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Abstract 

Coronary heart disease is a major cause of morbidity and mortality worldwide. 

Percutaneous coronary intervention (PCI) has become the most widely used 

method of coronary artery revascularisation. The use of stents to hold open 

atherosclerosis induced arterial narrowing has significantly reduced elastic recoil 

and acute vessel occlusion following balloon angioplasty. However, bare metal 

stents have been associated with in-stent restenosis attributed to vascular 

smooth muscle cell (VSMC) hyperplasia and excessive neointimal formation. The 

resultant luminal renarrowing may manifest clinically with the return of 

symptoms such as chest pain or shortness of breath. The development of drug 

eluting stents has significantly reduced the incidence of in-stent restenosis (ISR). 

Unfortunately the antiproliferative medications used not only inhibit VSMC 

proliferation but also re-endothelialisation of the stented vessel. In addition, the 

drug impregnated polymer coating has been associated with a chronic 

inflammatory response within the vessel wall predisposing patients to stent 

thrombosis. Thus the identification of novel therapies which promote vessel 

healing without excessive proliferative or inflammatory response may improve 

long term outcome and reduce the need for repeated revascularisation.  

MicroRNAs (miRs) are short (18-25 nucleotide) non-coding RNAs acting to 

regulate gene expression. By binding to the 3’untranslated region of mRNA they 

act to fine tune gene expression either by mRNA degradation or translational 

repression. Originally identified in coordinating tissue development microRNAs 

have also been shown to play important roles coordinating the inflammatory 

response and in numerous cardiovascular diseases. MiR-21 has been identified in 

human atherosclerotic plaques, arteriosclerosis obliterans and abdominal aortic 

aneurysms. In addition, its up regulation has been documented in preclinical 

models of vascular injury. 

This study sought to identify the role of miR-21 in the development of ISR. 

Utilising a small animal model of stenting and in vitro techniques, we sought to 

investigate its influence upon VSMC and immune cell response following 

stenting.  
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The refinement of a murine stenting model within the Baker laboratory and the 

electrochemical dissolution of the metal stent from within harvested vascular 

tissues significantly improved the ability to perform detailed histological 

analysis. In addition, identification of miRNAs using in situ hybridisation was 

achieved for the first time within stented tissue.  

Neointimal formation and ISR was significantly reduced in mice in which miR-21 

had been genetically deleted. In addition, neointimal composition was found to 

be altered in miR-21 KO mice with reductions in VSMC and elastin content 

demonstrated. Importantly, no difference in re-endothelialisation was observed. 

In vitro analysis demonstrated that VSMCs from miR-21 KO mice had both 

reduced proliferative and migratory capacity following platelet derived growth 

factor stimulation. Molecular analysis revealed that these differences may, at 

least in part, be due to de-repression of programmed cell death 4 (PDCD4). 

PDCD4 is a known miR-21 target within VSMCs implicated in the suppression of 

proliferation and promotion of apoptosis. Unfortunately, initial attempts at 

antimiR mediated knockdown of miR-21 in vivo, failed to produce a similar 

change in the suppression of ISR.  

Furthermore, a significant alteration in macrophage polarisation state within the 

neointima of miR-21 WT and KO mice was noted. Immunohistochemical staining 

revealed a preponderance of anti-inflammatory M2 macrophages in KO mice. 

Analysis of bone marrow derived macrophages from miR-21 KO mice 

demonstrated an increased level of the peroxisome proliferation activating 

receptor-γ (PPARγ) which facilitates M2 polarisation. Importantly, significant 

alterations in numerous pro-inflammatory cytokines, which also have mitogenic 

effects, were also found following genetic deletion of miR-21.  

In Summary, this is the first study to look at miRs in the development of ISR. 

MiR-21 plays an important role in the development of ISR by influencing the 

proliferative response of VSMCs and modulating the immune response following 

stent deployment. Further attempts to modulate miR-21 expression following PCI 

may reduce ISR and the need for repeat revascularisation while also reducing the 

risk of stent thrombosis. 
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1 Introduction. 
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1.1 Global burden of Cardiovascular Disease 

1.1.1 Epidemiology 

Cardiovascular disease (CVD) is leading cause of death worldwide, responsible 

for the deaths of over 17 million people per year. It is expected that by 2030 

over 23 million deaths per year will be attributable to cardiovascular disease, an 

increase of over one third (Wong, 2014). In addition, over the last decade a 

global shift in total burden of coronary heart disease away from high-income 

western societies towards middle- and low-income countries has been observed 

(Wong, 2014) 

Coronary heart disease (CHD) and cerebrovascular disease account for the 

majority of deaths due to CVD; approximately 45% and 35% respectively (Wong, 

2014). Other diseases contributing to total cardiovascular mortality figures 

include valvular heart disease, non-ischaemic cardiomyopathy, endocarditis, 

myocarditis, channelopathies, congenital heart disease, peripheral vascular 

disease, aortic aneurysms, subarachnoid and intracerebral haemorrhage.  

Throughout the UK, deaths due to cardiovascular disease fell by over 40% 

between 2000 and 2010, for both men and women (Nichols et al., 2014). Two 

common clinical presentations of coronary heart disease are acute myocardial 

infarction and angina. The most recent available CHD data for Scotland show 

that across all ages the reported incidence of acute myocardial infarction was 

154 and 66 per 100,000 population, for men and women respectively (BHF, 

2014). Additionally the incidence of angina was 48.6 and 37.7 per 100,000 

population, for men and women respectively (BHF, 2014). 

Despite improvements in morbidity and mortality, CHD continues to place a 

major burden on health at both an individual and societal level. The cost to the 

NHS of CHD alone is estimated to be £1.8 billion per year with an equal split in 

spending between primary and secondary care (BHF, 2014). Coronary heart 

disease is also thought to cost the UK economy a further £3 billion per year in 

loss of productivity and on top of that a further £1.7 billion is lost in informal 

care of those with coronary heart disease (BHF, 2014). 
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1.2 Risk Factors for Coronary Disease 

Current understanding of the causes of coronary heart disease is derived from 

large epidemiological studies commenced over 50 years ago. Seen by many as 

the first important epidemiological study into cardiovascular disease the 

Framingham Heart Study was initiated in the middle of the 20th century by Dr 

Thomas R Dawber (Wong and Levy, 2013). Funded by the National Heart Institute 

its goal was to understand the growing burden of cardiovascular disease 

observed in the USA within the early 20th century (Wong and Levy, 2013). 

Recruiting over 5200 participants from the Framingham District in Massachusetts, 

these participants aged between 30 and 62 year old were followed on a biannual 

basis with data collected by history, examination and laboratory analysis (Kannel 

et al., 1961). After 6 years follow up Kannel et al described several “Factors of 

Risk” associated with the development of coronary heart disease including male 

gender, increasing age, elevated cholesterol and hypertension (Kannel et al., 

1961). Later observations from the Framingham study also documented that 

those with diabetes had a two to three fold increased risk of developing 

ischaemic heart disease (Kannel and McGee, 1979). Interestingly, determining an 

association with smoking proved more difficult, requiring the pooling of data 

with that of the Albany Cardiovascular Health Centre (Doyle et al., 1962). Other 

large epidemiological data sets have confirmed the above findings from the 

Framingham study (Stamler et al., 1986).  

The INTERHEART study was undertaken to determine whether the traditional risk 

factors previously identified in western Caucasian populations were applicable to 

other ethnic populations across the world at the beginning of the 21st century 

(Yusuf et al., 2004). This case-control study involving almost 30,000 people 

across 52 countries identified 9 modifiable risk factors associated with 

myocardial infarction including: smoking, an abnormal lipid profile, diabetes 

mellitus, abdominal obesity, psychological stress, low fruit and vegetable 

consumption, regular alcohol intake and low levels of physical exercise (Yusuf et 

al., 2004). Taken together these risk factors were found to account for around 

90% of the risk of developing an acute myocardial infarction (Yusuf et al., 2004).  
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1.3 Arterial wall structure  

Arteries are composed of three major components: endothelial cells (EC), VSMCs  

and extracellular matrix (ECM). ECM is composed of collagen, elastin and 

glycosaminoglycans (GAGs) (Stevens, 1999). These components are arranged in 

three distinct layers forming concentric circles. The layer adjacent to the vessel 

lumen is the intima (tunica intima) comprised of a single layer of endothelial 

cells resting upon a basement membrane. Immediately underlying this basement 

membrane is a fenestrated layer of ECM called the internal elastic lamina (IEL). 

This represents the inner most layer of the vessel media (tunica media). The 

media is comprised of layers of VSMCs and elastic fibres. A further layer of 

connective tissue called the external elastic lamina (EEL) demarcates the outer 

edge of the media (Stevens, 1999). The adventitial layer (tunica adventitia) 

surrounds the media and is comprised of connective tissue within which nerve 

fibres and network of small blood vessels called the vaso vasorum are located. 

The vaso vasorum supplies oxygen and other nutrients to the adventitia and 

outer portion of the media while the inner portion of the media and intima 

receive nutrients from the luminal blood by the process of diffusion (Stevens, 

1999).  

1.4 Atherosclerosis 

Atherosclerosis is a chronic inflammatory condition characterised by the 

deposition of lipids and inflammatory mediators within the wall of affected large 

and medium sized arteries (Ross, 1999). Over time these deposits undergo 

dynamic changes resulting in vessel fibrosis and calcification. Atherosclerotic 

lesions occur at multiple sites along the arterial tree being particularly common 

in the coronary arteries as well as the aorta, carotid, renal and iliac arteries. 

They demonstrate preponderance for sites exposed to non-laminar blood flow 

and low sheer stress such as the inner curves of arterial bends, branch points 

and bifurcations (Ross, 1999).  

Several large histological studies have systematically characterised different 

atherosclerotic lesions leading the American Heart Association (AHA) to produce 

a histological classification system. Last updated in 2000 this classification 

system is significantly simplified from earlier versions, (Figure 1-1 ;(Stary, 2000). 
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In particular it was noted that the morphological changes do not necessarily 

follow a well defined sequence as suggested in previous versions. The AHA 

classification acknowledges the heterogeneity of lesions, the non-linear 

progression of lesions through different histological sequences and the dynamic 

remodelling processes that occur within individual lesions after they become 

atheromatous plaques (type IV lesions). The caps of type IV lesions may thicken 

with layers of VSMCs and ECM overlying the lipid pools within the necrotic core 

(type V lesions) or become thinned and erode. Alternatively, the necrotic cores 

may undergo calcification or fibrosis giving rise to type VII and VIII lesions, 

respectively.  

 

 

Figure 1-1. American Heart Association Classification of Atherosclerotic Lesion 
Development and Evolution. Reproduced with permission from Herbert C. Stary Arterioscler 
Thromb Vasc Biol. 2000;20:1177-1178. Copyright American Heart Association. 
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1.4.1 Lesion Development 

Endothelial dysfunction, as determined by loss of endothelial-dependent 

vasodilation, due to the relative reduction in nitric oxide (NO) and an abundance 

of reactive oxygen species (ROS) such as superoxide anion, predates 

atherosclerosis development in healthy individuals in the presence of traditional 

risk factors such as smoking, hypertension and hypercholesterolaemia (Pagano et 

al., 1995, Forstermann et al., 1994, Celermajer et al., 1994). In addition to, and 

as a result of endothelial dysfunction low density lipoprotein (LDL) cholesterol is 

deposited within the sub-endothelial layer of the vessel wall, forming fatty 

streaks also known as intimal xanthoma. The resultant imbalance of NO : ROS 

and oxidisation of LDL induces endothelial activation, nuclear factor kappa B 

(NFκB) signalling and the expression of adhesion molecules, cytokines, 

chemoattractants and growth factors (Smith et al., 1995, Quinn et al., 1987). 

These chemical mediators facilitate the transmigration of inflammatory cells 

including monocytes, T and B cells into the forming plaque (Pritchard et al., 

1995).  

Once recruited into the fatty streaks, monocytes proliferate and differentiate 

becoming macrophages. Within the forming plaques macrophages become 

polarised by responding to various environmental triggers in order to alter their 

gene expression and hence functional capability. A multitude of polarisation 

states have been identified in different subpopulations of macrophages, some 

peculiar to atherosclerosis (Wolfs et al., 2011). The most common fate of 

infiltrating macrophages, in response to macrophage colony stimulating factor 

(M-CSF), is to become foam cells (Irvine et al., 2009). Through the expression of 

both scavenger receptors and cluster differentiation 36 (CD36), macrophages 

take up oxidised LDL (oxLDL) (van Tits et al., 2011). These lipid laden foam cells 

further potentiate the release of pro-inflammatory cytokines (Kunjathoor et al., 

2002). Eventually foam cells undergo apoptosis and necrosis with the resultant 

release of their lipid stores into the vessel wall (Crisby et al., 1997). Together 

with cell debris these lipid pools coalesce forming a necrotic core of 

thrombogenic material (Stary, 2000). 

Cytokines and growth factors liberated from inflammatory cells promote the 

dedifferentiation of VSMCs into a synthetic phenotype, before migrating and 
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proliferating within the forming plaque, Figure 1-2 (Sasu and Beasley, 2000, 

Sundaresan et al., 1995, Pidkovka et al., 2007). VSMCs are the cell type 

primarily responsible for the formation of the fibromuscular cap (Ross, 1999). 

During lesion development they migrate towards the luminal surface of the 

plaque secreting ECM, Figure 1-2. Transforming growth factor beta (TGFβ) 

secreted by numerous cell types including T cells is thought to be important in 

stimulating cap development (Lutgens et al., 2002).  

 

 

Figure 1-2. Development of an atherosclerotic lesion. A, Endothelial dysfunction and 
activation with expression of adhesion molecules allowing immune cell attachment. B, Fatty 
streaks initially consisting of lipid-laden foam cells, T cells and VSMCs. C, Development of a 
necrotic core with overlying fibromuscular cap. D, Plaque thinning and rupture resulting in 
intraplaque haemorrhage and superimposed thrombosis. Reproduced with permission from 
Ross, N Engl J Med 1999; 340:115-126, Copyright Massachusetts Medical Society.  

A B
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1.4.2 Plaque Instability and Intraplaque Haemorrhage 

Dynamic remodelling of the fibrous cap as a result of increased inflammatory 

cell infiltrate and liberation of enzymes such as matrix metalloproteases results 

in cap thinning (Gough et al., 2006). This process leaves the cap vulnerable to 

fissuring and erosion of the endothelial surface (Galis et al., 1994). Cap rupture 

with exposure of thrombogenic material to luminal blood results in thrombus 

formation both within the plaque and on its surface, Figure 1-3 (van der Wal et 

al., 1994). This process may result in rapid plaque expansion and clinically the 

development of an acute coronary syndrome. 

  

 

Figure 1-3. Rupture of thin-cap atheroma with thrombus. Healing with resultant constrictive 
remodelling and luminal stenosis. Reproduced with permission from Jacob Fog Bentzon et 
al. Circulation Research. 2014;114:1852-1866. Copyright American Heart Association. 
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1.5 Clinical Manifestations of Coronary Heart Disease  

The two major clinical manifestations of coronary heart disease are angina 

pectoris and myocardial infarction. Both may result in chest pain classically 

described as a tightness or heaviness across the chest, which may radiate to the 

left arm and or jaw.  

1.6 Management of Coronary Heart Disease  

1.6.1 Management of Angina 

Angina is caused by a fixed stenosis of one or more coronary arteries which limits 

blood flow and hence oxygen supply to the myocardium. Usually self-limiting, 

angina is commonly relieved with rest. Following diagnosis made usually on the 

basis of history and non-invasive testing, initial management of stable angina 

should focus on risk factor reduction through health related behaviours such as 

weight loss, physical exercise and smoking cessation. Pharmacological 

management can be divided into 3 categories: 

1. Drugs used to prevent or treat angina attacks by reducing myocardial 

oxygen demand such as short and long acting nitrates, beta-blockers, 

calcium channel antagonists (Montalescot et al., 2013). 

2. Antiplatelet drugs used to prevent acute coronary syndromes (myocardial 

infarction and unstable angina) such as aspirin or clopidogrel (Yusuf et al., 

2001)  

3. Drugs used to modify risk factors and reduce disease progression including 

HMG CoA reductase inhibitors (Statins) and medication used to treat 

hypertension (Montalescot et al., 2013). 

Failure to adequately control anginal symptoms with medications commonly 

necessitates further investigation by angiography and possibly revascularisation. 

Indications for revascularisation published by the European Society of Cardiology 

are presented in 
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Table 1. Revascularisation methods available include percutaneous coronary 

intervention with the use of balloon angioplasty with or without the use of stents 

(see section 1.7) and coronary artery bypass grafting (CABG). Coronary artery 

bypass grafting involves either mobilisation of one or both internal mammary 

arteries from the internal surface of the thoracic cavity and creating an 

anastomosis with it to the diseased coronary artery beyond the stenosis. 

Alternatively, the long saphenous veins from the leg or radial arteries can be 

harvested and used as bypass conduits. 

The decision to undertake one revascularisation strategy over another is 

determined by several factors including risk stratification to predict surgical 

mortality, location and complexity of disease, presence of diabetes and 

existence of adequate surgical targets (Head et al., 2012). 

 

 
Table 1-1.!Indications for revascularisation in patients with stable angina. 
CAD = coronary artery disease; LAD = left anterior descending coronary artery; LV = left 
ventricular. a With documented ischaemia. Reproduced from Windecker et al European 
Heart Journal (2014) 35, 2541–2619. Copyright European Society of Cardiology. 
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1.6.2 Management of Myocardial Infarction 

Myocardial infarction occurs following superficial erosion and rupture of the 

fibrous cap as discussed in section 1.4.2. Exposure of the circulating blood to the 

prothrombotic ECM and lipid-filled necrotic core quickly results in thrombus 

formation, myocardial cell death and the release of cardiac troponin into the 

blood. In addition to chest pain, patients commonly complain of shortness of 

breath and may have features of autonomic disturbance such as sweating, 

tachycardia, bradycardia, hypo or hypertension, nausea and vomiting. Initial 

management of myocardial infarction includes the administration of opiate 

analgesia, nitrates, dual antiplatelet agents such as aspirin and ticagrelor or 

clopidogrel (Wallentin et al., 2009, Yusuf et al., 2001). In addition, patients 

should be anticoagulated with low molecular weight heparin or fondaparinux 

(Yusuf et al., 2006, Cohen et al., 1997).  

Myocardial infarctions are commonly divided according to whether ST segment 

elevation is observed or not on the electrocardiogram (ECG). It should be noted 

that ST elevation represents the presence of an occlusive thrombus and 

mandates urgent referral to a percutaneous coronary intervention (PCI) centre 

for emergency PCI (Authors/Task Force et al., 2014). Primary PCI involves 

reopening of the vessel using an over the wire balloon catheter and subsequent 

stent deployment. The use of thrombolytic therapy is largely historical as it has 

been shown to be inferior to primary PCI therapy (Andersen et al., 2003). 

Thrombolysis is now only considered in those greater than 2 hours from a PCI 

centre (Widimsky et al., 2000). 

For patients presenting with a Non ST elevation MI urgent angiography is only 

indicated in the presence of cardiogenic shock or following resuscitation in the 

event of cardiac arrest (Authors/Task Force et al., 2014). Early risk stratification 

should be conducted to identify high-risk patients who would benefit from 

invasive management in addition to optimal medical therapy (Authors/Task 

Force et al., 2014). 
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1.7 Coronary Angiography and Intervention 

The first cardiac catheterisation in human was carried out in 1929 when Werner 

Forssmann catheterised the right side of his own heart using a urinary catheter 

introduced via his antecubital fossa (King, 1998). However, it was almost 30 

years before Mason Sones performed the first selective coronary angiogram, 

accidentally during an elective aortogram (Ryan, 2002). Despite the increasing 

use of coronary angiography to guide surgical revascularisation it took until 1977 

before Andreas Gruntzig conducted the first percutaneous transluminal balloon 

angioplasty (Gruntzig, 1978).  

The initial success of balloon angioplasty was moderated by the immediate 

complications of acute vessel occlusion, elastic recoil, dissection and 

thrombosis. In addition, over time negative remodelling resulted in return of 

clinical symptoms and need for either repeat procedures or CABG. The 

introduction of metallic stents in the 1980s resulted in the reduction in acute 

vessel closure following balloon angioplasty (Sigwart et al., 1987). The initial 

self-expandable stents were soon superseded by balloon expandable stents, 

found to produce superior long term angiographic results (Serruys et al., 1994, 

Fischman et al., 1994). 

Despite preventing acute vessel occlusion due to elastic recoil and dissection, 

the placement of stents mandated the use of dual antiplatelet therapy to 

prevent stent thrombosis. In addition, over a longer time course renarrowing 

within the stented segment caused by overactive tissue healing was noted in 20 -

30% of cases (Carrozza et al., 1992). In the early 2000’s the development of drug 

eluting stents (DES), metallic stents coated in a polymer impregnated with 

antiproliferative drugs, resulted in a significant reduction in ISR development 

(Morice et al., 2002). Despite improvements in stent technology, polymers and 

antiproliferative drugs, real world occurrence of ISR with DES use may be as high 

as 10% (Kastrati et al., 2006). Given that in the UK last year over 90,000 PCI 

procedures were performed ISR represents a significant clinical problem (BHF, 

2014).   
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1.8 In-stent Restenosis 

1.8.1 Definition 

Angiographically ISR has been defined as the loss of ≥ 50% of the vessel lumen 

within the stent or up to 5 mm beyond either stent edge (Mehran et al., 1999). 

Clinically significant ISR requires both the presence of the angiographic finding 

of ≥ 50% luminal stenosis and either,  

1. A history of recurrent angina, 

2. Objective evidence of ischaemia either at rest or during non-invasive 

functional testing, or  

3. Objective evidence of impaired blood flow during invasive investigation 

(eg. Fractional flow reserve (FFR) <0.80) 

One early study of 288 ISR lesions in almost 250 patients proposed a 

classification system based on angiographic pattern observed, Figure 1-4. 

Investigators were able to demonstrate that target vessel revascularisation was 

more common with increasing grades of ISR. In addition they demonstrated that 

previously documented ISR and the presence of diabetes were also associated 

with higher grades of ISR (Mehran et al., 1999).  
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Figure 1-4. Classification of in–stent restenosis. Focal ISR ≤10mm divided into 4 subtypes. 
Diffuse ISR >10mm. Reproduced from (Mehran et al., Circulation 1999: 100; 1872-1878). 
Copyright American Heart Association.  
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1.8.2 Contributing factors in the development of ISR 

Numerous reports have been published documenting factors associated with ISR 

development and can broadly be divided into three categories: patient, lesional 

and procedural factors. One of the most commonly reported patient related 

factors is the presence of diabetes mellitus, in particular if treated with insulin 

(Kornowski et al., 1998, Abizaid et al., 1998). The fact that insulin is a potent 

mitogen known to stimulate VSMC growth may account for this observation 

(Stout et al., 1975). Hypertension and peripheral vascular disease have also been 

associated with increased incidence of ISR (Agema et al., 2004). However, 

current smoking, hyperlipidaemia and gender have not (Agema et al., 2004). 

Lesion characteristics, which predispose to ISR development include long or 

complex lesions or those present in small calibre vessels (Kastrati et al., 2006). 

Procedural risk factors include the use of BMS, multiple stents and under 

expansion of the stent resulting in malaposition against the vessel wall (Kastrati 

et al., 2006). Interestingly the use of intravascular ultrasound which would 

detect malaposition has been associated with reduction in ISR development 

(Kasaoka et al., 1998). The use of high pressure inflation has itself not been 

associated with increased ISR unless the stent is oversized resulting in deep 

vessel injury (Gunn et al., 2002). Indeed the severity of vessel injury has been 

directly correlated with size of neointima and degree of stenosis (Schwartz et 

al., 1992). In addition, stent geometry has been found to significantly impact on 

the development of ISR with increasing stenosis directly related to several 

factors including degree of strut protrusion, inter-strut distance, medial bowing, 

strut depth, angular burden and strut thickness (Kastrati et al., 2001, Garasic et 

al., 2000). Concordantly, increasing the number of struts per cross sectional area 

produces a polygon with a greater number of sides, alleviating many of these 

stent geometry related factors and reducing ISR (Dean et al., 2005). 

1.8.3 Pathophysiology of in-stent restenosis 

Following stent placement normal tissue healing results in the coverage of stent 

struts with a thin layer of neointima composed of VSMCs, ECM and a single layer 

of endothelial cells lining the vessel lumen (Virmani and Farb, 1999, Costa and 

Simon, 2005). It should be noted that the healing process and extent of luminal 
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renarrowing represents a continuum from incomplete strut coverage to total 

vessel occlusion due to neointimal hyperplasia (Joner et al., 2006).  

The process of ISR development involves a complex series of events over time 

often referred to as a “cellular and molecular cascade”, delineated by an early 

inflammatory response followed by a late proliferative phase (Chaabane et al., 

2013). The iatrogenic endothelial disruption, denudation and medial rupture 

which occur as a result of stenting exposes blood to the underlying thrombogenic 

vessel components. Deposition of inflammatory aggregates composed of 

platelets, fibrin and leucocytes occurs around stent struts and overlying areas of 

vessel damage have been identified from human pathological samples (Mickelson 

et al., 1996). In various porcine and canine, balloon injury and stenting models 

up regulation of adhesion molecules on the surface of activated platelets (P-

selectin and integrin glycoprotein IIb/IIIa), ECs, VSMCs (vascular cell adhesion 

molecule-1 (VCAM-1), Intercellular adhesion molecule-1 (ICAM-1), E selectin), 

neutrophils and macrophages (macrophage1 antigen-1 (MAC-1)) increases 

inflammatory cell binding (Neumann et al., 1996, Kornowski et al., 1998, Kim et 

al., 2001). This process is also aided by the release of cytokines from EC and 

VSMCs including monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 

(IL-8) (Roque et al., 2002). Early canine and porcine balloon injury studies 

suggested a direct correlation between degree of vessel inflammation and 

neointimal size (Schwartz et al., 1992). Additionally, significant differences in 

the inflammatory response were identified between balloon injury and stenting 

in rabbits and pigs (Rogers et al., 1996, Welt et al., 2000). Balloon injury results 

in a short lived increase in MCP-1 and IL-8 peaking at between 4 and 8 hours and 

returning to baseline shortly after (Welt et al., 2000). Elevation of MCP-1 and IL-

8 were found to be more pronounced and still increased at 14 days after stenting 

(Welt et al., 2003). In addition, cellular composition of the forming neointimal 

also varied between the two rabbit injury models (Welt et al., 2003). Balloon 

injury induced a neutrophil predominant infiltrate, which peaked at day 3 and 

returned to baseline by day 6. In addition to an early neutrophil response, 

stenting produced a profound increase in monocyte / macrophage infiltration, 

which continued to rise by day 14 (Welt et al., 2003). Interestingly, blockade of 

the MCP-1 receptor c-c chemokine receptor type 2 (CCR2) in primates reduced 

ISR following stenting while blockade of cluster differentiation 18 (CD18) 
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reduced neointimal hyperplasia (NIH) in balloon injury (Horvath et al., 2002). 

This confirmed not only the importance of inflammation in neointima 

development but also the relative importance of neutrophils and macrophages 

with respect to different injury modalities. In addition, use of liposomal 

alendronate to produce a systemic but transient depletion of monocytes / 

macrophages in a hypercholesterolaemic rabbit model also reduced ISR 

(Danenberg et al., 2003).  

In conjunction with the loss of anti proliferative factors including nitric oxide 

(NO) and heparin sulphate proteoglycans, growth factors such as platelet derived 

frowth factor (PDGF) and fibroblast derived growth factor (FGF) are released 

from a variety of cells including neutrophils, macrophage and VSMCs during this 

early inflammatory period (Chaabane et al., 2013, Daemen et al., 1991). During 

ISR development these potent mitogens act on VSMCs to dedifferentiate and 

begin migrating into the neointima (Ferns et al., 1991). Through receptor 

tyrosine kinases they activate several signalling cascades including the ras / raf / 

mitogen activated protein kinase (MAPK) pathway (Graf et al., 1997, Eguchi et 

al., 1996). The net effect of these signalling cascades is the down regulation of 

cyclin dependent kinase inhibitor p27Kip1 which in turn drives the VSMC through 

the G1/S phase check point inducing VSMC proliferation and migration (Polyak et 

al., 1994, Sun et al., 2001). In addition, growth factors, cytokines and vasoactive 

compounds including angiotensin II (AngII) and endothelin 1 induce these 

dedifferentiated VSMCs to secrete ECM (Daemen et al., 1991). VSMCs also play a 

significant role in the remodelling of this ECM scaffold over time by secreting 

proteolytic enzymes including matrix metalloproteases (MMPs) (Johnson et al., 

2011, Cho and Reidy, 2002). Re-endothelialisation is the final step in the healing 

process, through release of NO and Prostacyclin (PGI2) endothelial cells inhibit 

further VSMC, proliferation, migration and ECM synthesis (Jeremy et al., 1999, 

Peiro et al., 1995). Complete re-endothelialisation may take 12 months or longer 

in humans (Joner et al., 2006).  
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1.9 Animal Models of In-stent Restenosis 

Much of our understanding of the molecular mechanisms underlying ISR 

development has been extrapolated from numerous small animal non-stenting 

vascular injury models including air desiccation, wire, filament, ligation and 

balloon injury (Kumar and Lindner, 1997, Lindner et al., 1993, Fishman et al., 

1975). However, it has become clear that different injury methods, not least 

stenting, produce different and distinct molecular and cellular responses. Thus 

researchers have endeavoured to design more complex models, which more 

accurately replicate the vascular response to stenting. Initial stenting models 

utilised large animals including dog, pigs and primates (Geary et al., 1996, 

Roubin et al., 1987, Steele et al., 1985). Importantly the size of these animals 

allowed the use of human stents, wires and balloons. However, several problems 

including cost and difficulty in handling has limited their use. In addition to the 

considerations mentioned above, the ability to manipulate the mouse genome 

has driven researchers to develop several murine stenting models.  

The first published murine stenting model was based on previously developed 

vein grafting and aortic allograft models (Dietrich et al., 2000, Zou et al., 1998). 

Using an over the balloon method a stainless steel stent was deployed in the 

thoracic aorta of a euthanised mouse (Ali et al., 2007). The stented vessel was 

subsequently interposition grafted into the carotid artery of a recipient mouse. 

Plastic cuffs were used to facilitate the construction of vascular anastomosis at 

each end of the graft (Ali et al., 2007). This model demonstrated stenting 

produces a significantly greater injury response than balloon injury alone. In 

addition, greater ISR was found in  apolipoprotein E (ApoE) -/- mice compared to 

wild-type (WT) controls (Ali et al., 2007). Despite the success of this model it is 

not without its criticisms. The use of two mice per procedure increases the 

number of animals needed and a high degree of surgical skill is required. In 

addition, disruption of the vaso vasorum around the stented aorta may increase 

vessel wall anoxia, altering the response to injury.  

In response to criticism noted above, the three subsequently developed murine 

stenting models have all utilised a single animal per procedure. Chamberlain et 

al developed a self expanding nitinol stent, which was deployed in the infra 

renal aorta (Chamberlain et al., 2010). Noted complications included 
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haemorrhage and hind limb paralysis, which occurred in over half of the animals 

used following femoral artery vascular access (Chamberlain et al., 2010). In 

addition, nitinol stents are not currently used in clinical practice.  

Rodriguez-Menocal et al also developed an infra renal aortic stenting model 

(Rodriguez-Menocal et al., 2010). This model appears more clinically relevant 

due to the use of an over the balloon stent. However, vascular access was 

obtained via a direct incision to the infra renal aorta and likely contributed to 

the very high fatal haemorrhage rate described (Rodriguez-Menocal et al., 

2010). 

More recently a carotid artery direct stenting model has been published. This 

model used a self expanding nitinol stent. Following tissue harvesting, such 

profound vessel damage was observed that interpretation of the resultant 

histology was almost impossible (Simsekyilmaz et al., 2013). In addition, to the 

use of a non-clinically relevant stent the carotid artery of a mouse does not 

contain a vaso vasorum which has been shown to play an important role in 

vascular remodelling following injury (Gabeler et al., 2002).  

While none of these models is without criticism, they are important in assisting 

our understanding of the molecular mechanisms involved in ISR. Of note the only 

model to be repeatedly utilised is that described by the Channon laboratory, (Ali 

et al., 2007, Douglas et al., 2012, Douglas et al., 2013). 
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1.10 Vascular Smooth Muscle Phenotype 

Vascular smooth muscle cells present within the tunica media of the vessel wall 

are highly differentiated cells, which primarily function to maintain vessel wall 

integrity and regulate vessel tone (Owens et al., 2004). In addition, in response 

to numerous environmental stimuli they display considerable plasticity, being 

able to change their phenotype between a contractile or quiescent state to that 

of a synthetic phenotype also known as a proliferative phenotype (Owens et al., 

2004). 

Healthy, mature, differentiated VSMCs within the vessel wall display a 

predominantly contractile phenotype possessing an elongated spindle shape. 

They have also been shown to express elevated levels of contractile proteins 

including smooth muscle α-actin, smooth muscle myosin heavy chain (SM MHC), 

smooth muscle 22 alpha (SM22α) and calponin among others (Li et al., 1996, 

Miano et al., 1994). Another key feature of contractile VSMC is their low 

proliferation rate. In contrast de-differentiated VSMCs display a synthetic 

phenotype exhibit an epithelioid shape as well as demonstrating increased 

proliferative and migratory capacity, Figure 1-5 (Miano, 2010). As suggested by 

their name, synthetic VSMCs contain copious amounts of rough endoplasmic 

reticulum and are the main cell type responsible for ECM generation (Miano, 

2010). It is interesting to note that proliferation of VSMC need not necessarily 

involve complete phenotypic switch to an extreme de-differentiated phenotype.  

Environmental stimuli directing VSMC phenotype are known to include growth 

factors, cytokines, ECM interactions and mechanical stretch (Davis-Dusenbery et 

al., 2011b). Interestingly, both chemical and mechanical injury influences 

VSMCs, inducing a de-differentiated phenotype, which plays a role in 

atherosclerosis, vein graft failure and ISR as, discussed in section 1.8.3.  
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Figure 1-5. Vascular smooth muscle cell phenotype regulation. A, Multiple stimuli capable of 
modulating VSMC phenotype. Contractile phenotype demonstrates elongated shape with 
elevated expression of contractile genes and low proliferation rate. Synthetic phenotype 
characterised by increased migratory and proliferative capacity. Adapted from Davis-
Dusenbery et al. Arterioscler Thromb Vasc Biol. 2011;31:2370-2377. Reproduced with 
permission. 
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1.11 MicroRNAs 

In 1993 two groups studying the temporal control of Caenorhabditis elegans (C. 

elegans) development published their findings that lin-4 was a non protein 

coding gene producing a 22 nucleotide long single stranded ribose nucleic acid 

(RNA) molecule (Lee et al., 1993, Wightman et al., 1993). They demonstrated 

that through complimentary binding in an antisense manner to the 3’ 

untranslated region (3’UTR) of lin-14 messenger RNA (mRNA), translation and 

hence protein levels were temporarily suppressed (Wightman et al., 1993, Lee et 

al., 1993). Initially thought to be peculiar to C. elegans it took a further 7 years 

before a second example (let 7) was identified again in C. elegans (Reinhart et 

al., 2000). However, shortly afterwards let-7 was identified in Drosophila and 

various mammals including humans (Pasquinelli et al., 2000).  

Many more regulatory RNA molecules have since been discovered with the same 

mechanisms of generation and action. These short RNAs have been termed 

microRNAs (miRNAs) in order to distinguish them from other classes of regulatory 

RNAs such as short inhibitory RNAs (siRNAs), and PIWI interacting RNAs (piRNAs) 

(Bartel, 2004). MiRNAs are short 19 - 25 nucleotide non-coding RNA molecules 

found in plants, insects and animals, which function to post-transcriptionally 

regulate the translation of messenger RNA (Bartel, 2004). Over 1000 miRNAs 

have been identified in the human genome and are thought regulate around 30% 

of all protein coding genes (Friedman et al., 2009). Interestingly, significant 

homology in miRNAs is observed across animal species. MiRNAs can have 

numerous targets often repressing multiple genes at different points in the same 

biological pathway. Conversely multiple miRNAs may be able to target the same 

mRNA. Across numerous biological processes including development miRNA - 

mRNA networks exist to fine tune protein expression (van Rooij et al., 2012). In 

addition, miRNAs have been identified to play important roles in almost every 

disease including cancer and cardiovascular disease (van Rooij and Olson, 2012). 
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1.11.1 Biogenesis  

1.11.1.1 Transcription 

MiRNAs have been described in various genomic locations, including the introns 

of previously identified protein coding genes where they may be positioned on 

either the sense or antisense strand. In addition, depending on splice variations 

of the protein coding gene, miRNAs may be located within an exon (Rodriguez et 

al., 2004). If running in the sense orientation to the protein coding gene, miRNAs 

may be transcribed as part of the protein coding mRNA transcript under the 

control of the host promoter (Baskerville and Bartel, 2005). Alternatively, it has 

been demonstrated that intronic miRNAs may be transcribed under the control 

of their own distinct promoter (Cai et al., 2004). MiRNA-21 being an example 

which can be transcribed under the control of both its own promoter and that of 

the protein coding gene in which is resides (Ribas et al., 2012, Cai et al., 2004, 

Fujita et al., 2008, Loffler et al., 2007). Many miRNAs are located within 

intergenic regions far from known protein coding genes and may be transcribed 

singly or as clusters (Bartel, 2004). Clustered miRNAs are commonly transcribed 

under the control of one promoter (Bartel, 2004). In addition clustered miRNAs 

are often family members possessing significant homology and regulating the 

same genes or pathways (Friedman et al., 2009). MiRNA promoters have been 

shown to possess the same transcription response elements as protein coding 

genes (Loffler et al., 2007). 

The majority of miRNAs are believed to be transcribed by RNA polymerase II (Lee 

et al., 2002). Primary miRNAs (Pri-miRNAs) can be 1kb or longer and most are 

noted to be methyl G capped at their 5’ end and contain polyadenylation signals 

at their 3’ terminus, Figure 1-6 (Cai et al., 2004).  

1.11.1.2 Nuclear Processing 

Following transcription the pri-miRNA containing the stem loop hairpins are 

processed within the nucleus by the RNaseIII endonuclease Drosha which is part 

of a larger microprocessor complex also containing a DiGeorge Critical Region 8 

(DGCR8) and the DEAD box RNA helicases p68 and p72, Figure 1-6 (Lee et al., 

2003). This Drosha / DGCR8 microprocessor cleaves the stem loop from its 

primary transcript to form a pre-miRNA molecule 65 to 100 nucleotides in length 
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which importantly has a 2 nucleotide overhang on its 3’ end (Lee et al., 2003). 

Enhanced Drosha/DGRC8 processing of pri-miRNA transcripts has been 

documented in response to both TGFβ and  bone morphogenic protein 4 (BMP4) 

stimulation. The induction of receptor specific SMAD interaction with the p68 

component of the microprocessor complex has been shown to promote 

stabilisation of the Drosha / DGCR8 interaction, increasing pri-miR-21 processing 

(Kang et al., 2012, Davis-Dusenbery and Hata, 2011). Additionally, the tumour 

suppressor p53 has been shown to increase the processing of anti-proliferative 

miRNAs including miR-143 and miR-145 (Suzuki et al., 2009). It should be noted 

that for miRNAs transcribed as part of a longer protein coding mRNA, splicing 

does not need to occur before the miRNA is processed by Drosha/DGCR8. In 

addition, pri-miRNA processing does not negatively impact on the preliminary 

mRNA (pre-mRNA) to undergo spicing into mature mRNA (Kim and Kim, 2007). 

1.11.1.3 Transportation across the Nuclear Membrane 

The resulting preliminary miR (pre-miR) hairpin product is exported from the 

nucleus into the cytoplasm by an active process involving Exportin-5 and Ran-

GTP. The importance of the 3’overhang for Exportin-5 recognition has previously 

been demonstrated. Interestingly, having the pre-miR base ends of equal length 

reduced export from the nucleus (Zeng and Cullen, 2005). Additionally, binding 

to Exportin-5 has been shown to protect the pre-miR from nuclear degradation, 

Figure 1-6 (Zeng and Cullen, 2004).  

1.11.1.4 Cytoplasmic Processing and Maturation 

Once in the cytoplasm the pre-miRNA is then recognised by Dicer, a second 

RNaseIII endonuclease. Dicer, which contains helicase activity and two RNase 

binding domains, cleaves the loop from the pre-miRNA creating a second 3’ 

overhang (Lee et al., 2002). This imperfect RNA duplex 19-25 nucleotides long 

was initially denoted miRNA:miRNA* referring to the active or guide miRNA stand 

involved in mRNA regulation and the star (or passenger) strand of RNA which was 

thought to have no function and to be degraded by the cellular apparatus. 

However, recent studies have shown that both strands may be biologically active 

(Bang et al., 2014). Thus, newer nomenclature commonly uses the suffixes -5p 

or -3p dependent on which side of the stem loop they are generated from.  
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Once cleaved by Dicer the mature duplex is unwound and the appropriate guide 

strand selected for loading into the Argonaute (Ago) protein (Bartel, 2009). 

Along with other co-factors such as TAR RNA-binding protein (TRBP), this 

Argonaute protein and mature miRNA form the microRNA induced silencing 

complex (miRISC) (Bartel, 2009). In humans four different Argonaute proteins 

present in humans each containing a PIWI-Argonaute-Zwillie (PAZ) domain which 

binds the 3’ end of the miRNA, a MID domain binding the 5’ end and an central 

P-element induced wimpy testes (PIWI) domain (Song et al., 2004). Argonaute 

proteins are responsible for facilitating mRNA translational repression (Pillai et 

al., 2005). Ago2 is the only Argonaute protein containing endonuclease activity 

within its PIWI domain (Lima et al., 2009). 

1.11.1.5 MiRNA mechanisms of action 

Nucleotide residues 2 - 8 at the 5’ end of the miRNA, known as the “seed 

sequence” are primarily responsible for the binding of the guide miRNA to the 

3’UTR of target mRNA, inhibiting translation (Bartel, 2009). Perfect 

complementarity of the miRNA seed and 3’UTR in the presence of Ago2 is likely 

to induce cleavage of the mRNA and thus prevent translation. However, 

imperfect seed sequence complementarity, in conjunction with the binding of 

other residues outwith the seed sequence to the 3’UTR is more commonly 

observed. This results in translation repression, possibly by interfering with the 

initiation of translation through blockade of the eukaryotic initiation factor (eIF) 

4E - mRNA interaction (Humphreys et al., 2005). Despite direct cleavage of 

mRNA by Ago2 being an uncommon event a reduction in target mRNA levels are 

commonly observed (Guo et al., 2010). This has been attributed to the miRISC 

directing the mRNA target towards intracellular p-bodies where they are 

deadenylated, uncapped and degraded, Figure 1-6 (Wu et al., 2006, Eulalio et 

al., 2009).  

Although the majority of miRNA - mRNA interactions occur at the 3’UTR of the 

mRNA notable exceptions have been discovered. Several miRNAs including miR-

134, miR-296 and miR-470 have been shown to suppress the translation of key 

regulatory genes involved in stem cell differentiation through binding to target 

sequences within their coding sequence rather than 3’UTR (Tay et al., 2008). 

Additionally, miR-10a has been demonstrated to upregulate cellular protein 
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synthesis by binding to the 5’UTR of several ribosomal proteins increasing their 

translation (Orom et al., 2008).  
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Figure 1-6. miRNA Biogenesis Pathway. The primary transcripts of miRNAs, pri-miRNAs, are 
transcribed from individual miRNA genes, introns host genes, or polycistronic clusters. The 
RNaseIII Drosha cleaves the pri-miRNA into a pre-miRNA. Pre-miRNAs are exported from 
the nucleus by exportin 5. Within cytoplasm, another RNaseIII, Dicer cleaves the pre-miRNA 
forming a miRNA:miRNA* (miRNA-5p:mRNA-3p) duplex. Mature miR is loaded in to RISC 
complex containing Argonaute protein and henceforth negatively regulates gene expression 
by either translational repression or mRNA degradation. RISC – RNA induced silencing 
complex. ORF - open reading frame. Reproduced with permission, Van Roiij Circ Res. 
2011;108:219-234. Copyright American Heart Association. 
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1.12 Expression of microRNAs are essential for 
development 

Lin-4 and let-7, the first two identified miRNAs initially were shown to play an 

important role in C. elegans development. By suppressing translation of their 

respective mRNA targets lin-14 and lin-41 they facilitated normal progression 

through the larval phase of development (Lee et al., 1993). The necessary role 

of miRNAs in the development of vertebrates has since been documented. In 

Zebra fish embryos, genetic deletion of Dicer demonstrated that normal 

development appeared to occur during the first week post fertilisation, while on 

day 8 growth arrest was noted and most were dead by the end of the second 

week (Wienholds et al., 2003). A notably elevated level of pre-miR26a was 

demonstrated and mature let-7 found to be absent, implying that alternative 

processing pathways were not facilitating miR maturation within the embryos 

(Wienholds et al., 2003). Interestingly, knockdown of Dicer produced an earlier 

phenotype than that of genetic deletion attributed to the concomitant 

suppression of maternal Dicer (Wienholds et al., 2003). Importantly, post 

mortem examination revealed general growth arrest rather than a single organ 

defect suggesting a global role of miRNAs in development (Wienholds et al., 

2003). Another group independently identified that in mice complete absence of 

Dicer was lethal at embryonic day 7.5 (E7.5) immediately prior to gastrulation 

(Bernstein et al., 2003). They attributed their findings to the depletion of stem 

cells from the blastocyst as a consequence of their premature terminal 

differentiation (Bernstein et al., 2003). 
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1.13 MicroRNA expression and cardiovascular 
development 

Several studies have looked at the importance of miRNAs in the development of 

different vascular tissues. Within the heart, genetic deletion of Dicer in mice, 

while not being embryonically lethal did result in death within 4 days of birth 

(Chen et al., 2008). Hearts from these mice demonstrated the virtual absence of 

mature miRNAs, dilated cardiomegaly, left ventricular mural thrombi and 

myofibril disarray (Chen et al., 2008). However, Dicer deletion did not affect 

cardiomyocyte proliferation but did affect expression of contractile proteins 

including myosin heavy chain and α-tropomyosin (Chen et al., 2008). 

Interestingly, analysis of human hearts with dilated cardiomyopathy revealed a 

significant reduction in Dicer at the time of left ventricular assist device 

implantation, a finding which was reversed upon functional recovery (Chen et 

al., 2008). Another study of targeted postnatal Dicer deletion in cardiomyocytes 

using a tamoxifen–inducible Cre recombinase approach demonstrated similar 

findings with structural and electrical remodelling in juvenile and adult mice (da 

Costa Martins et al., 2008). 

Within vascular endothelial cells, both Drosha and Dicer knockdown using siRNA 

have demonstrated the importance of miRNAs in cardiovascular development. In 

vitro analysis demonstrated that endothelial sprout formation was reduced when 

either RNaseIII was knocked down (Kuehbacher et al., 2007). However, only 

Dicer knockdown impaired human umbilical vascular endothelial cell (HUVEC) 

migration (Kuehbacher et al., 2007). Using nude mice, researchers 

subcutaneously implanted matrigel plugs containing siRNA transfected HUVECs. 

As with the in vitro migration experiment this demonstrated only Dicer inhibition 

reduced angiogenesis (Kuehbacher et al., 2007). These findings confirmed 

previously published work, which had used similar Dicer knockdown strategies to 

demonstrate alterations in the expression of several key regulators of 

angiogenesis (Suarez et al., 2007). Further work using a postnatal inducible EC 

Dicer deletion approach demonstrated Dicer to be essential for post natal 

angiogenesis and that the effects on EC proliferation, migration and angiogenesis 

was likely as a result of miR-17-92 cluster inhibition (Suarez et al., 2008). 
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An essential role for miRNAs in VSMC development has also been elucidated. 

Conditional Dicer deletion in VSMC was noted to be embryonically lethal 

between E15.5 and E16.5 as a result of subcutaneous and intracerebral 

haemorrhage (Albinsson et al., 2010, Pan et al., 2011). Detailed analysis 

revealed Dicer deletion resulted in blood vessels which were thin walled, dilated 

and lacking VSMCs. Myography of umbilical arteries revealed impaired 

contractile response to both potassium chloride (KCl) and calcium stimulation 

(Albinsson et al., 2010). Histological analysis of the elastic lamellae also 

revealed profound fragmentation (Albinsson et al., 2010). In addition, VSMCs 

from the KO mice revealed reduced proliferative capacity and a reduction in 

VSMC specific gene expression including, smooth muscle α-actin, calponin and 

myosin heavy chain 22 (MYH22) (Pan et al., 2011). These findings show that, not 

only are miRNAs essential for VSMC proliferation but that they are also involved 

in VSMC differentiation. Postnatal deletion of Dicer in VSMC has subsequently 

been shown to result in vascular remodelling, reduced blood pressure and 

contractile function in resistance vessels (Albinsson et al., 2011). 
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1.14 Role of MicroRNAs following Vascular Injury 

While microRNAs are essential for normal development and maintenance of 

homeostasis they have also been implicated in numerous disease states. From 

infectious and autoimmune diseases to cancer and notably cardiovascular 

disease their aberrant expression often results in the induction of maladaptive 

molecular and cellular responses (Small and Olson, 2011, Schee et al., 2012, Zhu 

et al., 2012). MicroRNAs have been shown to be dysregulated in numerous 

cardiovascular diseases including myocardial infarction, hypertension, dilated 

cardiomyopathy, atherosclerosis, cardiac allograft vasculopathy, aneurysm 

formation, vein graft failure and in the development of in-stent restenosis 

following percutaneous coronary intervention (Small and Olson, 2011, van Rooij 

and Olson, 2012, O'Sullivan et al., 2011).  

Different MiRNAs have been shown to promote either a contractile or synthetic 

VSMC phenotype. In addition, following vascular injury their dysregulation 

facilitates the transitioning towards a synthetic phenotype. Several microRNAs, 

which are known to influence VSMC phenotype, are discussed below, Table 1-2. 
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Table 1-2. Summary of VSMC miRNA Expression Following Vascular Injury.  

 
Legend. PTEN, phosphatase and tensin homologue. PDCD4, programmed cell death 4. 
TPM1, tropomyosin-1, KLF, Kruppel-like factor. PKCε, protein kinase C epsilon. PDGF-Rα, 
platelet derived growth factor receptor alpha. Sp-1, specificity protein-1. Cdc42, cyclin 
dependent kinase 42. NOR1, neuron derived orphan receptor 1.  

  

miRNA Expression
after1Injury

Biological1
Effect

mRNA1
target

Reference

miR$21 Increased Pro$synthetic4/4
pro$contractile

PTEN
PDCD4
TPM1
c$Ski

Ji et4al42007,
Maegdefessel
et4al42012,
McDonald4et4
al42013, Lin4et4
al42009, Song4
et al42012,4
Wang4et4al4
2012,4Wang4et4
al42011,4Li4et4
al42014

miR$2214/ 222 Increased Pro$synthetic p27,4p57 Liu4et4al42009,
Davis4et4al4
20094

miR$1434/4145 Decreased Pro$contractile KLF4,4KLF5,4Elk$
1,4PKCε,4PDGF$
Rα,4Fascin4

Cheng et4al4
2009,4Cordes
et4al42009,4
Quintavalle et4
al42010.

miR$133a Decreased Pro$contractile Sp$1,4Moesin Torella et4al4
2011

miR$195 Decreased Pro$contractile4/4
anti4
inflammatory

Cdc42 Wang4et4al
2012b

miR$663 Decreased Pro$contractile JunB Li4et al42013c

miR$638 Decreased Pro$contractile NOR1 Li4et4al42013b
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1.14.1 miR-21 (Pro-synthetic and Pro-contractile) 

MicroRNA-21 is located on human chromosome 17q23.1. An intronic miRNA, its 

stem loop is located within the 11th intron of the transmembrane proten 49 

(TMEM49) gene also known as vacuole membrane protein 1 (VMP1) (Cai et al., 

2004). This transmembrane spanning protein localised to the endoplasmic 

reticulum has been implicated in the initiation and regulation of autophagy: the 

process of cell organelle degradation, which serves to maintain cell survival 

during periods of cellular stress or starvation (Calvo-Garrido et al., 2008). In 

addition, it has also been implicated in the resistance of some cancers including 

pancreatic cancer to chemotherapeutic agents (Gilabert et al., 2013). Several 

groups have demonstrated that miR-21 can be transcribed independently from 

the protein coding host gene through a distinct promoter. Three overlapping 

promoter regions have been proposed and while it is acknowledged to span much 

of the 10th intron of the protein coding host gene no conclusive agreement upon 

its size has yet been reached (Cai et al., 2004, Fujita et al., 2008, Loffler et al., 

2007). The primary transcript of miR-21 has been shown, like messenger RNA 

molecules, to be both 5’ capped and 3’ polyadenylated (Cai et al., 2004). 

MiRNA-21 is processed as described in section 1.11.1 with pre-miR-21 containing 

72 nucleotides its mature form being 22 nucleotides in length with the sequence 

5’-UAGCUUAUCAGACUGAUGUUGA-3’. Mature miR-21 is derived from the 5’ end 

of the pre-miR hairpin giving it the suffix -5p (miR-21-5p) (Asangani et al., 

2008). Throughout the remainder of this thesis it shall be denoted as miR-21 

unless there is a specific need to distinguish it from the passenger (star) strand 

where the terms miR-21-5p and miR-21-3p will be used, respectively. 

Initially described as an “oncomir” due to its ubiquitous over-expression and 

deleterious function in many cancers, two studies have highlighted its 

importance in patients with vascular disease. MiRNA-21 has been shown to be up 

regulated in both the intima and serum of patients with Arteriosclerosis 

Obliterans as well as within atherosclerotic plaques (Li et al., 2011, Raitoharju 

et al., 2011). 

Conflicting reports as to whether miR-21 promotes either a contractile or 

synthetic VSMC phenotype following vascular injury have been published. De-

differentiated synthetic VSMCs demonstrate greatest miR-21 expression while 
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others have demonstrated up regulation of miR-21 is necessary for TGFβ to 

induce a contractile phenotype (Ji et al., 2007, Davis et al., 2008). More 

recently, the miR-21 targeting of tropomyosin-1 (TPM1), a contractile protein 

regulating the calcium-dependent interaction of actin and myosin, induced cell 

elongation (a contractile feature) while concurrently inducing an increase in 

proliferation and migration; two classic features of synthetic VSMCs (Wang et 

al., 2011). Thus it would appear that the effect of miR-21 in VSMCs phenotype 

are complex and may depend on their origin, the disease process and mRNA 

target. 

Regardless of which VSMC phenotype miR-21 induces, its up regulation has been 

demonstrated consistently in multiple injury models. The following sections 

discuss the effects of miR-21 up regulation in relation to mRNA targets. 

1.14.1.1 Phosphatase and tensin homolog  

One of the earliest published studies investigating miR-21 in vascular injury 

utilised a rat carotid artery balloon injury model (Ji et al., 2007). Investigators 

demonstrated that 7 days following injury miR-21 was up regulated over 6 fold. 

This elevation persisted at day 14, before returning to baseline by day 28 (Ji et 

al., 2007). Investigators found a significant reduction in neointimal formation by 

applying a miR-21 antagomiR containing poloxamer gel to the adventitial surface 

of the carotid vessel at the time of balloon injury. Two reasons given for this 

finding are a reduction in cellular proliferation as evidenced by significantly 

fewer 5-Bromo-2’-deoxyuridine (BrdU) positive cells within both the vessel 

neointimal and media. Secondly a significant increase in apoptosis was observed 

within the developing neointima upon miR-21 knockdown (Ji et al., 2007). In 

vitro analysis demonstrated elevated miR-21 expression within de-differentiated 

VSMCs cultured in 10% serum. In addition, the in vitro effects of knockdown on 

proliferation and apoptosis were in keeping with those found in vivo (Ji et al., 

2007).  

Further analysis revealed that in vitro over expression of miR-21 using an 

adenovirus vector in VSMCs, resulted in reduced phosphatase and tensin homolog 

(PTEN) protein expression and an increase in the anti apoptotic protein B-cell 

lymphoma-2 (Bcl-2) (Ji et al., 2007). The increase in Bcl-2 is likely an indirect 



  55 
 
downstream signalling effect. Concordant with the observed reduction in PTEN, 

an increase in phosphorylated Akt was also demonstrated. PTEN is a previously 

validated target of miR-21, which acts to block the growth factor-mediated 

activation of Akt by phosphoinositide-3-kinase (PI3K) (Meng et al., 2007). As a 

result of PTEN inhibition, Akt-mediated activation of mammalian target of 

rapamycin (mTOR) increases with consequent increases in proliferation and 

reduced apoptosis (Meng et al., 2007). 

Further evidence of the importance of PTEN inhibition by miR-21 was 

documented in two mouse models of abdominal aortic aneurysm (AAA) 

development. As aneurysms developed following porcine pancreatic elastase 

(PPE) or AngII infusion a parallel increase in miR-21 expression was observed 

(Maegdefessel et al., 2012). Systemic over expression of miR-21 using a lentiviral 

vector induced PTEN down regulation at both mRNA and protein levels 

(Maegdefessel et al., 2012). In addition, miR-21 over expression was associated 

with a reduction in aneurysm expansion attributed to increased VSMC 

proliferation and a decrease in apoptosis within the aortic wall (Maegdefessel et 

al., 2012). Interestingly, a single tail vein injection of antimiR-21 at 10 mg/kg 

appeared sufficient to block miR-21 for up to 14 days, increase PTEN expression 

and produce aneurysm expansion. In human samples of AAA, miR-21 and PTEN 

levels were found to be dysregulated in the same manner as occurred in the 

experimental mouse models (Maegdefessel et al., 2012). 

Using these murine aneurysm animal models, researchers also assessed the 

effect on inflammatory cytokine production as a consequence of miR-21 and 

PTEN modulation. They demonstrated MCP-1 and IL-6 were elevated upon miR-

21 over expression (Maegdefessel et al., 2012). This is in keeping with previous 

reports that PTEN deficiency in the setting of a murine carotid artery ligation 

results in increased inflammatory cytokine and NIH production (Furgeson et al., 

2010). 

Another key study confirming the conservation of miR-21 / PTEN axis across 

species assessed multiple vein-grafting models in mice, pigs and humans 

(McDonald et al., 2013). Vein grafts in all three species demonstrated an 

increase in miR-21. This was confirmed to be present in all three layers of the 

vein graft with co-localisation identifying up regulation in VSMCs, macrophages 
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and myofibroblasts. Genetic deletion of miR-21 in a mouse model of 

interposition grafting demonstrated an 81% reduction in NIH development 

(McDonald et al., 2013). Grafting between miR-21 KO and WT mice 

demonstrated that the graft genotype was key to reduction of NIH rather than 

that of the recipient. In addition, ex vivo antimiR-21 treatment of human 

saphenous vein grafts demonstrated a de-repression of several previously 

validated targets including PTEN (McDonald et al., 2013).  

1.14.1.2 Programmed cell death 4 

Programmed cell death 4 (PDCD4) is a tumour suppressor protein known to 

inhibit the initiation of mRNA transcription by binding eIF4A (Yang et al., 2003). 

In addition, it is also known to inhibit the activity of AP-1 and initiate apoptosis 

(Liu et al., 2010). 

In vitro investigation by two independent groups using different injury methods 

have demonstrated PDCD4 is an important target of miR-21 in rodent VSMCs. 

Firstly, chemical injury with hydrogen peroxide was shown to increase miR-21 

expression, concomitantly repressing PDCD4 expression and reducing apoptosis. 

Using luciferase reporter assays they confirmed PDCD4 to be a miR-21 target. In 

addition, they demonstrated miR-21 modulation using pre-miR and antimiR 

strategies repressed and de-repressed PDCD4 expression which resulted in a 

reduction and increase in apoptosis, respectively (Lin et al., 2009). 

Interestingly mechanical stretch has been shown to induce a biphasic response in 

miR-21 expression within murine VSMCs (Song et al., 2012). Researchers 

demonstrated that while moderate stretch reduced miR-21 expression, excessive 

stretch produced the opposite effect. A reduction in PDCD4 was observed with 

excessive stretch while miR-21 inhibition restored PDCD4 levels. At a cellular 

level apoptosis was observed following excessive stretch and this was 

exacerbated further by miR-21 inhibition (Song et al., 2012). This implies miR-21 

up regulation is a protective mechanism inhibiting apoptosis following 

mechanical injury.  

Conformation that miR-21 targets PDCD4 in vivo was demonstrated in a rat iliac 

balloon injury model (Wang et al., 2012a). This study implicated miR-21 induced 
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PDCD4 inhibition in both reducing apoptosis and increasing proliferation. Using 

antagomiR applied to the adventitial surface of the ballooned iliac artery a 

reduction in NIH was observed. In vitro PDCD4 knockdown using siRNA 

ameliorated the reduction in cell proliferation observed with miR-21 inhibition 

(Wang et al., 2012a).  

Taken together these studies involving the miR-21 / PDCD4 axis show its 

importance in regulating apoptosis and proliferation following vascular injury.  

1.14.1.3 Tropomyosin 1 

Arteriosclerosis obliterans is progressive vascular disorder characterised by 

progressive vascular occlusion due to uncontrolled VSMC hyperplasia. MicroRNA 

dysregulation was observed in human samples of patients with arteriosclerosis 

obliterans. In particular an almost eight fold increase in miR-21 was identified 

within VSMCs (Wang et al., 2011). This increase in miR-21 was associated with a 

reduction in tropomyosin (TPM1), a contractile protein found in VSMCs, which 

regulates the calcium-dependent interaction of actin and myosin (Wang et al., 

2011). TPM1 was confirmed as a target of miR-21 by luciferase reporter assay. 

Careful in vitro analysis using siRNA and antagomiR strategies revealed PDGF-

induced VSMC stimulation of proliferation and migration was mediated by an 

increase in hypoxia inducible factor alpha (HIF-α), which in turn stimulated the 

expression of miR-21 (Wang et al., 2011). Researchers were unable to identify a 

HIFα response element within the miR-21 promoter and it remains unclear as to 

the exact mechanism of this interaction (Wang et al., 2011).  

Down regulation of TPM1 by miR-21 was associated with VSMC elongation (Wang 

et al., 2011). The VSMCs elongation implies the presence of a contractile 

phenotype despite the increase in proliferation and migration which are two key 

features of a synthetic phenotype (Wang et al., 2011). 

1.14.1.4 c-Ski 

c-Ski is a protein found within VSMC which primarily acts to increase cell cycle 

inhibitor p27 and p21 (Li et al., 2013a). Following balloon injury in a rat model 

miR-21 increase was accompanied by c-Ski reduction and increased proliferation 

(Li et al., 2014). Conformation that c-Ski is a miR-21 target was conducted by 
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luciferase reporter assay. Utilising a miR-21 mimic strategy c-Ski was down 

regulated in A10 cells a rat derived cell line of VSMCs. Over expression of c-Ski in 

the presence of miR-21 mimic inhibited proliferation. Researches demonstrated 

the miR-21 mimic reduced both p21 and p27, the effects of which were reversed 

by c-Ski over expression (Li et al., 2014). These data show c-Ski is a miR-21 

target in the setting of vascular injury. 

Taken together the above studies demonstrate the up regulation of miR-21 in 

response to a variety of different types of vascular injury. Through careful miR-

21 and target manipulation they demonstrate that miR-21 actively participates 

in the healing response promoting proliferation, migration and preventing 

apoptosis.   

 

1.14.2 miR-221/222 (Pro-synthetic) 

Encoded as a miRNA cluster on the X chromosome, miR-221 and miR-222 have 

the same seed sequence (Davis et al., 2009). Their expression has been 

demonstrated in human blood vessels, in particular VSMCs although expression in 

the endothelium has been documented (Nicoli et al., 2012). Both miR-221 and 

miR-222 appear co-expressed within the systemic circulation while in pulmonary 

artery smooth muscle cells (PASMCs) their differential expression has also been 

noted (Davis et al., 2009). They primarily function to promote a synthetic VSMC 

phenotype with the up regulation of miR-221 in particular shown to coincide 

with a reduction in contractile VSMC markers including calponin and SM22 (Davis 

et al., 2009). 

In cultured VSMCs stimulation with PDGF induced miR-221 and miR-222 

expression in a dose-dependent manner (Davis et al., 2009). Both were also up 

regulated within the carotid artery following balloon injury. In situ hybridisation 

and co-localisation with smooth muscle α-actin demonstrated this increase 

occurred in VSMCs (Liu et al., 2009).  

Knockdown strategies using antimiRs successfully inhibited both miRs in vitro 

and in vivo, when administered systemically. The resulting decrease in 
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proliferation indicates miR-221 and miR-222 exert a positive effect on VSMC 

proliferation (Liu et al., 2009). 

Not only did PDGF stimulation of VSMCs induce miR-221 and miR-222 but a 

reduction in p27 and p57 was also found. Both of these cell cycle inhibitors are 

predicted targets of miR-221 and miR-222 (Liu et al., 2009). 3’UTR luciferase 

reporters confirmed miR-221 and miR-222 binding. In culture, loss of function 

experiments demonstrated that inhibition of both miRs increased p27 and p57. 

De-repression of p27 and p57 was confirmed in vivo by locally applying antimiR-

222 to the vessel wall at time of angioplasty. In addition to de-repression of 

these targets a reduction in proliferating cells was also observed within the 

vessel wall (Liu et al., 2009). 

 

1.14.3 miR-143/145 (Pro-contractile) 

MiR-143 and miR-145 are both markers and promoters of the contractile VSMC 

phenotype (Boettger et al., 2009). Located on human chromosome 5 (mouse 

chromosome 18), miR-143 and miR-145 together compose a bicistronic cluster, 

co-transcribed as part of the same pri-miR (Rangrez et al., 2011). During 

embryonic development they are first expressed in the developing heart at E7.5 

before peaking at E9.5 and can no longer be detected in ventricular myocardium 

by E16.5. In addition, at E11.5 miR-143 and miR-145 are both highly expressed 

within the developing great vessels before becoming evident in blood vessels of 

all developing organs (Cordes et al., 2009). Postnatally miR-143 and miR-145 

have been shown to be expressed within the media of blood vessels in particular 

within VSMCs (Cheng et al., 2009).  

1.14.3.1 miR-143 and miR-145 as markers and modulators of a 
contractile phenotype 

Evidence confirming, in vitro and in vivo, that miR-143 and miR-145 are markers 

of a pro-contractile phenotype has been published by several groups (Boettger et 

al., 2009, Cheng et al., 2009, Davis-Dusenbery et al., 2011a, Hutcheson et al., 

2013, Xin et al., 2009). Culture of primary VSMCs demonstrated high initial levels 

of miR-145 expression, which was noted to fall over time as cells de-



  60 
 
differentiated into a synthetic state (Boettger et al., 2009, Cheng et al., 2009). 

The addition of PDGF, a known inducer of a synthetic phenotype, to freshly 

isolated VSMCs accelerated the reduction in miR-145 expression and fall in 

markers of contractile phenotype (Cheng et al., 2009). In vivo, balloon injury of 

the carotid artery in rats is known to induce VSMCs towards a synthetic state 

prior to proliferation and migration (Clowes and Clowes, 1986). A concomitant 

reduction in miR-143 and miR-145 following balloon injury has also been 

demonstrated (Cheng et al., 2009). Interestingly, other models of vascular injury 

including carotid ligation, transverse aortic constriction and atherosclerosis in 

ApoE -/- mice, have also demonstrated reduction in miR-143 and miR-145 (Elia 

et al., 2009, Cordes et al., 2009). Concordant with these findings, human 

samples taken from patients with AAA demonstrated a reduction in both miRs 

compared to aortic samples from healthy controls has been demonstrated (Elia 

et al., 2009). 

Loss and gain of function studies using sIRNAs and premiRs were subsequently 

utilised to determine whether miR-143 and miR-145 plays a role in VSMC 

phenotype modulation in vitro. miR-145 knockdown augmented PDGF mediated 

de-differentiation in vitro with a resultant decrease in smooth muscle markers 

α-actin and calponin (Cheng et al., 2009). The addition of premiR-145 to VSMCs 

cultured in the presence of PDGF inhibited their de-differentiation and 

maintained the expression of VSMC markers smooth muscle α-actin and calponin 

(Cheng et al., 2009).  

In vivo, locally administered adenovirus mediated up regulation of miR-143 and 

miR-145 demonstrated a reduction in NIH and an increase in smooth muscle cell 

markers within the vessel wall 7 days after balloon injury (Cheng et al., 2009). 

Lenti-miR-145 has also been demonstrated in a carotid artery ligation model to 

increase VSMC differentiation markers including calponin and smooth muscle α-

actin (Cordes et al., 2009).  

1.14.3.2 miR-143 and miR145 knockout studies 

Several groups have independently generated miR-143 KO, miR-145 KO or miR-

143/145 combined KO mice. Analysis of their phenotype demonstrated structural 

changes within the vascular tree including thinning of the aorta and femoral 



  61 
 
arteries. However, changes in ECM have been conflicting in miR-143/145 KO 

mice, with some reporting extended areas of ECM degradation while others have 

found VSMCs encased in thick layers of ECM (Elia et al., 2009, Xin et al., 2009). 

Additionally, these mice demonstrated no change in cell number but an increase 

in the presence of de-differentiated VSMCs as evidenced by an increase in rough 

endoplasmic reticulum suggesting the presence of a synthetic state (Elia et al., 

2009, Xin et al., 2009). VSMCs from KO mice have also been noted to have 

disorganised actin fibres and no cytoskeletal stress fibres (Xin et al., 2009). 

The effect of miR-143 and miR-145 KO on NIH formation is complex and not fully 

understood. Two groups have reported spontaneous neointimal lesions in aged 

mice, which initially comprised of VSMCs but over time the accumulation of 

macrophage and amorphous type I collagen was also observed (Boettger et al., 

2009, Elia et al., 2009). These lesions occurred in the presence of a normal lipid 

profile and exhibited a predilection for the femoral arteries rather than the 

aorta (Boettger et al., 2009). Given that miR-143 and miR-145 over expression in 

the setting of vascular balloon injury has been shown to reduce NIH it would be 

expected that genetic deletion may result in increased lesion size. However, it 

has been reported that carotid ligation in WT mice produced a thick neointima, 

while in miR-143 KO, miR-145 KO and miR-143/145 combined KO mice a 

significant reduction in NIH was observed (Xin et al., 2009). In particular, almost 

no neointima was formed in either the miR-145 KO or the double knockout mice. 

Interestingly, a 50% mortality rate was observed following carotid ligation in 

miR-145 KO mice which was attributed to stroke secondary to systemic 

hypotension and likely failure of cerebral blood flow auto-regulation (Xin et al., 

2009). The reasons underlying the counterintuitive results observed in KO mice 

remain unclear but could be due to a combination of factors. Firstly, genetic 

deletion may induce compensatory responses in other miRs or cell signalling 

pathways, which are not present following temporary knockdown or over 

expression. Thus, the blood vessels are already abnormal at the time of injury. 

Additionally, as hypertension is known to promote NIH and ISR the profound 

hypotension observed in KO mice may limit lesion development (Meguro et al., 

2000). Interestingly, only one of the three groups, which used different methods 

to independently generate miR-143 KO and or miR-145 KO mice, actually 

conducted vascular injury experiments in these mice. Comparing lesion 
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formation across all three colonies as well as the effect of in vivo knockdown 

may help explain the reduction in NIH with absence of this bicistronic cluster.  

In summary, miR-143 and miR-145 are highly expressed in VSMCs where they act 

to maintain a contractile phenotype. Further work is required to understand the 

complex and seemingly contradictory findings between in vitro and in vivo 

manipulation of these miRs. 

 

1.14.4 miR-133a (Pro-contractile) 

miR-133a is another miRNA shown to promote a contractile phenotype in VSMCs. 

While two copies of miR-133a are present, each clustered with a copy of miR-1, 

only miR133a is found in VSMCs. miR-133a is found abundantly in quiescent 

VSMCs but is reduced when they are stimulated to proliferate by either growth 

factor stimulation or mechanical injury (Torella et al., 2011). ERK1/2 activation 

by the ras / MAPKinase pathway has been attributed to this down regulation of 

miR-133a (Torella et al., 2011).  

The over expression of miR-133a, using a premiR, in VSMCs stimulated with 10% 

FCS reduced proliferation significantly implying this miRNA plays an active role 

in maintaining quiescence. 

In VSMCs two predicted miR-133a targets, specificity protein 1 (SP-1) and moesin 

have been validated using 3’UTR luciferase reporter assays as well as by gain and 

loss of function experiments. SP-1 is a transcription factor shown previously to 

be up regulated following vascular injury, while moesin is known to play a role in 

VSMC migration (Torella et al., 2011).  

In vivo, adenovirus mediated over expression of miR-133a was accomplished at 

time of balloon injury by local administration to the vessel wall. This resulted in 

SP-1 and moesin down regulation as well as reduction in NIH development 

(Torella et al., 2011). This suggests miR-133a acts to inhibit VSMC proliferation 

and migration maintaining a contractile phenotype. 
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1.14.5 miR-195 (Pro-contractile) 

Oxidised LDL is known to stimulate proliferation and migration of VSMCs (Zettler 

et al., 2003). Researchers investigating the mechanisms underlying this effect in 

HASMCs identified numerous miRNAs dysregulated upon oxLDL exposure (Wang et 

al., 2012b). MiR-195, highly expressed in human arterial smooth muscle cells 

(HASMCs) compared to ECs and macrophages was significantly down regulated by 

oxLDL treatment. In vitro, augmentation of miR-195 expression using premiR-195 

was shown to reduce oxLDL-induced proliferation and migration. Conversely, 

knockdown of miR-195 increased the migratory effects of oxLDL on HASMCs 

(Wang et al., 2012b).  

By comparing protein coding gene microarray data following stable miR-195 over 

expression with bioinformatic target prediction programmes several putative 

targets were identified. Of these, cell division cycle 42 (Cdc42), a RhoB GTPase 

implicated in cell growth, proliferation and migration was confirmed as a target 

using 3’UTR luciferase reporter constructs (Wang et al., 2012b). Importantly, 

knockdown of Cdc42 using shRNA had the same negative effect on oxLDL treated 

HASMC proliferation as miR-195 overexpression (Wang et al., 2012b).  

In vivo, a reduction in miR-195 expression within the vessel wall was confirmed 

following balloon injury. Over expression of miR-195 by intra-arterial infusion of 

an adenovirus expressing miR-195 reduced not only Cdc42 but also NIH (Wang et 

al., 2012b).  

Interestingly, miR-195 also had an inhibitory effect on IL-1β, IL-6 and IL-8 pro- 

cytokine expression from HASMCs stimulated with oxLDL (Wang et al., 2012b). 

These pro-inflammatory cytokines have been shown to stimulate VSMC 

proliferation (Chamberlain et al., 2006, Ikeda et al., 1991).  

Taken together these data implicate miR-195 in promoting a quiescent anti-

inflammatory phenotype within VSMCs. Consequently, manipulation of miR-195 

may not only have a role in treatment of atherosclerosis but also in preventing 

NIH and ISR following balloon angioplasty and stent placement, respectively. 
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1.14.6 miR-663 (Pro-contractile) 

MiR-663, first noted to be up regulated within ECs following oscillatory shear 

stress also plays a role in regulating the inflammatory process within these cells 

(Ni et al., 2011). In addition, its increased expression in head and neck cancers 

promotes tumour growth and invasion (Yi et al., 2012). More recently miR-663 

has been identified as a novel phenotypic marker in VSMCs, with an increase in 

expression upon the induction of a contractile phenotype by either exposure to 

differentiation medium or trans-retinoic acid (Li et al., 2013c). Conversely upon 

stimulation with PDGF, miR-663 expression was significantly reduced. 

MiR-663 over expression using an adenovirus vector was sufficient to increase 

VSMC differentiation markers, including SM22α, calponin and myosin heavy chain 

11 (MYH11), in both quiescent and pro-synthetic states. Furthermore, a gain of 

function approach also reduced VSMC proliferation and migration while 

knockdown with anti-miR-663 had the opposite effect (Li et al., 2013c).  

The transcription factor JunB, comprising one half of the heterodimer activator 

protein 1 (AP-1) (Jun/Fos), has been validated as a miR-663 target. AP-1 is an 

important regulator of VSMC proliferation and migration, the down regulation of 

which is key to the suppressive effect of miR-663 on both proliferation and 

migration. In vivo, miR-663 over expression in a mouse carotid artery ligation 

model reduced NIH development by over 60%. This effect was attributed to a 

reduction in proliferating cells as evidenced by lower proliferating cell nuclear 

antigen (PCNA) positive stained cells and suppression of JunB (Li et al., 2013c). 

Thus not only is miR-663 a marker of VSMC differentiation but it actively 

modulates their phenotype. In addition, its over expression following vascular 

injury may be of therapeutic benefit in reducing NIH development.  

1.14.7 miR-638 (Pro-contractile) 

The pro-contractile miR-638 is abundantly expressed in VSMCs contributing to 

the expression of differentiation markers including smooth muscle α-actin and 

calponin (Li et al., 2013b). Stimuli known to induce a dedifferentiated 

phenotype significantly reduce the expression of miR-638 in both human aortic 

and pulmonary artery SMCs. Selective blockade of individual PDGF-induced 











FIGURE 7 In! ammatory Cells in Neointimal Lesions and Blood of miR-21 KO Mice
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FIGURE 8 In Vitro Altered Inflammatory Response in miR-21–Deficient Macrophages
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macrophage polarization, and inflammatory activa-
tion. A causal network analysis was performed of miR-
21-3p and miR-21-5p targets to determine whether
these miRNAs affect the inflammatory networks
associated with vascular injury. Despite a relatively
small overlap of predicted genes, pathways associated
with tumor necrosis factor-a and IL-1 were 1 of the
top-ranking regulatory networks (Online Figure 5);
this finding may be relevant because both of these
cytokines play prominent roles in neointima forma-
tion (17,18).

MiR-21 KO mice exhibited reduced SMC deposi-
tion, neointima formation, and an altered inflam-
matory phenotype, resulting in enhanced levels of
anti-inflammatory M2 macrophages in response to
vascular injury and stenting, with no effect on
endothelial regeneration. Subsequent profiling of
immune cell populations in the blood of miR-21 KO
mice demonstrated reduced numbers of Ly6cþhi

cells, a cell type that can differentiate into M1 mac-
rophages after tissue infiltration. This finding sug-
gests that miR-21 KO mice have a reduced capacity to
develop an M1 inflammatory phenotype in response
to injury. We also found reduced total CD3þ T-cell
counts in the bone marrow and blood of the miR-21
KO. Recently, it has been reported that miR-21 can
modulate T-cell responses, including alterations in
cytokine production and apoptosis rates (19–21).
T cells are already known to contribute to the in-
flammatory response after coronary artery stenting
(22); thus, the absence of miR-21 in T cells likely
contributes to the altered inflammatory responses
and reduced in-stent stenosis seen in miR-21 KO.

In support of the altered inflammatory responses
in vivo, our BMDM experiments revealed that miR-21
KO macrophages contain enhanced baseline levels of
PPAR-g, a well-characterized M2 macrophage marker,
and a reduced ratio of nitric oxide synthase/arginase

CENTRAL ILLUSTRATION Role of miRNA in ISR

McDonald, R.A. et al. J Am Coll Cardiol. 2015; 65(21):2314–27.

Although drug-eluting stents (DES) reduce the incidence of in-stent restenosis (ISR), they delay vascular healing and are associated with a chronic inflammatory
response, which involves micro–ribonucleic acids (miRNAs). In pig, mouse, and in vitro models, miR-21 promotes vascular inflammation and remodeling after stenting
and may be a therapeutic target to enhance wound healing after vascular injury. BMS ¼ bare-metal stent(s); FACS ¼ fluorescence-activated cell sorting; IL ¼ interleukin;
KO ¼ knockout; LPS ¼ lipopolysaccharide; PDGF ¼ platelet-derived growth factor; RT-PCR ¼ real-time polymerase chain reaction; SMC ¼ smooth muscle cell;
TNF ¼ tumor necrosis factor; WT ¼ wild type.
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1 (M1/M2 markers). These findings are particularly
relevant in the setting of inflammatory vascular dis-
ease because numerous studies suggest that PPAR-g
activation can curtail the inflammatory response.
Activation of PPAR-g in human macrophages reduces
matrix metallopeptidase 9 activity and inhibits ex-
pression of IL-1b, IL-6, and tumor necrosis factor-a
(23–25). Furthermore, several groups have reported
that PPAR-g agonists inhibit atherosclerosis devel-
opment and reduce inflammatory markers in apoli-
poprotein E KO mice (26,27). Furthermore, miR-21
KO macrophages exhibited a reduced capacity to
secrete proinflammatory mediators such as IL-1,
tumor necrosis factor-a, macrophage inflammatory
protein-1, IL-6, and IL-12 in response to LPS, a
substance known to stimulate the inflammatory
M1 macrophage phenotype. However, a defective
response to LPS does not necessarily mean altered
polarization and may simply reflect, for example,
defective CD14 expression. Further phenotyping of
surface receptors from BMDM also showed reduced
expression of CD69 in miR-21 KO mice. A CD69
deficiency may contribute to reduced inflammatory
cytokine secretion, as previous studies have reported
that CD69 activation mediates numerous inflamma-
tory processes such as nitric oxide production and
release of tumor necrosis factor-a from murine
macrophages and T cells (28,29). Thus, loss of miR-21
may accelerate wound healing and resolution of
the inflammatory response after vascular injury and
stenting, events that could reduce the incidence of
late stent thrombosis.

It is important to note that we used human arrays
in the porcine samples to identify miRNAs that would
extrapolate to the pathology in the clinical setting. It
is possible that a proportion of miRNAs may be un-
derrepresented due to the sequence variation or
chromosomal locations between pig and human.
We identified an almost 20-fold up-regulation of miR-
21-3p after stenting with BMS and DES. Our subse-
quent experiments in BMDM demonstrated that both
miR-21-3p and miR-21-5p were up-regulated in
response to LPS, which induces classical macrophage
polarization (M1). In combination with reduced
inflammatory cytokine release from miR-21 KO mac-
rophages, these results suggest that miR-21-3p and
miR-21-5p may both play a pathological role in
macrophage activation in response to inflammatory
stimuli.

Currently available DES directly target SMC pro-
liferation to prevent neointima formation. We
observed that miR-21 plays a prominent role in SMC
proliferation and migration in response to vascular
injury, consistent with other studies (30,31). Aortic

SMC isolated from miR-21 KO mice had a reduced
capacity to migrate and proliferate in response to
PDGF, an important observation because novel DES
must retain the antiproliferative effect on SMC accu-
mulation to maintain their clinical efficacy. These
findings are consistent with previous reports
demonstrating that pharmacological or genetic
knockdown of miR-21 reduces SMC proliferation and
neointima formation after balloon injury or vein
grafting (30–33). Several of these reports suggest that
miR-21 mediates a beneficial effect on SMC prolifer-
ation and neointima, at least in part, via inhibition of
phosphatase and tensin homolog.

We also found that the levels of PDCD4 were sup-
pressed after PDGF exposure in WT mice. Impor-
tantly, the levels of PDCD4 were increased in miR-21
KO mice, suggesting that PDCD4 is modulated after
exposure to PDGF and plays a role in SMC prolifera-
tion and migration, effects repressed in miR-21 KO
SMCs. In concordance with these findings, previous
studies suggest that PDCD4 is down-regulated after
vascular injury, and overexpression of PDCD4 with
adenoviral vectors increases apoptosis and reduces
SMC proliferation (34).

STUDY LIMITATIONS. Although the present study
demonstrates that miR-21 play a prominent role in the
pathology of in-stent restenosis, it is important to
note that these studies are based on data from pre-
clinical animal models of restenosis. Although our
results in miR-21 knockout mice demonstrate that
loss of miR-21 reduces in-stent restenosis and in-
flammatory cell function, it is important to note that
these defects are present before vascular injury, these
deficiencies may alter the response to injury in these
mice. In order to demonstrate that these finding have
efficacy in the clinic, further studies are required to
demonstrate that pharmacological knockdown ofmiR-
21 or miR-21 targets can inhibit neointimal formation
and vessel inflammation from current drug-eluting
stent platforms. Furthermore, detailed pharmacoki-
netic profiling would be needed to demonstrate an
effect elution profile of antimiR-21 therapy, without
any off-target effect.

CONCLUSIONS

The miR-21 stem loop plays an important role in
SMC and macrophage activation after vascular
injury. Our findings in the murine model of ISR
revealed that loss of miR-21 attenuates neointima
formation and macrophage activation, resulting in
a less inflammatory phenotype. These findings sug-
gest that miR-21 modulation could enhance wound
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healing and resolve the inflammatory response,
effects that could improve the clinical efficacy
of currently available DES. The miR-21 axis warr-
ants further investigation as a therapeutic target in
the setting of stent-induced inflammatory vascular
disease. Lineage-restricted knockouts maybe re-
quired to unravel the complex role of miR-21 in this
setting.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE: DES reduce

in-stent restenosis after percutaneous coronary

intervention but are associated with a greater risk of

stent thrombosis due to delayed arterial healing that

is characterized histologically by incomplete reendo-

thelialization and persistent fibrin and inflammatory

cell deposition. An array of microRNA molecules are

involved in the inflammatory processes driving the
cellular response to vascular injury, and genetic KO of

the miR-21 stem loop attenuates neointimal formation

after arterial stenting in mice.

TRANSLATIONAL OUTLOOK: Future investiga-

tions should seek to determine whether local antimiR

to knockdown miR-21 levels delivered directly from

drug-eluting stents could reduce vessel inflammation

and neointima formation and reduce the risk of both
restenosis and stent thrombosis.
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