathways such as p38 MAPK and NF-kB signaling events.  In response to 

inflammatory perturbation, they fine-tune the cellular response to inflammatory stimuli, 
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and multiple studies demonstrate the ability of RBPs to directly regulate critical 

inflammatory mediators that specifically contribute to vascular inflammatory diseases. 

The mixed results of many anti-inflammatory therapies points to the need for more 

specific, downstream targets to reduce or resolve inflammation.  Emerging data suggest 

RBPs, and regulation of inflammatory mRNA stability in particular are attractive targets 

for more specific vascular disease therapeutics. The role of RBPs in regulating 

inflammation is far from solidified; however, the evidence thus far suggests they play a 

critical role in the cellular response to inflammatory signals. A better understanding of 

these processes will undoubtedly enable us to develop better therapeutics to combat 

vascular disease. 

HuR is ubiquitously expressed, and it is activated in response to inflammatory 

signals to stabilize inflammatory mediators91,185.  Since most pro-inflammatory transcripts 

and maintenance of the pro-inflammatory phenotype observed in vascular diseases.  

The exact mechanisms of HuR regulation have yet to be characterized, however they 

could represent key targets in regulating inflammation186.  Even though modulation of 

mRNA stability has been posited as a possible therapeutic strategy88, surprisingly, there 

is negligible literature exploring the concept that it could be directly regulated, or possibly 

reduced by anti-inflammatory stimuli.  We posit that the regulation of HuR and other 

RBPs is a critical, and understudied step in the regulation of vascular inflammation. 

The lab has previously reported that IL-19, an anti-inflammatory cytokine, 

reduced inflammatory transcript mRNA stability in VSMC, and reduced HuR abundance 

in several cell types. These results suggest a potential role for IL-19 in the regulation of 

RBPs to attenuate inflammatory mediators in VSMCs by means of RNA stability, a post-
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transcriptional mechanism instead of through the traditionally thought of mechanisms of 

transcriptional regulation150,187.   

1.12 Central Hypothesis 

The central hypothesis of this dissertation is that RNA-binding proteins play a 

crucial role in regulating inflammatory transcript stability and abundance in VSMCs 

during vascular inflammatory diseases, and that RBPs are regulated by anti-

inflammatory cytokine IL-19.  

1.13 Specific Aims 

Aim 1: Determine HuR-interacting proteins in VSMCs altered by treatment with anti-

inflammatory cytokine IL-19 

Hypothesis: HuR-interacting protein antagonizes HuR, reducing HuR stabilization of pro-

inflammatory mRNA transcripts 

Aim 1A: Determine HuR interacting proteins by proteomic analysis under 

different inflammatory conditions 

Aim 1B: Determine if a change in any of the HuR-interacting proteins modulates 

inflammation in VSMCs 

Aim 2: Determine the molecular mechanisms of how FXR1 modulates inflammatory 

gene abundance in VSMC  

Hypothesis: FXR1 expression and HuR interaction is an inflammation responsive, 

counter-regulatory mechanism to reduce abundance of pro-inflammatory proteins 

Aim 2A: Determine if FXR1 directly binds mRNA and regulates RNA stability in 

VSMCs 

Aim 2B: Determine if FXR1 induced by IL-19 is an inflammation responsive 

mechanism to reduce stability of inflammatory transcripts  
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Aim 3: Determine the role of RBP-derived stress granules in vascular inflammatory 

diseases 

Hypothesis: Stress granules form in response to and may mediate inflammation in 

VSMCs 

Aim 3A: Determine if SGs form in VSMC, and if this can be regulated by anti-

inflammatory cytokine IL-19 

Aim 3B: Determine if SG markers are enhanced in vascular diseases such as 

atherosclerosis and restenosis 

Aim 3C: Determine the molecular mechanisms by which SGs are regulated in 

VSMCs 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 VSMC Culture.  

Primary human coronary artery vascular smooth muscle cells were obtained as 

cryopreserved secondary culture from LifeLine Cell Technology (Frederick, MD) and 

maintained as we described168,188. Cells were used from passage 3 5.  

2.2 Western blotting and protein determination.   

Human VSMC extracts were prepared as described187. Membranes were 

incubated with a 1:5000 9000 dilution of primary antibody, and a 1:5000 dilution of 

secondary antibody. Interleukin-1 beta (IL- -1, FXR1, GAPDH, and HuR were 

from Santa Cruz Biotechnology (Dallas, TX, USA). Human antigen R (HuR), Fragile-X-

mental retardation Protein 1 (FXR1) were from AbCam. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were from Cell Signaling (Danvers, MA, USA). Reactive 

proteins were visualized using enhanced chemiluminescence (Amersham, Piscataway, 

NJ, USA) acc

normalized to GAPDH, and quantitated by scanning image analysis and the Image J 

densitometry program. 

2.3 cEMSA.   

FXR1 and GST control fusion proteins were generated using a Genscript kit for 

GST fusion protein purification, purified from E. coli lysates, and then separated using a 

protease kit from GE Life Sciences PreScission Protease (Piscataway, NJ, USA).  

Purified proteins (2µM) were incubated with biotinylated probe (100pM) consisting of 

nucleotides 1333-1380 in the TNF  3'UTR 

binding buffer and glycerol. The binding reaction was run on a 5% precast 
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polyacrylamide gel (Bio-Rad, Hercules, CA, USA). The gel is transferred to nylon 

membrane, cross-linked with UV light, blocked, streptavidin antibody added, and 

developed using chemiluminescence.  Five non-biotinylated probes were used in a cold 

competition experiment: (UUAUUUAUU)3, (AUUUA)5, (CUUGUGAUU)4, 

(CAGAGAUGAA)4, and scrambled control (AUCG)5 were incubated with GST-protein 

and binding buffer/glycerol for 30 minutes before the addition of the biotinylated TNF  G 

quadruplex probe (GGGGUGGGUGGGGGGCAGUGGGGGCUGGGCGGGGGG) was 

used as a cold competitor to TNF  using the same experimental setup as previously 

described.  Binding affinity was calculated as described189. 

2.4 Co-Immunoprecipitation and RNA Immunoprecipitation (RIP).   

For Co-IP, hVSMCs were washed three times in PBS and scraped off the dish 

into a conical tube and centrifuged to form cell pellet. HVSMC extracts were lysed in 

Lysis Buffer (50mM HEPES, pH 7.5, 70mM KOAc, 5mM Mg(OAc)2 in 0.1M Tris-HCl, pH 

8.5 with 0.1g n-dodecyl-B-Maltoside and protease inhibitor) and incubated on a nutator 

at 4°C for 30 minutes. Cells were centrifuged at 16,600K for 15 minutes. Anti-FLAG M2 

Affinity beads (Sigma Aldrich, St. Louis, MO, USA) were washed and added to each 

sample and incubated on the nutator overnight at 4°C. The samples were centrifuged at 

13,000rpm and washed three times in lysis buffer. Sample buffer was added and 

samples were boiled and frozen or used for western blotting. For RIP, hVSMCs were 

transduced with AdenoFXR1 prior to serum starvation for 48 hours. Cells were treated 

with TNF  for 8 hours and lysed in IP buffer with RNase inhibitor. Samples were divided 

and half were incubated with IgG control beads or Flag-conjugated beads for 4 hours at 

25 degrees C. The beads were then centrifuged and washed 5X in IP buffer. Trizol was 

added to the pelleted beads and RNA was extracted and reverse transcribed to cDNA. 

We performed qRT-PCR for the transcripts indicated.  
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2.5 Immunohistochemistry.   

Ligated mouse carotid arteries, plaque from mice, and human coronary 

arteries were collected as part of studies described previously179,187.  Tissue sections 

deparaffinized in xylene and rehydrated through graded alcohols. Endogenous 

peroxidase activity was blocked with 1.5% hydrogen peroxide in methanol for 15 min. 

Tissue sections were blocked in 10% goat serum, incubated with primary antibody at 0.5 

secondary antibody (1:200), followed by avidin-biotin peroxidase complex each for 30 

min. Non-specific identical IgG isotype control (Neomarkers # NC-100-P, and Biolegend 

#400601) antibodies were used as negative controls. The reaction product was 

visualized using DAB (Vector Labs, Burlingame, Ca, USA) as the chromogenic 

substrate, which produces a reddish-brown stain. The sections were counterstained with 

hematoxylin.  Immunofluorescence co-staining on human coronary artery sections was 

performed as described187.  Briefly, anti- -SMC actin, (NeoMarkers, Inc, Burlingame, CA, 

USA) and anti-FXR1 antibody was followed by a 30-minute incubation with secondary 

antibody conjugated to AlexaFluor 568 (red) and AlexaFluor 488 (green) (Molecular 

probes, Inc., Eugene, OR, USA).  For cellular stress granule staining, human VSMC 

were grown on glass cover slides and fluorescent stained with Anti-PABP antibody 

(AbCam, Cambridge, UK), Anti-FXR1 antibody (AbCam), were used.  

2.6 Liquid chromatography-tandem mass spectrometry (LC-MS/MS).   

LC-MS/MS analysis was performed as described previously (Haines et al., 2012).  

Briefly, VSMC were transduced with recombinant adenovirus expressing FLAG-tagged 

HuR or empty vector control. Pellets were collected and lysed in maltoside based-lysis 

buffer containing 1 × protease inhibitor tablet (Roche) for 30 min on a nutator at 4 °C. 
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The lysates were centrifuged at 16,600 × g for 15 min to remove cell debris, and the 

supernatant was incubated with anti-FLAG beads, followed by 5 washes in lysis buffer. 

Proteins were eluted from beads in 10 M freshly prepared urea. Digestion was 

performed in 100 mM Tris-HCl (pH 8.5) containing 8 M urea at 37 °C first with Lys-C (35 

ng/mg lysate) for 4 h, and then the urea concentration was reduced to 2 M for trypsin (30 

ng/mg lysate) digestion overnight. Following digestion, the tryptic peptides were desalted 

on a reversed-phase Vivapure C18 micro spin column (Sartorius Stedim Biotech, 

Gottingen, Germany) and concentrated using a SpeedVac. Dried samples were acidified 

by 0.2% formic acid prior to liquid chromatography-mass spectrometric analysis.  All LC-

MS/MS experiments were performed on a nanoflow LC system, EASY-nLC II (Thermo 

Scientific, Waltham, MA, USA) connected to a hybrid LTQ Orbitrap Classic (Thermo 

Scientific, Waltham, MA, USA) equipped with a nano-electrospray ion source. For the 

EASY-nLC II system, solvent A consisted of 97.8% H2O, 2% ACN, and 0.2% formic acid 

and solvent B consisted of 19.8% H2O, 80% ACN, and 0.2% formic acid. Samples were 

directly loaded onto a 16-cm analytical HPLC column (75 mm ID) packed in-house with 

ReproSil-Pur C18AQ 3 um resin (120A° pore size, Dr. Maisch, Ammerbuch, Germany). 

The column was heated to 45° C. The peptides were separated with a 160 min gradient 

at a flow rate of 350 nL/min. The gradient was as follows: 2 30% Solvent B (150 min), 

30 100% B (1 min), and 100% B (9 min). Eluted peptides were then ionized using a 

standard coated silica tip (New Objective, Woburn, MA, USA) as an electrospray emitter 

and introduced into the mass spectrometer.  The LTQ Orbitrap was operated in a data-

dependent mode, automatically alternating between a full-scan (m/z 300-1700) in the 

Orbitrap and subsequent MS/MS scans of the 15 most abundant peaks in the linear ion 

trap (Top15 method). Data acquisition was controlled by Xcalibur 2.0.7 and Tune 2.4 

software (Thermo Fisher Scientific, Waltham, MA, USA). For data analysis, peaks were 
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generated from raw data files using MaxQuant (version 1.5.1.2) with default parameters 

and searched using the built-in search engine Andromeda. Peak lists were searched 

against the UniProt human database (148298 sequences including isoforms) and a 

contaminant database (262 sequences). Thresholds for peptide and protein scores were 

chosen to have at most a 1% FDR as estimated by a decoy database190,191.  

2.7 RNA Extraction and Quantitative RT-PCR.   

VSMCs were serum starved in 0.1% FCS for 48 hours, then stimulated with 10 

reverse transcribed into cDNA, as we have described, and target genes were amplified 

using an Applied Biosystems StepOne Plus Real-Time PCR System as we described167. 

Multiple mRNAs (CT values) were quantitated simultaneously by the Applied Biosystems 

software. Primer pairs were purchased from Integrated DNA Technologies (Coralville, 

IA, USA), and SYBR Green was used for detection. The following primer pairs were 

used:  

Human GAPDH:  

F: CGAGAGTCAGCCGCATCTT, R: CCCCATGGTGTCTGAGCG,    

Human IL-  

F: TCCCCAGCCCTTTTGTTGA, R: TTAGAACCAAATGTGGCCGTG,  

Human ICAM1:  

F: CTCCAATGTGCCAGGCTTG, R: GAGTGGGAAAGTGCCATCCT 

Human FXR1:  

F: GAGTTACCGCCATTGAGCTAG, R: ACTTTTCCAACGAGATTCCTAGG 

Human HuR:  

F: CCGTCA CAAATGTGAAAGTG, R: TCGCGGCTTCTTCATAGTTT 

Human TNF :  



 

38 

F: GGTCTACTTTGGGATCATTGC, R: GAAGAGGTTGAGGGTGTCTG 

Human MCP1:  

F: AGCAGAAGTGGGTTCAGGATT, R: TGTGGAGTGAGTGTTCAAGTCT 

Human PPAR :  

F: GCTATCATTACGGAGTCCACG, R: TCGCACTTGTCATACACCAG 

Human B2M:  

F: GGCATTCCTGAAGCTGACAG, R: TGGATGACGTGAAACCTG 

Human G3BP1: 

F: AGTTATGGAAACGTGGTGGAG, R: GACATTCAGACGGACCTCAC 

2.8 Transfection, siRNA knockdown and overexpression, and luciferase.  

Gene silencing was performed using ON-TARGET plus SMARTpool FXR1 

siRNA, which contains a mixture of four siRNAs which target human FXR1 (10 nM), and 

SMARTpool G3BP1 siRNA (L-012099-00-0005), which contains a mixture of four 

siRNAs which target human G3BP1 (10 nM) purchased from Dharmacon, Inc. 

(Lafayette, Co, USA) as we have described150,167. Scrambled control siRNA was also 

purchased from Dharmacon, Inc. Transfection of VSMC was performed using the 

manufacturer's instructions as we described167,188. For overexpression studies, human 

AdenoFXR1 was purchased from Vigene Biosciences (Rockville, MD, USA). The 

AdenoFXR1 and control virus AdenoGFP were used at 100 MOI in the transduction of 

hVSMCs.  Forty-eight hours after infections, VSMC were serum starved 24 hours, then 

treated as described in the legend.  For luciferase experiments, 6µg of a constitutively-

Genomics, Menlo Park, Ca, USA) which contains multiple ARE tandem repeats was 

transfected into HEK using Fugene transfection reagent (Promega, Madison, WI, USA), 



 

39 

and co-transduced with plasmid encoding FXR1 cDNA (6µg).  Forty-eight hours after 

transfection, luciferase activity was quantitated as we have described using 

167.  

2.9 Immunofluorescent staining and SG quantitation.   

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

of Pennsylvania) and ImageJ as described in previous studies192,193. For cultured cells, 

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

were randomly taken with a 20× and 40x objective lens in 10-20 different fields. The 

ImageJ plug- -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 G3BP1112. 

Immunostaining procedure was followed as outlined in Kedersha and Anderson112. 

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 

e 

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. Corrected total cellular fluorescence was measured as described in Parry 

and Hemstreet194.  

2.10 Sections from mouse studies. 
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aboratories (Catalog 

number 002207). Ligated mouse carotid arteries, plaque from mice from 0, 5, 10, 

and 14 weeks of high fat diet feeding, and human coronary arteries were collected as part 

of studies described previously 195,196.  Briefly, mice were housed in an ALAC-approved 

facility and maintained on a standard chow diet until study commencement. Mice of both 

sexes were entered in the study at 8 weeks of age when normal chow was replaced with 

an atherogenic diet (42% fat, 0.2% cholesterol, Harlan atherogenic diet TD.88137) as part 

of a study described in Ellison et. al and Ray et. al180,195. The partial ligation model of injury 

was performed as part of a study we described in Ellison et. al179. 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; the FVB lineage develops a robust, and the 

C57/B6 develops a more limited, intimal hyperplasia in response to carotid ligation197,198. 

All animal procedures adhered to approved Temple University Institutional Animal Care 

and Use Committee approved protocols. 

2.11 Statistical Analysis.  

Results are expressed as mean ± SEM. Differences between groups were 

evaluated with the use of Student's t-test, or ANOVA, where appropriate, and performed 

using Prism software (GraphPad, La Jolla, CA). Differences were considered significant 

when p < 0.05.  All experiments using cultured cells were performed in triplicate, from at 

least three independent experiments. Quantification of western blot and 

immunofluorescence images were performed using ImageJ software from at least three 

independent experiments. 
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CHAPTER 3 

RESULTS 

The results from sections 3.1 to 3.6 were published in Herman et al., 2018199.  

3.1 HuR interacts with FXR1.   

It is presumed that HuR activity is regulated by interacting proteins91,97,186.   

HVSMCs were transfected with a Flag-tagged HuR or Flag-tagged empty control vector, 

then starved for 48 hours in 0.1% FBS before stimulation with TNF . HuR pull-down was 

followed by un-biased liquid chromatography-tandem mass spectrometry (LC-MS/MS) to 

identify the proteins which immunoprecipitated with HuR.  HuR interacting candidates 

were identified by eliminating any protein with a raw peptide count below ten (Table 2). 

Interacting proteins were also scrutinized in the Contaminant Repository for Affinity 

Purification (CRAPome) database200 to determine the occurrence of proteins in control 

-specifically interact with HuR. 

The final list of proteins which met these criteria were examined for Gene Ontology (GO) 

annotation.  A number of interacting proteins were identified, most involved in various 

aspects of mRNA processing (Table 3).  The last row of Table 3 includes Elav1 (HuR), 

as it was the bait protein used to perform LC/MS Mass Spectrometry, although nothing is 

known about HuR and the Flag-tag epitope according to the CRAPome database. 

Fragile X-related protein (FXR1) was chosen for further study because of the novelty of 

its interaction; because FXR1 expression is muscle-enhanced83,201; and because no 

literature exists on FXR1 inducibility by inflammatory stimuli or VSMC, making FXR1 a 

particularly attractive target to study in the context of vascular disease. Finally, similar to 

HuR, FXR1 is presumed to be an RNA binding protein202. FXR1 exists in several 

isoforms in mouse, and is predicted to have three isoforms in human203. We were only 

able to detect isoform 1 in human VSMC by Western blot and transcript-specific qRT-
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PCR (data not shown).  Subsequent experiments utilized isoform 1 to ensure all 

domains were represented. 

     A series of immunoprecipitations were performed in order to confirm the interaction 

between HuR and FXR1. First, we performed a co-immunoprecipitation of endogenous 

FXR1 for HuR in hVSMCs which were either serum-starved or serum-starved and 

stimulated with TNF  for 8 hours (Figure 3A). We also overexpressed FXR1 using a 

flag-tagged adenovirus (AdFXR1) and concurrently overexpressed HuR also using an 

adenovirus (AdHuR) in hVSMCs and performed an immunoprecipitation using anti-flag-

conjugated beads (Figure 3B). Next, hVSMCs were treated as described, but after 

serum starvation, they were stimulated with TNF  for 8 hours.  Figure 3C shows that the 

HuR/FXR1 interaction was enhanced in TNF -stimulated cells.  Figure 3D shows that 

the FXR1/HuR interaction is abrogated by addition of RNAse A, suggesting that the 

interaction we identified via proteomics may be mediated by RNA tethering.  The 

increased FXR1-HuR interaction observed in TNF  stimulated VSMC may be due to an 

increase in transcripts that harbor both FXR1 and HuR binding elements.   

We next used confocal microscopy to determine HuR and FXR1 localization 

under basal and inflammatory conditions in hVSMCs.  HuR nucleocytoplasmic shuttling 

has been reported204, and consistent with the literature, in TNF  stimulated VSMC, HuR 

translocated from the nucleus to the cytoplasm.  FXR1 remained predominantly 

cytoplasmic in both unstimulated and stimulated conditions. Interestingly, HuR and 

FXR1 co-localized in the cytoplasm following 8 hour TNF  stimulation, which is 

consistent with literature showing HuR nucleocytoplasmic translocation upon 

inflammatory stimuli (Figures 4A, B).   

3.2 FXR1 expression is induced in diseased VSMC.   

There is no literature describing FXR1 induction in VSMC or models of vascular injury. 
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 We examined FXR1 expression in mouse and human atherosclerotic and restenotic 

tissue and detected inducible FXR1 expression in VSMC in multiple models of vascular 

injury.  Figure 5A indicates that FXR1 expression is increased in neointimal, compared 

with medial VSMC in carotid artery from ligated mice. Similarly, FXR1 expression is  

increased in VSMC in atherosclerotic plaque and cap, but much lower in non-diseased 

medial VSMC in aortic arch from  mice fed an atherogenic diet (Figure 5B).  

FXR1 expression is negligible in normal, non-diseased arteries from these mice (Figures 

6A-B).  Importantly, FXR1 expression is barely detectible in a coronary artery from a 

non-failing human heart, but expression is enhanced in myofibrous atherosclerotic 

plaque from a human coronary artery (Figures 5C and D). Figure 5E is dual-color 

immunohistochemistry showing that FXR1 expression co-localizes in plaque SMC in 

human coronary artery.  Together, these data suggest that FXR1 induction is a VSMC 

response to inflammatory stimuli in vivo. 

3.3 FXR1 regulates abundance and mRNA stability of pro-inflammatory mRNA and 

protein.  

Literature on FXR1 function is inconsistent, and appears to be cell-type specific. To 

more definitively link FXR1 function with vascular inflammation, we transfected hVSMC 

with FXR1-specific siRNA, then stimulated the cells with TNF .  Knockdown of FXR1 

resulted in a dramatic and significant increase in abundance of inflammatory transcripts 

in hVSMC (IL- -1 are shown as examples). Interestingly, these 

transcripts have been previously shown to be stabilized by HuR in other cell types204 206 

(Figure 7A).  Correspondingly, Figure 7B shows that siRNA reduction of FXR1 also 

increases abundance of inflammatory proteins as well as HuR in TNF -stimulated 
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Table 2. Complete table of putative HuR-interacting proteins identified by LC-MS/MS 

ranked in order peptide sequences. Columns Flag empty-vector (-) and the Flag-

immunoprecipitated (+) provide the raw spectral counts from VSMCs following IP with 

anti-Flag antibody. Proteins were identified by LC MS/MS and were included in the table 

if the spectral count was above 10. The additional columns provide the percent 

occurrence of an identified protein in agarose bead or Flag epitope samples found in the 

Contaminant Repository for Affinity Purification (CRAPome) database. Elav1 was the 

bait protein used to pull-down proteins for LC MS/MS. CRAPome database provided no 

additional information about Elav1.  
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Table 3. Putative HuR-interacting proteins identified by LC-MS/MS ranked in order of 

percent occurrence by FLAG epitope found in the Contaminant Repository for Affinity 

Purification (CRAPome) database. Columns Flag empty-vector (-) and the Flag-

immunoprecipitated (+) provide the raw peptide sequences from VSMCs following IP 

with anti-Flag antibody. Proteins were identified by LC MS/MS. *Indicates Elav1 was the 

bait protein used to pull-down proteins for LC MS/MS. CRAPome database provided no 

additional information about Elav1. 
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Figure 3. FXR1 and HuR interact. A. Co-immunoprecipitation of endogenous FXR1 with 

HuR in unstimulated or TNF  stimulated VSMC. B. HVSMCs transduced with 

AdenoGFP-control vector, flag-tagged adenoFXR1 and HuR adenovirus, followed by 

immunoprecipitation by anti-flag-conjugated beads.  C. The FXR1-HuR interaction 

increases in TNF -stimulated conditions.  D. FXR1-HuR interaction is mediated by 

mRNA. The addition of RNAse A to the immunoprecipitation reaction disrupted TNF -

driven FXR1-HuR interaction. 
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Figure 4. HuR and FXR1 co-localization in hVSMC.  A. HuR remained predominantly 

nuclear while FXR1 localized to the cytoplasm in unstimulated VSMC. Upon stimulation 

with TNF , HuR shuttled to the cytoplasm where it co-localized with FXR1.  B.  High-

resolution confocal microscopy of HuR/FXR1 interaction in cytoplasm of TNF -

stimulated hVSMC.   
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Figure 5. FXR1 protein expression in vascular injury and disease models. A.  FXR1 

expression in ligated murine carotid artery.  Mouse carotid arteries were harvested 28 

days after ligation, and immunohistochemistry performed.  FXR1 primarily stains in the 

neointima (n.i.), but not the media (m.) in the ligated artery.  B.  FXR1 expression in 

mouse atherosclerotic plaque.  Cross section from an mouse aorta fed a HFD for 

12 weeks to develop atherosclerotic plaque.  VSMC in plaque and smooth muscle cell 
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cap are enriched for FXR1 expression.  C.  FXR1 expression in normal human coronary 

artery from a non-failing heart.  D. FXR1 expression in myleofibroid atherosclerotic 

plaque from a failing human artery.   FXR1 expression is enriched in myleofibroid VSMC 

in the plaque as compared to healthy human control artery.  E.  Fluorescent co-staining 

of fibro-atherosclerotic cap from human atherosclerotic plaque using antibody to SMC-

actin and FXR1. See also Figure S1 for normal mouse artery and negative controls for 

immunohistochemistry.  Magnification is 200X for all.  
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Figure 6. Normal tissue controls for Figure 5.  Related to Figure 5. A. unligated normal 

mouse carotid artery.  B. wild-type aorta.  C-H matching isotype control antibody for all 

tissues shown. 
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human VSMC.  As FXR1 knock down increased inflammatory transcripts, we reasoned 

that FXR1 overexpression would reduce abundance of inflammatory mRNA and protein. 

Adenoviral overexpression of FXR1 decreases abundance of inflammatory mRNA 

(Figure 8A) and protein (Figure 8B) in a dose-dependent fashion compared with AdGFP 

control.  The siRNA knockdown and overexpression data are complementary and 

strongly suggest that FXR1 expression may regulate abundance of inflammatory 

proteins as well as HuR in VSMCs.  

      FMR1 family members are putative RNA-binding proteins202, and we next 

determined if modulation of FXR1 would affect mRNA stability.  Using the transcription 

inhibitor actinomycin D in TNF -stimulated VSMC, we determined that the mRNA 

stability of ARE-containing transcripts IL- , ICAM1, and HuR are significantly 

increased when FXR1 is knocked down, and importantly, significantly decreased when 

FXR1 is over expressed (Figures 9A and 9B).  The mRNA stability of PPAR , the 

s not affected by FXR1 

knock down or overexpression, demonstrating target transcript specificity for FXR1 

activity. Of particular importance was the finding that FXR1 appears to have a reciprocal 

relationship with HuR abundance, suggesting important, possibly competitive roles for 

these proteins in regulation of mRNA stability.  Together, these results suggest a 

previously unrecognized function for FXR1 in regulation of mRNA stability and 

subsequent abundance of pro-inflammatory proteins. 

3.4 FXR1 regulates VSMC cell proliferation and inflammation through paracrine 

signaling.  

Maladaptive VSMC proliferation is a hallmark of several vascular pathologies, and is 

driven by inflammatory gene expression1,2,184.  Knockdown of FXR1 in hVSMCs 
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Figure 7. FXR1 regulates abundance of pro-inflammatory mRNA and proteins in VSMC.   

A.  FXR1 knockdown increases mRNA abundance of inflammatory mediators in VSMC.  

HVSMCs transfected with FXR1 siRNA or scrambled control siRNA, serum starved, then 

stimulated with TNF  for 4 hours to induce mRNA expression quantitated by qRT-PCR 

and normalized to GAPDH expression. Data are represented as mean ± SEM, 

experiment performed in triplicate.  Data shown representative of 3 independently 

performed experiments.  B.  FXR1 knockdown increases protein abundance of 

inflammatory mediators in VSMC.  Cell extracts were prepared from VSMC treated as 

described above, stimulated with TNF  for 24 hours and proteins identified by western 

blot analysis. Image shown representative from 3 independently performed experiments. 
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Figure 8. Overexpression of FXR1 reduces abundance of pro-inflammatory mRNA and 

proteins. A. HVSMCs were transduced with 100 MOI of AdFXR1 or AdGFP, serum-

starved, then stimulated with TNF  for 4 hours to induce mRNA expression which was 

quantitated by qRT-PCR and normalized to GAPDH expression. Data are represented 

as mean ± SEM, experiment performed in triplicate.  Data shown representative of 3 

independently performed experiments. B.  FXR1 overexpression increases protein 

abundance of inflammatory mediators in VSMC.  Cell extracts were prepared from 

VSMC treated as described above, stimulated with TNF  for 24 hours and proteins 

identified by western blot analysis. Image shown representative from 3 independently 

performed experiments. P< *0.05, **0.01, or ***0.001. 



 

55 

significantly increased cell proliferation compared to scrambled control cells (Figure 

10A). Concordantly, VSMC proliferation was significantly decreased in a manner 

inversely proportional with FXR1 expression, confirming FXR1 can regulate VSMC 

proliferation (Figure 10B).  

VSMC paracrine signaling is also a characteristic of many vascular diseases. 

Since FXR1 appeared to regulate abundance of cytokines, it was important to determine 

if this participated in paracrine signaling. First, serum-starved VSMC were stimulated 

with conditioned media collected from VSMC transfected with FXR1 siRNA or scrambled 

controls for 4 hours, then inflammatory transcript mRNA was quantitated. Figure 11A 

shows that hVSMCs treated with FXR1 siRNA knockdown conditioned media had 

increased inflammatory gene expression compared to scrambled control. 

      Next, using conditioned media from scrambled control or FXR1 siRNA 

knockdown VSMCs, we performed a proliferation assay to demonstrate the autocrine 

and paracrine effects on cell growth (Figure 11B). HVSMCs treated with FXR1 siRNA 

conditioned media had significantly increased proliferation compared to scrambled 

media control. These data suggest the reduction of FXR1 results in increased cytokine 

production that has potential autocrine and paracrine effects on other hVSMCs. 

3.5 FXR1 binds RNA via canonical ARE and non-ARE sequences.   

Various complementary methods were used to determine if FXR1 binds mRNA.  First, 

GST and human GST-FXR1 fusion proteins were used in RNA-electro mobility shift 

assays (cRNA-EMSAs) with a biotinylated probe consisting of a 50bp region of the 

hum -1380).  Addition of recombinant FXR1 to this probe 

suggested it bound to RNA (Figure 12A).  The AUUUA monomer (as negative control 

probe) did not complex with FXR1.  Interaction specificity was demonstrated by super-

shift of the FXR1-probe complex by addition of anti-FXR1 antibody (Figure 12B). 
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Figure 9. FXR1 regulates mRNA stability of pro-inflammatory mRNA.  A.  FXR1 

knockdown increases inflammatory mRNA stability.  HVSMCs were transfected with 

FXR1 siRNA or scrambled control siRNA, serum starved, and stimulated with TNF  for 

4h at which point actinomycin D (10ng/ml) was added to halt transcription.  RNA was 

isolated at indicated times post addition of actinomycin D, and mRNA abundance 

quantitated by qRT-PCR. Percent mRNA remaining was determined by normalizing 
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each time point to Beta-2-microglobulin. Data are represented as mean ± SEM, 

experiment performed in triplicate.  Data shown representative of 3 independently 

performed experiments. B. FXR1 overexpression reduces inflammatory mRNA stability.  

HVSMCs were transduced adenoFXR1 and AdenoGFP, serum-starved, and stimulated 

with TNF  for 4h at which point actinomycin D (10ng/ml) was added.  RNA was isolated 

at the various time points post addition of actinomycin D, and mRNA abundance 

quantitated by qRT-PCR. Percent mRNA remaining was determined by normalizing 

each time point to Beta-2-microglobulin (B2M). Data are represented as mean ± SEM, 

experiment performed in triplicate.  Data shown representative of 3 independently 

performed experiments. P< *0.05, **0.01, or ***0.001. 
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FXR1 binding affinity for this region was calculated, and in our hands, FXR1 has similar 

affinity to the TNF  probe as HuR (Figures 13A-B).  

     To determine the site or sites on the TNF  

representing different regions of the 50bp TNF  

25-mer of (AUUUA)5 (probe B), a 27-mer of (UUAUUUAUU)3 (probe C), a 36-mer of 

(CUUGUGAUU)4 (probe D), a 40-mer of (CAGAGAUGAA)4 (probe E), were added to 

the cRNA-EMSAs to compete with the biotinylated 50bp TNF  Figure 14A 

shows that probes B and C, which contained recognized ARE were capable of 

competing with the full length probe for FXR1 binding, and nearly ablated the gel shift.  

Interestingly, probe D, which does not contain a canonical ARE, also successfully 

competed with the full length TNF  

the full length probe for HuR, suggesting an additional, previously unrecognized region 

on the TNF  

densitometry as a percentage of GST-protein bound to probe A (Figure 14B).  The GST 

negative control protein did not interact with any probes (Figures 15A-B).  FXR1 binding 

with various amounts of cold competitor probes was performed to determine probe input 

concentrations (Figures 16A-B).  An additional binding element termed the G quadruplex 

has been implicated as a binding site for FXR1189.  Using this element as a cold 

competitor to the biotinylated TNF  

to bind FXR1 (Figures 17A-B).  Using RNA immunoprecipitation (RIP), we determined if 

FXR1 directly binds RNAs that were shown to be regulated by FXR1. VSMC were 

transduced with Flag-tagged AdFXR1, serum starved for 48 hours, then stimulated with 

TNF  for 8 hours.  Figure 18A shows that several transcripts were identified as 

interacting with FXR1 compared to IgG control antibody. Importantly, mRNA transcripts 

not regulate  were not amplified. It was possible that 
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these regions.  A constitutively driven luciferase reporter representing the TNF  

and containing ARE tandem repeats was transfected into HEK cells, and also 

transduced with plasmid encoding FXR1 cDNA or a control empty-vector plasmid.  

Figure 18B shows that FXR1 reduced luciferase activity, suggesting that FXR1 may 

compete with HuR for ARE occupancy.  We also used an adenovirus expressing the 

TNF  

AdHuR were co-transduced with the adeno-expression TNF  

as an AdGFP for control. Figure 18C demonstrates that in hVSMCs, FXR1 over 

expression reduced TNF  

supporting the concept that FXR1 is a negative regulator of inflammatory transcripts.  

3.6 IL-19 induces FXR1 expression in VSMC.   

IL-19 is anti-proliferative for VSMC, and reduces inflammatory transcript mRNA 

stability168. Stimulation of VSMC with IL-19 significantly induces FXR1 mRNA and 

protein expression (Figures 19A-C). Long-term treatment of VSMC with IL-19 also 

reduces HuR protein abundance150,187.  To determine if FXR1 mediated IL-19 decrease 

in HuR abundance, VSMCs were transfected with FXR1 siRNA or scrambled control 

siRNA and serum-starved. VSMC were then treated with IL-19 for various time points 

and cells extracts were used for western blot analysis (Figure 19D). As reported, IL-19 

treatment can reduce HuR protein abundance; however, in the absence of FXR1, IL-19 

is unable to reduce HuR, indicating that IL-19 reduction of HuR requires FXR1. To 

further dissect the mechanism by which IL-19 reduces HuR abundance, we determined 

that IL-19 is able to reduce HuR mRNA stability in hVSMCs following actinomycin D 

treatment (Figure 19E). However, in the absence of FXR1, IL-19 was unable to reduce 

HuR mRNA stability compared to scrambled control, suggesting FXR1 is necessary 
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Figure 10. FXR1 regulates VSMC proliferation. A. HVSMCs transfected with FXR1 

siRNA or scrambled control siRNA were seeded at 10,000 cells/well and counted at 

days 3 and 6.  B.  HVSMCs were transduced with 100 MOI of AdFXR1 or AdGFP, 

seeded at 10,000 cells/well and counted at day 3 and 6. Data are represented as mean 

± SEM, experiment performed in triplicate.  Data shown representative of 3 

independently performed experiments. P< 0.05, 0.01, or 0.001. 
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Figure 11. Conditioned media from VSMC in which FXR1 is deleted can induce 

inflammatory and proliferative responses from naive VSMC. A. HVSMCs were 

transfected with scrambled control or FXR1 siRNA, washed, and media collected after 

48 hours. Conditioned media from each of these groups was added to serum-starved 

hVSMC for four hours, RNA isolated and reverse-transcribed for qRT-PCR analysis. B. 

HVSMCs were seeded at 20,000 cells/well in FXR1 siRNA conditioned media or 

scrambled control media. Cells were counted at days 3 and 5. Data are represented as 

mean ± SEM, experiment performed in triplicate.  Data shown representative of 3 

independently performed experiments. P< *0.05, **0.01, or ***0.001. 
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Figure 12. FXR1 binds mRNA.  A. RNA-EMSA. Biotinylated RNA probes containing a 

scrambled control, a 50mer of human TNF  

incubated with GST or GST-FXR1, and membrane blotted to demonstrate a shift 

indicating a protein-RNA complex. B. GST or FXR1 antibody was added to the EMSA 

reaction; supershift of the complex demonstrates specificity. Image shown 

representative from 3 independently performed experiments. 
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Figure 13. Binding affinities of GST-FXR1 and GST- . 

Binding affinity for (A) GST-FXR1 and (B) GST-HuR for the TNF  . 

Increasing concentrations of GST-fusion protein were incubated with TNF  

mer and fraction bound was calculated using non-linear fit, site-specific binding with Hill 

slope. 
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Figure 14. FXR1 binds canonical ARE and a novel element.  A. Non-biotinylated probes 

consisting of a 25-mer of (AUUUA)5, a 27-mer of (UUAUUUAUU)3, a 36- mer of 

(CUUGUGAUU)4, a 40-mer of (CAGAGAUGAA)4 (40 bases) were added to the reaction 

to prior to the addition of the biotinylated TNF  50mer, and RNA EMSA performed using 

GST-FXR1 and GST-HuR. B. Densitometry of protein-probe complex as a percentage of 

binding to Probe A for both GST-FXR1 and GST-HuR. Image shown representative from 

3 independently performed experiments. Densitometry calculated from at least 3 

independently performed experiments. 
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Figure 15. RNA-EMSA cold competition GST-controls. A. Non-biotinylated probes 

consisting of a 25-mer of (AUUUA)5, a 27-mer of (UUAUUUAUU)3, a 36- mer of 

(CUUGUGAUU)4, a 40-mer of (CAGAGAUGAA)4 (40 bases) were added to the 
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 reaction to compete with the biotinylated TNF  probe, prior to the addition of the 

biotinylated TNF  50mer, and RNA EMSA performed using GST-control and GST-

FXR1. The same experimental design was used in B, using GST-control and GST-HuR. 
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Figure 16. Increasing doses of cold competitor probes  probe for 

binding of GST-FXR1. A. Non-biotinylated probes consisting of a 25-mer of (AUUUA)5, a 

27-mer of (UUAUUUAUU)3, a 36- mer of (CUUGUGAUU)4, a 40-mer of 

(CAGAGAUGAA)4 (40 bases) were added to the reaction to compete with the 

biotinylated TNF  probe at increasing concentrations of 0.01mM, 10mM, and 1000mM, 

prior to the addition of the biotinylated TNF  50mer, and RNA EMSA performed using 

GST-FXR1. B. Densiometric analysis of percent binding of cold probes to GST-FXR1.   
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Figure 17. Increasing doses of cold G quadrup  probe 

for binding of GST and GST-FXR1. G quadruplex (GGGG) cold probe was incubated 

with GST and GST-FXR1 at increasing concentrations 0.01mM, 10mM, and 1000mM for 

30 minutes prior to the addition of the biotinylated TNF  50-mer probe. D. Densiometric 

analysis of G quadruplex binding to GST-FXR1. 
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Figure 18. RNA immunoprecipitation.  A. VSMC were transduced with FLAG-tagged 

AdFXR1, serum starved for 48 hours, then stimulated with TNF .  RNA-protein 

complexes were immunoprecipitated with FLAG or IgG control beads.  PPAR , lacking 

ARE in its . The TNF  

co-transfected into HEK 293 cells with either a vector control or pFXR1. The cells were 

seeded in triplicate for 48 hours before harvesting. Luminescence was measured using 

Infinite M1000 Pro plate reader and graphed as a percentage of GFP luciferase control.  

C. Adenoviral expression of TNF   was co-transduced into 

hVSMCs with AdGFP, AdFXR1, or AdHuR and the results were graphed as a 

percentage of luciferase AdGFP. Data are represented as mean ± SEM, experiment 

performed in triplicate.  Data shown representative of 3 independently performed 

experiments 
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for IL-19 induced destabilization of HuR (Figure 19F). Since FXR1 is induced by IL-19 

and is necessary for IL-19 destabilization and reduction of HuR, we conclude that FXR1 

expression is a negative compensatory, counter-regulatory mechanism used by VSMC 

to respond to and dampen inflammation. 

3.7 Stress granules form in cells of the vasculature.  

To identify stress granules in VSMCs, we utilized a stress granule-specific 

marker Poly-A Binding Protein (PABP) as well as known stress granule component and 

RBPs, HuR and FXR1112. In the unstimulated hVSMC condition, we observed diffuse, 

cytoplasmic PABP and FXR1 staining, and nuclear HuR staining which is to be expected 

in an unstimulated VSMC (Figure 20A). In the clotrimazole-treated hVSMCs, we 

observed punctate, co-localized staining of PABP, HuR, and FXR1, all known SG 

components (Figure 20A-B). SGs form from mRNAs stalled in translation initiation and 

contain translation initiation factors, RNA-binding proteins (RBPs), and other proteins 

while P bodies contain mRNAs associated with mRNA decay machinery and 

translational repressors; therefore, using immunohistochemistry for PABP we can 

specifically detect SGs compared to other type of granules such as PBs110.  As a second 

readout of SG formation, we detected increased phosphorylation of eIF2alpha, which 

signals ER stress and is often correlative of SG formation, with the addition of 

clotrimazole (Figure 20C). This result is consistent with studies on SG formation in other 

cell types207. Additionally, SGs were detected in human ECs treated with clotrimazole 

compared to unstimulated to control, confirming both VSMCs and ECs in the vasculature 

can respond to stress by forming SGs.  
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Figure 19. Anti-inflammatory cytokine IL-19 induces expression of FXR1.  A. IL-19 

induces FXR1 mRNA.  HVSMC were serum-starved for 48 hours, then treated with IL-19 

for the times indicated, and FXR1 mRNA quantitated by qRT-PCR normalized to 

GAPDH. B. IL-19 induces FXR1 protein expression.  HVSMC were treated as described 

FXR1 protein expression in IL-19-treated VSMC normalized to GAPDH. Image shown 

representative from 3 independently performed experiments. Densitometry calculated 

from at least 3 independently performed experiments. D. FXR1 mediates IL-19 reduction 

in HuR protein abundance.  VSMCs were transfected with FXR1 siRNA or scrambled 

control siRNA, treated with IL-19 for the times indicated, and extracts blotted to detect 

FXR1, HuR, and GAPDH proteins. E. IL-19 reduces HuR mRNA stability. HVSMCs were 

unstimulated or treated with IL-19 for 16 hours prior to the addition of actinomycin D and 

HuR mRNA abundance was quantitated by qRT-PCR. Percent mRNA remaining was 
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 determined by normalizing each time point to B2M. Data are represented as mean ± 

SEM, experiment performed in triplicate.  Data shown representative of 3 independently 

performed experiments. F. HVSMCs were transfected with FXR1 siRNA or scrambled 

control prior to treatment with IL-19 for 16 hours. Actinomycin D was added and HuR 

mRNA abundance was quantitated by qRT-PCR. Percent mRNA remaining was 

determined by normalizing each time point to B2M. Data are represented as mean ± 

SEM, experiment performed in triplicate.  Data shown representative of 3 independently 

performed experiments. P< *0.05, **0.01, or ***0.001. 
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3.8 Anti-inflammatory cytokine IL-19 reduces stress granule formation in VSMCs.  

The effects of anti-inflammatory cytokines on stress granule formation has not been 

reported.   To associate SG formation with inflammation, we treated hVSMCs with anti-

inflammatory cytokine IL-19 prior to addition of clotrimazole. HVSMCs were then stained 

for SG marker PABP, and RBPs HuR and FXR1 to detect SGs (Figure 22A). IL-19 

significantly reduced the formation of clotrimazole-induced stress granules as measured 

by the program StarSearch (Java program from University of Pennsylvania) and ImageJ 

(Figure 22B). The reduction of stress granule formation was directly related to the 

amount of time hVSMCs were pre-treated with IL-19, suggesting a time-dependent  

effect of IL-19 on reduction of SG formation. In addition to reducing the formation of 

stress granules, IL-19 pre-treatment also significantly reduced the phosphorylation of 

eIF2alpha in hVSMCs treated with clotrimazole (Figure 22C,D).  

 

3.9 Oxidized LDL (oxLDL) induces stress granule formation in VSMCs.  

To determine if atherogenic stimuli can induce SG formation, oxidized low 

density lipoprotein (oxLDL), a commonly used atherogenic stimulus, was used to 

challenge hVSMC24.  Figures 23A and 232B show that while not as robust as 

clotrimazole, oxLDL treatment can induce SG formation in hVSMCs as determined by 

staining with SG marker G3BP1 and PABP. Interestingly, SGs localization was 

predominantly perinuclear or in cytoplasmic lamellae whereas the clotrimazole induced 

both perinuclear and cytoplasmic punctate staining.  OxLDL as a stimulus for SG 

formation was supported by increased expression of G3BP1 protein as measured by 

western blot (Figure 23C,D).  

Confirming our previous finding, hVSMCs pre-treated with IL-19 also had 

reduced oxLDL-driven SG formation compared to oxLDL treated cells (Figure 23A,B) . 
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OxLDL treatment also induced phosphorylation of eIF2alpha and pre-treatment with IL-

19 for 16, 24, or 48 hours prior to the addition of oxLDL was able to reduce the 

phosphorylation of eIF2alpha in hVSMCs as shown by western blot (Figure 23 E,F) and 

quantified using densitometry and ImageJ analysis (Figure 23G).    

3.10 Stress granule marker PABP expression increases with developing atherosclerosis.  

The development of atherosclerosis features many forms of cellular stress 

including as oxidative, inflammatory, and mechanical, which provided the impetus for us 

to test hypothesis that SG formation may reflect the development of atherosclerosis. To  

test this hypothesis, mice were fed a high fat diet (HFD), and sacrificed at 0, 5, 

10, and 14 weeks. Immunohistochemical analysis demonstrates that expression of 

PABP, a recognized SG component protein, in the aortic arch mirrors plaque 

development, with expression barely detectable in naïve aortas, and becoming more 

robust as plaque progresses (Figure 24A). PABP expression was also quantitated using 

ImageJ for corrected total cellular fluorescence (CTCF) of the arch to determine the 

increase in expression over time (Figure 24B). Importantly, increased PABP expression 

specifically in the disorganized, synthetic neointimal and cap layer of smooth muscle 

cells juxtaposed to the plaque, as compared to the quiescent and contractile medial 

smooth muscle cells. Confocal microscopic analysis of PABP and SMC actin 

immunoreactivity demonstrated co-localization, further confirms PABP expression in 

VSMCs, specifically increasing with time on high fat diet. 

We further examined the end point of 14 weeks of HFD using higher resolution 

confocal microscopy. Consistent with our previous findings, we observed increased 

PABP expression specifically in the VSMCs of the aortic arch in mice fed HFD 

for 14 weeks compared to WT control, shown in Figure 25 A,B. Additionally, we 
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Figure 20. Primary human vascular cells develop stress granules. A. HVSMC either 

unstimulated or treated with 20 µM clotrimazole were immmunostained with antibody to 

SG markers, PABP (purple), HuR (red), and FXR1 (green). Cell nuclei were stained with 

Dapi (blue). B. Positive punctate immunoreactivity was quantitated as described in 

methods, n=50, P< *0.05, **0.01, or ***0.001. (C) Western blot analysis of 

phosphorylation of p-eIF-

analysis (n=3). 
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Figure 21. Human Coronary Artery Endothelial cells develop stress granules. A. Human 

coronary artery endothelial cells treated with 20µM clotrimazole develop punctate stress 

granule staining as marked by PABP (purple), HuR (red), and FXR1 (green) as 

compared to unstimulated hCAEC in which PABP and FXR1 is diffuse cytoplasmic 

staining and HuR is nuclear. 
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Figure 22. Anti-inflammatory cytokine IL-19 reduces SG formation in hVSMCs. A. 

HVSMCs unstimulated, clotrimazole-treated, and IL-19 pre-treated for 8 and 24 hours 

followed by clotrimazole treatment were immunostained with antibody to SG markers, 

PABP (purple), HuR (red), and FXR1 (green). B. Positive punctate immunoreactivity in 

(A) was quantitated using ImageJ and StarSearch software to demonstrate differences 

in SG formation in each condition, n=50, P< *0.05, **0.01, or ***0.001. C. Western blot 

analysis of hVSMCs treated as described in (A) for phosphorylation and total eIF2alpha. 

(D) Densitometry was performed (n=3) for (C). 
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Figure 23. OxLDL treatment of hVSMCs induces SG formation which is reduced by IL-

19. A. HVSMCs unstimulated, oxLDL treated, and IL-19 pre-treated followed by oxLDL 

treatment were immunostained with antibody to SG markers, PABP (red) and alpha 

smooth muscle actin (green). Cell nuclei were stained with Dapi (blue). B. SGs detected 
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in (A) were quantified using ImageJ and StarSearch software and graphed to 

demonstrate differences in SG formation in each condition for hVSMCs. C. Western blot 

analysis of G3BP1 protein expression in oxLDL treated hVSMCs over time. D. 

Densitometry of oxLDL-treated hVSMCs for G3BP1 expression (n=3). E. Protein lysates 

of hVSMCs treated with oxLDL over time were blotted with phospho-eIF2alpha and total 

eIF2alpha. F. HVSMCs pre-treated with IL-19 followed by oxLDL were immunoblotted for 

phospho-eIF2alpha and total eIF2alpha and densitometry was performed (G) for a n=3 

of this experiment. 
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observed enhanced PABP in the disorganized, often synthetic, layer of smooth muscle 

cells in the aortic arch as compared to the more organized, medial smooth muscle cells 

that are quiescent and contractile (Figure 25C-F). The PABP expression is not limited to 

VSMCs, we also detect PABP in the other relevant cell types of aortic arch such as 

endothelial cell and macrophages as well as some acellular staining. We performed 

higher resolution confocal microscopy on aortic arch sections from the atherosclerosis 

time course to demonstrate co-localization of smooth muscle cells and PABP in the 

artery (Figure 26). The co-localization further confirms PABP expression in VSMCs, 

specifically increasing with time on high fat diet.      

3.11 Vascular proliferative diseases also develop increased stress granule markers.  

Vascular restenosis, a disease of smooth muscle cell proliferation and migration, 

is a maladaptive response to mechanical injury and cellular stress. Murine carotid artery 

ligation surgery is a recognized animal model of vascular interventional procedures, and 

leads to VSMC migration and proliferation in the luminal space, resulting in a neointima 

consisting of synthetic VSMCs.    

Little PABP immunoreactivity was noted in unligated control arteries, specifically 

in the VSMCs, however, significant PABP staining was noted in ligated arteries (Figure 

27A-B).  Importantly, more staining of PABP was enhanced in neointimal VSMC 

compared to the medial, quiescent VSMCs (Figure 27C-D).  

Similarly, coronary artery from non-diseased human hearts co-stained with PABP and 

SMC actin and quantitated by Image J demonstrated a small amount of 

immunoreactivity.  In contrast, coronary artery neointimal SMC from a failing human 

heart demonstrated significantly more PABP/SMCa co-staining (Figure 28A-B) 

compared with the non-diseased heart. These results are consistent with our 

observation in the atherosclerosis time course study as well as the restenosis mouse 
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model.  Although it is difficult to detect punctate staining in tissue, the correlation 

between enhanced PABP in the injured and disease states is consistent across all 

models of vascular disease and suggests that expression of this protein is a consistent 

response to vascular injury.  

3.12 The loss of G3BP1 in hVSMC reduces SG formation and alters inflammatory 

response.  

G3BP1 (Ras GTPase activating protein SH3 domain binding protein) is 

considered a required component for normal stress granule assembly208. Although 

G3BP1 has been studied in numerous stress granule induction systems, 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 quantitated by the StarSearch program for punctate staining and 

G3BP western blotting.  Figure 29 A,B shows that the loss of G3BP1 significantly 

reduced stress granule formation in response to clotrimazole. Loss of G3BP1 was 

validated by western blot (Figure 29C). Because of their involvement in mRNA 

processing, we tested the possibility that loss of G3BP would alter gene expression in 

response to an atherogenic stimuli. Human VSMC were transfected with G3BP1 siRNA 

proliferative mRNA quantitated by qRT-PCR. Figure 30A (and Figure 31 for TNF  

stimulation for mRNA abundance) shows that human VSMCs lacking G3BP1 had 

reduced abundance of inflammatory transcripts and protein. Interestingly, abundance of 

the RNA- stability protein HuR, a SG component and pro-inflammatory mediator, was 

also significantly reduced, suggesting a complex regulatory mechanism linking SG 

formation and mRNA stability. These results were confirmed by a representative western 



 

83 

blot (Figure 30B). Together, this suggests that the loss of G3BP1 significantly alters 

VSMCs ability to form SG and respond to atherogenic stimuli, suggesting a critical role 

for SG components in vascular disease progression.  

3.13 Microtubule inhibitor blocks stress granule formation in hVSMCs.  

Studies have revealed a role for microtubules in active transport to move and co- 

localize SG components upon stressful stimuli as well as participate in the nucleation 

and growth of the granule209, suggesting that the cytoskeleton in a primary, active cells 

Such as a smooth muscle cell may be critical to its ability form and have functional SGs. 

Figure 32 shows that treatment with a calpain inhibitor, zLLal, significantly reduced the 

number of stress granules formed per cell following stimulation with clotrimazole. This 

result points to a critical role of cytoskeletal regulation in the formation of SGs in VSMCs 

and disease progression, which may be modulated by calpain.   
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Figure 24. PABP expression correlates with atherogenesis in mice. A. Tissue 

sections from aortic arch of LDLR-/- mice on high fat diet for 0, 5, 10, and 14 weeks were 

immunostained for DAPI (blue), alpha smooth muscle actin (green), and PABP (red). 

Corrected total cell fluorescence (CTCF) was quantified using ImageJ software and 

negative control staining for each section (B).  
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Figure 25. Enhanced PABP expression in murine models of vascular disease. A. Tissue 

section of aortic arch from mouse on chow for 14 weeks stained with SMC actin 

and PABP and (B) the artery of an on HFD for 14 weeks stained with PABP and 

SMC actin. C-F. High resolution microscopy of mouse of high fat diet for 14 

weeks with the aorta stained for PABP and SMC actin. 
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Figure 26. High resolution confocal microscopy images of the aorta from mice. 

LDR-/- mouse aortas from the 5-week (A) and 14-week (B) high fat feeding were stained 

with DAPI (blue), alpha smooth muscle actin (green), and PABP (red). 
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Figure 27. Enhanced PABP expression in murine models of vascular disease. A. 

Immunostained unligated carotid artery from WT mice. The sections were 

immunostained with PABP (red) and alpha smooth muscle actin (green). B. Higher 

resolution confocal microscopy image of the PABP (red) and alpha smooth muscle actin 

(green) in the unligated artery. C. Immunostained carotid artery from WT mice that have 

undergone carotid ligation surgery. The sections were immunostained with PABP and 

alpha smooth muscle actin. D. Higher resolution confocal microscopy image of the 

PABP and alpha smooth muscle actin in the ligated artery. 
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Figure 28. Injured human arteries demonstrate increased PABP expression. Tissue 

sections from normal human coronary artery (A) and coronary arteries from failing 

human heart (B) were stained for DAPI (blue), alpha smooth muscle actin (green), and 

PABP (red). PABP expression in the human artery samples were quantified for corrected 

total cellular fluorescence (CTCF) using ImageJ software. 
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Figure 29. 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). SG formation was quantified using 

ImageJ and StarSearch software and graphed in (B), n=40. Western blot analysis 

verified G3BP1 knockdown in hVSMCs (C). 

 

 

 

 



 

91 

  

Figure 30. Loss of G3BP1 alters hVSMC response . 

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

starved and stimulated with oxLDL (A) and TNF  (Figure 31) and expression of 

inflammatory mediators and RBP transcripts were quantitated by qRT-PCR. B. These 

results confirmed by western blot for representative genes. 
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Figure 31. Loss of G3BP1 alters hVSMC . HVSMCs transfected with 

siRNA targeting G3BP1 or scrambled control were serum-starved and stimulated T

and expression of inflammatory mediators and RBP transcripts were quantitated by qRT-

PCR. 
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Figure 32. Calpain inhibitor zLLal reduces clotrimazole induced SG formation in 

hVSMCs. A. HVSMCs were unstimulated (not shown), stimulated with clotrimazole, or 

pre-treated with calpain inhibitor zLLal followed by clotrimazole and stained with Dapi 

(blue), PABP (red), and G3BP1 (green). SGs were quantified in each of the conditions 

from (A) by ImageJ and StarSearch software and graphed in (B), n=40. 
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CHAPTER 4 

DISCUSSION 

The major findings of this study are that FXR1 expression in VSMC reduces 

mRNA stability and abundance of pro-inflammatory proteins, is induced by the anti-

inflammatory cytokine IL-19, and acts as an effector of IL-19 anti-inflammatory activity in 

VSMCs.  This has important implications for resolution of inflammation in general, and in 

attenuation of severity of vascular inflammatory syndromes such as atherosclerosis, 

restenosis, and allograft vasculopathy in particular. Investigation into vascular 

inflammation primarily focuses on the role of immune cells, but in this study we show 

that a non-immune cell can respond to anti-inflammatory stimuli through post-

transcriptional mechanisms. Most inflammatory cytokines contain conserved or semi-

conserved AU-rich elements in 210, imparting target specificity to allow the cell 

to fine-tune mRNA abundance and translation for rapid response to inflammation211. The 

different classes of AREs allows specific RBPs to regulate inflammatory transcripts, with 

some AREs allowing for multiple RBPs to bind and dictate RNA stability. An essential 

regulatory protein involved in this process is Human antigen R (HuR)210,211, and proteins 

and pathways which regulate HuR may be key targets in regulation of inflammation. We 

previously reported that IL-19 reduces HuR abundance and translocation in addition to 

HuR activity in VSMC, leading to a decrease in mRNA stability in a HuR-mediated, but 

un-characterized mechanism.  A goal of this study was to identify proteins that interact 

with HuR and regulate its activity as an RBP stabilizing inflammatory transcripts.  

An un-biased pull-down experiment using flag-tagged HuR and LC-MS/MS to 

identify protein constituents of HuR complexes in VSMC uncovered a number of  

interesting proteins recognized to participate in various aspects of mRNA processing.  



 

96 

Studies have extensively characterized the mRNP complexes that form to regulate 

mRNA transcripts and translation, while the profile of proteins known to directly interact 

with HuR, particularly in an inflammation responsive fashion, is more limited. Interaction 

with one candidate identified in our analysis, FXR1, was validated by co-

immunoprecipitation and cellular co-localization assays, validating the LC-MS/MS result, 

and is the previously unrecognized observation of this study.  FXR1 is an autosomal 

homolog of Fragile X mental retardation (FMR) protein, the prototypical and best studied 

member of the FXR (Fragile X-related) family of neuronal proteins212. The vast majority 

of work on FMR1, FXR1, and FXR-related proteins are performed in neurons and focus 

on their role in cognitive ability; nothing is known about this family of proteins in VSMC or 

vascular pathophysiology.  FXR1 is the only fragile X protein family member significantly 

expressed in muscle cells83,201 -

the FMR family201.  In addition, our data suggests FXR1 is upregulated in VSMCs 

specifically in inflamed regions of arteries from various and disease states. For these 

reasons we focused on the role of FXR1 in VSMC for further study.    

HuR is characterized as an mRNA stabilizing RBP, while FXR1 function is less 

understood and appears to be cell-type specific. When we knocked down FXR1 using 

siRNA in TNF -stimulated hVSMCs, we were initially surprised to observe that 

inflammatory transcripts were increased at both the transcript and protein level.  Knock-

down of FXR1 in VSMC in the presence of actinomycin D demonstrated significantly 

enhanced mRNA stability of several pro-inflammatory transcripts, in direct contrast to a  

study in macrophages showing that absence of FXR1 did not affect TNF  mRNA half-

life83. Stability of PPAR  mRNA, a transcript not 

unaffected by FXR1 knockdown. RBPs have the ability to be cell-type specific in their 

function, especially those that have cell-specific expression213.  Since knock down of  
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FXR1 increased inflammatory transcripts, we reasoned that FXR1 overexpression would 

reduce abundance of inflammatory mRNA and protein.  Indeed, adenoviral 

overexpression of FXR1 significantly decreased abundance of several inflammatory 

mRNA and proteins.  Concordant with knockdown, overexpression did not affect PPAR  

mRNA stability in any way.  This study indicates that FXR1 knockdown results in 

increased HuR protein abundance, mRNA stability, and overexpression results in the 

opposite, suggesting a previously unrecognized mechanism in regulation of pro-

inflammatory transcripts.  HuR abundance is auto regulated by a positive-feedback loop 

95.  These authors suggested 

that HuR mRNA is destabilized through an ARE-dependent, but unidentified mechanism, 

which we posit could be FXR1 intera

increased hVSMC proliferation, and FXR1 overexpression reduced hVSMC proliferation.  

This proliferative effect may be due to a decrease in autocrine expression of cytokines 

and growth factors, as VSMC are known to proliferate in an autocrine fashion. 

Consistent with the proliferative effects observed, conditioned media from FXR1 

knockdown VSMCs increased inflammatory cytokine expression and proliferation of 

naive VSMCs as well.  FXR1 expression is critically important, so much so that FXR1 

knock out mice are postnatally lethal201, and in conjunction with its upregulation in injured 

arteries, this supports a role for FXR1 in maintenance of the quiescent VSMC 

phenotype. Overall, siRNA knock down and overexpression data are complementary, 

and are associated with the presence of AREs 

suggest that in VSMC, FXR1 functions as an mRNA de-stability factor to reduce 

inflammatory transcripts.  In this regard, FXR1 appears to function similarly to other 

destabilizing RBPs such as Tristetraprolin (TTP) and AUF1 (hnRNP D), which function to 

alter transcript stability of TNF  52. Because FXR1 expression is 
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enhanced in muscle, is induced by IL-19, an anti-inflammatory stimulus, and can 

regulate inflammatory protein abundance in VSMC, FXR1 can potentially have key 

regulatory effects in modulation of vascular inflammatory diseases.  

 

The addition of RNAse A abrogated the FXR1/HuR interaction, suggesting that the 

FXR1/HuR interaction was indirect, a result of tethering by occupancy on the same 

mRNA.  This would also explain why we observed increased FXR1/HuR interaction in 

TNF -stimulated VSMC, as TNF  would induce expression of inflammation-inducible 

 of transcripts for 

each protein to bind.  

 Many assumptions on functions of FXR family members are based on the much 

better characterized FMR protein.  Similar to the better characterized FMR protein, 

FXR1 contains two KH domains for RNA-binding and an RGG box, which is the 

preferred binding domain of FMRP.  Using regions of TNF  

complementary methods were used to determine that FXR1 binds mRNA, and also 

validates that FXR1 tethers to mRNA. FXR1 mRNA recognition sites have not been 

identified. Using biotinylated cRNA pentameric probes representing various sequences 

of this region as cold competitors, we identified canonical AU-rich elements as putative 

FXR1 binding sites, as well as a previously undescribed element comprising the 

sequence CUUGUGAUU.  This corroborates experiments showing FXR1 modulation 

effected stability of transcripts which contained AREs 

of ARE elements also suggested that FXR1 could compete with HuR for occupancy on 

ARE of inflammatory transcripts.  FXR1 also bound the G quadruplex complex, but 

because this region is not present in the TNF  -mer probe, it does not exclude 

the possibility of competition for a common binding site with HuR on inflammatory  
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transcripts.  

 RBPs such as HuR can block endonucleolytic cleavage sites to prevent mRNA 

degradation and therefore increase mRNA stability31.  FXR1 reduced luciferase activity 

in a reporter driven by the TNF  

mRNA de-stability protein by competing with HuR, which can also bind and stabilize the 

same region.  Competition of FXR1 f

dampen the inflammatory response of select transcripts has not previously been 

UTR, reducing HuR mRNA stability, 

decreasing HuR mRNA abundance, and thus repressing pro-inflammatory gene protein 

expression.  While this study does not rule out the possibility that FXR1 binds to 

transcripts and targets them for degradation independently of HuR, it does strongly 

suggest that FXR1 has the potential to oppose HuR and thus act as an mRNA de-

stability factor.   

 IL-19 decreases atherosclerosis and vascular restenosis179,187, reduces HuR 

protein abundance, inflammatory mRNA stability, and abundance of pro-inflammatory 

proteins in VSMC150,168.  While some RBPs can be induced by pro-inflammatory stimuli, 

very little is known about anti-inflammatory effects of RBP as a countervailing 

mechanism to resolve inflammatory processes.  In this report we show that stimulation of 

 hVSMC with IL-19 increases expression of FXR1, placing FXR1 expression as part of 

the IL-19 anti-inflammatory pathway. We also demonstrate that FXR1 is required for 

HuR reduction and destabilization by IL-19, further placing FXR1 as an effector protein 

and part of the anti-inflammatory pathway of IL-19. Our working hypothesis is that FXR1 

expression in VSMC is a counter-regulatory mechanism used by VSMC to respond to 

and dampen vascular inflammation.   
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 This study describes that FXR1, a muscle-enhanced protein best known as a 

homologue of the neuronal protein FMR, can be induced in VSMC by anti-inflammatory 

stimuli.  FXR1 can bind to mRNA at AREs and participate in inflammatory transcript 

processing by competing with HuR, resulting in a reduction in inflammatory mRNA 

stability. 

 The balance of RNA-binding proteins in homeostasis and pathological conditions 

has not been well characterized, but based on the opposing functions of HuR and FXR1 

and the shared repertoire of transcripts they regulate, we posit an equilibrium between 

stabilizing and destabilizing RNA-binding proteins is critical to the maintenance of 

inflammatory and proliferative transcripts, particularly in VSMCs, a non-immune cell-

type.  This work implicates FXR1 as a new molecular mediator to resolve vascular 

inflammation. Additionally, we want to consider the role of RBP-derived SGs as a source 

of harboring and determining the fate of inflammatory mediator mRNAs in VSMCs. Many 

factors involved in RNA stability, as well as transcriptional and translational regulatory 

proteins localize in discrete cytoplasmic phase-dense stress granules.  HuR, and other 

RBPs such as TTP and TIA-1 have been reported to localize to stress granules214.  The 

co-localization of FXR1 with HuR in cytoplasmic stress granules further points to an 

important role for these proteins in the post-transcriptional regulation of inflammatory 

mediators and resolution of the cellular inflammatory response. 

 The prevailing view of stress granules has long been that they form in response 

to stress to preserve specific endogenous mRNA from degradation, storing these 

transcripts instead of promoting re-initiation of translation or degradation215.  Literature 

has shown SG formation in neuron and glial cells, but they are not specific to those cells 

and are present and active in most types of cells. Interestingly, SGs have disparate 

effects on neurons and muscle cells due to the endurance of these cells which enables 
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age-related damage to amass to pathological levels216. Recently, evidence has shown  

that SGs may participate in the pathogenesis of the late-onset neurodegenerative 

 

that SG may participate in long term-inflammatory diseases such as atherosclerosis and 

other diseases of the vasculature217,218.  VSMCs have been implicated in regulating 

inflammation and cholesterol uptake during atherosclerosis, making VSMCs an 

interesting cell type to study SG formation. The chronic nature of many vascular 

diseases suggest that SG may form in vascular cells, particularly VSMC.  Nevertheless, 

the formation and potential function of stress granule formation in vascular diseases has 

not been studied.  

 Many of the mechanistic studies on stress granules have been performed in 

immortalized cell lines such as U2OS and HeLa cells which is not directly applicable to 

disease relevance.  In this study, we utilized clotrimazole, an anti-fungal drug, to induce 

rapid stress granule formation in primary human VSMCs. We chose clotrimazole over 

other known stress granule inducers such as arsenite, because clotrimazole specifically 

and uniquely induces SGs and no other granule forming bodies such as PBs219. To date, 

no study has demonstrated the formation of SGs in primary hVSMCs or other cells of the 

vasculature, and ours is the first study to show VMSCs treated with clotrimazole 

responded with robust stress granule formation.  Previous studies have shown 

inflammatory stimuli such as IL-  induces SGs in other cell types, suggesting 

inflammation is a trigger of SG formation220. SG may form in VSMCs in response to 

atherogenic stimuli such as oxLDL as a means of signaling stress and responding 

accordingly through anti-inflammatory pathways.  We attribute the fact that oxLDL 

generated a less robust SG response than clotrimazole to a few factors. Positive stress 

granule inducers such as clotrimazole and sodium arsenite can be toxic therefore, we 
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 consider the fact that different stress inducers may activate different response pathways 

to generate stress granules112. Despite these differences, we did observe punctate 

staining and perinuclear clustering, another potential means of SG formation and 

response to stress, as noted for other cell types221,222.  Additionally, we observed the 

same, consistent pattern of increased phosphorylation of eIF2alpha, and increased 

G3BP1, an integral component of SGs.   

 We demonstrate in this study that an anti-inflammatory cytokine, IL-19, reduces 

SG formation in clotrimazole and oxLDL treated and reduces phosphorylation of 

eIF2alpha in VSMCs.  Negative regulation of SG formation by an anti-inflammatory 

cytokine has not been reported, and strongly associates inflammation with SG formation.  

Previous studies have suggested anti-inflammatory treatment, such as a non-steroidal 

anti-inflammatory drug  indomethacin, increases phosphorylation of eIF2alpha223. These 

contrasting results may be attributable to cell-type specific differences in the VSMC 

response to stress and inflammation, as well as IL-19 signaling pathways, which have 

been shown to be cytoprotective167,179,195.  

 VSMC are 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 type224.  In a 

previous study, high-fat diet induced stress granule formation in mouse macrophages 

and liver, pointing to the potential for SG formation during the development of 

atherosclerosis225.  Because synthetic VSMCs play such a critical role in the 

pathophysiology of vascular disease, and cultured hVSMC form SG in response to 

atherogenic stimuli, it was important to understand how these cells respond to chronic 

inflammation in vivo30.  With this in mind, we were not surprised to observe increased 

PABP expression progression of atherosclerosis in the mouse, suggesting SG  
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components are upregulated in response to vascular inflammation. Additionally, we 

 observed enhanced PABP immunoreactivity in the VSMCs as well as other cells in the 

aortic arch of the mice with higher resolution imaging compared to the WT 

controls. Upon damage to the endothelium, VSMCs experience turbulent hemodynamics 

and inflammation, which may trigger the stress response pathways in the cells224.  

Similar to our observation in plaque VSMC, we observed enhanced PABP in the 

neointimal VSMCs compared with medial VSMC in a murine restenosis model, 

suggesting these synthetic cells respond to stress by SG formation more so than the 

quiescent VSMCs.  

 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 arsenite-induced SG formation, while overexpressing G3BP1 has been 

shown to induce SGs even in the absence of stress108,208. Additionally, a viable mouse 

knockout of G3BP1 revealed major alteration of the CNS, demonstrated by impaired 

motor coordination and dysfunctions of synaptic transmission, suggesting a critical role 

for G3BP1 and SGs in neuronal function226. To further characterize the role of SGs in 

VSMC, we knocked down a critical SG component, G3BP1, and observed significant 

reduction in clotrimazole-induced SGs, suggesting VSMCs require G3BP1 for SG 

formation. Functionally, we found that reduction of G3BP1 reduced the VSMC response  

to atherogenic stimuli by reducing the abundance of inflammatory mediators, a novel 

role for the SG component G3BP1.  Interestingly, abundance of crucial RBPs known to 

play a proactive role in stabilization of pro-inflammatory transcripts was also reduced, 

pointing to a previously uncharacterized axis where SGs mediate the VSMC response to 

inflammation. 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  
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chronic inflammation in VSMCs that occurs in atherosclerosis.  

 To further characterize the role of SGs in VSMCs we examined calpain, which 

has been implicated in regulating components of the cytoskeleton. Cells overexpressing 

the calpain inhibitor calpastatin failed to extend lamellipodia, as well as abnormal 

filopodia, extensions, and retractions227.  Studies have determined many cytoskeletal-

associated proteins localize to SGs and participate in SG dynamics228. Pairing this 

knowledge with the fact that actin polymerization and cytoskeletal dynamics play a major 

role in the regulation of active tension development in smooth muscle, we tested the 

hypothesis that the cytoskeleton of VSMCs may be critical in modulating SGs and the 

stress response229.  N-benzyloxycarbonyl-L-leucyl-L-leucinal (zLLal) is a calpain inhibitor 

that reversibly blocks the calcium-dependent neutral cysteine protease calpain I230, and 

we determined that blocking calpain significantly reduced clotrimazole-induced SG 

formation.  This is important in that a recent proteomic analysis of atherosclerotic 

coronary artery smooth muscle cells revealed dysregulation of the cytoskeleton may 

help explain the switch between the contractile and synthetic phenotype of VSMCs231.  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.  

 As we continue to study the causes and mechanisms of vascular diseases, a few 

predominate areas have come to the forefront for developing therapeutic interventions. 

We know the resolution of inflammation is a dynamic and tightly regulated process, and 

remains a major target area to reduce or resolve vascular diseases183,184.  However, 

much remains unknown about the molecular mechanisms by which atherogenic stress 

contributes to vascular disease, and this study suggests that SG formation in vascular 

cells is indicative of chronic pro-inflammatory stress.  RBPs target mRNAs with AU-rich  
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study also suggests that these structures may mediate the VSMC response to 

atherogenic stimuli.  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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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The socioeconomic and medical burden of cardiovascular disease continues to 

contribute to the mortality of many conditions including myocardial infarction, stroke, 

renal failure, and peripheral vascular disease, and this will worsen with an increasing 

number of patients with co-morbidities related to cardiovascular disease. Atherosclerosis 

in particular is a lipid-driven, inflammatory vascular disease, and targeting anti-

inflammatory pathways to combat vascular disease has had promising results thus far, 

but there are still no successful therapy options. The most recent CANTOS trials, which 

utilized canakinumab to inhibit IL-1  activity, was the first to demonstrate inhibition of a 

pro-inflammatory cytokine could reduce recurrent cardiovascular events, independent of 

lipid-level lowering181. The CANTOS trials have pointed to the increased importance in 

developing anti-inflammatory therapies to lessen the burden of vascular diseases, and in 

this dissertation we present a novel role for post-transcriptional regulation of 

inflammatory mediators as a potential mechanism to target and reduce inflammation in 

VSMCs.  

 This work identifies the FXR1 as a reciprocal regulator of HuR target transcripts in 

vascular smooth muscle cells (VSMC).  FXR1 was identified as an HuR interacting 

protein by LC-MS/MS.  The-HuR-FXR1 interaction is abrogated in RNase-treated 

extracts, indicating that their association is tethered by mRNAs.  FXR1 expression is 

induced in diseased, but not normal arteries.  SiRNA knock down of FXR1 increases 

abundance and stability of inflammatory mRNAs, while overexpression of FXR1 reduces 

their abundance and  
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stability. Conditioned media from FXR1 siRNA-treated VSMC enhances activation of 

naïve VSMC.  RNA-EMSA and RIP demonstrate that FXR1 interacts with an ARE and a 

previously uncharacteri .  FXR1 expression is 

increased in VSMC challenged with the anti-inflammatory cytokine IL-19, and FXR1 is 

required for IL-19 reduction of HuR.  This suggests FXR1 is an anti-inflammation 

responsive, HuR counter-regulatory protein that reduces abundance of pro-inflammatory 

transcripts.  

 Further, precise control of mRNA processing, including translation, and degradation 

is central to the cellular response to inflammation, which drives many vascular diseases. 

Most inflammatory transcripts contain conserved AU-Rich elements (AREs) in their 

-translational processing by RBPs. RBPs often reside 

in transient structures called stress granules (SGs), which are composed of 

nontranslating mRNAs, ribosomal subunits, and protein components, which together 

fine-tune mRNA stability to modulate the cellular response.  Little is known about the 

formation and function of SGs in response to atherogenic stimuli, and this study tests the 

hypothesis that the presence, and quantity of stress granules are indicative of the 

vascular response to pro-inflammatory and atherogenic stimuli.   

 To test this hypothesis, using immunohistochemistry of aortic arch of mice, 

we observed significantly increased PABP expression localizing to discrete punctate 

structures in both VSMCs and ECs of the aortic arch, as compared to WT controls.  SGs 

were not identified in quiescent cultured primary human VSMC or EC, but were induced 

with clotrimazole, a known inducer of SGs, and also oxLDL.  E

requisite for SG formation, was also induced by clotrimazole and oxLDL in these cells.  

Interestingly, we found VSMCs pre-treated with anti-inflammatory cytokine IL-19 

followed by clotrimazole  
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significantly reduced the formation of SGs and r  

phosphorylation, suggesting a relationship between inflammation and SG formation in 

vascular cells. Taken together these results support the hypothesis that SG formation in 

atherosclerosis is driven by inflammation, and that anti-inflammatory treatment may 

lessen atherosclerosis progression and plaque formation by reduction of SGs. 
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