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ABSTRACT 
  

THERAPEUTIC MECHANISMS OF INTERLEUKIN-19 FOR VASCULAR 
PROLIFERATIVE DISEASES 

 
Anthony A. Cuneo 

Doctor of Philosophy 
Temple University, 2012 

Doctoral Advisory Committee Chair:  Michael Autieri, Ph.D. 
 

  
Cardiovascular disease is the leading cause of mortality in the western world.  The 

pro-inflammatory and pro-proliferative etiology of vascular proliferative diseases is well 

characterized, while much less is known about the mechanisms of anti-inflammatory and 

anti-proliferative processes.  Interleukin-19 (IL-19) is a newly described member of the 

IL-10 family of anti-inflammatory interleukins, and our group was the first to discover 

IL-19 expression in activated, synthetic, but not quiescent, contractile human vascular 

smooth muscle cells (hVSMC).  We also found that IL-19 is anti-inflammatory and anti-

proliferative for hVSMC.  IL-19 is able to reduce the abundance of COX-2, IL-1β, IL-8, 

and Cyclin D1 transcripts which contain AU-rich elements (ARE) in their 3’-untranslated 

regions (3’-UTR).  IL-19 is able to reduce the abundance of HuR, a stabilizing RNA-

binding protein, which we feel provides a mechanism for these effects.   

The overall goal of this study is to elucidate IL-19’s anti-inflammatory and anti-

proliferative mechanism(s) in hVSMC in the context of vascular proliferative diseases.   

This goal has directed our overall hypothesis:  IL-19’s anti-proliferative and anti-

inflammatory effects in hVSMC are mediated, at least in part, by modulation of HuR 

abundance and translocation, resulting in decreased stability of mRNA transcripts.   
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HuR functions through a translocation mechanism, and IL-19 is able to reduce 

HuR cytoplasmic abundance.  IL-19 also reduces HuR phosphorylation, which is a pre-

requisite for HuR translocation, possibly through a PKCα-dependent mechanism.  The 

stability of ARE-containing transcripts is reduced with IL-19 treatment, and reducing 

HuR expression by siRNA has the same inhibitory effect.   

VSMC are important mediators in the initiation of atherosclerosis.  Oxidized low-

density lipoprotein (ox-LDL) is able to induce IL-19 expression in these cells.  VSMC 

are known to express scavenger receptors that take up ox-LDL.  IL-19 is able to reduce 

the uptake of ox-LDL and the abundance of ox-LDL induced LOX-1 and CX-CL16 

scavenger receptors.  Interestingly, these scavenger receptors also have ARE in their 3’-

UTR.  IL-19 is able to reduce ox-LDL induced HuR cytoplasmic abundance.  HuR 

knockdown by siRNA reduces the uptake of ox-LDL by hVSMC.  These data suggest 

that IL-19 reduced scavenger receptor abundance may be due to decreased total and 

cytoplasmic HuR abundance.  IL-19 reduces the abundance of ox-LDL induced COX-2 

expression.  Taken together, these results demonstrate that IL-19 down-regulates vital 

steps in vascular proliferative disease processes through an HuR-dependent mechanism.   
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CHAPTER 1 

INTRODUCTION 

 

Vascular Proliferative Diseases 

 

Overview 

 

Cardiovascular disease is the leading cause of morbidity and mortality in the 

Western world.  Epidemiological studies project that the burden on our health system will 

continue to increase as the population ages, becomes more obese, and as children become 

increasingly sedentary (Hansson, 2005).  Risk factors for cardiovascular disease include 

factors that can not be changed:  increasing age, male gender, and hereditary factors like 

race and factors that can be controlled:  smoking, high blood cholesterol, high blood 

pressure, physical inactivity, being overweight or obese, and diabetes mellitus (Bonow et 

al., 2002).   

One cardiovascular disease that has been under intense research over the last few 

decades is atherosclerosis.  Atherosclerosis involves many pathophysiological processes 

including endothelial dysfunction, inflammation, and vascular smooth muscle cell 

(VSMC) proliferation.  Other vascular diseases that also involve VSMC proliferation as a 

primary pathophysiological mechanism include restenosis, vein bypass graft failure, and 

transplant vasculopathy.  Ironically, these conditions develop as consequences of 

procedures used to treat atherosclerotic diseases.  Together atherosclerosis, restenosis, 

vein bypass graft failure, and transplant vasculopathy can be grouped as vascular 
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proliferative diseases.  These diseases are initiated by injury to the vessel wall, triggering 

a cascade of events including:  endothelial dysfunction, inflammation, and VSMC 

activation and proliferation (Dzau et al., 2002).   

 

Atherosclerosis 

 

 Atherosclerosis is a complex disease that has been studied for centuries.  It starts 

as a fatty streak, consisting mainly of macrophages and T cells.  These fatty streaks are 

found in people of all ages, are non-symptomatic, and may progress to an atheroma or 

regress and disappear (Stary et al., 1995).  A mature atherosclerotic plaque, 

histologically, is a localized thickening of the intima, the innermost layer of an artery.  

This thickening consists of cells, connective-tissue, and lipids.  Cell types in a plaque 

include macrophages, lymphocytes, endothelial cells (EC), and VSMC (Jonasson et al. 

1986).  The core of the atheroma has foam cells, scavenger cells that have taken up low-

density lipoprotein (LDL), and extracellular lipids surrounded by a cap of VSMC and 

matrix.  These plaques can be prone to rupture at the relatively thin parts of the fibrous 

cap causing pro-thrombotic material from the core of the plaque (phospholipids, tissue 

factor, and platelet-adhesive matrix molecules) to enter the blood (Falk et al., 1995).  A 

resulting thrombus forms blocking blood flow to vital organs like the heart and brain and 

resulting in conditions like a myocardial infarction or stroke.   

 The molecular mechanisms underpinning atherosclerosis are complex and still 

being elucidated.  The initiation of atherosclerosis includes a focal activation of the EC 

due to hypercholesterolemia (Hansson, 2005).  While hypertension, diabetes, and 
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smoking are factors that increase the risk of atherosclerosis, cholesterol level is the most 

reliable risk factor.  Humans with cholesterol levels below 150 mg/dl are practically 

absent of atherosclerosis (Campbell et al., 1998).   

 

Oxidized Low-density Lipoprotein and Foam Cell Formation 

 

In atherosclerosis, LDL is sequestered in the arterial intima where it is oxidatively 

modified, leading to the release of phospholipids that activate EC (Leitinger, 2003).  EC 

also express adhesion molecules and inflammatory genes at hemodynamically strained 

sites in the artery (Cunningham et al., 2005).  These two factors, oxidized low-density 

lipoprotein (ox-LDL) accumulation and hemodynamic strain, initiate an inflammatory 

process in the artery.  The adhesion molecules expressed on the EC interact with 

receptors found on inflammatory cells like monocytes and lymphocytes causing them to 

roll, tightly bind, and extravasate into the intima (Hansson, 2005).  Chemokines produced 

by intimal cells stimulate the inflammatory cells to migrate to the subendothelial space.  

In this area, cytokines and growth factors cause monocytes entering the plaque to 

differentiate into macrophages.  Macrophages express scavenger receptors which are 

responsible for internalizing ox-LDL particles and degrading them (Peiser et al., 2002).  

When cholesterol that is taken up overwhelms the cell, it accumulates as cytoplasmic 

droplets.  Eventually this process converts the macrophage to a foam cell, the 

prototypical cell of atherosclerosis.  These activated macrophages secrete abundant 

cytokines that activate EC, SMC, lymphocytes, and other macrophages.  This self-
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sustaining inflammatory process continues and in turn becomes less dependent on ox-

LDL and more dependent on the cytokines that are released (Tedgui et al, 2006).   

 

Smooth Muscle Cells Role in Atherosclerosis 

 

What has been presented thus far has been the dogma of atherosclerosis.  Until 

recently, it was thought that the initiation of atherosclerosis involved endothelial and 

inflammatory cells, with SMC playing a role later in atherosclerosis.  It is now theorized 

that SMC are much more important in atherosclerosis initiation (Doran et al, 2008).  This 

goes along with the SMCs’ more well-established properties during progression of the 

atheroma:  increased proliferation and migration into the neointima.   

SMC are normally found in the media of an artery.  Here they primarily express 

proteins involved with contraction, including smooth muscle myosin heavy chain (SM-

MHC) and smooth muscle α-actin (SM- αA).  In atherosclerosis, SMC found in the 

neointima take on a more “synthetic” role where they express less contractile proteins 

and more proliferative and inflammatory proteins (Falk, 2006).  Other studies (primarily 

in vitro) have suggested that when stimulated with atherogenic stimuli, SMC can actually 

switch between the “contractile” and “synthetic” phenotypes (Corjay et al., 1989; 

Pidkovka et al., 2007).  The “synthetic” SMC migrate and proliferate more readily than 

“contractile” SMC and express more scavenger receptors, allowing for more efficient 

lipid uptake and foam cell formation (Rong et al., 2003).  Studies have shown that foam 

cells in atherosclerotic lesions come from both macrophages, and what is less widely 

known, SMC (Wolfbauer et al., 1986).  These foam cells are thought to be a critical 
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initiator of atherosclerosis (Klouche et al., 2000).  SMC express scavenger receptors 

including scavenger receptor A (SRA), cluster of differentiation 36 (CD36), lectin-like 

oxidized low-density lipoprotein receptor-1 (LOX-1), and Chemokine (C-X-C motif) 

ligand 16 (CXCL16), all of which have been demonstrated to take up cholesterol and 

assist in foam cell formation (Murphy et al., 2005).   

Table 1 shows that American Heart Association’s classification of atherosclerotic 

lesions (Doran et al., 2008).  Here it can be seen that SMC play a role in the steps before, 

during, and after atheroma formation.   

 
Lesion Type Cellular Composition

I Initial change Isolated macrophage foam cells
II Minimal change Multiple layers of foam cells

IIa: Progression prone Abundant SMC and few lymphocytes
IIb: Progression resistant Few SMC and isolated mast cells

III Preatheroma Isolated pools of densely packed extracellular 
  lipids
SMC accumulate l ipid droplets

IV Atheroma Confluent core of extracellular lipids
Increased number of lymphocytes
SMCs decrease in number, remaining SMC
  have thick basement membranes

V Fibroatheroma Fibrous tissue and collagen added
Intimal SMC increase in number

VI Hemorrhagic/thrombotic lesion Lesion becomes fissured and/or thrombotic
VII Calcific lesion Calcification predominates
VIII Fibrotic lesion Fibrous tissue changes predominate

Lipid core is nearly absent  
 

 
Table 1:  American Heart Association classification of atherosclerotic lesions 

 
Doran et al.  ATVB 2008; 28; 812-819. 
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Restenosis 

 

Restenosis occurs when an angioplasty or stent-treated atherosclerotic vessel 

becomes blocked again (Dangas et al, 2002).  It usually occurs within 6 months after the 

procedure.  Angioplasty alone has a 40% chance of restenosis, while the use of a stent 

reduces the chance of restenosis to 25% (Serruys et al., 1994).   

During angioplasty a catheter is inserted into the arm or groin of a patient and 

guided through the aorta and into the coronary arteries.  A balloon at the tip of the 

catheter is inflated which unblocks the artery.  More recently, angioplasty has been 

coupled with the placement of stents, small metallic spring-like devices, at the site of the 

blockage.  The implanted stent acts as a scaffold to keep the artery open.  Restenosis that 

occurs after the use of stents is called in-stent restenosis.   

When a stent is placed in an artery, tissue grows around the stent.  Initially, these 

cells consist of endothelial cells, allowing for smoother blood flow and thus preventing 

clotting.  Later, due to potential vessel injury during the stent-placement procedure, 

VSMC can become activated, increasing their migration and proliferation.  This leads to 

in-stent restenosis.  In-stent restenosis is typically seen 3 to 6 months after stent 

placement in up to 25% of patients and is a major limitation of the procedure.   

 

Vein Bypass Graft Failure 

 

Coronary artery bypass grafting (CABG) is the use of a vein graft, typically the 

saphenous vein, to redirect blood around a site of a coronary artery atherosclerotic 
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occlusion.  Vein graft failure ranges from 10-30% per year.  In up to 12 months after 

graft placement, intimal hyperplasia is the main cause of graft failure.  This is due to the 

graft’s adaptation to higher arterial pressures and loss of endothelial layer inhibition.  

During intimal hyperplasia, SMC migrate from the media to the intima where they 

increase in their proliferation.  After 12 months, atherosclerosis is the main cause of graft 

failure.  Vein grafts, like native arteries, can rupture and cause thrombotic occlusion 

(Mann et al., 1999).   

 

Transplant Vasculopathy 

 

Over the past few decades, heart and solid organ transplantation has become 

increasingly common as a treatment for end-stage heart disease.  However, the risk of 

coronary allograft vasculopathy (CAV) is about 10% per year, severely limiting the 

survival of the transplantation.  CAV typically occurs in small distal vessels of the 

transplant.  Intimal hyperplasia ensues, with SMC being one of the main cell types 

involved with increased proliferation and migration.  Increasing neointima size can 

eventually cause occlusion of the small vessels of the transplant.  Later, unlike typical 

atherosclerosis, diffuse, fibrous intimal thickening occurs, which ultimately results in 

allograft failure (Aranda, 2000).    
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Proteins Involved in Vascular Proliferative Diseases 

 

Vascular proliferative diseases are chronic inflammatory and proliferative 

processes.  As part of this, cells of the vascular proliferative lesion can produce 

inflammatory and proliferative proteins that can either accentuate (pro-inflammatory and 

pro-proliferative proteins) or reduce (anti-inflammatory and anti-proliferative proteins) 

the vascular proliferative disease process.  In this section, features of the inflammatory 

and proliferative aspects of vascular proliferative diseases will be discussed.  First, T-cell 

phenotypes and how they relate to which proteins are produced will be highlighted.  

Following this, specific pro-inflammatory and pro-proliferative proteins involved in my 

research will be discussed.  Lastly, the role of anti-inflammatory interleukins in vascular 

proliferative diseases will be highlighted. 

 

T-cell Th1/Th2 Phenotypes 

 

T-cells are important in vascular proliferative disease processes (Jonasson et al. 

1986).  They recognize antigens with their cell-surface receptors causing expression of 

cytokines.  Two stereotypical responses by T-cells have been identified.  1)  Type 1 

helper T (Th1) response activates macrophages and initiates an inflammatory response.  

These Th1 cytokines, like interleukin-1 (IL-1) and interferon- γ (IFN-γ), cause production 

of inflammatory and cytotoxic molecules in macrophages and SMC.  2) The type 2 helper 

T (Th2) response has been proven to promote anti-atherosclerotic immune reactions 

(Binder et al. 2006).   
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 “Synthetic” SMC have been extensively studied and shown to produce many pro-

inflammatory cytokines and growth factors that act in a paracrine fashion to accelerate 

and sustain vascular proliferative diseases in a Th1-dependent manner (Hansson, 2005).  

Since vascular proliferative diseases are chronically inflammatory, it is thought that 

endogenous anti-inflammatory cytokines may play a role in dampening and limiting 

inflammation (Tedgui et al. 2006; Cuneo et al, 2009).  However, most of the research to 

date has focused on the pro-inflammatory side of vascular disease, rather than the 

potential of anti-inflammatory factors.   

 

Pro-inflammatory and Pro-proliferative Proteins 

 

As previously stated, many proteins are involved in vascular proliferative 

diseases, including those that increase SMC inflammation and proliferation.  

Cyclooxygenase-2 (COX-2) is a prostaglandin (PG) H2 synthase which catalyses the first 

step of PG synthesis by converting arachidonic acid to PGH2 (Linton et al., 2004).  PGH2 

is then converted to different eicosanoids which are important to various vascular 

proliferative disease processes including leukocyte-endothelial cell adhesion.  IL-1β is a 

critical player in the production of pro-inflammatory cytokines, promoting SMC 

proliferation, and recruiting activated leukocytes to the site of inflammation (Loppnow et 

al., 1998).  Interleukin-8 (IL-8) is involved with leukocyte trafficking and activation and 

with increased SMC proliferation (Apostolakis et al., 2009).  Cyclin D1 is a cell-cycle 

regulatory protein that is important in the G1/S transition in cell cycle progression (Chen 

(2) et al., 2009).  Proliferating cell nuclear antigen (PCNA) is a cell cycle marker that is 
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essential for chromosomal DNA replication as a DNA sliding clamp for DNA 

polymerase delta and epsilon (Naryzhny, 2008).  Each of these inflammatory and 

proliferative proteins can be produced by SMC in response to inflammatory and/or 

proliferative stimuli.  

 

Anti-inflammatory Interleukins 

 

Until this point, research dealing with anti-inflammatory interleukins in vascular 

proliferative diseases has primarily focused on the “indirect” effects of these cytokines 

(Cuneo et al., 2009).  Stated in a different way, anti-inflammatory interleukins have either 

been systemically infused or their expression has been modulated via global knock-out or 

transgene, rather than a more direct approach like with tissue-specific knockout or 

transgene.  The majority of these indirect studies have found the anti-inflammatory 

interleukin to be vascular-protective or atheroma-reducing.  Based on the methods used 

by these groups, it is difficult to determine whether the vascular-protective effects are 

occurring due to direct effects of the anti-inflammatory interleukin on vascular cells, or 

what is more likely, a systemic alteration in Th2/Th1 ratio toward a more anti-

inflammatory phenotype and subsequent downstream effects on the vascular cells.  In 

order to clarify the anti-inflammatory interleukin’s mechanism, more work needs to be 

done on the direct effects of the interleukin on vascular cells through cell culture and 

tissue-specific knock-outs and transgenic mice.  A focus of our lab and my research deals 

with the study of the direct effects of a novel anti-inflammatory interleukin, IL-19, on 

VSMC activation.   
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Indirect Anti-inflammatory Interleukin Studies 

The most widely studied anti-inflammatory interleukin in atherosclerosis research 

is IL-10.  The majority of this research has been on the indirect effects of IL-10 on the 

vascular response to injury.  These studies have used IL-10 transgenic and knock out 

mice and have shown increased IL-10 to be athero-protective and decreased IL-10 to be 

pro-atherogenic (Mallat et al., 1999; Pinderski et al., 2002).  Also, IL-10 overexpression 

by way of adeno-associated virus type 2 [AAV]/interleukin-10 virus via tail vein 

injection into low-density lipoprotein receptor (LDLR) knockout mice have shown 

significant reduction in atherogenesis (Liu et al., 2006).  Other studies describe similar 

results with IL-10 (Namiki et al., 2004; Yoshioka et al., 2004).   

Information regarding other anti-inflammatory cytokines is sparse and conflicting.  

IL-4 knockout mice did not have any change in atherosclerosis formation (George et al., 

2000), exogenous administration of IL-4 did not alter atherosclerosis formation in 

atherosclerosis-prone mice (King et al., 2007), and one report even showed a 27% 

decrease in plaque formation in IL-4 knockout mice (Davenport et al., 2003).  In vivo 

studies of the anti-inflammatory interleukins IL-9, IL-11, and IL-13 in vascular 

proliferative diseases have not been reported.   

 

 Direct Anti-inflammatory Interleukin Studies 

Production of IL-10 by SMC has not been reported, however, one of the only 

“direct” studies of IL-10 effects on SMC shows it to have anti-proliferative effects 

(Mazighi et al., 2004).  These growth inhibitory effects have been attributed to the 

suppression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
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activity.  IL-11 can be induced in cultured VSMC with proliferative stimuli, and it has 

also been shown to decrease VSMC proliferation in the same manner as IL-10 

(Zimmerman et al., 2002; Taki et al., 1999).   

 

Interleukin-19 

 

Interleukin-19 (IL-19) is a newly described member of the IL-10 family of anti-

inflammatory interleukins (Gallagher et al., 2000).  IL-19 expression had been limited to 

monocytes, B, and T lymphocytes (Oral et al., 2006), with production being seen during 

inflammatory conditions such as asthma, endotoxic shock, and psoriasis (Huang et al., 

2008; Hsing et al., 2008; Li et al., 2005).  Similar to IL-10, IL-19 has been ascribed to be 

an anti-inflammatory interleukin as it promotes a Th2 T-cell response in human 

lymphocytes (Liao et al. 2004; Gallagher et al., 2004; Jordan et al., 2005).  We first 

discovered that IL-19 mRNA is expressed in hVSMC by cDNA microarray in response 

to inflammatory and proliferative stimuli, but not in quiescent, contractile cells.  We 

confirmed this inducible expression by western blot and also detected IL-19 in VSMC of 

injured arteries, but not healthy arteries by immunohistochemistry (Tian et al., 2008).  

This led us to our first hypothesis:  IL-19 reduces inflammation and proliferation of 

hVSMC as part of a reduction in the vascular response to injury.   

We tested this hypothesis in our first published paper on IL-19 (Tian et al., 2008).  

Here we demonstrated that IL-19 reduced proliferation of cultured hVSMC, activation of 

p38 and p44/42 mitogen-activated protein kinase (MAPK), and neointimal hyperplasia.  

These studies solidified IL-19 as being anti-inflammatory and anti-proliferative in 
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hVSMC (Tian et al., 2008).  This remains the only publication of IL-19 in vascular 

pathophysiology.   

  

Post-transcriptional Processing 

 

The next step, which is the primary focus of the research in this report, is to 

elucidate the anti-inflammatory and anti-proliferative mechanisms of IL-19 in hVSMC.  

IL-10 studies have demonstrated the importance of NF-κB in its anti-proliferative 

mechanism (Mazighi et al., 2004).  Our research has shown that IL-19 does not inhibit 

NF-κB (Figure 5), as determined by IkB western blot and NF-κB electrophoretic mobility 

shift assay (EMSA).  This provides a distinction of IL-19’s anti-inflammatory and anti-

proliferative mechanisms from IL-10.  A second mechanism for IL-10 is through the 

down-regulation of human antigen R (HuR), a stabilizing RNA-binding protein important 

for post-transcriptional processing of highly regulated messenger ribonucleic acids 

(mRNA) (Rajasingh et al., 2006).    

Many mRNA are degraded through endonucleolytic pathways or through 

exonucleolytic pathways after an initial poly-A-tail deadenylation step (Ross, 1995).  

Endonucleolytic mRNA degradation pathways can be regulated by the binding of RNA-

binding proteins to endonucleolytic cleavage sites, altering the stability of the mRNA 

(Hollams et al., 2002).  Cis-acting elements in the 3’-untranslated region (3’-UTR) have 

been identified as important sites influencing mRNA stability.  The most common cis-

regulatory elements of mRNA decay are adenylate- and uridylate-rich elements (ARE).  

ARE are found in highly regulated, labile mRNA coding for cytokines, cell cycle 
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regulatory proteins, oncogenes, and other inflammatory mediators (Gillis et al., 1991).  In 

general, mRNA that contain ARE have reduced mRNA stability and downstream protein 

expression.  An extensive list of transcripts that contain ARE can be found at:  

http://rc.kfshrc.edu.sa/ared/. 

There are many levels to the post-transcriptional processing of ARE-containing 

mRNA.  1) Multiple classes of ARE exist, differing in their length and AU-content.  An 

example of an ARE is the class I ARE which contains numerous copies of the AUUUA 

motif.  A total of three classes of ARE exist.  2) Messenger RNA can contain more than 

one ARE, each acting independently of each other.  This allows for multiple modes of 

ARE-driven mRNA turnover.  Figure 1 shows the mRNA sequence of cyclin D1, a 

transcript that contains many ARE copies.  3) More than one RNA-binding proteins can 

bind to the numerous ARE.  And lastly, 4) some studies have suggested that ARE not 

only determine mRNA decay but also influence translational repression (Espel, 2005).  

The versatility of the ARE and their corresponding RNA-binding proteins make for an 

increasingly complex level of transcript regulation (Doller et al. review, 2008; Eberhardt 

et al., 2007).   
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CACACGGACTACAGGGGAGTTTTGTTGAAGTTGCAAAGTCCTGGAGCCTCCAGAGGGCTGTCGGCGCAGT 
AGCAGCGAGCAGCAGAGTCCGCACGCTCCGGCGAGGGGCAGAAGAGCGCGAGGGAGCGCGGGGCAGCAGA 
AGCGAGAGCCGAGCGCGGACCCAGCCAGGACCCACAGCCCTCCCCAGCTGCCCAGGAAGAGCCCCAGCCA 
TGGAACACCAGCTCCTGTGCTGCGAAGTGGAAACCATCCGCCGCGCGTACCCCGATGCCAACCTCCTCAA 
CGACCGGGTGCTGCGGGCCATGCTGAAGGCGGAGGAGACCTGCGCGCCCTCGGTGTCCTACTTCAAATGT 
GTGCAGAAGGAGGTCCTGCCGTCCATGCGGAAGATCGTCGCCACCTGGATGCTGGAGGTCTGCGAGGAAC 
AGAAGTGCGAGGAGGAGGTCTTCCCGCTGGCCATGAACTACCTGGACCGCTTCCTGTCGCTGGAGCCCGT 
GAAAAAGAGCCGCCTGCAGCTGCTGGGGGCCACTTGCATGTTCGTGGCCTCTAAGATGAAGGAGACCATC 
CCCCTGACGGCCGAGAAGCTGTGCATCTACACCGACAACTCCATCCGGCCCGAGGAGCTGCTGCAAATGG 
AGCTGCTCCTGGTGAACAAGCTCAAGTGGAACCTGGCCGCAATGACCCCGCACGATTTCATTGAACACTT 
CCTCTCCAAAATGCCAGAGGCGGAGGAGAACAAACAGATCATCCGCAAACACGCGCAGACCTTCGTTGCC 
CTCTGTGCCACAGATGTGAAGTTCATTTCCAATCCGCCCTCCATGGTGGCAGCGGGGAGCGTGGTGGCCG 
CAGTGCAAGGCCTGAACCTGAGGAGCCCCAACAACTTCCTGTCCTACTACCGCCTCACACGCTTCCTCTC 
CAGAGTGATCAAGTGTGACCCGGACTGCCTCCGGGCCTGCCAGGAGCAGATCGAAGCCCTGCTGGAGTCA 
AGCCTGCGCCAGGCCCAGCAGAACATGGACCCCAAGGCCGCCGAGGAGGAGGAAGAGGAGGAGGAGGAGG 
TGGACCTGGCTTGCACACCCACCGACGTGCGGGACGTGGACATCTGAGGGCGCCAGGCAGGCGGGCGCCA 
CCGCCACCCGCAGCGAGGGCGGAGCCGGCCCCAGGTGCTCCCCTGACAGTCCCTCCTCTCCGGAGCATTT 
TGATACCAGAAGGGAAAGCTTCATTCTCCTTGTTGTTGGTTGTTTTTTCCTTTGCTCTTTCCCCCTTCCA 
TCTCTGACTTAAGCAAAAGAAAAAGATTACCCAAAAACTGTCTTTAAAAGAGAGAGAGAGAAAAAAAAAA 
TAGTATTTGCATAACCCTGAGCGGTGGGGGAGGAGGGTTGTGCTACAGATGATAGAGGATTTTATACCCC 
AATAATCAACTCGTTTTTATATTAATGTACTTGTTTCTCTGTTGTAAGAATAGGCATTAACACAAAGGAG 
GCGTCTCGGGAGAGGATTAGGTTCCATCCTTTACGTGTTTAAAAAAAAGCATAAAAACATTTTAAAAACA 
TAGAAAAATTCAGCAAACCATTTTTAAAGTAGAAGAGGGTTTTAGGTAGAAAAACATATTCTTGTGCTTT 
TCCTGATAAAGCACAGCTGTAGTGGGGTTCTAGGCATCTCTGTACTTTGCTTGCTCATATGCATGTAGTC 
ACTTTATAAGTCATTGTATGTTATTATATTCCGTAGGTAGATGTGTAACCTCTTCACCTTATTCATGGCT 
GAAGTCACCTCTTGGTTACAGTAGCGTAGCGTGCCCGTGTGCATGTCCTTTGCGCCTGTGACCACCACCC 
CAACAAACCATCCAGTGACAAACCATCCAGTGGAGGTTTGTCGGGCACCAGCCAGCGTAGCAGGGTCGGG 
AAAGGCCACCTGTCCCACTCCTACGATACGCTACTATAAAGAGAAGACGAAATAGTGACATAATATATTC 
TATTTTTATACTCTTCCTATTTTTGTAGTGACCTGTTTATGAGATGCTGGTTTTCTACCCAACGGCCCTG 
CAGCCAGCTCACGTCCAGGTTCAACCCACAGCTACTTGGTTTGTGTTCTTCTTCATATTCTAAAACCATT 
CCATTTCCAAGCACTTTCAGTCCAATAGGTGTAGGAAATAGCGCTGTTTTTGTTGTGTGTGCAGGGAGGG 
CAGTTTTCTAATGGAATGGTTTGGGAATATCCATGTACTTGTTTGCAAGCAGGACTTTGAGGCAAGTGTG 
GGCCACTGTGGTGGCAGTGGAGGTGGGGTGTTTGGGAGGCTGCGTGCCAGTCAAGAAGAAAAAGGTTTGC 
ATTCTCACATTGCCAGGATGATAAGTTCCTTTCCTTTTCTTTAAAGAAGTTGAAGTTTAGGAATCCTTTG 
GTGCCAACTGGTGTTTGAAAGTAGGGACCTCAGAGGTTTACCTAGAGAACAGGTGGTTTTTAAGGGTTAT 
CTTAGATGTTTCACACCGGAAGGTTTTTAAACACTAAAATATATAATTTATAGTTAAGGCTAAAAAGTAT 
ATTTATTGCAGAGGATGTTCATAAGGCCAGTATGATTTATAAATGCAATCTCCCCTTGATTTAAACACAC 
AGATACACACACACACACACACACACACAAACCTTCTGCCTTTGATGTTACAGATTTAATACAGTTTATT 
TTTAAAGATAGATCCTTTTATAGGTGAGAAAAAAACAATCTGGAAGAAAAAAACCACACAAAGACATTGA 
TTCAGCCTGTTTGGCGTTTCCCAGAGTCATCTGATTGGACAGGCATGGGTGCAAGGAAAATTAGGGTACT 
CAACCTAAGTTCGGTTCCGATGAATTCTTATCCCCTGCCCCTTCCTTTAAAAAACTTAGTGACAAAATAG 
ACAATTTGCACATCTTGGCTATGTAATTCTTGTAATTTTTATTTAGGAAGTGTTGAAGGGAGGTGGCAAG 
AGTGTGGAGGCTGACGTGTGAGGGAGGACAGGCGGGAGGAGGTGTGAGGAGGAGGCTCCCGAGGGGAAGG 
GGCGGTGCCCACACCGGGGACAGGCCGCAGCTCCATTTTCTTATTGCGCTGCTACCGTTGACTTCCAGGC 
ACGGTTTGGAAATATTCACATCGCTTCTGTGTATCTCTTTCACATTGTTTGCTGCTATTGGAGGATCAGT 
TTTTTGTTTTACAATGTCATATACTGCCATGTACTAGTTTTAGTTTTCTCTTAGAACATTGTATTACAGA 
TGCCTTTTTTGTAGTTTTTTTTTTTTTTATGTGATCAATTTTGACTTAATGTGATTACTGCTCTATTCCA 
AAAAGGTTGCTGTTTCACAATACCTCATGCTTCACTTAGCCATGGTGGACCCAGCGGGCAGGTTCTGCCT 
GCTTTGGCGGGCAGACACGCGGGCGCGATCCCACACAGGCTGGCGGGGGCCGGCCCCGAGGCCGCGTGCG 
TGAGAACCGCGCCGGTGTCCCCAGAGACCAGGCTGTGTCCCTCTTCTCTTCCCTGCGCCTGTGATGCTGG 
GCACTTCATCTGATCGGGGGCGTAGCATCATAGTAGTTTTTACAGCTGTGTTATTCTTTGCGTGTAGCTA 
TGGAAGTTGCATAATTATTATTATTATTATTATAACAAGTGTGTCTTACGTGCCACCACGGCGTTGTACC 
TGTAGGACTCTCATTCGGGATGATTGGAATAGCTTCTGGAATTTGTTCAAGTTTTGGGTATGTTTAATCT 
GTTATGTACTAGTGTTCTGTTTGTTATTGTTTTGTTAATTACACCATAATGCTAATTTAAAGAGACTCCA 
AATCTCAATGAAGCCAGCTCACAGTGCTGTGTGCCCCGGTCACCTAGCAAGCTGCCGAACCAAAAGAATT 
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TGCACCCCGCTGCGGGCCCACGTGGTTGGGGCCCTGCCCTGGCAGGGTCATCCTGTGCTCGGAGGCCATC 
TCGGGCACAGGCCCACCCCGCCCCACCCCTCCAGAACACGGCTCACGCTTACCTCAACCATCCTGGCTGC 
GGCGTCTGTCTGAACCACGCGGGGGCCTTGAGGGACGCTTTGTCTGTCGTGATGGGGCAAGGGCACAAGT 
CCTGGATGTTGTGTGTATCGAGAGGCCAAAGGCTGGTGGCAAGTGCACGGGGCACAGCGGAGTCTGTCCT 
GTGACGCGCAAGTCTGAGGGTCTGGGCGGCGGGCGGCTGGGTCTGTGCATTTCTGGTTGCACCGCGGCGC 
TTCCCAGCACCAACATGTAACCGGCATGTTTCCAGCAGAAGACAAAAAGACAAACATGAAAGTCTAGAAA 
TAAAACTGGTAAAACCCCAAAAAAAAAAAAAAAA 

 

Figure 1.  ARE example:  human cyclin D1 mRNA (NM_053056.2).  Start and Stop 

Codons = Blue, 3’-UTR = Italics and Underlined, ARE = Red.  Here it can be seen that 

there are multiple copies of ARE in the 3’-UTR of cyclin D1 mRNA.   

 

Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells 

 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a 

transcription factor that is important in regulating inflammatory and proliferative 

processes.  In its inactive form, the NF-κB complex is found in the cytoplasm and 

consists of two subunits (p50 and p65) attached at an inhibitory protein, IκB.  Upon 

activation, IκB disassociates from the p50/p65 complex and is proteolytically degraded.  

This allows the p50/p65 complex to translocate into the nucleus and act as a 

transcriptional activator.  NF-κB can be considered a “master switch” in transactivating 

multiple genes involved in vascular inflammation (Collins, 1993).   

Some anti-inflammatory interleukin pathways utilize a down-regulation of the 

NF-κB pathway.  For example, with both IL-10 and IL-11, VSMC proliferation is 

inhibited due to a decrease in NF-κB activation and NF-κB dependent inflammatory gene 

expression (Mazighi et al., 2004; Zimmerman et al., 2002).  IL-10 has also shown the 

ability to reduce IκB degradation (Lentsch et al., 1997).   
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Human Antigen R 

 

After mRNA processing, an ARE-containing mRNA can either be stabilized or 

de-stabilized.  The determination of this stability is dependent on the RNA-binding 

proteins that bind to the mRNA.  Many RNA-binding proteins have been identified, but 

only a few are highly characterized.  One of the most widely studied RNA-binding 

proteins is human antigen R (HuR).  HuR is ubiquitously expressed and is predominately 

found in the nucleus.  HuR shuttles between the nucleus and the cytoplasm with the help 

of chaperone proteins, all while bound to its specific mRNA, and increasing the 

transcript’s stability.  Once in the cytoplasm, the HuR-bound mRNA is delivered to the 

translational apparatus where protein is synthesized (Eberhardt et al., 2007).   

HuR-mediated functions can be classified into three general mechanisms.    1) 

HuR translocation alterations: since HuR is mainly located in the nucleus, its export to 

the cytoplasm is considered a main mechanism for protecting targeted mRNA (Fan et al., 

1998; Keene et al., 1999).  The nuclear export of HuR is dependent on phosphorylation 

by various stimuli activating specific intracellular signaling pathways including MAPK 

and protein kinase C (PKC) (Ming et al., 2001; Winzen et al., 1999; Doller et al., 2007; 

Doller et al., 2008).  2) Changes in HuR binding affinity to target mRNA:  HuR binds 

with high affinity to ARE-containing mRNA, stabilizing many short-lived mRNA 

involved with inflammation and proliferation (Eberhardt et al., 2007).  An illustration of 

HuR binding to an ARE can be seen in Figure 2.  Cell-type specific differences in HuR 

binding to ARE is dependent on which signaling pathway is activated in response to 

extracellular stimuli.  3) Alterations in HuR gene expression:  HuR expression is 
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increased in many pathologies including:  chronic inflammation, cardiovascular disease, 

and cancer (Atasoy et al., 1998; Akool et al.  2003; Kloss et al., 2003).  HuR 

overexpression has been shown to increase the half-life of many ARE-containing mRNA 

(Akool et al., 2003; Sully et al., 2004).  Lastly, and most related to my research, anti-

inflammatory properties of IL-10 have been ascribed to the reduction of HuR in 

monocytes (Rajasingh et al., 2006). 

 There are very few studies regarding HuR expression and function in vascular 

biology.  One particularly interesting manuscript describes a link between increased HuR 

activity and enhanced proliferation of cultured hVSMC (Pullmann et al., 2005).  There 

are no studies linking HuR abundance and translocation to anti-inflammatory 

interleukins.  This is a primary focus of my research.   

 

 

 

 

 

 

Figure 2.  Schematic of HuR binding to an ARE in the 3’-UTR of an mRNA.  

 

 

 

 

 

AUUUA
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Adenosine Uridine-rich Element/Poly-Binding Degradation Factor-1 

 

 Adenosine uridine-rich element/poly-binding degradation factor-1 (AUF-1) is a 

member of the heterogeneous ribonucleoprotein particle (hnRNP) protein family and, like 

HuR, is involved in post-transcriptional regulation.  However, unlike HuR, AUF-1 is 

primarily a destabilizing RNA-binding protein (DeMaria et al., 1996).  Differential 

splicing of AUF-1 transcripts gives four different isoforms:  p37, p40, p42, and p45; each 

corresponding to its molecular weight.  These isoforms exhibit a cell-type specific 

expression.  Similar to HuR, AUF-1 can also undergo posttranslational modifications, 

like phosphorylation, to alter its binding to RNA and its nucleo-cytoplasmic localization 

(Wilson et al., 2003).  AUF-1 is also known to compete with HuR for binding to similar 

ARE (David et al., 2007).   

 

Protein Kinase C 

 

Protein kinase C (PKC) is a ubiquitous serine/threonine kinase composed of a 

family of isoforms with closely related structures.  The conventional PKC are the α, βI, 

βII, and γ isoforms which are calcium and diacylglycerol (DAG) dependent.  Novel PKC 

include δ, ε, η, and θ, and these require DAG but not calcium for activation.  Atypical 

PKC are ζ and λ/ι and are calcium and DAG independent.  PKC are involved in virtually 

all biological processes including, but not limited to, inflammation and proliferation 

(Salamanca et al., 2005).  Different cells respond to stimuli by triggering activation of 

specific PKC.   
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HuR nucleo-cytoplasmic translocation is dependent on phosphorylation.  PKCα 

has been implicated in phosphorylating HuR in mesangial cells, causing subsequent HuR 

shuttling from the nucleus to the cytoplasm (Doller et al., 2007).  As we will later 

describe, PKCα may be the kinase involved in phosphorylating HuR in hVSMC (Figure 

11).   

 

MicroRNA 

 

 MicroRNA (miRNA) are endogenous, small (about 22 nucleotides), non-coding 

RNA that post-transcriptionally control gene expression.  They were first discovered in 

1993, and today there are over 650 miRNA identified.  It is thought that miRNA can 

regulate ~30% of gene expression (Zhang, 2008).   

 MicroRNA genes have their own promoters, are independently expressed, and 

they can be grouped in clusters that share the same transcriptional regulation.  MicroRNA 

are similar to small interfering RNA (siRNA) in that they are both small non-coding 

RNA that regulate gene expression, however they are different from siRNA in that 

siRNA is of exogenous origin whereas miRNA is of endogenous origin.  RNAse III 

endonucleases are enzymes involved in pri-miRNA maturation to functional miRNA 

(Urbich et al., 2008).  Mature miRNA incorporates into the RNA-induced silencing 

complex (RISC) which direct the miRNA to the target mRNA.  The targeted mRNA can 

then be silenced by one of to methods: 1) miRNA with high complementarity to its 

mRNA usually cause degradation of the mRNA, 2) miRNA with low complementarity to 

its mRNA usually cause translational repression (Zeng et al., 2003).   
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 The role of miRNA in cardiovascular biology has only been studied since 2005, 

but their importance in these biological processes has been dramatically growing.  

MicroRNA have been shown to be involved in cardiovascular development, 

angiogenesis, cardiac hypertrophy and failure, arrhythmias, and neointimal formation 

(Zhang, 2008).  As an example, miR-145 and miR-143 are down-regulated during 

neointimal formation (Cordes et al., 2009; Cheng et al., 2009).  In our research, we used a 

biased miRNA array to demonstrate that IL-19 can alter the abundance of numerous 

miRNA (Figure 22, Table 4).   

 

Summary 

 

Cardiovascular disease is a leading cause of mortality in the western world.  As 

part of this, much is known about the pro-inflammatory and pro-proliferative side of 

vascular proliferative diseases, while much less is known about the potential anti-

inflammatory and anti-proliferative side.  Until recently, it was thought that IL-19 

expression had been limited to monocytes, B, and T lymphocytes.  Our group was the 

first to discover that IL-19 is expressed in activated, synthetic, but not quiescent, 

contractile hVSMC.  We were able to show that IL-19 decreases pathophysiologically 

relevant processes related to VSMC activation, including proliferation and inflammation.  

The aim of this study is to elucidate IL-19’s anti-inflammatory and anti-proliferative 

mechanism(s) in hVSMC in the context of vascular proliferative diseases.   We have 

found that IL-19 does not alter NF-κB activity, therefore pointing to a different anti-

inflammatory and anti-proliferative mechanism.  This has driven our overall hypothesis: 
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Hypothesis 

 

IL-19’s anti-proliferative and anti-inflammatory effects in hVSMC are mediated, 

at least in part, by modulation of HuR abundance and translocation.  This is manifested 

by decreased stability of mRNA transcripts.   

 

In order to test this hypothesis, the following aims will be addressed: 

 

Aims 

 

AIM 1:  Determine IL-19’s anti-inflammatory and anti-proliferative mechanism(s) in the 

context of vascular proliferative diseases 

 

a.  We will elucidate which inflammatory and proliferative genes are reduced in 

expression upon IL-19 treatment both by western blot and quantitative reverse 

transcription polymerase chain reaction (qRT-PCR), respectively.   

 

b.  We will elucidate the effects of IL-19 on HuR abundance and function.  1)  IL-19 

effects on HuR mRNA and protein levels will be evaluated by western blot and qRT-

PCR, respectively.  2)  The effects of IL-19 on cytoplasmic levels of HuR will be 

evaluated by both immunofluorescence and western blot.   
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c.  We will elucidate IL-19 effects on HuR’s phosphorylation status and a possible kinase 

involved with this phosphorylation.  1)  HuR phosphorylation status in response to IL-19 

will be evaluated by immunoprecipitation and subsequent western blot.  2)  PKCα 

phosphorylation status will be evaluated by western blot.   

 

d.  We will elucidate the effects of both IL-19 treatment and HuR knockdown on stability 

of inflammatory and proliferative transcripts.  1)  IL-19 effects on the stability of 

inflammatory and proliferative transcripts will be evaluated through the use of 

Actinomycin D (Act D) to inhibit transcription and subsequent quantification of mRNA 

half-life using qRT-PCR.  2)  HuR silencing effects on the stability of inflammatory and 

proliferative transcripts will be evaluated through the use of HuR siRNA and 

Actinomycin D.     

 

AIM 2:  Determine IL-19’s role in atherosclerotic processes 

 

a.  We will elucidate if treatment with ox-LDL can induce IL-19 expression by western 

blot.   

 

b.  We will elucidate whether IL-19 is involved in an autocrine regulatory feedback 

mechanism.  VSMC will be stimulated with ox-LDL to induce proliferation, and the 

effects of IL-19 neutralizing antibody on this proliferation will be evaluated by 

proliferation assay.   
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c.  We will elucidate the effects of IL-19 on the uptake of ox-LDL by VSMC.  The effect 

of IL-19 on the uptake of fluorescently labeled ox-LDL will be determined through the 

use of flow cytometry.   

 

d.  We will elucidate the effects of ox-LDL on the expression of scavenger receptors in 

VSMC and any effects IL-19 has on this expression.  1)  Scavenger receptor mRNA 

abundance in response to ox-LDL will be quantitated by qRT-PCR.  2)  The effects of IL-

19 on the abundance of these scavenger receptor mRNA levels will be determined by 

qRT-PCR.  

  

e.  We will elucidate the effects of IL-19 on ox-LDL induced HuR cytoplasmic 

abundance.  Compartmental extraction western blot will be used to determine the effects 

of IL-19 on cytoplasmic accumulation of HuR in response to ox-LDL stimulation.   

 

f.  We will elucidate the effects of HuR knockdown on the uptake of ox-LDL by VSMC.  

HuR siRNA will be used to silence HuR protein expression, and uptake of fluorescently-

labeled ox-LDL will be evaluated by flow cytometry.   

 

g.  We will elucidate the effects of IL-19 on downstream ox-LDL inflammatory 

pathways.  IL-19 effects on ox-LDL induced COX-2 protein will be evaluated by western 

blot.   

 
 
 



 25

CHAPTER 2 

MATERIALS AND METHODS 

 

Cells and Culture 

 

Human coronary artery smooth muscle cells (HCASMC) were obtained 

cryopreserved in secondary culture from Cascade Biologics (Portland, OR) and cells 

from passages three to six were used for cell culture.  HCASMC were grown in complete 

Medium 231 supplemented with smooth muscle growth supplement (SMGS) and 

gentamicin/amphotericin antibiotic solution (Cascade Biologics) according to 

manufacturer’s guidelines.  The cells were grown in a humidified incubator at 37°C with 

5% CO2.  Cells were separated from their growth containers with the use of 0.05% 

trypsin.  Pre-confluent HCASMC were serum-starved in 0.1% fetal calf serum (FCS) for 

either 24 or 48 hours.      

 

Reagents 

 

 Human recombinant IL-19 (100 ng/mL) was acquired from R&D Systems 

(Minneapolis, MN).  Human oxidized low-density lipoproteins were acquired from 

Intracel (20 µg/mL) (Frederick, MD).  DiI-human oxidized low-density lipoprotein (5 

µg/mL) was purchased from Kalen Biomedical, LLC (Montgomery Village, MD).  

Actinomycin D (10 µg/mL) was purchased from Sigma (St. Lous, MO).  Human 

ELAVL1 (HuR) ON-TARGETplus SMART pool siRNA (4µM) was purchased from 
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Dharmacon, Inc. (Lafayette, CA).  Protein A/G PLUS-Agarose Immunoprecipitation 

Reagent was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).   

 

Western Blotting 

 

 Cells were grown in cell culture treated dishes/plates and stimulated as per the 

individual experimental conditions.  At the end-point, the medium was removed and cells 

were washed with phosphate buffered saline (PBS).  The PBS was removed and sample 

buffer (1M Tris-HCl (pH 6.8), 4% SDS, 3.5% β-mercaptoethanol, 10% glycerol, distilled 

water, and 1% bromophenol blue) was added to each well/plate.  A cell scraper was used 

to thoroughly mix and collect extracts.  Cell lysates were collected in microcentrifuge 

tubes, sonicated for 5 seconds, and boiled for 5 minutes.  The lysates were stored at -

20°C until further use.  Equal amounts of protein were run on sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose 

membranes.  The membrane was blocked in 5% milk or FBS, reversibly stained with 

ponceau S, and incubated with primary antibody at 4°C overnight on a rocker.  Primary 

antibody was removed and the membrane was washed 3X for 5 minutes in Tris-Buffered 

Saline and Tween 20 (TBST).  The membrane was then incubated in horseradish-

peroxidase conjugated secondary antibody for 1 hour at room temperate on a rocker.  The 

membrane was the washed 3X for 5 minutes in TBST.  Protein was detected by ECL Plus 

Western Blotting Detection System (GE Healthcare; Amersham).  Densitometry was 

performed with Image J software (NIH).   
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 Antibodies used were as follows:  COX-2, Cyclin D1, GAPDH, hnRNP C1/C2, 

HuR, IL-1β, IL-8, IL-19, pan-actin, and PCNA were from Santa Cruz Biotechnology 

(Santa Cruz, CA).  AUF-1 was from Upstate (Lake Placid, NY).  IκB-α, phospho-PKCα, 

and PKCα were from Cell Signaling Technology (Danvers, MA).  Phospho-serine 

antibody was from EMD Biosciences (San Diego, CA).  Primary antibody dilutions 

ranged from 1:1000 to 1:10,000.  Horseradish peroxidase-conjugated secondary IgG 

antibodies were from Santa Cruz Biotechnology.  Secondary antibody dilutions ranged 

from 1:2000 to 1:10,000.   

 

RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction 

  

 RNA was isolated with a Qiagen (Valencia, CA) RNeasy Mini kit, according to 

manufacturer’s guidelines.  RNA was quantitated by Nanodrop spectrophotometer.  

Resulting RNA was reverse transcribed with Invitrogen (Carlsbad, CA) Superscript III 

First-Strand Synthesis Supermix for quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) kit, according to manufacturer’s guidelines and using 1µg of total 

RNA to reverse transcribe.  cDNA was diluted 1:25 after reverse transcription.   Target 

genes were amplified using an Eppendorf Realplex4 Mastercycler.  mRNA was quantified 

simultaneously by the Eppendorf software.  GAPDH or β-actin were used as house-

keeping genes.  The detection was performed by measuring the binding of the fluorescent 

dye Maxima SYBR Green/ROX qPCR Master Mix (2X) (Fermentas, Ontario, CA) to 

double-stranded DNA.  The following general real-time PCR protocol was used: a 

denaturation program (95°C for 10 min), followed by an amplification program that was 
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repeated 40 times (95°C for 15 sec, 55°C for 15 sec, and 68°C for 20 sec), and a melting 

curve program (60–95°C over 20 min) to evaluate for primer dimers.  Formation of 

primer dimers were also evaluated by gel electrophoresis.  Samples were quantitated by 

absolute quantification by a serially-diluted standard curve of known cDNA amount.  All 

primer final concentrations were 250 nM except for LOX-1, SR-A I, and CD-36, which 

were 1 µM. 

 

 Primer pairs were as follows:   

  

 β-actin  Forward primer:  ACT GGC TCG TGT GAC AAG GC 

Reverse primer:   TGT AAA GCG GCC TTG GAG TG 

 

CD-36   Forward primer:  GAG AAC TGT TAT GGG GCT AT 

Reverse primer:   TTC AAC TGG AGA GGC AAA GG   

 

Cox-2  Forward primer:  GCT CAG CCA TAC AGC AAA TCC 

Reverse primer:   CAC CCA TGT CAA AAC CGA GG 

 

CX-CL16 I Forward primer:  GAG CTC ACT CGT CCC AAT GAA 

Reverse primer:   GGA GAG GGC TGA GGT GGG GG   

 

Cyclin D1 Forward primer:  CCA GGT GCT CCA CAT GAC AG 

Reverse primer:   CCG GAG CAT TTT GAT ACC AGA 
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GAPDH Forward primer:  TGG GCT ACA CTG AGC ACC AG 

Reverse primer:   TGA CTT CAA CAG CGA CAC CC 

 

HuR  Forward primer:  TAG CAG GAC ACA GCT TGG GC 

Reverse primer:   GAA CTA CGT GAC CGC GAA GG 

 

IL-1β  Forward primer:  TGC AGG TGG TTC TTG TAG GGA 

Reverse primer:   CGC CCA GCA GGA ACT TAT ATC T 

 

IL-8   Forward primer:  AGT CTG CTA GCC AGG ATC CAC A 

Reverse primer:   TTC CAC TGT GCC TTG GTT TCT 

 

 

LOX-1  Forward primer:  GCC TGG CAC CTT TAT GTC AAC 

Reverse primer:  CTT GGG ACA AGC TAG GTG AAA TAA TA 

 

PCNA   Forward primer:  TCC TGT GCA AAA GAC GGA GTG 

Reverse primer:   TCT ACA ACA AGG GGT ACA TCT GC 

 

SR-A I  Forward primer:  GAT TGG GAA CAT TCT CAG ACC TT 

Reverse primer:   CTT GTC CAA AGT GAG CTG CCT T 
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Compartmental Extraction 

 

 To obtain cytoplasmic protein fractions, cells were washed in PBS, scraped off 

the plates, and collected by low speed centrifugation for 5 min at 4°C.  Cell pellets were 

lysed in Lysis Buffer (10mM HEPES, pH 7.9, 1 mM EDTA, 60 mM postassium chloride, 

and 0.5%NP-40) containing protease inhibitors (1 mM DTT, 1mM PMSF, 0.5 µg/mL 

Leupeptin, 0.5 µg/mL Pepstatin A and 0.5 µg/mL Aprotinin) on ice for 10 minutes.  100 

µl of Lysis Buffer was used for 5-10 x 106 cells.  The cell nuclei were pelleted by 

centrifugation at 4,000 rpm for 5 min at 4°C in a microcentrifuge.  The supernatant was 

saved as the cytoplasmic fraction.  Actin antibody was used as a marker of cytoplasmic 

proteins and hnRNP C1/C2 antibody was used as a marker of nuclear proteins by western 

blot.   

 

Immunofluorescence 

 

 Cells were seeded on chamber slides and were treated as per experimental 

conditions.  The cells were fixed for 15 min in 4% paraformaldehyde and permeabilized 

for 10 min in phosphate-buffered saline (PBS) containing 0.2% triton-X-100.  Following 

incubation in blocking buffer (5% goat serum/PBS), coverslips were incubated for 1h in 

1:300 dilution of mouse anti-HuR prepared in 1% BSA/PBS, washed with PBS, 

incubated for 30 min with goat anti-mouse IgG (AF-488, FITC, 1:1000, Invitrogen) and 

washed again with PBS, fixed, and then photographed.   
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Immunoprecipitation 

 

 VSMCs were grown in 100 mm plates and treated as per experimental conditions.  

The cells were lysed in 300 µl lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM 

KCl, 5 mM MgCL2, 1% NP-40, and protease inhibitors) while on ice.  Lysates were 

scraped into microcentrifuge tubes and centrifuged at 3,000 RPM for 5 min at 4°C to 

remove cell debris.  Supernatants were transferred to new microcentrifuge tubes and 600 

µl of TNNB buffer (50 mM Tris pH 8.0, 250 mM NaCl, 0.5% NP-40, 0.1% BSA, 0.02% 

NaN3, and protease inhibitors) was added.  Samples were then pre-cleared with 20 µl 

protein A/G agarose beads while rocking at 4°C for 2 hours.  Beads were collected by 

centrifuging at 3,000 RPM for 5 minutes at 4°C.  The supernatant was transferred to a 

new microcentrifuge tube.  Proteins of interest were immunoprecipitated by adding 

antibody (25 µl) and protein A/G beads (40µl) and were allowed to rock at 4°C overnight.  

Negative control samples did not have antibody added.  Beads were collected by 

centrifuging at 3,000 RPM for 5 min at 4°C.  Beads were washed twice in 750 µl TNN 

buffer (same as TNNB buffer, but without BSA).  Sample buffer was added and extracts 

were boiled for 5 minutes.  Resulting proteins were then western blotted.   

 

Transfection and siRNA Knockdown 

 

 Gene silencing was performed using ON-TARGET plus SMARTpool HuR 

siRNA (4µM) for human HuR.  Transfection of VSMC was performed by using the 
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Human AoSMC Nucleofector Kit (Amaxa, Inc) following the manufacturer’s guidelines.  

Lysates were immunoblotted for HuR 72 hours after transfection.   

 

Flow Cytometry 

 

 Cells were treated as per the experiment, incubated with 0.1% BSA/PBS with 

5µg/mL DiI-LDL (KALEN Biomedical) for 2h in an incubator.  Cells were then washed 

with PBS, trysinized, and collected by centrifugation.  The uptake of DiI-labelled ox-

LDL was measured by flow cytometry (FACSCalibur, Becton Dickinson).  The mean 

fluorescence intensity of DiI-oxLDL was obtained from 10 000 cells.  DCF fluorescence 

was read on FL2 (525-625) in log scale. 

 

Proliferation Assay 

 

 Equal numbers of VSMC were seeded into 24-well plates at a density of 3,000 

cells per cm2.  Cells were grown in complete growth media as per experimental 

conditions for 5 days.  The resulting cells were trypsinzed and counted with a 

hemocytometer.   

 

MicroRNA qRT-PCR Array 

 

 MiRNA expression was analyzed with RT2 miRNA PCR Array System 

(SABiosciences, Frederick, MD) according to the manufacturer’s guidelines.  Cells were 
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treated as per experimental conditions, RNA isolated with TRIzol reagent (Invitrogen), 

small RNA were isolated with RT2 qPCR-Grade miRNA Isolation Kit (SABiosciences), 

and resulting RNA was quantified by Nanodrop.  100 ng of small RNA was used to 

reverse transcribe with RT2 miRNA First Strand Kit (SABiosciences) according to 

manufacturer’s guidelines.  PCR Master Mix RT2 Real-Time SYBR Green/ROX 

(SABiosciences) was used as the detection reagent.  Target genes were amplified using 

an Eppendorf Realplex4 Mastercycler.  Resulting data was analyzed through the 

SABiosciences website (www.sabiosciences.com/pcrarraydataanalysis.php).   

 

Statistical Analysis 

 

 Results are expressed as mean +/- SE.  Differences between groups were 

evaluated with the use of paired T-tests.  Differences were considered significant at a 

level of P<0.05.   
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CHAPTER 3 

RESULTS 

 

IL-19 Decreases ARE-containing Inflammatory and Proliferative Protein and mRNA 

Abundance 

 

In order to elucidate the mechanisms of IL-19’s anti-inflammation and anti-

proliferation effects, the abundance of various proteins involved in inflammation (COX-

2, IL-1β, IL-8) and proliferation (cyclin D1, PCNA) were analyzed by western blot.  In 

this experiment, hVSMC were serum-starved into quiescence to mimic a base-line 

contractile phenotype.  Some conditions were either pre-treated or not with IL-19.  After 

IL-19 pretreatment, all conditions were stimulated with FCS to induce a synthetic, 

activated phenotype, producing inflammatory and proliferative proteins.  Cell extracts 

were collected, separated by gel electrophoresis, transferred to a nitrocellulose 

membrane, and blotted with the indicated antibodies (Figure 3).  Protein abundance for 

COX-2, IL-1β, IL-8, and cyclin D1 all showed reduced abundance with IL-19 pre-

treatment (Figure 3, Lane 4), compared to those with just stimulation alone (Figure 3, 

Lane 3).  What is interesting about the mRNA of these affected proteins is that they all 

contain ARE in their 3’-UTR.  As a control, PCNA, a non-ARE containing transcript, 

was included and showed no change in protein abundance.  This indicates that IL-19 is 

able to reduce the abundance of various ARE-containing inflammatory and proliferative 

proteins.   
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Figure 3.  IL-19 reduces abundance of inflammatory and proliferative proteins that 

contain ARE in their mRNA.  Western blot.  Human VSMC were serum-starved into 

quiescence for 24h, pre-treated with IL-19 (100 ng/mL) for 16h, and stimulated with 10% 

FCS for either 24 or 48h to induce inflammatory and proliferative protein expression.  

Cell extracts were separated by gel electrophoresis, transferred to nitrocellulose 

membrane, and blotted with the indicated antibodies.  IL-19 pretreatment reduces the 

abundance of proliferative and inflammatory proteins that contain ARE in their mRNA 

(COX-2, IL-1β, IL-8, and cyclin D1).  PCNA is a non-ARE containing protein whose 

abundance is unaffected by IL-19 treatment.  Actin is a loading control.  Figure shown is 

representative of three experiments.  

10% FCS  - - +              +
IL-19 - +                - +

Actin

IL-8

cyclin D1

IL1β

COX-2

PCNA
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To further confirm the importance of ARE to the reduced abundance of 

inflammatory and proliferative proteins, the abundance of their corresponding mRNA 

was analyzed by qRT-PCR.  In this experiment, hVSMC were serum-starved, pre-treated 

with IL-19 for various times, and then stimulated with FCS.  Cells were lysed, RNA 

isolated, and the purified RNA was reverse transcribed to cDNA.  Resulting cDNA was 

quantitated by qRT-PCR (Figure 4).  In all cases there was at least a three-fold induction 

of the transcripts with FCS stimulation.  IL-19 pre-treatment transiently reduced 

abundance of COX-2, IL-1β, IL-8, and cyclin D1 mRNA.  Maximal reduction of 

inflammatory transcripts occurred at 4h IL-19 pre-treatment.  The proliferative transcript, 

cyclin D1, showed maximal reduction with IL-19 treatment at the same time as with FCS 

stimulation.  IL-19 did not affect the non-ARE containing PCNA mRNA abundance.  

This indicates that IL-19 can reduce the abundance of ARE-containing inflammatory and 

proliferative mRNA.   
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Figure 4. IL-19 transiently decreases abundance of ARE-containing inflammatory and 

proliferative mRNAs. qRT-PCR.  Human VSMC were serum-starved for 48 hours, pre-

treated for various times with IL-19 (100ng/mL), and treated with 10% FCS for 4h to 

induce inflammatory (COX-2, IL-1β, and IL-8) and 12h to induce proliferative (cyclin 

D1, PCNA) mRNA.  Cells were lysed, RNA isolated, and the purified RNA was reverse 

transcribed to cDNA.  qRT-PCR was used to quantitate the cDNA with results shown as 

percent of no IL-19 control.  IL-19 transiently decreases ARE-containing inflammatory 

and proliferative mRNA expression.  PCNA was used as a non-ARE containing control 

with mRNA abundance being unchanged.  GAPDH was used as a house-keeping gene for 

all conditions.   

 

IL-19 Does Not Affect NF-κB Activity 

 

 Inflammatory and proliferative mRNA can be regulated at the transcription level 

by NF-κB, among other transcription factors (Collins, 1993).  IL-10, the most widely 

studied anti-inflammatory interleukin, decreases SMC proliferation through reduced NF-

κB activity (Mazighi et al., 2004).  To see if a similar mechanism was taking place with 

IL-19, we evaluated IκB protein abundance in response to IL-19 by western blot (Figure 

5).  The less IκB protein, the more NF-κB can translocate to the nucleus and alter 

transcription.  Human VSMC were serum-starved, pre-treated with IL-19, and then 

stimulated with FCS to decrease IkB abundance.  As expected, FCS stimulation reduced 

IκB abundance, however, what was surprising was that IL-19 had no effect on IκB 

abundance.  To further verify this finding, NF-κB binding to its promoter was evaluated 



 39

by EMSA (Figure not shown).  In this experiment, NF-κB binding to the consensus cis 

element was unaffected by IL-19 treatment.  Figure 5 suggests that IL-19’s anti-

inflammatory and anti-proliferative mechanisms are not NF-κB dependent; another 

mechanism must be involved with IL-19’s anti-inflammatory and anti-proliferative 

effects.  This distinguishes IL-19’s mechanism(s) from IL-10’s.   

 

   

 

                             
 
 
Figure 5.  IL-19 does not affect NF-κB activity.  Western blot.  Human VSMC were 

serum-starved for 48h, pre-treated with IL-19 (100 ng/mL) for 16h, and then stimulated 

with 10% FCS to reduce abundance of IkB.  Nitrocellulose membranes were blotted with 

the indicated antibodies.  FCS stimulation reduced IkB abundance, while IL-19 did not 

affect IkB abundance.  Actin was used as a loading control.  Blot is representative of 

three. 

 

 

 

 

 

IL-19          -        +          -         + 
FCS           -         -         +         + 

IκB 

 
Actin 
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IL-19 Decreases Total HuR Protein and mRNA Abundance 

 

 Since IL-19 does not alter NF-κB activity, we hypothesized that IL-19 must 

function through another anti-inflammatory and anti-proliferative mechanism.  IL-10 can 

alter the stability of inflammatory transcripts through a post-transcriptional processing 

mechanism (Brown et al., 1996).   HuR is a stabilizing RNA-binding protein that binds to 

ARE in the 3’-UTR of many inflammatory and proliferative transcripts.  HuR has been 

shown to be involved with IL-10’s post-transcriptional processing mechanism through a 

reduction of HuR abundance (Rajasingh et al., 2006).  The theory is that if there is less 

HuR due to IL-10, then there would be less binding of HuR to ARE-containing 

transcripts, and therefore decreased transcript stability.  We employed a similar kind of 

experiment to test the effects of IL-19 on HuR protein abundance by western blot (Figure 

6).  In this experiment, hVSMC were serum-starved into quiescence and treated with IL-

19 for various times.  HuR protein abundance is reduced with IL-19 treatment.  AUF-1, 

an mRNA destabilizing protein, abundance was minimally changed with IL-19 treatment.  

This suggests that HuR may be involved in IL-19’s anti-inflammatory and anti-

proliferative mechanism(s).   
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Figure 6.  IL-19 decreases HuR protein abundance.  Western blot.  Human VSMC were 

serum-starved into quiescence for 48h and then treated with IL-19 (100 ng/mL) at the 

indicated times.  The resulting western blot was blotted with HuR, AUF-1, or GAPDH as 

a loading control.  IL-19 reduced HuR protein abundance while minimally changing 

AUF-1 protein abundance.  Blot is representative of four.     

 

To further examine the effects on IL-19 on HuR, HuR mRNA abundance in 

response to IL-19 was evaluated by qRT-PCR (Figure 7).   Cell culture conditions were 

identical to those used in the previous western blot.  A similar, but not as dramatic 

transient reduction in HuR was seen at the mRNA level when compared to the protein 

level, with greatest mRNA reduction seen between 4-8 hours IL-19 treatment.  This 

suggests that the dramatic changes in HuR protein abundance in response to IL-19 might 

be due to multiple mechanisms:  altered transcription, stability, translation, etc.  Further 

work needs to be done to elucidate the mechanism of HuR’s reduced protein abundance 

in response to IL-19 treatment.   

 

 

HuR

AUF-1   {
GAPDH

IL-19 (h)    0      4     8    24   48
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Figure 7.  IL-19 decreases HuR mRNA abundance.  qRT-PCR.  Human VSMC were 

serum-starved for 48h and then treated with IL-19 (100 ng/mL) for the indicated times.  

HuR transcript was quantitated by qRT-PCR.  HuR mRNA was transiently and modestly 

decreased in response to IL-19 treatment, with maximal reduction seen between 4-8 

hours IL-19 treatment.  Values are reported as a percent of unstimulated samples.  

GAPDH was used as a house-keeping gene.  Results are representative of four.   

 

IL-19 Reduces Cytoplasmic Abundance of HuR 

 

An essential feature of HuR mRNA stabilization involves its translocation from 

the nucleus to the cytoplasm (Eberhardt et al., 2007).  HuR is normally found in high 

abundance in a predominately nuclear location.  Upon activation, HuR binds to ARE-

containing mRNAs, stabilizes them, and translocates to the cytoplasm with the assistance 

of chaperone proteins.  Even with the most robust stimuli, only 10% of the total amount 

of HuR translocates.  This cytoplasmic amount of HuR is sufficient to account for the 

stability effects that are seen (Pullmann et al., 2005).  In theory, any factor that can 
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reduce the amount of cytoplasmic HuR can be considered anti-inflammatory and anti-

proliferative.  In order to determine if IL-19 has any effect on HuR cytoplasmic 

abundance, cytoplasmic proteins were isolated and western blotted (Figure 8).  Human 

VSMC were serum-starved, pre-treated with IL-19, and then treated with FCS for various 

times to induce an increase in HuR cytoplasmic abundance.  FCS induced an increase in 

cytoplasmic HuR, with a maximal induction at 8 hours.  IL-19 pre-treatment reduced 

HuR cytoplasmic abundance at both 8 and 24 hours FCS stimulation.  Total HuR was 

unchanged with any treatment, ruling out any change in cytoplasmic HuR abundance 

with a change in total HuR abundance.  Reduced HuR cytoplasmic abundance provides 

an anti-inflammatory and anti-proliferative mechanism for IL-19. 
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Figure 8.  IL-19 reduces cytoplasmic abundance of HuR.  Cytoplasmic extraction and 

western blot.  Human VSMC were serum-starved for 48h, pre-treated with IL-19 (100 

ng/mL) for 16h, and then stimulated with 10% FCS for the indicated times.  Cytoplasmic 

proteins were isolated, separated by gel electrophoresis, and transferred to a 

nitrocellulose membrane.  Resulting blots were probed for HuR.  FCS stimulation caused 

an increase in cytoplasmic HuR, while IL-19 pre-treatment reduced HuR cytoplasmic 

accumulation.  Total HuR from whole cell extracts was unchanged in response to both 

FCS and IL-19.  Actin was used as a cytoplasmic protein loading control.  hnRNP C1/C2 

antibody was used as a nuclear protein marker, which was not detected by western blot 

(not shown).  Blot is representative of three.   

 

To confirm the results seen by cytoplasmic extraction western blot (Figure 8), 

immunofluorescence of HuR was utilized (Figure 9).  Human VSMC were serum-

starved, pre-treated with IL-19 for 16 hours and then treated with FCS for 8 hours to 

induce HuR cytoplasmic accumulation.  HuR antibody was used to identify HuR by 

immunofluorescence.  In this experiment, it can be seen that HuR is predominately found 

in the nucleus.  Upon FCS stimulation, a modest amount of HuR accumulates in the 

Cytoplasmic HuR

Total HuR

Actin

FCS (h)        0    1    3   6    8  24   8  24
IL-19 pretreat - - - - - - +    + 
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cytoplasm.  With IL-19 pre-treatment, this accumulation of HuR in the cytoplasm is 

reduced, further confirming the results seen by cytoplasmic extraction western blot.  This 

again suggests that IL-19 can reduce cytoplasmic abundance of HuR as part of an anti-

inflammatory and anti-proliferative mechanism.   

 

 

 
Figure 9.  IL-19 reduces cytoplasmic abundance of HuR.  Immunofluorescense.  Human 

VSMC were serum-starved for 48h, pre-treated with IL-19 for 16h (100 ng/mL), and then 

stimulated for 8h with 10% FCS.  HuR was detected by immunofluorescence.  HuR, 

which in the unstimulated case is predominately nuclear, modestly translocates to the 

cytoplasm with 8h FCS stimulation.  IL-19 pre-treatment causes a reduction in HuR 

cytoplasmic abundance.  This figure is representative of two experiments.   

 

IL-19 Decreases HuR Phosphorylation Possibly Through a PKCα-dependent Mechanism 

 

HuR serine phosphorylation is a requisite for HuR translocation in mesangial cells 

(Doller et al., 2007).  HuR has four predicted phosphorylation sites (Doller et al., 2008).  

To determine if HuR is phosphorylated in response to stimulation in hVSMC, HuR was 

Unstimulated 8h FCS IL-19 Pretreatment + 
8h FCS 



 46

immunoprecipitated and subsequently western blotted with phospho-serine antibody.   

Human VSMC were serum-starved and stimulated with FCS followed by 

immunoprecipitation of HuR with protein A/G agarose beads and HuR antibody.  

Resulting proteins were separated by gel electrophoresis and immunoblotted with 

phospho-serine antibody or HuR as a loading control (Figure 10a).  FCS stimulation 

induced phosphorylation of HuR, with maximal induction seen at 45 minutes.   The time 

needed for HuR phosphorylation is in line with what others have shown (Doller et al., 

2007).  Differences in the time between HuR phosphorylation and HuR translocation may 

be due to the time necessary to recruit chaperone proteins.   

In order to determine if IL-19 had an effect on HuR phosphorylation, HuR was 

immunoprecipitated and subsequently western blotted with phospho-serine antibody 

(Figure 10b). IL-19 pre-treatment was able to reduce HuR phosphorylation.  A reverse 

immunoprecipitation, where phosphorylated proteins were immunoprecitated followed by 

western blotting with HuR showed similar results (Figure 10c).  IL-19 decreasing the 

phosphorylation of HuR provides a possible mechanism for reduced HuR translocation.   
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Figure 10.  IL-19 reduces FCS-stimulated HuR serine phosphorylation.  

Immunoprecipitation.  Figure 10a.  Human VSMC were serum-starved for 48 hours and 

stimulated with 10% FCS for the indicated times to induce HuR serine phosphorylation.  

HuR was then immunoprecipiated and resulting proteins were separated by gel 

electrophoresis and immunoblotted.  Both HuR and its phosphorylated form are around 

34 kD in size.  Blotting with phospho-serine antibody showed that FCS stimulation 

increased serine phosphorylation of HuR with maximal induction at 45 minutes.   HuR 

was immunoblotted on the same strip to verify protein loading.  Figure 10b and 10c.  Cell 

culture conditions for these immunoprecipitations were identical to that for Figure 10a 

except that samples were also pre-treated with IL-19 (100 ng/mL) for 16h.  Both HuR 

immunoprecipiation followed by phospho-serine western blot and phosphorylated protein 

immunoprecipiation followed by HuR western blot showed that IL-19 pre-treatment 

reduced HuR phosphorylation.   For figure 10c, equal amounts of input protein for the 

immunoprecipitation were confirmed by western blotting total protein extracts with HuR 

antibody.  Blots are representative of two.    
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One group of researchers has suggested that PKCα may be the “master switch” of 

HuR nucleo-cytoplasmic shuttling (Doller et al., 2007).  To see if PKCα may be a kinase 

involved with HuR phosphorylation in hVSMC, we performed a western blot of IL-19 

effects on PKCα phosphorylation.  In this experiment, hVSMC were serum-starved into 

quiescence, pre-treated with IL-19, and then stimulated with FCS to induce PKCα 

phosphorylation.  FCS stimulation induces PKCα phosphorylation, and IL-19 pre-

treatment reduces this phosphorylation (Figure 11).  This demonstrates that PKCα may be 

the kinase involved in phosphorylating HuR.     

 

  

                   

 

 

 

Figure 11.  IL-19 reduces PKCα phosphorylation.  Western blot.  Human VSMC were 

serum-starved for 48h, pre-treated with IL-19 (100 ng/mL) for 16h, and then stimulated 

with 10% FCS for 45 or 90 minutes to induce PKCα phosphorylation.  Resulting extracts 

were subjected to western blot and blotted with the indicated antibodies.  FCS induced 

PKCα phosphorylation, and IL-19 pre-treatment reduced this phosphorylation.  Total 

PKCα was used as a loading control on the same blot.  Blot is representative of three.   
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IL-19 Decreases ARE-containing Inflammatory and Proliferative mRNA Stability 

 

 The inflammatory and proliferative mRNAs from Figure 4 (COX-2, IL-1β, IL-8, 

and Cyclin D1) all contain ARE in their 3’-UTR.  Therefore, their stability has the 

potential to be altered by RNA-binding proteins.  Because IL-19 decreases the abundance 

of total and cytoplasmic HuR (Figures 6, 8, and 9) and it’s phosphorylation (Figures 10b 

and 10c), we hypothesized that the stability of these ARE-containing inflammatory and 

proliferative mRNAs will be reduced with IL-19 treatment.  In order to examine 

transcript stability, Act D is used to inhibit transcription.  Inhibiting transcription with 

Act D leaves a pool of mRNA that degrades over time.   

 In this experiment, hVSMC were serum-starved, pre-treated with IL-19, 

stimulated with FCS to induce the inflammatory and proliferative mRNA, and treated 

with Act D to inhibit transcription.  RNA was isolated at 0, 2, and 4 hours after Act D 

treatment, reverse transcribed, and quantitated by qRT-PCR.  Results are presented as a 

percent of remaining mRNA at the time Act D was added.  For all ARE-containing 

transcripts, IL-19 treated cells had reduced mRNA abundance at each time point after Act 

D treatment compared to those without IL-19 (Figure 12).  The half-lives (in hours) for 

each of these transcripts can be found in Table 2.  The use of this method is identical to, 

and the results are nearly identical to those used by Brown, who found that in 

macrophages, IL-10 decreased granulocyte macrophage colony stimulating factor (GM-

CSF) and granulocyte colony stimulating factor (G-CSF) mRNA stability (Brown et al., 

1996).  PCNA, a non-ARE containing control, stability was not altered with IL-19 
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treatment.  These data show that IL-19 decreases ARE-containing inflammatory and 

proliferative mRNA stability.   
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Figure 12.  IL-19 treatment decreases ARE-containing mRNA stability.  qRT-PCR.  

Human VSMC were serum-starved for 48h, pre-treated with IL-19 (100 ng/mL) for 4h, 

stimulated with 10% FCS for 4h for inflammatory (COX-2, IL-1β, and IL-8) or 12h for 

proliferative (cyclin D1 and PCNA) mRNA induction, and finally treated with Act D (10 

µg/mL) for up to 4h.  RNA was isolated, reverse transcribed, and quantitated by qRT-

PCR.  Results are shown as percent remaining mRNA at the time of Act D addition.  For 

all ARE-containing transcripts, IL-19 treated cells have reduced mRNA abundance at 

each time point after Act D treatment compared to those without IL-19.  All samples 

were normalized to GAPDH.  Experiment is representative of three.   

 
   
 

COX-2 IL-1 IL-8 Cyclin D1 PCNA
Control 6.1 +/- 0.8 4.5 +/- 0.4 8.5 +/- 2.4 20.0 +/- 5.5 4.8 +/- 0.1
IL-19 3.0 +/- 0.3 2.4 +/- 0.1 2.6 +/- 0.2 5.6 +/- 0.7 4.6 +/- 0.2  

 
 

Table 2.  IL-19 treatment decreases the half-lives of ARE-containing mRNA.  The half-

lives (shown in hours) of ARE-containing mRNA (COX-2, IL-1, IL-8, and cyclin D1) are 

all lower with IL-19 treatment compared to those without IL-19.  PCNA, an mRNA 

without an ARE, half-life is unchanged with IL-19 treatment.    

 

HuR Knockdown Decreases ARE-containing mRNA Stability 

 

 In order to demonstrate the importance of HuR in the mRNA stability effects seen 

by IL-19 (Figure 12), HuR expression was reduced by siRNA (Figure 13b) and mRNA 

stability of representative genes was evaluated.  In this experiment, hVSMC were 



 52

transfected with HuR siRNA or control siRNA, serum-starved, stimulated with FCS, and 

treated with Act D.  RNA was isolated from samples 0, 2, and 4 hours after Act D 

treatment.  Resulting RNA was reverse transcribed and quantitated by qRT-PCR.  Results 

show that decreased HuR abundance caused reduced abundance of IL-1β and IL-8 at 

each time point after Act D treatment (Figure 13a).  The half-lives (in hours) for each of 

these transcripts can be found in Table 3.  This demonstrates the importance of HuR in 

modulating ARE-containing mRNA stability.   
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Figure 13.  HuR Knockdown Decreases ARE-containing mRNA Stability.  Figure 13b.  

Western blot.  HuR abundance is reduced with HuR siRNA.  hVSMC were transfected 

with HuR siRNA (4 µM) or control scrambled siRNA via AMAXA electroporation.  

Cells were grown in complete media for 72h and resulting proteins were analyzed by 

western blot with the indicated antibodies.  GAPDH was used as a loading control.  

Results are representative of three.  Figure 13a.  qRT-PCR.  hVSMC were transfected 

with HuR siRNA or control siRNA via AMAXA electroporation, allowed to grow in 

complete media for 48h, serum-starved for 24h, stimulated with 10% FCS for 4h to 

induce inflammatory mRNA, and treated with Act D (10 µg/mL).  RNA was isolated 

from samples after 0, 2, and 4h after Act D treatment.  Resulting RNA was reverse 

transcribed and quantitated by qRT-PCR.  Samples that contained HuR siRNA caused 

decreased abundance of IL-1β and IL-8 mRNA at each time point after Act D treatment, 

compared to those with control siRNA.  GAPDH was used as a house-keeping gene.  

Results are representative of two.   

 

 

IL-1 IL-8
(-) siRNA 4.7 +/- 0.3 12.8 +/- 3.6

siHuR 3.0 +/- 0.3 4.9 +/- 0.6  

 

Table 3.  HuR knockdown via siRNA decreases the half-lives of representative ARE-

containing mRNA.  The half-lives (shown in hours) of ARE-containing mRNA (IL-1 and 

IL-8) are lower with HuR siRNA compared to those with (-) siRNA control.   
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Summary 

 

These results demonstrate that IL-19 can reduce the abundance of inflammatory and 

proliferative proteins.  A probable mechanism of these effects is by regulation of HuR 

total and cytoplasmic abundance, leading to a decrease in mRNA half-life of labile 

transcripts.  One possible mechanism for the decrease in HuR cytoplasmic accumulation 

is by inhibition of PKCα activity.  In the next section, we hypothesize that IL-19 also 

down-regulates processes specific to atherosclerosis formation. 

 

Ox-LDL Induces IL-19 Expression 

 

 Ox-LDL is a potent initiator of atherosclerosis.  We have previously demonstrated 

that IL-19 is induced by various inflammatory and proliferative stimuli (Tian et al., 

2008).  To see if IL-19 is also induced by ox-LDL, hVSMC were serum-starved and 

stimulated with varying times of ox-LDL.  Resulting extracts were western blotted with 

IL-19 antibody.  Ox-LDL treatment induced IL-19 protein expression, with maximal 

induction seen at 8 hours (Figure 14).  This indicates that IL-19 may play a role in the 

early steps of atherosclerosis formation.   
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Figure 14.  Ox-LDL induces IL-19 expression.  Western blot.  Human VSMC were 

serum-starved for 48h and then stimulated with ox-LDL (20 µg/mL) at the indicated 

times.  Resulting extracts were blotted with IL-19 antibody.  Ox-LDL is able to induce 

IL-19 protein expression with peak induction seen at 8h.    Actin was used as a loading 

control.  Blot is representative of two.   

 

IL-19 Functions Through an Autocrine Pathway 

 

 Ox-LDL is a known inducer of proliferation in VSMC, and IL-19 is known to be 

anti-proliferative in VSMC (Lähteenmäki et al., 1998; Tian et al., 2008).  What is not 

known is whether IL-19 can function through an autocrine mechanism.  Upon being 

produced, IL-19 protein is secreted (Gallagher et al., 2000).  To test whether IL-19 

functions through an autocrine mechanism, IL-19 neutralizing antibody was employed.  

In this experiment, hVSMC were serum-starved, stimulated with ox-LDL and IL-19 

neutralizing antibody, and allowed to grow for 5 days.  Cells were then counted with a 

hemocytometer.  Results confirm that ox-LDL is pro-proliferative for hVSMC and that 

neutralization of IL-19 via antibody causes increased proliferation of hVSMC (Figure 

15).  This suggests that IL-19 functions through an autocrine pathway in hVSMC.   

IL-19

Actin

ox-LDL (h)     0      8    24   48   72  
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Figure 15.  IL-19 functions through an autocrine pathway.  Proliferation assay.  Human 

VSMC were serum-starved for 24h, stimulated with ox-LDL (20 µg/mL) and IL-19 

neutralizing antibody (10 µg/mL) for 5 days, and resulting cells were trypsinized and 

counted with a hemocytometer.  Ox-LDL induced proliferation of hVSMC, and IL-19 

neutralizing antibody was able to further increase this proliferation.  Experiment is 

representative of two.   

 

IL-19 Decreases Ox-LDL Uptake 

 

 VSMC are important mediators in the initiation of atherosclerosis (Doran et al, 

2008).  They have the ability to take up ox-LDL, which acts as an atherogenic stimulus.  

This experiment was designed to examine the effects of IL-19 on the uptake of ox-LDL 

in hVSMC.  Human VSMC were serum starved, pre-treated with IL-19, and stimulated 

with fluorescently-labeled ox-LDL.  Cells were trypsinized, collected, and analyzed for 

the uptake of labeled ox-LDL by flow cytometry.  IL-19 was able to reduce the uptake of 
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ox-LDL (Figure 16).  This shows that IL-19 inhibits an important initiation step of 

atherosclerosis in hVSMC.   

           

 

 

 

 

 

 

 

Figure 16.  IL-19 reduces the uptake of ox-LDL in hVSMC.  Flow cytometry.  Human 

VSMC were serum-starved for 24h, pre-treated with IL-19 (100 ng/mL) for 16h,  and 

stimulated with DiI labeled ox-LDL (5 µg/mL) for 2h.  Cells were washed, trypsinized, 

and fluorescence was measured by flow cytometry.  IL-19 treatment reduces the uptake 

of ox-LDL compared to control.  Experiment is representative of three.   

 

Ox-LDL Increases the Abundance of Scavenger Receptor mRNA 

 

 VSMC are known to express scavenger receptors, which are important to the 

uptake of ox-LDL (Murphy et al., 2005).  In this experiment, qRT-PCR was used to 

examine abundance of scavenger receptors that are known to be expressed on VSMC in 

response to ox-LDL stimulation.  Human VSMC were serum-starved and stimulated with 

ox-LDL.  After reverse transcription of isolated mRNA, cDNA was quantitated by qRT-
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PCR.  Ox-LDL induced expression of three scavenger receptors:  LOX-1, SR-A, and CX-

CL16, while not affecting the expression of CD-36 (Figure 17).  Maximal induction of 

LOX-1, SR-A, and CX-CL16 was seen at 24 hours ox-LDL stimulation.   

 

IL-19 Reduces Scavenger Receptor mRNA Abundance 

 

 Because IL-19 reduces the uptake of ox-LDL (Figure 16), we hypothesized that 

IL-19 may do this through reducing the abundance of scavenger receptors.  We tested this 

with qRT-PCR.  Human VSMC were serum-starved, pre-treated with IL-19, and then 

stimulated with ox-LDL.  Resulting RNA was reverse transcribed and analyzed by qRT-

PCR.  SRA I mRNA abundance was unchanged with IL-19 pre-treatment, while LOX-1 

and CX-CL16 mRNA abundance was maximally reduced with 24 hour IL-19 pre-

treatment (Figure 18).  The reduction of LOX-1 and CX-CL16 mRNA by IL-19 provides 

a possible mechanism for IL-19’s reduction of ox-LDL uptake in hVSMC.  This 

experiment does not eliminate the possibility that IL-19 reduces basal levels of scavenger 

receptors in hVSMC (without ox-LDL induction of the receptors).  Also, protein 

abundance of these receptors in response to IL-19 needs to be examined.   
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Figure 17.  Ox-LDL increases the abundance of scavenger receptor mRNA.   qRT-PCR.  

hVSMC were serum-starved for 48h and then stimulated for various times with ox-LDL 

(20 µg/mL).  Resulting RNA was isolated and quantitated by qRT-PCR.  LOX-1, SR-A, 

and CX-CL16 were all induced with maximal induction seen at 24h ox-LDL.  CD-36 was 

not induced by ox-LDL.  GAPDH was used as a house-keeping gene.  Experiment is 

representative of three.   
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Figure 18.  IL-19 reduces scavenger receptor mRNA abundance.   qRT-PCR.  hVSMC 

were serum-starved for 48h, pre-treated or treated at the same time as ox-LDL with IL-19 

(100 ng/mL), and stimulated with ox-LDL (20µg/mL) for 24h to induce scavenger 

receptor expression.  Cells were harvested, RNA isolated and reverse transcribed, and the 

resulting cDNA was quantitated by qRT-PCR.  IL-19 reduced LOX-1 and CX-CL16 

mRNA abundance, with maximal reduction at 24h IL-19 pre-treatment.  SR-A mRNA 

abundance was unchanged with IL-19 pre-treatment.  GAPDH was used as a house-

keeping gene.  Results are representative of two.   
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IL-19 Reduces Ox-LDL Induced HuR Cytoplasmic Abundance 

 

 LOX-1 and CX-CL16 contain ARE in their 3’-UTR.  This allows for the 

possibility that their stability can be altered by RNA-binding proteins.  This idea is novel 

and has not been investigated.  We have already demonstrated that IL-19 can reduce total 

HuR protein and mRNA (Figures 6 and 7), so we next examined the effects of ox-LDL 

on HuR cytoplasmic abundance and any effects IL-19 might have on this cytoplasmic 

accumulation.  Human VSMC were serum-starved, pre-treated with IL-19, and 

stimulated with ox-LDL for the indicated times.  Cytoplasmic proteins were isolated and 

western blotted with the indicated antibodies.  Ox-LDL treatment induces an increase in 

HuR cytoplasmic abundance, with a peak induction at 6h ox-LDL (Figure 19).  IL-19 

pre-treatment dramatically reduces this increase in cytoplasmic HuR protein.  This is the 

first time that ox-LDL has been shown to increase HuR cytoplasmic abundance in any 

cell type.  AUF-1 cytoplasmic abundance was unchanged by ox-LDL or IL-19 

treatments.  Total HuR was blotted to show that the change in cytoplasmic abundance 

was not due to a change in total HuR.  The effects of IL-19 on ox-LDL induced 

cytoplasmic HuR abundance provides a possible mechanism for the reduced scavenger 

receptor abundance seen by IL-19 (Figure 18).   
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Figure 19.  Ox-LDL increases cytoplasmic HuR abundance and IL-19 reduces this 

increase.  Compartmental extraction western blot.  Human VSMC were serum-starved for 

48h, pre-treated with IL-19 (100 ng/mL) for 16h, and then stimulated with ox-LDL for 

the indicated times.  Cytoplasmic proteins were isolated and then western blotted with the 

indicated antibodies.  Ox-LDL was able to increase cytoplasmic abundance of HuR in a 

time dependent manner, with maximal induction seen with 6h ox-LDL.  IL-19 pre-

treatment was able to reduce this cytoplasmic HuR abundance.  Total HuR and 

cytoplasmic AUF-1 protein abundance was unchanged with ox-LDL or IL-19 treatment.  

hnRNP C1/C2 antibody was used as a nuclear protein marker, which was not detected by 

western blot (not shown).  GAPDH was used as a loading control.  Blot is representative 

of three.   

 

HuR Knockdown Decreases Ox-LDL Uptake 

 

 To draw a stronger link between HuR and IL-19’s effects on ox-LDL uptake, 

HuR siRNA was used to knockdown HuR expression.  In this experiment, hVSMC were 

ox-LDL (h)           0    1     3    6     8   24  6    24
IL-19 pre-treat      - - - - - - +    +

Cytoplasmic HuR

Total HuR

Cytoplasmic AUF-1
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transfected with HuR siRNA or control siRNA, serum-starved, and stimulated with 

fluorescently-labeled ox-LDL.  Cells were trypsinized, collected, and analyzed for the 

uptake of labeled ox-LDL by flow cytometry.  HuR knockdown was able to reduce the 

uptake of ox-LDL by hVSMC (Figure 20).  This suggests that HuR contributes to the 

uptake of ox-LDL by hVSMC, an important step in the initiation of atherosclerosis 

formation.   

  

 

 

 

 

 

 

 

Figure 20.  HuR knockdown reduces the uptake of ox-LDL in hVSMC.  Flow cytometry.  

Human VSMC were transfected with HuR siRNA (4 µM) or control scrambled siRNA 

via AMAXA electroporation.  Cells were then grown in complete media for 48h before 

being serum-starved for 24h and stimulated with DiI labeled ox-LDL (5 µg/mL) for 2h.  

Cells were washed, trypsinized, and fluorescence was measured with a flow cytometer.  

HuR siRNA reduced the uptake of ox-LDL compared to those with control siRNA.  

Experiment is representative of four.   
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IL-19 Reduces ox-LDL Induced COX-2 Protein Abundance 

 

 Ox-LDL is known to induce inflammatory gene expression (Chen (1) et al., 

2009).  We wanted to examine the effects of IL-19 on induced inflammatory gene 

abundance.  Human VSMC were serum-starved into quiescence, pre-treated with IL-19, 

and stimulated with ox-LDL.  Proteins were isolated and abundance was examined by 

western blot.  Ox-LDL induced COX-2 expression, and IL-19 pre-treatment was able to 

reduce the amount of protein (Figure 21).  This shows that IL-19 can reduced the protein 

of an important inflammatory mediator in the setting of ox-LDL.   

                     

 

 

 

 

 

Figure 21.  IL-19 reduces ox-LDL stimulated production of COX-2.  Western blot.  

Human VSMC were serum-starved for 48h, pre-treated with IL-19 (100 ng/mL) for 16h, 

and then stimulated with ox-LDL for 24h to induce COX-2 protein expression.  Proteins 

were separated by gel electrophoresis, transferred to nitrocellulose membrane, and 

western blotted with the indicated antibodies.  Ox-LDL induced COX-2 protein 

expression, and IL-19 was able to reduce this induced COX-2 abundance.  Actin was 

used as a loading control.  Blot is representative of three.   

 

COX-2

Actin

IL-19           - +           - +
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IL-19 Alters miRNA Abundance 

 

 MicroRNA are a newly discovered mechanism of post-transcriptionally regulating 

mRNA abundance.  Here we employed a biased qRT-PCR array system to analyze the 

effects of IL-19 on the abundance various miRNA.  Human VSMC were serum-starved 

and stimulated with IL-19.  Cells were harvested, RNA isolated, reverse transcribed, and 

resulting cDNA quantitated based on the manufacturer’s guidelines via qRT-PCR.  

Results show that numerous miRNA abundance were altered with IL-19 treatment 

(Figure 22).   The most highly modulated miRNA were let-7a which was reduced nearly 

50% and miR-101 which increased nearly two-fold with IL-19 treatment.  Other altered 

transcripts can be seen in Table 4.   

Nothing has been reported on the effects of let-7a or miR-101 in any vascular cell 

or in response to any anti-inflammatory cytokine.  Nearly all of the work done with let-7a 

and miR-101 is in cancer cells.  MiR-101 is reduced in hepatocellular carcinoma, colon 

cancer, and prostate tumor cells (Su et al., 2009; Strillacci et al., 2009; Varambally et al., 

2008).  In these papers, MiR-101 has been shown to promote apoptosis and inhibit COX-

2 translation.   

One particularly interesting report in human malignant cholangiocytes shows that 

overexpressing IL-6 by transfection increases let-7a mRNA expression (Meng et al., 

2007).  They go on to demonstrate that IL-6 induced signal transducers and activators of 

transcription-3 (STAT-3) phosphorylation can be reduced with let-7a anti-sense 

transfection.  They also show that let-7a precursor overexpression can induce STAT-3 

phosphorylation.  We have previously reported that IL-19 can induce STAT-3 signaling 
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in hVSMC (Tian et al., 2008).  In the future, it would be interesting to evaluate the effects 

of alterations in let-7a expression on STAT-3 signaling and other downstream 

inflammatory and proliferative pathways in hVSMC.   

 

 

 
 

Figure 22.  IL-19 alters miRNA abundance.   qRT-PCR array.  Human VSMC were 

serum-starved for 48h and then stimulated IL-19 (100 ng/mL) for 16h.  Resulting RNA 

was isolated, reverse transcribed, and quantitated according to the manufacturers 

guidelines by qRT-PCR.  The abundance of numerous miRNA were altered with IL-19 

treatment.   
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Fold Difference
IL-19/Control Group

A01 miR-142-5p 0.68
A03 miR-142-3p 0.68
A07 let-7a 0.56
A12 let-7f 0.68
B01 miR-9 0.68
B04 miR-30e 0.72
B07 miR-124 0.68
B08 miR-144 0.68
B12 miR-122 0.68
C01 miR-150 0.68
C02 miR-32 0.68
C06 miR-141 0.68
D04 miR-200c 0.65
E01 miR-101 1.9
F01 let-7d 0.72
F04 miR-223 0.68
F10 miR-196b 0.68
G02 miR-96 0.68
G03 miR-302b 0.68
G12 miR-302c 0.68
H03 miR-30b 0.64

Well Mature ID

 
 
 
Table 4.  IL-19 alters miRNA abundance.   qRT-PCR array.  The most highly altered 

miRNA transcripts are listed here.  miR-101 abundance increased nearly two-fold and 

let-7a abundance decreased to nearly half with IL-19 treatment.   
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CHAPTER 4 

DISCUSSION 

 

IL-19 Anti-inflammatory and Anti-proliferative Mechanisms in VSMC 

 

IL-19 is a newly discovered interleukin (2000) that is currently understudied in 

vascular biology.  Most of the work done with IL-19 has been with 

monocytes/macrophages, B, and T lymphocytes (Oral et al., 2006).  In macrophages, IL-

19 has been suggested to be anti-inflammatory with ability to promote a more Th2 

lymphocyte phenotype, rather than a Th1 phenotype (Gallagher et al., 2004).  Our group 

was the first to report on IL-19 effects in VSMC related to vascular disease (Tian et al., 

2008).  Here we found that IL-19 is not expressed in unstimulated, quiescent VSMC or in 

normal arteries, but rather it is expressed in activated VSMC that have been stimulated 

with inflammatory cytokines or in injured vessels.  VSMC also possess the receptor with 

which IL-19 signals.  IL-19 does not have its own receptor, but rather it signals through 

the IL-20 receptor.  The IL-20 receptor is a dimer that contains an α and β chain.  There 

has been very little research on IL-20, but since IL-19 and IL-20 both signal through the 

IL-20 receptor, this leaves open the possibility that IL-19 and IL-20 have redundant 

effects.   

IL-19 is a member of the IL-10 family of interleukins (Gallagher et al., 2000).  IL-

10 has been widely studied and is the prototypical anti-inflammatory interleukin.  We 

chose to study IL-19 in VSMC and not IL-10 because IL-19 is understudied in vascular 

biology and because IL-10 is not expressed in quiescent or stimulated VSMC.  Because 
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IL-19 is expressed by inflammatory cells and stimulated VSMC, VSMC have the IL-20 

receptor, and IL-19 has anti-inflammatory effects in other cells, this led us to our first 

hypothesis:  IL-19 inhibits inflammation and proliferation of VSMC, both of which are 

important features of vascular proliferative diseases.   

To test this hypothesis, our group studied the effects of IL-19 in vivo through 

adenovirus delivery to balloon angioplasty injured rat carotid arteries and in vitro through 

the addition of recombinant IL-19 to proliferating hVSMC.  Ad-IL-19 reduced the 

vascular response to injury, primarily through the reduction of neointimal area, an area 

rich in activated VSMC (Tian et al., 2008).  Recombinant IL-19 is able to reduce hVSMC 

proliferation in a dose-dependent manner.  Both of these experiments confirm our initial 

hypothesis that IL-19 is anti-inflammatory and anti-proliferative in VSMC.   

The next step, which is the primary focus of the research presented in this report, 

was to elucidate the mechanism(s) of IL-19’s anti-inflammatory and anti-proliferative 

effects hVSMC.  We examined inflammatory (COX-2, IL-1β, and IL-8) and proliferative 

(Cyc D1) protein and mRNA abundance in response to IL-19 and found that IL-19 

treatment reduced the amount of these (Figures 3 and 4).  IL-10’s anti-proliferative 

effects have been ascribed to the down-regulation of NF-κB activity (Mazighi et al., 

2004).  This was not the case when examining NF-κB activity in response to IL-19.  IL-

19 did not affect IκB abundance (Figure 5) and it did not affect NF-κB binding to its 

concensus cis element (data not shown).  These results give distinction of IL-19’s anti-

proliferative mechanism from IL-10.  This supports the idea that IL-19 is not merely an 

IL-10 homologue.   
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Because IL-19 does not alter the activity NF-κB, this points to some other kind of 

anti-inflammatory and anti-proliferative mechanism.  Another mechanism, which is 

important for IL-10’s anti-inflammatory effects, is a post-transcriptional destabilization 

of inflammatory mRNA (Rajasingh et al., 2006).  The authors of this manuscript point to 

a down-regulation of the RNA-stabilizing protein, HuR, as a key mechanism for IL-10’s 

anti-inflammatory effects in monocytes.  They suggest that inflammatory transcripts with 

ARE in their 3’-UTR act as binding sites for HuR.  When HuR is down-regulated by IL-

10, there is less HuR to bind to these transcripts, and therefore less inflammatory 

transcript stability.   

There are many RNA-binding proteins, but only a few of them have been well-

characterized, including HuR and AUF-1.  HuR is predominately a nuclear protein that 

when activated binds to ARE-containing mRNA, stabilizes the transcripts, and gets 

escorted by chaperone proteins from the nucleus to the cytoplasm, where translation of 

the mRNA occurs (Eberhardt et al., 2007).  AUF-1 is also a predominately nuclear 

protein that also operates in a translocation mechanism, but its role is to destabilize ARE-

containing mRNA.  We were able to demonstrate that IL-19 treatment reduced HuR 

protein abundance, while AUF-1 protein abundance was only minimally changed (Figure 

6).  This is the first time that IL-19 has been shown to affect HuR abundance in any cell 

type.  Due to the dramatic effect of IL-19 on HuR abundance and the known reduction of 

HuR abundance by IL-10, we chose to focus on HuR, rather than AUF-1, for the 

remaining experiments in this report.  This also led to our second hypothesis:  IL-19’s 

anti-proliferative and anti-inflammatory effects in hVSMC are mediated, at least in part, 
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by modulation of HuR abundance and translocation.  This is manifested by decreased 

stability of mRNA transcripts.   

IL-19 is also able to transiently, but only modestly reduce HuR mRNA (Figure 7).  

With such a dramatic decrease in HuR protein and only a modest decrease in HuR 

mRNA with IL-19 treatment, HuR may also be regulated at the post-transcriptional level 

and/or translational level with IL-19 treatment.  Efforts to elucidate HuR’s regulation due 

to IL-19 are still underway.   

HuR functions through a translocation mechanism from its predominate nuclear 

location to the cytoplasm (Fan et al., 1998; Keene et al., 1999).  Upon activation, HuR in 

the nucleus binds to ARE containing labile mRNAs and translocates to the cytoplasm 

where translation occurs, all while stabilizing the mRNA.  Accumulation of HuR in the 

cytoplasm is considered a main mechanism for HuR’s protective effects on ARE-

containing, labile mRNA (Pullmann et al., 2005; Doller et al., 2008 review).  Upon 

activation with even the most robust stimuli, nearly all of the HuR in the cell (90%) stays 

in the nucleus, while the remaining fraction of HuR translocates to the cytoplasm.  This 

relatively small cytoplasmic amount accounts for the potent mRNA stabilizing effects 

seen by HuR (Pullmann et al., 2005).  We investigated the role of IL-19 on the 

accumulation of HuR in the cytoplasm of hVSMC.  IL-19 is able to reduce FCS induced 

cytoplasmic accumulation of HuR at 8 and 24 hours FCS stimulation (Figures 8 and 9).  

The reduction in cytoplasmic HuR was not due to a total HuR reduction.  This data 

provides a clear mechanism for the anti-inflammatory and anti-proliferative effects seen 

by IL-19.  This is the first time that IL-19 has been shown to reduce HuR cytoplasmic 

accumulation in any cell type.   
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Located within a hinge region of the HuR protein is a shuttling sequence called 

the “HuR-nucleo-cytoplasmic shuttling sequence” (HNS) (Doller et al., 2008 review).  

Once activated, this portion of HuR is responsible for HuR’s shuttling between the 

nucleus and the cytoplasm.  There have been a variety of different stimuli activating a 

limited number of signaling pathways to cause this shuttling.  Signaling pathways 

include:  mitogen-activated protein kinases (MAPK), adenosine monophosphate-

activated protein kinase (AMPK), cell-cycle checkpoint kinase (Chk2), and members of 

the PKC family (Doller et al., 2008).  All of these pathways eventually lead to the critical 

step of HuR shuttling:  phosphorylation.  We examined the phosphorylation status of 

HuR in response to FCS stimulation and IL-19 treatment.  We found that IL-19 can 

reduce HuR phosphorylation induced by FCS (Figure 10).  This data confirms the 

importance of HuR phosphorylation as a possible pre-requisite for HuR shuttling.  IL-19 

is able to reduce HuR phosphorylation, and this possibly leads to downstream reduced 

HuR cytoplasmic accumulation.  This is the first time that HuR phosphorylation status 

has been reported in hVSMC, and it is also the first time that IL-19 has been shown to 

decrease HuR phosphorylation in any cell type.   

We next investigated specific kinases that may be involved with HuR 

phosphorylation.  HuR possesses several phosphorylation sites for PKC, and specifically, 

PKCα has been implicated for the phosphorylation and subsequent translocation of HuR 

in mesangial cells (Doller et al., 2007).  We demonstrated that FCS stimulation was able 

to induce PKCα phosphorylation and that IL-19 reduced this phosphorylation (Figure 

11).  This suggests that PKCα may be the kinase involved with HuR phosphorylation and 
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subsequent HuR shuttling in hVSMC.  This is the first time that IL-19 has been shown to 

reduce PKCα phosphorylation in any cell type.   

As previously stated, IL-19 is able to reduce inflammatory and proliferative 

protein and mRNA abundance (Figures 3 and 4) and it also decreases total and 

cytoplasmic HuR abundance (Figures 6 and 8).  This is all while not affecting NF-κB 

activation in hVSMC.  We therefore hypothesized that IL-19’s anti-inflammatory and 

anti-proliferative mechanism involves a reduction in the stability of ARE-containing 

inflammatory and proliferative mRNA, primarily through reduced total and cytoplasmic 

HuR abundance.  We tested the first part of this hypothesis (reduced mRNA stability) 

through the use of Act D to inhibit transcription.  Inhibiting transcription leaves a pool of 

mRNA that degrades over time.  We demonstrated that the stability of mRNA-containing 

transcripts, COX-2, IL-1β, IL-8, and cyclin D1 were all reduced with IL-19 treatment 

(Figure 12).  The abundance and stability of a non-ARE-containing mRNA, PCNA, was 

not altered with IL-19 treatment (Figures 4 and 12).  This is the first time that IL-19 has 

been shown to reduce the stability of any transcript.   

We did not choose to do a binding study of HuR to representative ARE-

containing mRNA in response to IL-19 because HuR abundance is dramatically reduced 

with IL-19 treatment (Figure 6).   It would be difficult to distinguish less HuR binding to 

a transcript while accounting for less total HuR.  Instead, to provide a stronger link of 

HuR abundance with the effects seen on ARE-containing mRNA, an experiment studying 

the stability of representative inflammatory genes in response to HuR siRNA was 

performed.  We successfully reduced HuR protein abundance, causing a reduced stability 

of ARE-containing mRNA (IL-1β and IL-8) (Figure 13).  This experiment shows that 
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HuR is important to altered mRNA stability in VSMC.  It also points to HuR as being a 

key player to IL-19’s anti-inflammatory effects.   

In summary, IL-19 is a novel interleukin that is understudied in vascular biology.  

Our previous work has shown IL-19 to be anti-inflammatory and anti-proliferative in 

VSMC.  IL-19 is able to reduce the abundance of a specific set of highly regulated 

inflammatory and proliferative genes that contain ARE in the 3’-UTR of their mRNA.  

The anti-inflammatory and anti-proliferative effects can not be accounted for due to an 

inhibition of NF-κB activity.  IL-19 reduces the abundance of HuR, a stabilizing RNA-

binding protein.  HuR functions by binding to ARE-containing mRNA and stabilizing 

them.  It also functions through a translocation mechanism, bringing ARE-containing 

mRNA from the nucleus to the translational apparatus in the cytoplasm.  IL-19 is able to 

reduce the abundance of HuR in the cytoplasm, a feature vital to HuR’s stabilizing 

mechanism.  IL-19 also reduces HuR phosphorylation, which is a pre-requisite for HuR 

translocation, possibly through a PKCα-dependent mechanism.  The stability of ARE-

containing transcripts is reduced with IL-19 treatment, and reducing HuR expression by 

siRNA has the same inhibitory effect.  Taken together, these results demonstrate that IL-

19 down-regulates inflammatory and proliferative genes important in vascular 

proliferative disease processes through an HuR-dependent mechanism.   

 

IL-19 Effects on Ox-LDL Stimulated VSMC 

 

Cardiovascular researchers are well aware of the importance of inflammatory 

cells in the initiation of atherosclerosis (Hansson, 2005).  Activated macrophages take up 
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lingering ox-LDL even to the point where there is so much lipid in the macrophages that 

they transform into a foam cell phenotype.  Foam cells release many cytokines and 

activate neighboring cells, perpetuating the inflammatory response (Tedgui et al., 2006).  

What is not as well known is that SMC are also important in the initiation of 

atherosclerosis (Doran et al., 2008).  While most foam cells in the atherosclerotic lesion 

are of macrophage lineage, a significant amount come from SMC.  This idea has been 

confirmed by many studies.  In vitro and in vivo studies have demonstrated colocalization 

of SMC and lipid markers (Rong et al., 2003; Klouche et al., 2000).  SMC express a 

variety of cholesterol uptake receptors including LOX-1, SR-A, CD-36, and CX-CL16 

(Murphy et al., 2005), and some of these scavenger receptors are increased in animals fed 

a high-fat, western diet (Li et al., 1995).  Not only are the amounts of scavenger receptors 

increased, but inflammatory stimuli have been shown to increase the binding of LDL to 

SMC, in turn promoting foam cell formation (Ross, 1999).  Lastly, cholesterol uptake 

studies have confirmed that these scavenger receptors are functional in the same manner 

as in macrophages (Rong et al., 2003; Klouche et al., 2000).   

Since it is now well-established that SMC can play a vital role in the initiation of 

atherosclerosis, we hypothesized that IL-19 has a dampening effect on atherosclerotic 

processes.  The first experiment that we performed showed that ox-LDL can induce IL-19 

protein expression in hVSMC (Figure 14).  This produced IL-19 is known to be secreted 

(Gallagher et al., 2000).  We hypothesized that IL-19 functions through an autocrine 

pathway.  We showed this to be the case with ox-LDL inducing proliferation of hVSMC 

and IL-19 neutralizing antibody further increasing hVSMC proliferation (Figure 15).  
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This is the first time that IL-19 has demonstrated an autocrine mechanism in any cell 

type.   

We next tested the effect of IL-19 on the uptake of fluorescently-labeled ox-LDL.  

IL-19 is able to reduce the uptake of ox-LDL in VSMC (Figure 16).  Since IL-19 can 

reduce the uptake of ox-LDL in VSMC, this suggests that IL-19 has an inhibitory effect 

on an important early step in atherosclerosis plaque formation.   

SMC are known to express four scavenger receptors responsible for the uptake of 

ox-LDL:  LOX-1, SR-A, CD-36, and CX-CL16 (Murphy et al., 2005).  What has not 

been as well established is whether ox-LDL can induce the expression of these.  All four 

scavenger receptors were detected in VSMC by qRT-PCR, and ox-LDL was able to 

induce the expression of LOX-1, SR-A, and CX-CL16 mRNA, while not affecting the 

abundance of CD-36 (Figure 17).  Taking this a step further, we examined the effects of 

IL-19 on the ox-LDL induced scavenger receptors.  IL-19 was able to reduce the ox-LDL 

induced abundance of LOX-1 and CX-CL16 mRNA (Figure 18).  This provides a 

possible mechanism for the reduced ox-LDL uptake in VSMC due to IL-19 (figure 16).  

Further work needs to be done to examine the effects of IL-19 on basal levels of 

scavenger receptor mRNA and IL-19 effects on scavenger receptor protein abundance.   

What is interesting about the scavenger receptors found on SMC is that they all 

contain potential ARE in their 3’-UTR.  This allows for the possibility that their mRNA 

stability can be altered post-transcriptionally.  A likely RNA-binding protein candidate to 

these ARE is HuR, due to the effects of IL-19 on HuR protein abundance (Figure 6).  We 

next wanted to test whether IL-19 alters another important mechanistic process of HuR:  

cytoplasmic accumulation.  Ox-LDL is able to dramatically induce an increase in 



 77

cytoplasmic HuR abundance, and IL-19 treatment reduces the cytoplasmic HuR 

abundance towards unstimulated levels (Figure 19).  This is the first time that ox-LDL 

has been shown to increase HuR cytoplasmic abundance in any cell type.  These results 

suggest that HuR may be responsible for the reduced scavenger receptor mRNA 

abundance seen by IL-19 in VSMC.  A scavenger receptor stability experiment needs to 

be performed to make a more definitive conclusion between reduced total and 

cytoplasmic HuR abundance and reduced scavenger receptor abundance.   

To demonstrate the importance of HuR on the uptake of ox-LDL by hVSMC, 

HuR siRNA was employed.  Here we demonstrated that knockdown of HuR with siRNA 

was able to reduce the amount of fluorescently-labeled ox-LDL taken up by hVSMC 

(Figure 20).  This experiment shows that HuR is important to the uptake of ox-LDL by 

hVSMC.   

Ox-LDL is known to be pro-inflammatory in VSMC, including increased 

cytokine production (Chen (1) et al., 2009).  What is not known is the effect of IL-19 on 

ox-LDL induced pro-inflammatory cytokine expression.  Ox-LDL induces COX-2 

protein expression, and IL-19 reduces this increased abundance (Figure 21).  This 

demonstrates that IL-19 is anti-inflammatory on ox-LDL stimulated VSMC. 

Lastly, very little is known about the role that miRNA play in vascular 

proliferative diseases.  We employed a biased miRNA array to examine the effects of IL-

19 on the abundance of various miRNA.  IL-19 was able to alter the abundance of 

numerous miRNA (Figure 22, Table 4).  These results are currently being confirmed by 

qRT-PCR.  By IL-19 being able to alter the abundance of these miRNA, this adds another 
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layer to the possible post-transcriptional processing mechanisms going on in IL-19 

treated hVSMC.   

Bringing this all together, SMC are known to be important cells mediating the 

initiation of atherosclerosis.  Ox-LDL is able to induce IL-19 expression, and IL-19 

functions in an autocrine pathway in hVSMC.  VSMC are known to express scavenger 

receptors and take up ox-LDL in the same manner as in macrophages.  IL-19 is able to 

reduce the uptake of ox-LDL in VSMC.  IL-19 decreases the abundance of ox-LDL 

induced LOX-1 and CX-CL16 scavenger receptors.  These scavenger receptors have 

potential ARE in their 3’-UTR.  IL-19 is able to reduce total HuR protein and ox-LDL 

induced HuR cytoplasmic abundance.  HuR knockdown by siRNA reduces the uptake of 

ox-LDL by hVSMC.  These data suggest that IL-19 reduced scavenger receptor 

abundance may be due to decreased total and cytoplasmic HuR abundance.  Lastly, IL-19 

reduces the abundance of ox-LDL induced COX-2 expression, suggesting that IL-19 is 

anti-inflammatory in ox-LDL stimulated VSMC.  In conclusion, IL-19 has inhibitory 

effects on steps vital to atherosclerosis production in VSMC through a mechanism 

involving HuR.   
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