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Summary 

Coronary heart disease is a major cause of morbidity and mortality in the 

Western society. In the case of severe atherosclerosis, percutaneous 

intervention and coronary bypass grafting remain the preferred form of surgical 

treatment. However, the patency of both these treatments is limited and 

several bypass grafts and stents fail due to neointimal formation and in stent 

restenosis attributable to the proliferation of VSMCs. The resultant luminal 

renarrowing may manifest clinically with the return of symptoms such as chest 

pain or shortness of breath and ultimately requires further surgical intervention. 

Unfortunately, current antiproliferative therapies to inhibit VSMC proliferation 

have off target effects and can inhibit vessel re-endothelialisation resulting in 

thrombus formation. As such, novel therapies that specifically target VSMC 

proliferation but do not affect endothelial growth are urgently required.  

Long non-coding RNA (lncRNA) are transcripts >200 nucleotides that have been 

shown to bind DNA, RNA and proteins in order to exert their function. To date a 

few lncRNAs have been identified that control key aspects of VSMC phenotype, 

including contraction, proliferation, migration and apoptosis, however, very 

little is known as to the role of lncRNA in the proliferative and inflammatory 

phenotype associated with this phenotypic switching. It was therefore 

hypothesised that lncRNA may be dysregulated in the setting of inflammatory 

and proliferative vascular pathology and may provide novel therapies to 

counteract VSMC proliferation and hence vascular disease.  

The project sought to identify lncRNA expression in quiescent, non-proliferating 

human saphenous vein (HSV) SMCs, and HSVSMCs that had been treated with the 

IL1α cytokine and PDGF growth factor. This cytokine and growth factor pair have 

been implicated in the synergistic activation of the NF-κB transcription factor 

and in the control of vascular diseases including in stent restenosis, neo intimal 

formation and atherosclerosis. Using RNA-sequencing, >300 lncRNAs were 

identified whose expression was altered in HSVSMCs following stimulation with 

IL1α and PDGF. These lncRNA exhibited distinct expression patterns in a tissue 

cohort and all showed enrichment in vascular SMCs from either an arterial or 

venous lineages. Experiments focused on a novel lncRNA (Ensembl: RP11-

94A24.1) which showed specific expression in HSVSMCs following treatment but 
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no expression in endothelial cells. This lncRNA was termed smooth muscle 

induced lncRNA enhances replication (SMILR). Following stimulation, SMILR 

expression was increased in both the nucleus and cytoplasm, and was detected 

in conditioned media from dual stimulated HSVSMCs.  

Furthermore, knockdown of SMILR markedly reduced cell proliferation. 

Mechanistically, it was noted that expression of genes proximal to SMILR were 

also altered by IL1α/PDGF treatment possibly indicating that these two genes 

are under the same promoter control, and HAS2 expression was reduced by 

SMILR knockdown. Additionally the proliferation of HSVSMCs was increased in a 

dose dependent manner following administration of a lentivirus containing the 

full SMILR transcript, confirming the knockdown data.  

 In human samples, increased expression of SMILR was detected in plaque 

compared to adjacent non-plaque sections by qRT-PCR and following on from the 

detection of SMILR in conditioned media, SMILR was also detected in plasma 

samples from patients with inflammatory CVD. Interestingly, the levels of SMILR 

correlated with plasma C-reactive protein, a current biomarker capable of 

detecting atherosclerosis progression in patients.  

These results identify SMILR as a driver of VSMC proliferation and suggest that 

modulation of SMILR may be a novel therapeutic strategy to reduce vascular 

pathologies. Additionally the detection of SMILR in plasma highlights the 

possibility that this lncRNA may have the potential as a biomarker of vascular 

disease. However, further large cohort studies are required to identify this 

potential clinical role.  
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Act D 

 

Actinomycin D 

  AngII 

 

Angiotensin II 

  APP 

 

Amyloid protein precursor 

 BACE 

 

β site amyloid precursor protein  

BM 

 

Buffer Mix 

  BMS 

 

Bare metal stent 

  BMT 

 

Bone marrow transplant 

 BrdU 

 

DNA bromodeoxyuride  

 c. elegans Caenorhabditis elegans  

 CABG 

 

Coronary artery bypass graft 

CAD 

 

Coronary Artery Disease 

 CDK 

 

Cyclin dependent kinase 

 COSHH 

 

Control of substances hazardous to health 

CRP 

 

C Reactive Protein 

 CT 

 

Computed Tomography 

 

CURVES 

 

Carotid Ultrasound and Risk of Vascular disease in Europeans and 

South Asians  

CVD 

 

Cardiovascular disease 

 DBE 

 

DNA Binding Element 

 DEPC 

 

Diethylpyrocarbonate 

 DES 
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Chapter 1 Introduction 

 

1.1 Cardiovascular Disease 

Cardiovascular disease (CVD) refers to any disorder of the heart or circulatory 

system and represents a leading cause of health care burden, morbidity and 

mortality. According to the World Health Organisation (WHO), 17.5 million or 

almost 46.2 % of global deaths resulted from CVD in 2012 and the annual 

cardiovascular disease mortality is expected to rise from 17.5 million in 2012 to 

22.3 million in 2030 (WHO, 2012). 

1.1.1 Epidemiology of cardiovascular disease in the UK 

In 2012, for the first time since 1961, CVD dropped from being the first main 

cause to the second main cause of death in the United Kingdom, accounting for 

28 % of the national deaths compared to 29 % for cancer (BHF cardiovascular 

Statistics 2014). However, if broken down by gender, CVD still remains the main 

cause of death for women within the UK. In men, cancer accounted for 32 % of 

deaths and CVD 29 %, whilst in women these Figures were 27 % and 28 % 

respectively ( Figure 1.1A and B respectively) Furthermore, in 2009, the direct 

healthcare cost of all CVD in the UK was £8.7 billion (BHF cardiovascular 

Statistics  2014). This highlights the need for improved CVD treatment in order 

to reduce patient mortality.  

Coronary heart disease (Mitra et al.) is the most prominent manifestation of CVD 

and accounts for just under half (46 %) of the CVD deaths (BHF cardiovascular 

Statistics 2014). The primary consequences of CHD are lack of oxygen to the 

heart muscle and myocardial infarction, both of which are the result of the 

presence of atherosclerotic plaques within the vessel wall and can be worsened 

by rupture of unstable plaques producing thrombosis (Danesh et al., 2004).   
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Figure 1-1:    Deaths by cause in women and men, UK 2012. 
A: In the UK cardiovascular disease is the greatest cause of death to women, accounting for 28 % 
of all deaths. B: For men cardiovascular disease accounts for 29 % of deaths and is the second 
largest killer. Adapted from BHF cardiovascular Statistics 2014. 

A 

B 
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1.2 The vasculature 

Structural differences between arteries and veins have long been recognised by 

anatomists. Generally, veins are larger in diameter than arteries but have much 

thinner walls. Regardless, both consist of three well defined layers: the tunica 

intima, the tunica media and the tunic adventitia (Figure 1-2).  

Artery Vein

Valve

Tunica externa

(adventitia)

Tunica media
External

elastic

lamina

Tunica intima

(endothelium)

Elastic membrane

 

Figure 1-2:    Anatomy of human arteries and veins. 
A: Human aretery. B: Human vein. Both arteries and veins are composed of a tunica intima that is 
lined with endothelial cells (ECs), a tunica media that contains SMCs and elastic fibre and a tunica 
adventitia made up of fibrous connective tissue. Arterial blood vessels are characterised by long 
narrow ECs that are aligned in the direction of blood flow, multiple layers of smooth muscle cells 
and in the case of muscular arteries elastic fibres that are arranged in two distinct bands (inner and 
outer elastic laminae). In contrast, venous blood vessels are lined with rounder non-aligned ECs, 
lack elastic laminae and most possess valves that project into their lumen. Adapted from Servier 
medical art. 

 

The different layers of arteries and veins have thus evolved to meet the needs of 

supplying oxygen and nutrients to distal organs and tissues and for returning the 

waste products (Monahan-Earley et al., 2013). The intima is the innermost vessel 

layer and is in direct contact with the blood. The most defining feature of the 

tunica intima is the endothelial cells which are attached to this layer, line the 

vessel and play a profound role in vascular homeostasis (Rubanyi, 1993) 

(reviewed in detail in Section 1.2.1). As such, this thin layer of cells allows the 

A B 
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diffusion of important factors to and from the blood. The tunica intima also 

includes a supportive matrix of connective tissue composed of collagen and 

elastic fibres, the latter forming a distinct band called the internal elastic 

lamina in most arteries. One major difference between arteries and veins is the 

absence of the elastic lamina in veins. However, one of the most striking 

differences is the presence of valve structures in veins preventing the backflow 

of blood as it is returned back to the heart (dela Paz and D'Amore, 2009). 

Additionally, distinct differences exist between endothelial cell (EC) shape 

between arteries and veins. Arterial ECs are generally thicker than those in 

veins, are long and narrow and align in the direction of blood flow (dela Paz and 

D'Amore, 2009). Venous EC, in contrast, are short and wide. This is due to the 

lower blood flow rates in the venous circulation when compared to the arterial 

circulation (dela Paz and D'Amore, 2009).  

The middle layer is the medial layer. This is composed of elastin fibres, 

circumferentially oriented smooth muscle cells (SMCs) and collagen (Stary, 

1992). Medial SMC express a repertoire of contractile proteins that allow the 

contraction and relaxation of the artery  (Gomez and Owens, 2012), while the 

elastin fibres allow the vessel to stretch and recoil (Sherratt, 2009). In arteries 

of all sizes, the tunica media is typically the thickest layer and is composed of 

multiple layers of SMCs and a large amount of elastic material. Both veins and 

arteries contain SMCs and elastic fibres, however, the tunica media of the 

venous circulation is not as clearly defined and organised as in the arterial 

counterparts. As such, the walls of veins are typically thinner and less rigid than 

that of an artery (dela Paz and D'Amore, 2009).  

The outermost layer is the adventitia, which is comprised of loosely woven 

collagen fibres surrounded by connective tissue that protect the blood vessel and 

anchor it to surrounding structures (Stenmark et al., 2013). Fibroblasts are 

dispersed within the adventitia but are generally absent from the intima and 

medial layers. The vascular adventitia has recently been identified as a major 

biological processing centre for the storage and release of key regulators for 

vessel wall function and comprises a variety of cells. Recent evidence indicates 

that stem/progenitor cells are present in the adventitia and participate in 

vascular repair and the formation of neointimal lesions in severely damaged 
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vessels (Hu and Xu, 2011). Data suggests that these stem cells have the 

capability to differentiate into SMCs and participate in neointimal formation (Hu 

and Xu, 2011).  

The formation of blood vessels occurs via two processes: vasculogenesis, the 

formation of nascent blood vessels, and angiogenesis, the sprouting of new blood 

vessels from existing blood vessels. Vasculogenesis initially promotes the 

vascular endothelial progenitors (angio-blasts) to form new vessels in situ. It is 

the primary means of generating the first major vascular system during 

embryogenesis (Weinstein, 1999). The process of vasculogenesis first occurs in 

the embryonic yolk sac of mammalian embryos (Goldie et al., 2008). During 

gastrulation, embryonic ectodermal (epiblast) cells are recruited to the 

primitive streak where they undergo an epithelial to mesenchymal transition 

(Goldie et al., 2008). These cells then migrate between the visceral endoderm 

and epiblast to form either mesoderm or endoderm. In the yolk sac, the visceral 

endoderm is thought to produce soluble signals which target the underlying 

mesoderm to induce the formation of primitive endothelial and hematopoietic 

cells, the first differentiated cell types to be produced in the mammalian 

embryo (Goldie et al., 2008). Primitive endothelial and hematopoietic cells 

merge to form blood islands that then fuse to form a primitive network of 

tubules known as a capillary or vascular plexus  (Ribatti et al., 2015). 

Remodelling and maturation of the capillary plexus into a circulatory network 

requires the subsequent recruitment of mural cells (smooth muscle cells and 

pericytes) to form the outer blood vessel wall (Goldie et al., 2008). Following 

generation of the initial circulation, additional vessels are then formed via 

angiogenesis resulting from environmental cues.  

 

1.2.1 Endothelial cells 

The vascular endothelium is no longer thought of as an inert barrier, but a 

critical regulator of vascular homeostasis.  This first became apparent through 

electron microscopic studies of the vessel wall by Palade in 1953 (Palade, 1953) 

and was further confirmed by physiological studies by Gowan in 1959 (Gowans, 

1959). Detailed study of endothelial function first became feasible with the 

development, in the 1970s, of techniques to culture ECs in vitro and as such 
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subsequent studies led to the current view of the endothelium as a dynamic 

organ that possesses vital secretory, synthetic, metabolic and immunologic 

functions (Aird, 2004).  

Endothelial cells line every blood vessel in the body, forming a continuous 

monolayer of cells linked to each other by different types of adhesive structures 

or cell-to-cell junctions. These are complex structures formed by 

transmembrane adhesive molecules and 3 types of junctions have been 

identified in EC: tight junctions, adherens junctions and gap junctions (Bazzoni 

and Dejana, 2004). Gap junctions are communication structures which allow the 

passage of small molecular weight solutes between neighbouring cells (Figueroa 

and Duling, 2009). Tight junctions serve the major functional purpose of 

providing a barrier function between vessels and circulating blood and adherens 

junctions play an important role in regulating endothelial permeability to 

circulating leukocytes and solutes (Wallez and Huber, 2008). 

Endothelial cells play a wide variety of critical roles in the control of vascular 

function. This includes control of coagulation and thrombosis, regulation of 

vascular tone and participation in inflammatory reactions. The surface of 

healthy endothelium is both anticoagulant and antithrombotic (Pearson, 1999). 

This occurs, in part, through the production of anti-thrombotic mediators, such 

as prostaglandins and nitric oxide (NO)(West et al., 2001, Buttery et al., 1996), 

facilitating an anti-thrombotic surface in which blood and cellular constituents 

can pass with ease.  Haemostasis is a defence mechanism against vessel wall 

injury and bleeding and is triggered by a response to damage of the vessel wall 

by the exposure of blood to subendothelial tissue. Von Willebrand Factor, a 

blood glycoprotein, acts as a bridge between platelets and tissue, binding to 

collagen exposed at sites of vascular injury and to the platelet membrane 

glycoprotein Ib-V-IX. This leads to the formation of a platelet plug allowing the 

initial sealing of the vascular lesion. Prostacyclin (PGI2), a prostaglandin member 

of the eicosanoid family of lipid molecules, inhibits platelet activation, thus 

promoting anti-thrombotic effects (Smith et al., 1980). PGI2 performs its 

function through a paracrine signalling cascade that involves G protein-coupled 

receptors on nearby platelets and endothelial cells. Activation of the PGI2 

receptor leads to production of cAMP and inhibition of platelet activation and 
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hence aggregation (Majed and Khalil, 2012).  The effect of PGI2 is enhanced by 

nitric oxide (NO) (Davidge et al., 1995). NO is a heterodiatomic free radical 

product generated through the oxidation of L-arginine to L-citrulline by NO 

synthases. NO inhibits platelet adhesion and activation, in part, through a cyclic-

GMP dependent mechanism within platelets (Loscalzo, 1998). In addition, it has 

been shown that NO can inhibit phosphoinositide 3-kinase (PI3K) activity induced 

by thrombin activation, an effect that reduces platelet thrombin stability by 

promoting dissociation of fibrinogen from its platelet surface receptor  

(Loscalzo, 1998).  

In the quiescent state endothelial cells maintain blood fluidity by promoting the 

activity of numerous anticoagulant pathways. One of the main pathways is the 

C/protein S pathway, which involves two vitamin K-dependent plasma proteins 

that work in concert as a natural anticoagulant system. This pathway is initiated 

when thrombin interacts with the endothelial cell receptor thrombomodulin 

leading to binding of protein C to protein S and subsequent activation of protein 

C. Activated protein C inactivates two essential blood coagulation factors: 

factors VIIIa and Va (Michiels, 2003). Additionally, the endothelial cell surface 

also contains rich heparin-like glycosaminoglycans which bind antithrombin and 

can thus inactivate active thrombin, further decreasing the anticoagulant 

pathways and allowing the smooth flow of blood within the vessels (Michiels, 

2003).  

Finally, endothelial cells can also regulate vascular tone. Furchgott and 

Zawadzki (Furchgott and Zawadzki, 1980) demonstrated that the relaxation of 

vascular smooth muscle cells in response to acetylcholine is dependent on the 

integrity of the endothelium. It was later discovered that both PGI2 and NO, in 

addition to their anti-thrombotic effects, can also mediate relaxation of blood 

vessels via the endothelium. PGI2 was shown to relax the underlying smooth 

muscle cells through activation of adenylate cyclase and subsequent generation 

of cAMP while NO, produced from EC, diffuses to vascular smooth muscle cells 

where it stimulates soluble guanylate cyclase, resulting in an increased 

formation of cyclic GMP and subsequent relaxation (Sandoo et al., 2010). 
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1.2.2 Smooth Muscle Cells 

Vascular smooth muscle cells (VSMC) are integral components of the blood vessel 

wall. These highly specialised cells provide structural integrity and regulate 

blood vessel diameter by contracting and relaxing dynamically in response to 

vasoactive stimuli, which enables blood vessels to maintain an appropriate blood 

pressure. (Marchand et al., 2012). However, vascular SMCs also perform other 

functions which become progressively more important during vessel remodelling 

following vascular injury. This requires the SMC to switch from a contractile SMC 

to a synthetic SMC phenotype, allowing SMC proliferation and migration (Figure 

1-3). This is promoted by the SMC microenvironment reviewed in Section 1.5. At 

the contractile extreme are SMCs with fully functional contractile machinery. 

These SMCs are typically composed of tightly bundled myofilaments and minimal 

rough endoplasmic reticulum, golgi or free ribosomes (Beamish et al., 2010). In 

culture these SMCs possess a strict uniform morphology. At the synthetic 

extreme are fibroblast-like SMCs with minimal contractile proteins which secrete 

extracellular matrix (ECM). The contractile and synthetic phenotypes represent 

the two ends of the SMC phenotypic spectrum and intermediate phenotypes can 

also be observed which have different morphologies. Phenotypic switching of 

SMCs and the role of this process in vascular pathology will be reviewed in detail 

in Section 1.5. 
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VSMCs lack the striated band pattern observed in cardiac and skeletal muscle 

and the contractile state of these SMCs is controlled by the microenvironment 

orchestrated by hormones, autocrine/paracrine agents and local chemical 

signals (Tabas et al., 2015). SMCs contract in order to regulate blood pressure 

and tone by utilising cross-bridge cycling between actin and myosin filaments in 

response to changes in Ca2+ (Rhee and Brozovich, 2000). Smooth muscles are 

typically defined by their expression of key contractile proteins such as Alpha 

smooth muscle actin (αSMA), myosin heavy chain (MHC) and SM22α. 

αSMA is a 42 kDa protein, encoded by ACTA2 gene, and is the actin form that 

predominates within vascular smooth muscle cells and contributes to vascular 

motility and contraction. αSMA is located primarily in the microfilament bundles 

of vascular SMCs, is a major constituent of the SMC contractile machinery and is 

the single most abundant protein (40 %) within smooth muscle cells (Skalli et al., 

1986). αSMA is the first SMC differentiation marker to appear during 

development, although it is also transiently expressed in the myocardium and 

skeletal muscle during the development of the embryo and is expressed in 

myofibroblasts during wound healing (Rensen et al., 2007). As such, a single 

marker is not sufficient to provide definitive evidence of a SMC lineage. Mature 

SMCs express a number of myosin isoforms, each representing an essential 

component of the contractile mechanism. Out of all the isoforms, MHC SM-1 (204 

kDa) and -2 (200 kDa) are the most rigorous markers for differentiated SMCs. The 

expression of MHC-SM is completely restricted to SM tissue and is 

developmentally regulated (Nagai et al., 1989). SM-1 is found in vascular SMCs 

from the late fetal stage through adulthood (Kuro-o et al., 1989) while SM-2 

appears only in fully differentiated SMCs after birth (Kuro-o et al., 1989). SM-1 

and SM-2 are splice variants and specific knockdown of these variants results in 

smooth muscle cells that adopt a proliferative state (Kim et al., 1993). 

Interestingly neointimal cells in balloon-injured rabbit aortas express SM1 but 

not SM2, indicating that these cells resort to expression of fetal gene networks 

(Aikawa et al., 1997). SM22α, also known as transgelin, is a smooth muscle cell 

cytoskeletal protein.  SM22α directly interacts and co-localises with F-actin, thus 

participating in the organisation of the actin cytoskeleton in differentiated 

VSMCs (Kobayashi et al., 1994). SM22α transcripts can be detected in vascular 

smooth muscle cells in mouse embryos from around embryonic day (E) 9.5 and 
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thereafter show continued expression in all smooth muscle cells into adulthood 

(Li et al., 1996). These SMC contractile markers are decreased in SMC of a 

synthetic phenotype. SMCs with different phenotypes typically express varying 

levels of these protein markers rather than the complete disappearance of these 

proteins (Rensen et al., 2007). As such multiple protein markers along with 

complementary data on morphology and proliferation characteristics is required 

to distinguish between a contractile and synthetic SMC (Rensen et al., 2007). 

1.3 Atherosclerosis 

Atherosclerosis, a multifactorial disease involving both genetic and 

environmental factors, is one of the greatest causes of mortality within the 

western world (Faxon et al., 2004).   

Evidence of atherosclerosis has been reported as far back as the pharaohs of 

Egypt (David et al., 2010), however for the past 160 years scientists have 

puzzled over the mechanism by which atherosclerotic lesions form. Rudolf 

Virchow proposed in 1856 that atherosclerosis was caused when plasma 

components, including lipids, initiated an inflammatory response in the arterial 

wall (Zarifis, 2005). Despite this proposition, many believed that atherosclerosis 

was a cholesterol storage disease, characterised by the collection of cholesterol 

and thrombotic debris in the artery wall. The term ‘atherosclerosis’, derived 

from the Greek words ‘athere’, meaning gruel (accumulation of lipid) and 

‘sclerosis’ meaning hardening (Singh et al., 2002) was first introduced by Felix in 

1904 and it was suggested that atherosclerosis was responsible for almost all 

obstructive processes in the arteries (Mehta and Khan, 2002). This was quickly 

followed by the first key piece of evidence that atherosclerosis could be induced 

in laboratory animals. Ignatowski, in 1908, demonstrated that rabbits fed a diet 

enriched in animal proteins (mainly meat, milk and egg yolk) formed lesions in 

their aortic walls (Konstantinov and Jankovic, 2013). Later, a Russian 

experimental pathologist, Anitschkow, used a cholesterol diet dissolved in 

vegetable oil to produce aortic atherosclerosis in rabbits similar to those seen in 

humans (1983) and suggested that atherosclerosis is characterised by the 

accumulation of lipids within sub-endothelial regions and subsequently leads to 

narrowing of the vessel and reduction in blood flow (Singh et al., 2002, 

Konstantinov et al., 2006). Anichkov’s elucidation of the role of cholesterol in 
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the pathogenesis of atherosclerosis is often referred to as one of the greatest 

discoveries of the 20th century. These pioneering studies provided the first 

experimental evidence and basis for the establishment of the ‘lipid hypothesis’ 

of atherosclerosis. Since then various animal species, such as rabbits, mice, rats, 

guinea pigs, hamsters, birds, dogs and non-human primates have been used for 

experimentation. These have provided crucial information about the 

pathologicall mechanisms underlying the initiation and subsequent development 

of atherosclerotic plaques. With time, improvements have occurred in modern 

immunology and molecular techniques and, as such, the process of 

atherosclerosis and the underlying risk factors have now been well studied 

(reviewed below in section 1.3.1). 

1.3.1 Clinical presentation, epidemiology, atherosclerosis 
progression, risk factors and gender differences 

In most cases atherosclerosis will remain symptomless until the artery is severely 

narrowed or totally blocked. In either case, the symptoms are dependent on 

which arteries are affected. Blockage of the coronary artery will result in chest 

pain and, if the artery is sufficiently blocked, will result in myocardial 

infarction, the main cause of atherosclerosis associated mortality. Additionally, 

atherosclerosis can occur in other arteries such as the carotid artery. The 

carotid artery supplies blood to the brain and blockage of this artery will result 

in stroke and, if severe, will result in mortality.  

Epidemiological research relating to atherosclerosis has been studied and 

reviewed by the British Heart Foundation. In 2012, atherosclerosis and 

subsequent myocardial infarction or stroke, accounted for 80,000 deaths in the 

UK. The death rates vary substantially, with highest levels reported in Scotland 

and the North of England and lower levels in the South of England. It was also 

reported that 1 in 5 men and 1 in 7 women die as a cause of atherosclerosis; 

these gender differences are attributed to the difference in how risk factors 

affect men and women and are reviewed below. Additionally, higher mortality 

rates are associated with lower socio-economic groups (BHF cardiovascular 

statistics 2012).   
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Evidence of atherosclerosis has been found in autopsies of teenagers and young 

adults  (Berenson et al., 1992), suggesting that the process of atherosclerosis 

development can start early in life. Several risk factors are known to predispose 

to atherosclerosis and have been elucidated from large scale epidemiological 

studies over the past 50 years. These risk factors were initially identified in the 

Framingham Study, the 1st study to ever identify cardiovascular risks (Kannel et 

al., 1961). The study was initiated in the middle of the 20th century by Dr 

Thomas R Dawber. Arterial endothelium changes rapidly in response to stimuli 

and on the basis of animal experiments and observations in human specimens, 

most data suggests that atherosclerosis is caused by an initial change in the 

monolayer of endothelial cells that lines the inner arterial surface (Cines et al., 

1998). The endothelium, under normal homeostatic conditions, exhibits little or 

no expression of pro-inflammatory factors (See section 1.2.1). However, damage 

or excessive activation of endothelial cells can lead to endothelial dysfunction. 

Endothelial injury/dysfunction is the first stage in the atherosclerotic process. 

This results in chronic inflammation, loss of antithrombotic factors and an 

increase in vasoconstrictor and pro-thrombotic gene products followed by uptake 

of lipids into the vessel wall, vessel remodelling and eventually plaque 

calcification (Rajendran et al., 2013). Figure 1-4 highlights the process of 

atherosclerosis development and each stage will be discussed below. The 

initiating factor of atherosclerosis, endothelial dysfunction, can result from 

several factors including generic cardiovascular risk factors such as smoking, 

hypertension and high cholesterol and shear stress. 

Smoking represents one of the most important preventable risk factors for the 

development of atherosclerosis. Studies have shown an increased risk of 

developing myocardial infarctions, due to atherosclerosis, at all levels of 

cigarette smoking, and increased risks have been demonstrated even in persons 

who smoked fewer than five cigarettes per day (Rosengren et al., 1992), 

(Bjartveit and Tverdal, 2005). Additionally, mortality studies conducted in 1960 

and 1970 showed an increase in myocardial infarction mortality significantly 

correlated with an increase in the number of cigarettes smoked per day, 

regardless of the actual number (Doll and Peto, 1976). In 2004, a longitudinal 

study was published that utilised serum levels of cotinine, a nicotine metabolite, 

as a biomarker of cigarette exposure. The patients enrolled in this study were 
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non-smokers but were involuntarily exposed to cigarette smoke. Nicotine 

exposure was examined by quartiles of blood cotinine as follows: less than or 

equal to 0.7 nanograms per milliliter (ng/mL), 0 to 1.4, 1.5 to 2.7, and 2.8 to 

14.0.  The number of cardiovascular events, which included deaths and non- 

fatal myocardial infarctions, were significantly increased at all upper quartiles 

compared with the lowest exposure quartile, after adjustment for other 

established cardiovascular risk factors (Whincup et al., 2004). This suggests that 

not only smoking, but also passive smoking can alter the risk of cardiovascular 

events. Interestingly, cigarette smoking has been associated with higher levels of 

myocardial infarction, associated with atherosclerosis, in women than in men 

(Mons et al., 2015). Cigarette smoke contains approximately 4000 different 

chemicals; the effects of many on the human body still remain unknown. It is 

highly likely that it is not one single chemical but a combination of chemicals 

that is responsible for atherosclerotic disease initiation and 

progression. Evidence of vascular damage and endothelial dysfunction due to 

cigarette smoke has been shown in an array of clinical studies analysing 

endothelial function using various techniques. Zeiher et al, demonstrated that 

continuous smoking impairs flow mediated dilation of coronary arteries in a 

dose-dependent manner (Zeiher et al., 1995). Additionally, inflammation is 

known to constitute an essential element in atherogenesis. Smoking activates 

the immune system both systemically and locally. Smokers have been shown to 

have significantly elevated white blood cell counts, which was tightly correlated 

to the formation of carotid atherosclerotic plaques (Ishizaka et al., 2004). 

Furthermore, reports document that smokers have significantly increased serum 

levels of proinflammatory cytokines, such as tumor necrosis factor α and 

interleukin-1β which have been shown to activate key inflammatory pathways 

known to potentiate atherosclerosis progression (Barbieri et al., 2011). Serum C-

reactive protein, a widely accepted marker for the occurrence of inflammation, 

has also been found to be increased in smokers when compared to non-smokers 

(Wannamethee et al., 2005). Finally, leukocyte recruitment following endothelial 

dysfunction is an essential part in the initiation of atherosclerotic plaque 

development. Cavusoglu et al (Cavusoglu et al., 2004) showed that smoking 

increased plasma concentrations of vascular cell adhesion molecule-1 (VCAM-1). 

This data, therefore, suggests that cigarette smoke can have profound effects on 

multiple key pathways involved in atherosclerosis progression.  
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Emerging data implicate increases in systemic oxidative stress and vascular 

inflammation in the pathogenesis of hypertension and reductions in both have 

been shown to reduce endothelial dysfunction (Widlansky et al., 2003). 

Mechanistic studies utilising mouse carotid arteries exposed to increasing 

intraluminal pressure, showed reductions in endothelium-dependent vasodilation 

to acetylcholine and increase in NADPH oxidase activity (Vecchione et al., 2009). 

This imbalance of NAPDH expression has been linked with increased production 

of O2
-, a key reactive oxidant species (ROS).  Additionally it has been shown that 

production of this superoxide leads to endothelial eNOS uncoupling and 

amplification of ROS production (Landmesser et al., 2003). O2
− has been shown 

to induce the oxidation of LDL, reviewed below, thus potentiating the process of 

atherosclerosis (Rueckschloss et al., 2001). These results have been confirmed in 

experimental animal models. Mice deficient in key aspects of the NADPH oxidase 

pathway crossed on to an ApoE (apolipoprotein E) −/− background have shown 

that NADPH oxidase deficiency retards the development of atherosclerotic 

lesions in the mouse aorta (Barry-Lane et al., 2001). Taken together this shows 

that hypertension associated ROS potentiates atherosclerosis development. 

Interestingly, systolic blood pressure rises more steeply in ageing women 

compared with men, and this may be related to the decline in oestrogen levels 

in menopause transition (Barton and Meyer, 2009). After menopause there is an 

upregulation of the renin-angiotensin system, with an increase in plasma-renin 

activity. Salt sensitivity and sympathetic activity are also increased in 

postmenopausal compared with premenopausal women. This suggests that post 

menopause, women may be of greater atherosclerotic risk due to increased 

blood pressure.  

Cholesterol exists in everyone's diet. It can slowly be absorbed into intestine 

lymphatic vessels through gastrointestinal (GI) tract and enters the blood 

through the mucosa of the digestive system. Cholesterol is then transported to 

and from cells via low-density lipoprotein, LDL, and high-density lipoprotein, 

HDL.  Data has shown that there is a direct relationship between (Xin et al.) LDL 

and atherogenesis. The Lipid Research Clinics Coronary Primary Prevention Trial, 

which was published in 1984, was one of the first studies to highlight that 

therapeutic interventions to lower cholesterol levels resulted in reduced risk of 

cardiovascular morbidity or mortality (Probstfield and Rifkind, 1991). Increased 



34 

 

 
 

LDL promotes accelerated atherosclerosis as greater levels are taken up into the 

plaque. Interestingly, at younger age, the relative risk of hypercholesterolaemia 

is lower in women compared with men. During menopause, total cholesterol and 

low-density lipoprotein (LDL) levels rise by 10 and 14 % respectively. This is in 

agreement with reports that men, at an earlier age, are more susceptible to 

atherosclerosis than women and that women, on average, develop 

atherosclerosis 7-10 years later than men (Maas and Appelman, 2010).  

Shear stress, the frictional effect of blood force, can affect endothelial 

integrity, especially when blood flow is disturbed. Altered arterial 

haemodynamics around vessel curvatures and at bifurcations, in addition to 

systemic risk factors (Wang et al., 2016b), leads to the formation of complicated 

plaques. For example, atherogenesis is promoted by decreased shear stress (<5 

dynes/cm2) because it is associated with reduction in several vascular wall 

functions including endothelial nitric oxide synthase production (Cheng et al., 

2005), vasodilatation and endothelial cell repair (Chiu and Chien, 2011). 

Additionally, reactive oxygen species (ROS), produced from sites of injury and 

inflammation, are highly damaging to endothelial cells (Panth et al., 2016).  

A number of studies have demonstrated that endothelial injury induces 

activation of several inflammatory pathways, the second key stage of 

atherosclerosis.  One example is the increase in nuclear transcription factor κB 

(NFκB) resulting in increased expression of inflammatory cytokines such as IL1α, 

TNF-a and MCP-1 (Lawrence, 2009).  This promotes the expression of adhesion 

molecules that allow the capture of leukocytes to the endothelial surface and 

increases vessel permeability, allowing circulating inflammatory cells such as 

monocytes and lymphocytes to penetrate into the intima (Figure 1-4B). In 

addition to the recruitment of inflammatory cells, parallel changes in 

endothelial permeability and the composition of the extracellular matrix 

beneath the endothelium promote the entry and retention of cholesterol-rich 

low-density lipoprotein (LDL) particles in the artery wall. (Figure 1-4B). Once 

within the vessel wall LDL can become oxidised through the action of free 

radicals, such as O2
- generated via sheer stress and increased by cigarette 

smoke, or direct activity of leukocytes, to become oxidised LDL (ox-LDL). 
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Oxidized LDL is particularly atherogenic and is chemotactic for macrophages. 

This early atherosclerotic plaque is termed a ‘fatty streak’ (Mitra et al., 2011). 

Once resident within the artery wall, monocytes can differentiate into tissue 

macrophages. In the atheroma, these mononuclear phagocytes engulf LDL 

particles and become foam cells, a term that reflects the microscopic 

appearance of these lipid-laden macrophages (Figure 1-4B) (Yu et al., 2013). 

Uptake of LDL renders the macrophages less mobile, thereby promoting the 

accumulation of these lipid-laden cells in the intima (Yu et al., 2013). Foam cells 

maintain their metabolic activity, releasing inflammatory cytokines such as 

interleukin 1 (IL1α) and tumour necrosis factor (TNF)(McLaren et al., 2011) that 

further promote the recruitment of inflammatory cells but also stimulate the 

migration of smooth muscle cells from the media into the intima (Figure 1-4C) 

where these SMC proliferate in response to mediators such as platelet-derived 

growth factor (PDGF) (Rudijanto, 2007). The accumulation of foam cells, 

monocytes, macrophages and smooth muscle cells leads to the rapid growth of 

the atherosclerotic plaque and protrusion into the lumen of the vessel (Figure 1-

4C).   

In the intima, the SMCs produce extracellular matrix molecules and form a 

fibrous cap that covers the plaque (Sukhovershin et al., 2016). This cap typically 

covers a collection of foam cells, some of which die and release lipids that 

accumulate extracellularly. The inefficient clearance of dead cells can promote 

the accumulation of cellular debris and extracellular lipids, forming a lipid-rich 

pool called the necrotic core of the plaque (Figure 1-4D) (Seimon and Tabas, 

2009).  Not all atherosclerotic plaques are identical, and it appears that there 

are substantial differences in the stability of plaques. One such mechanism of 

stability is through plaque calcification. The process can begin early and 

accelerates as the disease progresses and more complex lesions develop.  

Coronary artery or carotid artery calcification can be detected independently by 

computed tomography and calcification of plaques can predict an increased 

likelihood of adverse coronary events. The characteristics of atherosclerotic 

plaques have been extensively studied and as such plaques can now be classified 

into vulnerable or stable depending on their composition (see Table 1.1).   
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Interestingly, it has been shown that vessels with developing atherosclerotic 

plaques can undergo outward ‘positive’ remodelling, where the external elastic 

lamina expands, or inward ‘negative’ remodelling where the external elastic 

lamina shrinks at the site of the plaque (Hermiller et al., 1993, Nishioka et al., 

1996). Reduction in lumen area is higher in negatively remodelled vessels than 

positively remodelled vessels (Nishioka et al., 1996, Pasterkamp et al., 1995). 

Conversely, atherosclerotic plaques with positive remodelling have been shown 

to contain larger lipid and macrophage content (Varnava et al., 2002). 
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Table 1-1:    Characteristics of Vulnerable Atherosclerotic Plaque. 
Adapted from (Halvorsen et al., 2008).  

 

 

Plaques are prone to rupture and vulnerable plaque consists of a large necrotic 

core surrounded by a thin (<65 μm) fibrous cap which is heavily infiltrated by 

macrophages and absent of SMCs. This well-characterized lesion is considered to 

be of greater susceptibility of plaque rupture (Bentzon et al., 2014). Physical 

disruption of the plaque is most commonly caused by a rupture of the fibrous 

cap. This leads to the exposure of pro-coagulant material in the plaque's core to 

coagulation proteins in the blood, triggering thrombus formation and ultimately 

impeding blood flow (Bentzon et al., 2014).  

Recently it has been documented that more vulnerable plaques are associated 

wuth a reduced number of SMC relative to inflammatory lipid-loaded 

macrophages, particularly in the area of the fibrous plaque (Tabas et al., 2015). 

However, it is difficult to definitively determine which cells are SMC derived and 

which are macrophage derived. As such, lineage tracing experiments are 

beginning to arise. SMC lineage tracing in atheroprone Apoe−/− mice revealed 

that in advanced lesions, intimal SMCs lacked detectable expression of smooth 

muscle α-actin and smooth muscle myosin heavy chain (Gomez et al., 2013). 

Additionally, cholesterol loading of cultured SMCs was reported to down-regulate 

SMC marker genes and induce macrophage markers, including CD68 and Mac2 

(Rong et al., 2003).  
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Depending on the stage of progression, atherosclerotic lesions can be classified 

into 6 groups. The initial (type I) lesion contains a small proportion of LDL which 

promotes an increase in macrophages and formation of scattered foam cells. As 

in subsequent lesion types, the changes are more marked in locations of arteries 

with adaptive intimal thickening. Type I lesions do not protrude into the lumen 

and therefore do not alter blood flow (Stary et al., 1995). Type II lesions consist 

primarily of layers of foam cells, lipid-laden smooth muscle cells and include 

lesions designated as fatty streaks (Stary et al., 1995). Type III is the 

intermediate stage between type II and type IV (symptom-producing lesions) 

(Stary et al., 1995). In addition to the lipid-laden cells of type II, type III lesions 

contain scattered collections of extracellular lipid droplets. This extracellular 

lipid is the immediate precursor of the larger and more disruptive core of 

extracellular lipid that characterises type IV lesions. Beginning around the fourth 

decade of life, lesions that usually have a lipid core may also contain thick layers 

of fibrous connective tissue (type V lesion) and thrombus (type VI lesion) (Stary 

et al., 1995). Some type V lesions are largely calcified (type Vb), and some 

consist mainly of fibrous connective tissue and little or no accumulated lipid or 

calcium (type Vc) (Halvorsen et al., 2008).  

1.3.2 Treatment of atherosclerosis 

Treatments for atherosclerosis depend on the severity and size of the 

atherosclerotic plaque. Small plaques can typically be stabilised with lifestyle 

changes such as healthy heart approach or through the use of medicinal 

therapies such as statins, anti-thrombotics of ACE inhibitors.  The healthy heart 

approach aims to improve patient lifestyle through the cessation of smoking, 

increased exercise and reduction in cholesterol levels via improved eating 

habbits. 

The 4S trial, published in 1994 (Pedersen et al., 1994), was the first trial to 

demonstrate improved survival in coronary heart disease patients through the 

utilisation of statins. Since then, several studies have documented a clear 

reduction in cardiovascular events with statin treatment in different settings. 

Statins reduce LDL levels and the benefits are clear, however the effect of 

statins on atherosclerotic plaques composition have not yet been fully 

elucidated. Nevertheless, a few imaging studies have highlighted that statin use 
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might result in atherosclerotic plaque regression as early as 6 months after 

initiation of therapy (Lima et al., 2004), (Nissen et al., 2006). This observation 

may be due to a reduction in LDL cholesterol levels within the plaque core. 

Experimental evidence suggests that in animal models of atherosclerosis it is 

possible to blunt the development of atherosclerotic via utilisation of ACE 

inhibitors. For example it was shown that 9 months of captopril treatment, a key 

ACE inhibitor, in hyperlipidaemic rabbits reduced the total aortic intimal area 

affected by atherosclerosis, as well as the cholesterol content of the lesion 

(Curzen and Fox, 1997). In humans, long term ACE inhibition significantly 

reduces mortality, myocardial infarction and stroke as well as reduces the intima 

to media ratio of carotid arteries in patients at high risk for cardiovascular 

events (Germing, 2005).  ACE inhibitors have been shown to improve NO 

availability and reduce ROS, resulting in improved vascular function.  

Despite improved lifestyle and drug therapies, if the atherosclerosis is severe 

and the plaque causes narrowing of the lumen to a degree in which blood flow 

through the coronary artery is significantly impaired, then intervention 

procedures and surgery are required.  

1.3.2.1 Balloon angioplasty and stenting  

Coronary angioplasty, conceptually described by Dotter and Judkins in 1964, was 

first performed by Andreas Gruntzig in 1977 (Hor et al., 1980). Since then 

percutaneous management of obstructive coronary artery disease (CAD) has 

expanded greatly. The technique involves insertion of a balloon catheter into 

the artery to disrupt the atherosclerotic plaque through displacement. This 

action results in stretching of the adventitia thereby increasing the lumen 

diameter in the treated vessel. There is no doubt that balloon angioplasty was a 

revolutionary technique, however it did have its own drawbacks, especially 

arterial recoil. As such, the procedure has since evolved to include the 

deployment of metallic support, known as a bare metal stent (BMS), to prevent 

the vessel closing and recoil from occurring. Although stent deployment was 

shown to reduce arterial recoil following balloon angioplasty, they were also 

limited by drawbacks. These stents had high metallic properties and were 

therefore treated as foreign objects by the body. This resulted in increased sub-
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acute stent thrombosis. In 1993, two landmark trials, the Belgium Netherlands 

Stent Arterial Revascularisation Therapies Study (BENESTENT) and the North 

American Stent Restenosis Study (STRESS), both highlighted the superiority of 

bare metal stents over balloon angioplasty and establishing stent implantation as 

an accepted standard for revascularisation.  

However, follow up studies investigating 115 lesions in 103 patients at 

implantation of stents and following 5.4 ± 3.8 months eventually found that 

between 20-30 % of patients receiving balloon-expandable bare metal stents had 

angiographic evidence of restenosis, caused by smooth muscle cell proliferation 

and migration, 6 months after surgery (Fischman et al., 1994).  

As such, stents have now undergone incessant refinement, leading to the 

development of drug eluting stents (DES) introduced in 2001 and designed to 

release anti-proliferative agents at the site of arterial injury to attenuate 

neointimal formation. DES were composed of a stainless steel stent platform 

coated with durable polymer-releasing anti-proliferative drugs. Despite 

improvements in restenosis these DES led to an increase in very late stent 

thrombosis due to delayed re-endothelialisation or a hypersensitivity reaction to 

the stent polymer (Daemen et al., 2007). As such new polymers and the 

utilisation of thinner stent struts have been employed, however, delayed re-

endothelialisation and stent thrombosis still remain a problem.  

1.3.2.2 Coronary artery bypass grafting  

Coronary artery bypass grafting (CABG) is defined as open heart surgery where a 

section of blood vessel, typically the saphenous vein, is grafted from the aorta 

onto the coronary artery in order to “bypass” a blocked section of artery. This 

fundamentally restores perfusion to the myocardium. The first ever bypass graft 

was performed in 1950 at McGill University in Montreal, QC, Canada, where 

Vineburg and Buller implanted the internal mammary artery into the 

myocardium to treat cardiac ischemia and angina (Shrager, 1994). Shortly after 

this Sidney Smith in 1955 harvested the first ever saphenous vein and was 

capable of grafting this from the aorta to the myocardium (Diodato and 

Chedrawy, 2014).  
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In April 2012, the results of the ASCERT trial were published in the New England 

Journal of Medicine. This study examined nearly 190,000 patients of 65 years or 

older with two or three vessel disease. 86,244 underwent CABG and 103,549 

underwent PCI. At 1 year post surgery, no difference in the mortality rate was 

evident amongst the 2 treatment groups, however, at 4 years post-surgery a 

significantly lower mortality rate was observed for the CABG group (16.4 % 

versus 20.8 %). 

Multiple conduits can be used to perform CABG and establish cardiac 

revascularisation. The internal mammary artery is the conduit of choice due to 

their long term patency and reduced rate of developing atherosclerosis (de Vries 

et al., 2016). However, due to the increasing number of patients requiring 

multiple bypass grafts, saphenous vein is typically the vessel of choice owing to 

its length and ease of access. In 2012 17,000 CABG operations were performed in 

the UK (Bhatnagar et al., 2015). Despite a slight drop in the number of CABG 

surgeries from the early 2000’s, CABG, typically with saphenous vein, remains 

the standard revascularisation care for patients with multi-vessel disease 

(Diodato and Chedrawy, 2014). However, the disadvantage of using saphenous 

vein is their declining patency: between 10-25 % will occlude within 1 year of 

CABG. An additional 1 % to 2 % occlude each year within years 1-5 post-surgery 

and 4 % to 5 % occlude each year between 6 and 10 years post-surgery(Fitzgibbon 

et al., 1996). Saphenous vein graft failure (SVGF) can be divided into 3 temporal 

categories. 1: early (0-30 days), midterm (30 days-1 year) or long term (after 1 

year). Early SVGF is typically due to thrombosis of the vein graft or surgical 

problems while midterm SVGF is typically due to intimal hyperplasia.  

1.3.3 Carotid Endarterectomy 

The endarterectomy procedure was developed and performed by surgeon Joao 

Cid dos Santos at the University of Lisbon in 1946. Later, surgical intervention to 

relieve atherosclerotic obstruction of the carotid arteries was successfully 

performed by Michael DeBakey in 1953. Carotid endarterectomy is a surgical 

procedure to remove plaque from the carotid artery in an attempt to reduce the 

risk of stroke. Most often this is done through a longitudinal incision in the artery 

and removal of all plaque debris. The artery is then closed using sutures and a 
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patch to increase the size of the lumen. This procedure has since been shown to 

reduce the incidence of stroke in vulnerable patients.  

1.3.4 Formation of in stent restenosis and neointimal formation 

Research on the development of intimal hyperplasia is divided into two main 

regions: arterial restenosis caused by PCI or stenting and neointimal formation 

following implantation of a vascular graft. After vein engraftment, the grafted 

vein is subjected to different haemodynamic pressures than in the venous 

circulation. Additionally, implantation of a stent or the expanding of the carotid 

artery due to balloon angioplasty induces vessel damage.  These altered vessel 

conditions ultimately lead to intimal formation (Figure 1-5). Despite the 

differences in venous and arterial vessels, it is generally accepted that the 

sequence of events leading to intimal formation is similar in both cases. Animal 

models and human post-mortem studies have demonstrated that the mechanisms 

underlying intimal hyperplasia are similar to those associated with wound 

healing (Bentzon et al., 2014). 

 As with atherosclerosis, intimal hyperplasia associated with vein grafting and 

stenting is initiated via endothelial injury. In the setting of vein grafting, engraft 

of the saphenous vein into an arterial pressure system results in shear stress and 

subsequent endothelial damage. On the other hand, stent deployment destroys 

the endothelial layer. As mentioned in section 1.2.1, healthy endothelial cells 

produce prostacyclin and NO, which inhibits SMC proliferation. Removal of these 

anti-proliferative agents promotes SMC proliferation. In addition to the loss of 

prostacyclin and NO, damaged EC also produce basic fibroblast growth factor 

(bFGF), which further potentiates SMC proliferation within the medial layer. The 

activation of these SMCs also leads to an increased production of ECM with 

proliferating SMC producing 4 to 5 times more ECM than that of a contractile 

SMC (Moore, 1981). The ECM layer is continually altering via matrix synthesis and 

by the actions of matrix metalloproteinases (MMPs). An intact ECM prevents SMC 

proliferation, however injury promotes the production of tissue-type 

plasminogen activator (tPA) which degrades the ECM and activates MMPs (Murphy 

and Docherty, 1992). The production of PDGF then promotes SMC proliferation 

from the medial layer into the intima (Reviewed in Section 1.7). This migration 

typically begins 4 days post injury and can continue up to 1 month post injury 
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(Moore, 1981). The next stage of the process involves intimal expansion. This is 

mainly due to continued SMC proliferation, SMC migration and ECM deposition  

(Lemson et al., 2000). 
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Figure 1-5:    Progression of intimal hyperplasia. 
Healthy veins of arteries consist of an intact endothelial layer and large luminal diameter. Stent 
deployment of surgical preparation of the saphenous vein promotes endothelial dysfunction and 
aggregation of platelets. This promotes the infiltration of inflammatory cells and the production of 
certain mitogenic factors that stimulate VSMCs to proliferate and migrate from the media into the 
lumen creating intimal hyperplasia. Despite reendothelialisation VSMC proliferation occurs resulting 
in significant luminal narrowing and the requirement for repeat surgery.   
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1.4 SMC cell cycle 

The cell cycle is a complex process involved in the growth and proliferation of 

SMC. Cell division involves 2 processes: Mitosis (M), the division of a mother cell 

into 2 daughter cells and synthesis (S) in which the DNA is replicated in 

anticipation of mitosis (Bertoli et al., 2013). These phases are interrupted by 

gap phases (G0, G1 and G2) which act as check point controls to ensure 

appropriate cell cycle occurs (Sechler and Schwarzbauer, 1998). An overview of 

cell cycle is shown in Figure 1.6. G0 represents cells that are quiescent and non-

proliferative. G1 represents cells which are assembling the necessary factors 

required for DNA replication and represents a key check point in which cells 

reach a threshold, defined as a key point in which the cell is committed to DNA 

replication (Sechler and Schwarzbauer, 1998). During the gap between DNA 

synthesis and mitosis, the cell will continue to grow and produce new proteins. 

At the end of this gap is another control checkpoint (G2 Checkpoint) to 

determine if the cell can now proceed to enter M phase and divide (Kastan and 

Bartek, 2004). During mitosis, cell growth and protein production stops. All of 

the cell's energy is focused on the complex and orderly division into two similar 

daughter cells (Schafer, 1998). 



4
7

 

   

    

 

F
ig

u
re

 1
-6

: 
  

 C
e
ll

 c
y
c
le

 o
f 

S
M

C
. 



4
8

 

   S
c
h
e
m

a
ti
c
 s

h
o

w
in

g
 c

e
ll 

c
y
c
le

 p
h
a
s
e

-s
p
e
c
if
ic

 p
h
a
s
e
s
. 

S
: 

s
y
n
th

e
s
is

 p
h
a
s
e
. 

M
: 
M

it
o
s
is

 p
h
a
s
e

. 
G

1
: 
G

a
p
 1

 p
h
a

s
e

 a
n
d
 G

2
: 

G
a
p
 2

 p
h
a
s
e
. 

G
0

 a
re

 q
u

ie
s
c
e
n
t 

a
n

d
 n

o
n

-
p
ro

lif
e
ra

ti
v
e
 c

e
lls

. 
T

h
e
 p

ro
g

re
s
s
io

n
 o

f 
c
e
ll 

c
y
c
le

 i
s
 t

ig
h

tl
y
 r

e
g

u
la

te
d
 t

h
ro

u
g
h
 s

p
e
c
if
ic

 c
y
c
lin

 p
ro

te
in

s
 t

h
a
t 

a
re

 t
ra

n
s
c
ri
b
e
d

 a
n
d
 t

ra
n
s
la

te
d

 a
t 

s
p
e
c
if
ic

 p
o
in

ts
 d

u
ri

n
g
 t

h
e
 c

e
ll 

c
y
c
le

. 
 



49 

 

 
 

The progression of cell cycle is tightly regulated by the sequential expression, 

activation and inactivation of key cell cycle molecules. One group of molecules 

that is important for controlling cell cycle progression is the cyclins and cyclin-

dependent kinase (CDK) complexes (Figure 1-7). CDKs are serine/threonine 

proteins kinases that are activated at key points during cell cycle and comprise a 

regulatory cyclin sub-unit and a catalytic CDK sub-unit (Suryadinata et al., 

2010). CDKs are essential for cell cycle progression, as specific inactivation can 

prevent mitosis (Foley et al., 1999). Different cyclins bind to different CDKS 

during cell cycle inducing their activation. Thus, the expression pattern of 

cyclins determines CDK activation. Cyclins have no enzymatic activity and thus 

require CDK to exert their function. At present, 8 cyclin families have been 

identified (Dynlacht, 1997). They share homology in a 150 bp pair region known 

as the cyclin box that contains the binding site for specific CDKs (Ferreira et al., 

1994). Cyclins also contain PEST sequences, protein motifs rich in proline (P), 

glutamate (E), serine (S) and threonine (T) which target them for ubiquitination 

and degradation (Rogers et al., 1986). It is therefore said that a cycling cell 

enters and exits cell phases in association with the synthesis and degradation of 

specific cyclins (Figure 1-7). Each of the cyclin-CDK complexes in a cell modifies 

a specific group of down-stream protein substrates required for the different 

cell cycle stages. In the G2 and M phase this leads to the production of nuclear 

lamin (Ottaviano and Gerace, 1985) and microtubules (Okada et al., 2014) 

required for nuclear cytoskeleton assembly, while, in the G1 phase 

retinoblastoma protein (pRb) is phosphorylated on multiple residues by as 

specific CKDs. Hyperphosphorylated pRb binds E2F, a known cell cycle 

transcription factor, rendering it unable for transcription (Dyson, 1998). When 

the specific cyclin is degraded E2F is freed and participates in cell cycle. 8 E2F 

family members are known, 3 of which act as activators: E2F1, 2 and 3a while 

the other 6 act as suppressors: E2F3b, E2F4-8 of cell cycle (Chong et al., 2009). 

All are involved in the regulation of cell cycle in mammalian cells and function 

by binding to TTTCCCGC consensus binding site in the target promoter sequence. 

The E2F family play a role in the control of transition from the G1 to S phase of 

cell cycle via altered transcription of key cell cycle molecules.  

Additionally, key inhibitors of cell cycle have also been studied. In G1 and S 

phases the most well-known inhibitors are the p16 and p21 families. Both inhibit 
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specific CKDs by binding to the CKD before the attachment of cyclin, inhibiting 

the phosphorylation of downstream targets by the CDK-cyclin pair (Aprelikova et 

al., 1995).  

Growth factors primarily act on cells in the G1 and G0 phase of cell cycle. Growth 

factors stimulate cells in G0 to enter cell cycle, however, if the growth factor is 

removed early in the G1 cycle then the cells will return to G0. This is due to a 

restriction point mid-way between the G1 phase. The restriction point is 

therefore the time at which the cell is committed to entering cell cycle and this 

is believed to be under the control of pRb, however, the exact mechanism is 

unknown (Weinberg, 1995).  

1.5 SMC phenotypic switching 

The fully differentiated SMCs of human vessels are typically quiescent and are 

characterised by a low proliferative index. However, unlike many mature cells in 

the adult body, they do not terminally differentiate and retain remarkable 

plasticity (Rzucidlo et al., 2007). In order to perform their diverse functions, 

VSMC may adopt a contractile or synthetic phenotype (Reviewed in section 

1.2.2). Striking examples of SMC phenotypic switching are exhibited during 

vascular development when SMC display remarkable rates of proliferation and 

migration in order to form the circulatory system and during vascular disease 

where vascular injury promotes SMC proliferation and migration resulting in 

intimal hyperplasia. Although the term, phenotypic switching was originally 

based on morphological criteria, over the past several decades the term has 

been expanded to encompass the full range of possible alterations in functional 

and structural properties.  

Smooth muscle cells, identified from within a vessel wall are not homogeneous. 

This was originally illustrated by immunohistochemical staining patterns of 

contractile SMC phenotypic markers. These revealed highly heterogeneous 

staining patterns and intensities between adjacent SMCs and these patterns 

became more distinct following vascular injury (Christen et al., 1999). Although it 

is known that contractile protein markers are reduced following vascular injury, 

the response is remarkably heterogeneous between the different SMCs in the 

vessel wall. Remarkably, a similar phenomenon is also observed with the re-
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introduction of contractile genes at later time points, where these genes are not 

re-introduced uniformly (Regan et al., 2000). These observations have been 

further confirmed via in vitro culture of primary SMCs. Enzymatic digestion 

followed by protein analysis revealed that SMCs not only contain different 

amounts of these protein markers but some do not contain markers at all 

(Christen et al., 1999), (Rensen et al., 2007).   Despite these SMCs existing 

within the same microenvironment, genetic programming may also influence the 

phenotypic state of individual SMCs.  

The vast majority of research suggests that phenotypic modulation of the SMC is 

controlled actively and not simply by the loss of positive differentiation signals 

(Owens et al., 2004). This ultimately requires the activation of certain gene 

networks and has been proposed to be under the control of key environmental 

cues such as mechanical force, ECM components, ROS, EC and SMC interactions 

and growth factors.  

Mechanical transduction, the transduction of physical forces into chemical 

signals can affect cellular behaviour. At the surface of the cell, numerous 

receptors have been shown to exhibit mechanosensitivity. Mechanical strain 

leads to activation of stretch-activated ion channels and changes in ion flux. 

Additionally, mechanical forces appear to enhance the expression of both ECM 

and contractile proteins by SMCs in the vessel wall (Reusch et al., 1996).  

Although the effects of several biochemical factors have been implicated in SMC 

phenotype, it appears that the ECM in which the SMCs are embedded is of equal 

importance. The extracellular matrix that surrounds vascular cells is a highly 

organised structure composed of several macromolecules. ECM is made up of 

mainly type I and type III collagen isoforms, proteoglycans and elastins. Among 

these, heparin, mainly known for its anti-coagulant effects, has been shown to 

inhibit SMC proliferation and hence promote a contractile SMC both in vivo and 

in vitro cultures (Lindner et al., 1992). Heparin’s antiproliferative activity may 

be related to disruption of exogenous or autocrine bFGF signalling (Lindner et 

al., 1992). However, heparin may also directly stimulate extracellular receptors 

and can be internalised allowing it to modulate cytoplasmic signalling pathways 

(Castellot et al., 1985). While most ECM components promote a contractile SMC 

state, fibronectin, another major ECM component stimulates cells towards a 
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more pro-migratory and pro-proliferative phenotype (Hedin et al., 1988). The 

authors found that the use of a recombinant peptide to inhibit fibronectin 

polymerisation reduced carotid intima by 63 %, media by 27 % and adventitial 

thickening by 40 % compared to the control peptide (Chiang et al., 2009). 

Additionally, hyaluronan (HA) a glycosaminoglycan which is present in the medial 

ECM, has also been shown to enhance proliferation and migration of SMCs. 

Moreover, the expression of HA is also implicated with the accelerated formation 

of atherosclerosis (Lorentzen et al., 2016).   

Shear stress, caused by increased blood pressure, alters endothelial parameters 

such as NO and this is then sensed by smooth muscle cells. Endothelial cells co-

ordinate the response of SMC to this mechanical stress. This not only occurs 

through NO production, but also via direct cell to cell interactions. Additionally, 

EC can produce and secrete certain microRNA known to regulate SMC phenotype 

(discussed in more detail in section 1.9).  

Vascular insult promotes activation of the inflammatory cascade via increased 

expression of adhesion molecules such as selectins, vascular cell adhesion 

molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) in EC, thus 

promoting the adherence of inflammatory cell monocytes, leukocytes, 

neutrophils and macrophages (Manka et al., 1999).  Following inflammatory cell 

infiltration and activation, these cells begin to produce cytokines. Most 

cytokines initiate a complex and varied repertoire of responses on SMCs and can 

initiate, advance, and resolve inflammation and as such are classified into pro- 

and anti-inflammatory cytokines. Two of the most important cytokines known to 

play prominent roles in vascular pathology include interleukin IL6 (Ikeda et al., 

1991) and IL1α (Libby et al., 1988), produced from activated macrophages. Both 

of these cytokines not only promote immune cell proliferation and 

differentiation, but also promote the migration of VSMC and the reduction of 

SMC specific markers (Wang and Newman, 2003). In addition to cytokines, 

certain growth factors, such as platelet derived growth factor (PDGF)(Li et al., 

2011a) , also induce a proliferative SMC phenotype (the PDGF and IL1α pathways 

will be discussed in greater detail below in Section 1.7). Moreover, Angiotensin II 

and TGFβ can both regulate SMC genes and thus phenotypic switching. AngII is 

part of the renin-angiotensin system that functions to regulate SMC tone and 
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thus blood pressure. AngII is a peptide hormone derived from the precursor 

molecule angiotensinogen, a serum globulin produced in the liver. Effects of 

AngII are mediated via the AT1 and AT2 receptors and regulate SMC contraction 

through tight control of downstream signalling pathways. Activation of the AT1 

receptor mediates changes in intracellular calcium levels that are a major 

determinant of SMC contraction while activation of the AT2 receptor is essential 

for αSMA expression through increased expression of the transcription factor 

myocardin, described in detail below (Yoshida et al., 2004).  

TGFβ is a multifunctional cytokine belonging to the transforming growth 

factor superfamily that includes three different isoforms, TGFβ1-3, and is 

essential for the induction of a contractile SMC phenotype, both during 

development and in disease (ten Dijke and Arthur, 2007). Genetic KO of many 

TGFβ signalling components including both receptors and isoforms, leads to 

embryonic lethality due to defects both in angiogenesis and vasculogenesis.  

Additionally, cell-specific KOs of both EC and SMCs also exhibit embryonic 

lethality albeit at different days post conception.  The level at which these 

defects are manifested therefore varies between strain and as such EC KO of 

receptors die at E10 due to defects in vascular development while SMC KOs die 

at E12.5, due to defective pericyte recruitment, SMC differentiation and SMC 

function.   Additionally, it has been shown that TGF-β1 increases α-SMA, SM-MHC 

and SM-calponin levels in cultured rat SMCs (Hautmann et al., 1997) and TGF-β2 

increases α-SMA and desmin levels in cultured porcine SMCs (Hao et al., 2002). In 

line with this observation, TGFβ induces the cell cycle protein p21 (Yoo et al., 

1999), which has an inhibitory role on SMC cell cycle thus inhibiting SMC 

proliferation and tipping the SMC into a more contractile phenotype. 

Enormous progress has now been made to identify mechanisms that regulate the 

transcription of specific SMC marker genes, indicating that the transcription of 

these genes is dependent on complex combinatorial actions of multiple elements 

and their binding factors. 

Site directed mutagenesis studies in transgenic mice have identified that that 

the expression of many SMC-specific genes are dependent on one or more CArG 

elements (CC(AT)6GG motif) found within their promoter and  intronic 
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sequences. For example, mutations in any of the three conserved CArG regions 

of the αSMA promoter completely abolished αSMA expression in transgenic mice 

(Mack and Owens, 1999). Similar effects were also observed with SM22α and MHC 

(Manabe and Owens, 2001). Interestingly, mutations in specific CArG regions of 

MHC resulted in differential effects on MHC expression. Mutations in the third 

CArG region resulted in complete loss of MHC expression in transgenic mice, 

while mutations in the middle MHC CArG resulted in loss of MHC from large-

conduit arteries and the coronary circulation but had no effect in muscular 

arteries, pulmonary airway SMC or gastrointestinal SMC (Manabe and Owens, 

2001). 

CArG regions bind the transcription factor SRF (serum response factor), a major 

signalling molecules that governs SMC phenotype. SRF is a member of the 

MADS (MCM1, Agamous, Deficiens, and SRF) box superfamily of transcription 

factors. SRF binds the CArG box as a dimer and has been shown to regulate key 

genes such as c-fos, involved in cell cycle. Myocardin, a smooth and cardiac 

muscle-specific transcriptional coactivator, directly interacts with SRF and 

functions in the control of SMC expression of contractile genes.  

Homodimerisation of myocardin-SRF complexes results in maximal 

transcriptional activity, imparting SMC specificity to the ubiquitously-expressed 

SRF (Wang et al., 2003).    The pivotal role of myocardin in SMC gene expression 

is underlined by the phenotype of mice homozygous for a myocardin loss-of-

function mutation. This mutation removed exons 8 and 9 of myocardin, 

abolished all myogenic activity and rendered myocardin non-functional (Li et al., 

2003). Mice heterozygous for this mutation were viable and fertile however, 

breeding determined that homozygous mice died at E10.5 (Li et al., 2003). 

Further analysis revealed no abnormalities before E8.0 and most embryos 

appeared to develop normally up to E8.5. However, after this point homozygous 

mutant embryos could be readily identified at E9.5 by their pale yolk sacs, which 

lacked blood vessels. Additionally, these embryos displayed growth retardation 

and delayed development, despite complete morphology of the heart (Li et al., 

2003). Staining of both mutant and wild type embryos revealed that these 

embryos at E9.5 showed similar endothelial cells staining compared to their WT 

counterparts, indicating normal endothelial cell differentiation and organisation. 

However, staining of E9.5 embryos with antibodies to SM α-actin showed the 
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presence of SM α-actin positive cells in the WT embryos but no such positive 

cells were detected in the vasculature of myocardin–/– embryos. Comparison of 

transverse sections of SM α-actin-stained embryos revealed that SMCs were 

missing from the dorsal aortae of myocardin–/– embryos despite no decrease in 

the expression of SM α-actin in myocardin–/– hearts, indicating that defects were 

present in vascular SMC Differentiation in myocardin–/–embryos (Li et al., 2003). 

Additionally, it has been shown that myocardin is downregulated following 

vascular injury in both humans and mice and may play a role, in part, in 

regulating the pro-proliferative and pro-migratory phenotype of diseased SMCs 

(Hendrix et al., 2005). The interaction between SRF and CArG domains is 

illustrated in Figure 1-7. It is believed that key environmental cues such as ANG 

II and TGF-β can alter expression of SMC differentiation marker genes. For 

example, there is evidence that ANG II stimulates SMC promoter activity at least 

in part through increased expression of Mhox, a homeodomain protein that 

enhances formation of the CArG-SRF-myocardin complex (Yoshida et al., 2004). 

A vast array of studies have shown that TGF-β strongly stimulates SMC markers in 

a number of cell types including mesenchymal and embryonic stem cells, lung 

fibroblasts, and aortic SMC (Mack, 2011). This effect relies on the activation of 

Smad2 and/or Smad3, studies have demonstrated that these Smads interact with 

the SMC-specific promoters via Smad binding elements (SBE). This is not the only 

TGF-β mechanism and the effects of TGF-β are also CArG/SRF-dependent 

(Hautmann et al., 1997). Interestingly, studies by Qui et al have shown that 

Smad3 physically interacts with SRF to facilitate SMC-specific gene 

expression (Qiu et al., 2003). This study identified that smad3 can recruit 

myocardin to the promoter of the SM22α gene via direct interaction (Qiu et al., 

2005). An additional group have also highlighted the requirement for δEF1 in 

mediating TGF-β induced gene expression. Nishimura, et. al. have shown that 

Smad3 also interacts with δEF1, a zinc finger- and homeodomain-containing 

protein expressed in SMC (Nishimura et al., 2006). TGF-β upregulated δEF1 and 

δEF1 formed a complex with SRF and Smad3 on the SM α-actin promoter. This 

formation was found to be required for the full effects of TGF-β on SMC-specific 

gene expression (Nishimura et al., 2006). 
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Figure 1-7:    TGFβ, Ang II and PDGF control of SMC specific markers. 
SMC-specific gene expression is dependent on complex combinatorial interaction of multiple 
elements and binding factors. This Figure presents a schematic model illustrating some of the 
complex protein:protein and DNA:protein interactions that are hypothesised to be important in 
determining cell-selective expression of multiple SMC differentiation marker genes with a focus on 
the importance of cooperative interactions of multiple CArG elements [CC(AT)6GG] located within 
both 5′ and intronic promoter regions, serum response factor (SRF), and SRF accessory proteins 
(SAPs) such as myocardin. (Adapted from (Owens et al., 2004)).  
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Kruppel-like factor 4 (KLF4) is a member of the KLF family of transcription 

factors and regulates proliferation, differentiation, apoptosis and somatic cell 

reprogramming. KLF4 is not normally expressed in terminally differentiated cells 

of mesenchymal origin, including VSMCs; however, several studies have now 

shown that this KLF4 expression is induced under disease conditions and 

functions to regulate VSMC phenotype (Liu et al., 2005). KLF4 is expressed 

within lesions of ApoE−/− mice on a Western diet (Sharma et al., 2012),(Garvey et 

al., 2010) and has been shown to repress both the expression of myocardin itself 

and myocardin-SRF activation of the α-SMA gene by binding to SRF at the same 

domain utilised by myocardin. Interaction of KLF4 with SRF prevented SRF from 

binding to the CarG box in the α-SMA promoter and thus prevented activation of 

α-SMA transcription (Liu et al., 2005). KLF4 is recruited to a TCE, located 

adjacent to the SRF CarG binding site in the promoter region of contractile 

genes (e.g. α-SMA, SM-MHC and SM22α) following vascular injury, which allows 

the interaction between SRF and KLF4 (Adam et al., 2000, Liu et al., 2005, 

Yoshida et al., 2008). KLF4 has also been shown to mediate the effects of PDGF-

BB on VSMC phenotype and knockdown of KLF4 partially blunted PDGF-induced 

phenotypic switching (Deaton et al., 2009). Additionally, KLF4 can bind to smad 

proteins, preventing smad-mediated tansactivation of SMC promoters via TGFβ 

control elements (Liu et al., 2005).  

Phenotypic switching is a requirement of vascular repair however insufficient 

termination of SMC proliferation is a hallmark of several vascular pathologies 

including atherosclerosis, neointimal formation caused by coronary artery bypass 

grafting and in-stent restenosis caused by stent deployment.  

1.6 Evidence of VSMC switching and proliferation in 
atherosclerosis, in-stent restenosis and neointimal 
formation  

Despite decades of research into atherosclerosis, there are still some 

fundamental gaps in the understanding of the mechanisms governing plaque 

formation and progression. What is known is that in the setting of 

atherosclerosis, VSMC proliferation and migration into the plaque is crucial for 

plaque stability. It has been shown that these SMCs are derived from resident 

medial SMCs that undergo phenotypic modulation and migration into the intima 
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where they proliferate, produce extracellular matrix and participate in fibrous 

cap formation and as such, a vast array of data has been generated to confirm 

the observation of phenotypic switching in the setting of atherosclerosis. First, 

studies of human atherosclerotic lesions have routinely described cells with 

morphological characteristics of SMCs which appear to be in the process of 

migrating through the internal elastic lamina into the intima (Thomas et al., 

1976), (Schwartz et al., 2000). One controversial hypothesis is that the SMC 

located within the plaque are derived from haematopoietic cell origin, however, 

several adoptive transfer experiments and lineage-tracing studies showed that a 

large fraction of cells within atherosclerotic lesions of Western diet fed ApoE−/− 

mice were not derived from haematopoietic cells, however discrepancies over 

the validity of atherosclerotic mouse models still remain (Psaltis and Simari, 

2015). Additionally, as described above, myocardin is an SRF co-activator 

involved in the expression of contractile SMC genes. Myocardin+/- mice on an 

apoE-/- background exhibit increased atherosclerosis and increased accumulation 

of macrophages when compared to their myocardin+/+ littermates (Psaltis and 

Simari, 2015). Although this was not a VSMC specific knockout, the only cells in 

the vasculature that express myocardin are VSMC. Loss of myocardin also 

initiated the activation of a variety of inflammatory pathways resulting in 

increased macrophage recruitment. Conversely, gain of myocardin experiments 

resulted in reduced inflammation and reduced neointimal formation (Bennett et 

al., 2016).  

In 2002 a direct role of PDGF-induced phenotypic modulation was identified. 

Kozaki ef al. administered PDGFR blocking antibodies to ApoE-/- mice on a 

Western diet and found that there was up to 67 % reduction in atherosclerotic 

lesion size with reduced SMC investment in the neointima (Kozaki et al., 2002).  

It has been shown that several well-known SMC markers which are required for 

the contractile phenotype of SMCs are down regulated in vascular injury and 

atherosclerosis. Interestingly, it has been previously demonstrated that mutation 

of a highly conserved G/C repressor element found within the 5′ end of the CARG 

element in the SM22α promoter nearly abolished down-regulation of this gene in 

vivo in response to vascular injury (Regan et al., 2000)  or in atherosclerotic 

lesions in ApoE−/− mice (Wamhoff et al., 2004). Additionally, KLF4 (Reviewed in 
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section 1.3), has been shown to be expressed in both atherosclerotic lesions of 

ApoE−/− mice on a Western diet (Cherepanova et al., 2009) as well as following 

vascular injury (Yoshida et al., 2008). This is a fetal gene that is known to play a 

role in SMC phenotype. Additionally, conditional knockout of KLF4 was 

associated with a transient delay in repression of SM α-actin and SM22α following 

vascular injury in vivo, but with subsequent hyperproliferation of SMC and 

increased neointima formation, likely as the result of reduced KLF4-dependent 

activation of the cell cycle inhibitory gene p21 (Yoshida et al., 2008). Of note, 

this KLF4 knockout was a global knockout and additional studies utilising a SMC 

specific KLF4 are still required to investigate how this impacts SMC phenotypic 

switching, overall lesion development and plaque composition. 

From a human perspective, Aikawa and colleagues identified altered expression 

of MHC isoforms (SM-1 and SM-2) and αSMA in tissue samples obtained from 

autopsied patients and atherectomy specimens from patients undergoing 

coronary angioplasty. Medial SMC exhibited expression of all three markers, 

however, 16–20 days after treatment, neointimal cells contained αSMA but little 

or no SM-1 or SM-2 indicating at the most basic level that SMC had undergone 

phenotypic switching. Interestingly, 6 months post-surgery, SMCs sequentially 

recovered SM-1 and then SM-2 expression thus adopting a more mature 

phenotype.  These results were further confirmed in a rabbit 

hypercholesterolemic angioplasty model of atherosclerosis (Aikawa et al., 1998).  

Phenotypic switching of SMC has been shown to be induced by cytokine and 

growth factor treatment, the most prominent examples being activation by the 

IL1α cytokine and PDGF growth factor.  

1.7 IL1α and PDGF signalling pathways  

The highly conserved IL1α and PDGF pathways play prominent roles in VSMC-

associated pathologies(Marx et al., 2011, Schermuly et al., 2005).  IL1α belongs 

to the IL1 family which encompasses 11 proteins, encoded by 11 different genes 

in humans and mice. IL1α is the predominant isoform associated with vascular 

pathology and is synthesised as a precursor protein. It is constitutively expressed 

and stored in the cytoplasm of cells with a mesenchymal origin. Alternatively, 

monocytes and macrophages do not contain pre-formed IL1α precursors, but 

instead synthesise IL1α, de novo, when required.  Following synthesis IL1α 
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precursors undergo processing by Calpain, a calcium-activated cysteine 

protease. This processing liberates the N-terminal propiece cleavage product, 

resulting in the ‘mature’ form. Both the 31kDa precursor form of IL1α and its 

18kDa mature form are biologically active. Interestingly, IL1α has been 

documented to not only act as a classical cytokine but can also translocate to 

the nucleus to act as a transcription factor, however, the intranuclear actions of 

IL1α family members remains a poorly understood, potentially important area of 

IL1α biology (Luheshi et al., 2009). 

The mRNA coding for IL1α, and by extension the IL1α protein, is not expressed in 

healthy cell types, tissues or blood. However, following vascular injury, several 

vascular and blood borne cells, such as endothelial cells, macrophages and 

monocytes can be induced to transcribe the IL1α gene. Following transcription 

and subsequent maturation, IL1α can bind to the IL receptor 1 (ILR1). The initial 

step of IL1α signal transduction is a ligand induced conformational change that 

allows the recruitment of the IL-1RAcP co-receptor. Through conserved cytosolic 

regions called Toll and IL1αR like (TIR) domains, the trimeric complex rapidly 

assembles two intracellular signalling proteins, myeloid differentiation primary 

response gene 88 (MYD88) and interleukin-1 receptor–activated protein kinase 

(IRAK) 4 (Weber et al., 2010). Thus IL1α, IL-1R, IL-RAcP, MYD88 and IRAK4 form a 

stable IL-1–induced signalling module (Brikos et al., 2007). Additionally, IRAK4 is 

auto phosphorylated leading to the phosphorylation or IRAK1 and IRAK2 and the 

recruitment of tumor necrosis factor–associated factor (TRAF) 6. Both IRAK1 and 

IRAK2 can function as adaptors and protein kinases leading to downstream 

signalling and activation of important signalling proteins. This includes mitogen-

activated kinases (JNK, p38, ERK1/2), as well as transcription factors, including 

NFκB (p65 and p50 subunits) and c-Jun (a subunit of AP-1), which control the 

expression of a number of inflammatory and catabolic genes (as shown in Figure 

1-8). Animal intervention studies have implicated IL1α in a number of vascular 

pathologies. For example, studies have demonstrated that unilateral common 

carotid artery (CCA) ligation leads to low shear stress in the ligated artery and 

results in remodelling and intimal hyperplasia. CCA ligation in IL1α receptor 

knockout mice resulted in a 7 fold reduction in neointimal formation when 

compared to wild type counterparts (Rectenwald et al., 2000). In an additional 

model, specific inhibition of the key IL1α signalling molecule IRAK abrogated 



61 

 

 
 

balloon injury–induced neointimal formation in the rat. A time dependent 

increase in IRAK was observed 15 min, 30 min, 1 h, 6 h, 12 h and 24 h after 

carotid balloon injury in rats. Perivascular application of IRAK1 inhibitor or 

administration of IRAK1 siRNA in pluronic gel abrogated balloon injury induced 

proliferative signalling pathways, such as ERK. Hematoxylin and eosin staining 

and immunohistochemistry of proliferating cell nuclear antigen and smooth 

muscle actin demonstrated that balloon injury–induced intimal thickening and 

neointimal vascular smooth muscle cell proliferation were significantly 

abrogated in the presence of IRAK1 inhibitor and IRAK1 siRNA (Jain et al., 2015).  

In the mid 1970’s, several groups demonstrated the existence of a major growth 

factor for fibroblasts and smooth muscle cells that was derived from platelets. 

This factor was named platelet derived growth factor (PDGF) and purified a few 

years later by Heldin et al. PDGF is a 30kda dimer composed of an A and/or B 

chain, which are encoded by separate genes. Two additional genes, PDGF-C and 

PDGF-D, have since been identified. At present, 5 dimeric compositions are 

known to exist: PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and PDGF-DD. These 

PDGF isoforms bind 2 distinct classes of type III receptor tyrosine kinases, 

PDGFRα and PDGFRβ. Binding of the ligand leads to auto phosphorylation of the 

receptors at the tyrosine residues leading to the activation of key downstream 

signalling molecules such as NFκB (as shown in Figure 1-8). Individual PDGF 

chains have varying affinities for the 2 receptors. PDGFRα has high affinity for A, 

B and C chains while PDGFRβ has high affinity for B and D chains only. PDGF is a 

major mitogen for many cell types of mesenchymal origin and is known to play a 

role in aberrant wound healing associated with several vascular pathologies. 

Interestingly, blockade of PDGF-BB in a baboon model of vascular grafting, 

resulted in a significant overall decrease in smooth muscle cell nuclear density 

of the neointima (Davies et al., 2000). Conversely, an increase in PDGF-BB 

expression promotes vascular smooth muscle cell proliteration, thus leading to a 

greater intimal thickening and cellular content of the neointima (Desfaits et al., 

2000).  

Activation of both IL1α and PDGF signalling pathways simultaneously results in 

activate of common downstream targets leading to an additive or synergistic 

effects. It was demonstrated that NFκB was vital for the synergistic effects of 
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this cytokine and growth factor. Zymography experiments assessing MMP-9 

secretion from rabbit dermal fibroblasts found that both IL1α and PDGF alone 

did not increase MMP-9 secretion, however, MMP-9 was significantly increased 

following dual stimulation. These results were also confirmed in human foreskin 

fibroblasts  (Bond et al., 1998). Northern blot analysis revealed that the 

synergistic up-regulation of MMP-9 was observed as early as 4 h post stimulation. 

It was proposed that IL1α and PDGF synergistic effects were due to dual 

activation of NFκB. As such, a recombinant adenovirus overexpressing IκBα, the 

NF-κB inhibitory subunit was employed. Infection of rabbit dermal fibroblasts 

with the virus completely blocked the synergistic up-regulation of MMP-9 to IL1α 

and PDGF stimulation when compared to the control virus, highlight the 

essential need for NF-κB, highlighted red in Figure 1-8, in mediating synergistic 

IL1α and PDGF regulation (Smith et al., 1991). 
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1.8 Targeting of cell cycle regulation as therapeutic 
strategy for treatment of proliferative vascular 
diseases 

The aetiology of restenosis, neointimal hyperplasia and atherosclerosis involves 

aberrant proliferation of VSMCs, rendering compounds with anti-mitogenic 

properties promising candidates for combating cardiovascular disease. 

Therapeutic targets upstream of the cell cycle pathway have had limited clinical 

effectiveness. As the molecules that directly regulate the cell cycle have been 

identified, the focus in antiproliferative therapeutics has now shifted to 

targeting the cell cycle using specific anti–cell cycle drugs and genetic tools. 

Several considerations remain when designing anti-proliferative agents. 

Inhibition of SMC proliferation requires adequate delivery of the drug to the site 

of interest and several therapeutics have failed due to requiring systemic 

delivery. Additionally, in the setting of in-stent restenosis, drug-eluting stents 

(DES) are associated with reduced restenosis rates when compared with bare-

metal stents (BMS) – see section 1.3.2.1 for further detail. Stent thrombosis 

following BMS implantation typically occurs within the first 30 days after, 

although rarely can occur later. In contrast, tent thrombosis after DES can occur 

years afterward, with an annual incidence of 0.4-0.6 % (Wenaweser et al., 

2008). Thus, stent thrombosis rates arising from within the original stent are 

higher with DES than BMS, with the differences emerging predominantly beyond 

the first year after implantation (Stone et al., 2007). A variety of potential causes 

of late stent thrombosis occurring with DES have been implicated and include 

delayed or absent endothelialisation of the stent struts. This is due to off target 

effects of the drugs and the ability to inhibit both SMC and EC proliferation. As 

mentioned in Section 1.2.1, intact endothelial cells act as an anti-thrombotic 

barrier and disruption of this cellular monolayer leads to the production of pro-

thrombotic agents and occlusion of the deployed stent. New drugs will require to 

be SMC selective to inhibit off target effects. Many different approaches have 

been undertaken as a means of altering SMC cell cycle. An overview of classical 

and novel methods is provided below and illustrated in Figure 1-9A and B. 
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Classical drug therapy as a means of targeting the cell cycle machinery 

Sirolimus, also known as rapamycin, is a macrolide drug produced by the 

bacterium Streptomyces hygroscopicus. The intracellular receptor for sirolimus 

is the immunophilin FK506 binding protein, 12 kDa (FKBP12), which has been 

shown to be upregulated in patients with in-stent restenosis (Sabatini et al., 

1994). The sirolimus-FKBP12 complex binds to and inhibits the activation of 

mammalial target of rapamycin (mTOR). mTOR is an atypical serine/threonine 

kinase located in the cytoplasm of SMC. Stent- or balloon-induced vascular injury 

activates mTOR, which in turn leads to downregulation of p27. P27 prevents the 

activation of cyclin E-CDK2 or cyclin D-CDK4 complexes, and thus this 

downregulation of p27 allows the activation of cyclin-E and cyclin-D promoting 

progression at G1 (Nadal et al., 2016). Systemic administration of Sirolimus in a 

porcine model showed inhibition of restenosis following balloon angioplasty 

(Tepe et al., 2006). The encouraging results from animal experiments led to 

clinical trials for rapamycin to prevent in-stent stenosis in humans. As there is a 

high risk of short- and long-term complications with systemic use of 

immunosuppressive drugs such as sirolimus, novel methods for drug delivery 

were explored. This led to the development of a rapamycin-eluting stent, which 

delivers the drug locally to the vessel wall. Despite successful inhibition of in-

stent restenosis in porcine models, human results proved variable and led to 

significant side effects. Major improvements have led to the production of 

sirolimus analogue (everolimus) eluting stents. Excellent safety and efficacy 

results of everolimus-eluting stents in preclinical studies led to the First Use To 

Underscore restenosis Reduction with Everolimus (FUTURE) clinical trial program 

(Grube et al., 2004).  The FUTURE I study was a prospective, randomised, single-

centre, single-blind feasibility study designed to compare the safety and 

performance of the everolimus-eluting stent (n = 27) to that of the bare metal 

stent (n =15), no adverse effects were reported at 6 or 12 months post 

implantation. FUTURE II was a prospective, randomised, multicentre study 

designed to assess the safety and efficacy of the everolimus-eluting stent (n = 

21) compared with a bare-metal stent (n = 43). FUTURE II also included diabetic 

patients  and showed no adverse effects.  

Paclitaxel, similar to sirolimus, is used as a coating for drug eluting stents under 

the name Taxus by Boston Scientific in the United States. Paclitaxel is a 
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cytoskeletal drug that works via targeting of tubulin. Paclitaxel binds specifically 

to the β-tubulin subunit and antagonises the disassembly of this complex. This 

results in the accumulation of tubule bundles in the mitotic phase of cell cycle 

and arrest in mitosis (G2/M phase) follows (Waugh and Wagstaff, 2004). In vivo 

investigation of this compound identified that administration of paclitaxel after 

balloon angioplasty in a rat model caused inhibition of VSMC proliferation and 

restenosis (Sollott et al., 1995). In vivo studies using stents to locally administer 

paclitaxel have also resulted in reduced neointimal growth in rabbit (Drachman 

et al., 2000), (Herdeg et al., 2000) and in pig models (Heldman et al., 2001). A 

number of successful clinical trials were also initiated using this drug to treat 

restenosis. The ELUTES and TAXUS trials used paclitaxel-coated stents to 

produce a significant reduction in restenosis after 6 months.  

Despite, initial trials of these drugs suggesting that they were extremely useful 

in the treatment of neointimal formation and in-stent stenosis (Bicknell et al., 

2003), both these compounds have now been identified to inhibit re-

endothelialisation of the deployed stent leading to late stage thrombosis. In 

2010, work by Liu et al., utilised 3 animal models, involving both dogs and rats, 

to identify that clinically relevant levels of rapamycin impede re-

endothelialisation after drug-eluting stent implantation by inhibiting the 

proliferation and migration of coronary endothelial cells, inducing endothelial 

progenitor-cell apoptosis and decreasing vascular endothelial growth factor 

expression in the circulation (Liu et al., 2010b). Additionally the PASSION 

(Paclitaxel Eluting Stent Versus Conventional Stent in ST-segment Elevation 

Myocardial Infarction) trial found higher rates of stent thrombosis with paclitaxel 

eluting stents when compared to BMS at 5 years (Brodie et al., 2011).  These 

results have since been confirmed via several independent researchers (Camici 

et al., 2010), (Hayashi et al., 2009) . 

Novel drug therapy as a means of targeting the cell cycle machinery 

Gene therapy provides an additional means to modulate the cell cycle in 

vasculoproliferative diseases. This method is amenable to both overexpression of 

cell cycle inhibitors and knockdown via antisense technique of cell cycle 

activators. It has been shown that overexpression of p27 and p21 utilising 

adenoviral technology can effectively reduce neointimal formation (Goukassian 
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et al., 2001), (Chang et al., 1995). Additionally overexpression of the cell cycle–

inhibitory transcription factor p53, via plasmid vectors was also shown to reduce 

neointimal formation (Matsushita et al., 2000). It is worth emphasizing that 

plasmid-based gene delivery is transient and adenoviruses stimulate an immune 

response that can prevent repeated administration, thereby limiting the 

usefulness of these technologies.  

To date most treatments for the control of SMC proliferation associated with 

neointimal formation and in-stent restenosis have proved ineffective or exhibit 

off target effects. Recently, non-coding RNA have emerged as a new layer of 

regulatory control and as such may possess the ability to specifically target 

smooth muscle cell proliferation without affecting endothelial cell function. 

1.9 Non-coding RNA 

Nucleic acids were first discovered in 1868 by Friedrich Miescher and by 1939 

RNA had been implicated in protein synthesis(Dahm, 2005). Two decades later, 

Francis Crick predicted a functional RNA component which mediated translation 

and later it was discovered that non-coding RNA was in fact functional (Eddy, 

2001). 

The first non-coding RNA to be characterised was an alanine transfer RNA (tRNA) 

found in baker's yeast and its structure was published in 1965 (Gorbulev et al., 

1977). To produce a purified alanine tRNA sample, Robert W. Holley et al. used 

140kg of commercial baker's yeast to give just 1g of purified tRNA Ala for 

analysis. Finally in 1974 X-ray crystallography analysis performed by two 

independent research groups identified the secondary structure of this RNA. This 

was closely followed by the discovery of ribosomal RNA, followed by URNA in the 

early 1980’s. Since then the discovery of new non-coding RNAs has continued 

with microRNA, snoRNAs, piwiRNA, lncRNA, CRISPR and many more.  

Most of these RNA molecules have been identified through sequencing of the 

human genome as part of the Human Genome Project (HGP), initiated 

independently and simultaneously by Robert Sinsheimer, then Chancellor of the 

University of California–Santa Cruz (UCSC) and Charles DeLisi of the United 

States Department of Energy (Lander, 2011). The Human genome project was 



72 

 

 
 

initiated in 1990 and completed in 2003. Although this project provided an 

advanced understanding of the human genome and its complexity, many 

questions such as how does DNA work, which elements regulate it and how does 

this regulation occur? remained unanswered. As such, follow up investigations 

such as the ENCyclopedia of DNA Elements (ENCODE) were launched in an 

attempt to unravel the remaining mysteries (Qu and Fang, 2013). Specifically, 

the ENCODE project aimed at preparing a complete catalogue which contained 

all functional elements codified in the human genome, for example, protein 

coding and non-coding genes, elements that regulate transcription, elements 

responsible for the structure of the chromosome and any other functional 

sequence considered relevant (Qu and Fang, 2013).  

A major discovery from these studies was the identification that greater than 90 

% of the human genome is transcribed, yet only 2 % is subsequently translated 

into proteins (Baird, 2001). For example, these projects identified that humans 

possess 20,000 protein-coding genes, similar to that encoded in the nematode 

genome (Hattori, 2005). However, nematodes are composed of ~1,000 cells 

compared to the 1014 cells belonging to humans (Mattick, 2001). In contrast, the 

proportion of non-coding RNA increases in concert with developmental 

complexity as shown in Figure 1-10. As such, it is proposed that this non-coding 

RNA provides the extra layers of developmental complexity required for the 

evolution from eukaryotes to the human brain. 
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Figure 1-10:   Genetic complexity of organisms compared to lncRNA content. 
Protein coding genes make up approximately 2 % of the human genome. Among eukaryotes, as 
organism complexity increases, as to does the proportion of DNA encoding non-coding transcripts. 
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The field of DNA and RNA sequencing has rapidly improved due to the 

exponential reduction in the cost of obtaining genome sequence data. In the 

past the traditional scope of comparative genomics was to compare the 

differences and similarities between species. However, the recent explosion in 

sequencing has made it possible to sequence specific tissues and the genomes of 

normal and diseased cells within an individual (van den Bos et al., 2016). This 

has highlighted that the non-coding ‘transcriptional noise’ is in fact transcribed 

to varying degrees under different experimental conditions and has now 

highlighted the role of ncRNA in regulating gene expression (Ceman and 

Saugstad, 2011). The varying functions of ncRNA are performed by individual 

subtypes of ncRNA molecules. Classically, ncRNAs were either ribosomal RNA 

(rRNA), which associates with a set of proteins to form ribosomes, or transfer 

RNA (tRNA), an adaptor molecule known to carry amino acids to their respective 

polypeptide chain. However, newer ncRNA variants include microRNA (miRNA), 

long ncRNA (lncRNA), PIWI interacting RNAs, Y RNAs and small nuclear RNA. In 

order to exert some order, non-coding RNA are generally classified according to 

their length. To date, lncRNA and microRNA have received the greatest interest 

and as such both microRNA and lncRNA have now been implicated in the control 

of key SMC phenotypes and associated with vascular disease processes. 

1.9.1 MicroRNA 

MiRNAs belong to a class of small (18-22 nucleotide), endogenous non-coding 

RNA molecules that have been described in almost all plants and animals, and 

even some unicellular eukaryotes. MiRNA negatively regulate gene expression by 

targeting specific messenger RNAs, thereby inducing their degradation or 

translational repression. MicroRNA supress gene expression by binding to 

complementary sequences found within the 3’ untranslated region (UTR) of the 

mRNA. 

MicroRNA were discovered in 1993 by the joint efforts of Ambros's and Ruvkun's 

laboratories(Bartel, 2004, Lee et al., 1993). The discovered microRNA, lin-4, was 

found to be essential for Caenorhabditis elegans (c. elegans) development and 

required for the transition from the L1 to L2 stage of larval life cycle. Both labs 

reported that lin-4 transcripts were complementary to a repeated sequence in 
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the 3′UTR of the lin-14 transcript, leading to mRNA degradation and reduction in 

functional lin-14 protein levels.  

According to the latest edition of the miRNA database (miRbase), there are 2585 

mature microRNA catalogued, however the functional importance of many of 

these miRNAs remains to be elucidated. In many species, there are multiple 

microRNA loci with similar sequences. MiRNA genes in a family can exhibit full 

conservation of the mature miRNA or partial conservation of only the seed 

sequences at positions 2–8 of the functional mature miRNA (Mathelier and 

Carbone, 2013). Typically miRNA families have been found to work to within 

similar gene network pathways, however this is not always the case.  

MiRNA sequences are located within various genomic contexts. In humans, 

microRNA have been identified in the introns of coding and non-coding genes as 

well as exonic regions. Often several miRNA loci are in close proximity allowing 

the transcription of a microRNA clusters. However, individual regulation of a 

single microRNA can still occur at the post transcriptional level.  

1.9.1.1 MicroRNA biogenesis 

MiRNA genes are transcribed by RNA polymerase II (Pol II), and the long primary  

(pri-miRNA) transcript has a local hairpin structure where miRNA sequences are 

embedded. The long pri-miRNA is typically greater than 1kb in length. For miRNA 

clusters, a single pri-miRNA may be produced that houses several miRNA.  

Following transcription, the pri-miRNA undergoes several steps to maturation 

(see Figure 1-11). Firstly pri-microRNAs are processed in the nucleus through 

activity of DROSHA into precursor miRNAs (pre-miRNA) that are then transported 

into the cytoplasm, via exportin 5. This double stranded 60-90 nt miRNA 

precursor forms the classical stem and loop structure in the cytoplasm. In the 

cytoplasm pre-miRNA-s are cleaved by DICER into a mature RNA duplex that 

associates with argonaute proteins which load specific miRNA strands into the 

RNA-induced silencing complex to form a RISC-miRNA duplex that subsequently 

represses mRNA transcription or enhances mRNA degradation.
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Figure 1-11:   MicroRNA synthesis pathway. 
Production and maturation of miRNA relies upon the production of pri-miR-NA and the action of 
DROSHA, exportin-5 and dicer to create the mature RNA capable of binding the RISC complex 
and inducing either translational repression or mRNA degradation. 
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1.9.1.2 Role of microRNA in VSMCs and cardiovascular disease 

MicroRNAs such as miR-26a, miR-143/145 and miR-21 have been implicated in 

the control of multiple aspects of SMC physiology and function.  MicroRNA-26a 

has been shown to promote VSMC proliferation and migration and to inhibit 

apoptosis (Leeper et al., 2011). MiR-26a was identified in human coronary artery 

smooth muscle cells (HCASMCs) where its expression was shown to be elevated in 

synthetic, proliferating SMCs (Leeper et al., 2011). Previous studies had 

predicted miR-26a to target SMAD-1 and SMAD-4, key components of the TGF-β 

and BMP signalling pathways. As such, loss of function experiments highlighted 

that SMCs deficient in miR-26a exhibited increased appearance of differentiation 

markers including myosin heavy chain (MYH11) and smooth muscle α actin. These 

experiments were confirmed through subsequent overexpression of miR-26a. 

Consistent with an anti-differentiation effect, SMCs also exhibited reduced 

proliferation and migration when miR-26a levels were decreased (Leeper et al., 

2011). Further experiments confirmed the direct effect of miR-26a on SMAD-1 

andSMAD-4 (Leeper et al., 2011). It therefore appears that miR-26a may act as a 

‘biological brake’ that dampens cellular differentiation in cell culture. By 

inhibiting SMAD proteins, miR-26a helps maintain the balance of SMCs in the 

synthetic and contractile states and thus governs phenotypic switching (Leeper 

et al., 2011).  

MiR-143 and miR-145 encoding genes are highly conserved across human and 

mouse genomes and are clustered on murine chromosome 18 and human 

chromosome 5 (Boettger et al., 2009). Both these microRNA are transcribed as a 

cluster via a stem loop structure. Analysis of the miR-143/145 promoter revealed 

a key binding site for serum response factor (SRF). As such, Cordes et al. showed 

that SRF could independently activate the expression of miR-143/145 in human 

smooth muscle cells (Cordes et al., 2009). As mentioned in Section 1.5 

myocardin is an important co-activator of SRF and is considered as the molecular 

switch that controls smooth muscle differentiation. It was therefore shown that 

myocardin and SRF synergistically activate miR-143/145 expression and miR-

143/145 are therefore implicated in the control of SMC fate (Cordes et al., 

2009). Cheng et al. identified that specific overexpression of miR-145 alone was 

sufficient to increase the expression of VSMC differentiation marker genes, such 

as smooth muscle α-actin, calponin and MHC. Accordingly, levels were decreased 
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with miR-145 knockdown (Cheng et al., 2009). These in vitro findings suggested a 

crucial role of miR-143/145 in VSMC phenotype determination and the effects 

were further validated in in vivo models. Three independent groups all 

generated knock out mouse models of the miR-143/145 cluster and showed that 

the expression of miR-143/145 is essential for VSMCs to acquire a contractile 

phenotype (Boettger et al., 2009), (Ella et al., 2009), (Xin et al., 2009). One 

interesting discovery was that smooth muscle layers of the aorta and other 

arteries from miR-145 and miR-143/145 KO mice were noticeably thinner than 

those of wild-type or miR-143 KO mice, indicating a more prominent and distinct 

role of miR-145 compared with miR-143 (Xin et al., 2009). These microRNA, may 

have therapeutic potential in the setting of proliferative vascular disease and in 

line with this, Cheng et al demonstrated that miR-145 is downregulated in 

neointimal lesions in rat carotid arteries following balloon angioplasty and that 

restoration of the downregulated miR-145 is sufficient to inhibit the neointimal 

formation (Cheng et al., 2009). 

One final example is the miR-221/222 cluster whose gene resides on the X 

chromosome. Both are significantly upregulated in vivo in VSMCs following 

balloon injury of the carotid artery (Liu et al., 2009) and miR-221 has also been 

shown to be increased in SMCs stimulated with PDGF (Davis et al., 2007). As with 

other microRNA, this cluster does not have one single effect on SMCs and has 

been implicated in the reduced expression of contractile genes and increased 

proliferation and migration of SMCs.  MiR-221/222 regulate these functions 

through multiple targets, including p27, p57 and c-kit. p27 and p57 are cyclin-

dependent kinase inhibitors that negatively regulate cell proliferation (Yu and 

Li, 2014). One interesting feature of the miR-221/222 cluster is the opposing 

function in vascular SMC and ECs. In SMCs, knockdown of the cluster inhibits 

proliferation but in EC knockdown promotes proliferation and migration. As such 

this microRNA cluster would prove beneficial in the treatment of in-stent 

restenosis where lack of re-endothelialisation but prominent SMC proliferation is 

problematic.  

Due to the profound effect of microRNA on several cardiovascular disease, focus 

has now shifted to additional non-coding RNA molecules.  
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1.9.2 Long non-coding RNA 

Long non-coding-RNA (lncRNA) have gained widespread attention in recent years 

as key regulators of cellular function and disease. LncRNA are a large family of 

transcribed RNA molecules with a length of greater than 200 nt. LncRNAs are 

transcribed throughout the genome and display remarkable similarity to classical 

mRNA. They are highly versatile and function to regulate gene expression by 

diverse mechanisms.  

1.9.2.1 Identification and classification of lncRNA 

While widespread attention on lncRNAs is a rather recent phenomenon, it fits 

into the broader historical interest in studying the size, evolution, and function 

of genomes.  The concept of functional lncRNA was first introduced over 20 

years ago, with the discovery of the imprinted H19 lncRNA. The imprinted H19 

locus belongs to a conserved gene cluster on chromosome 7 in the mouse and 

11p15.5 in human. The H19 gene is expressed exclusively on one parental allele 

in a phenomenon known as imprinting. H19 is only transcribed from the 

maternally inherited allele; the paternal H19 allele is not expressed (Monnier et 

al., 2013).  

The H19 gene encodes a 2.3 kb spliced, capped, and polyadenylated long non-

coding RNA that has an important role in embryonic development and growth 

control. The targeted deletion of the H19 gene induces an overgrowth 

phenotype, which can be rescued by transgenic re-expression of H19 (Ripoche et 

al., 1997).  

In the past decade, however, large-scale analyses have focused on identifying 

ncRNA species in a comprehensive fashion. This is primarily due to the 

improvement of large scale sequencing technologies, including DNA tiling arrays 

and next generation RNA-sequencing (RNA-seq). As a consequence lncipedia v4.0 

now contains 118,777 human annotated lncRNAs. One way to exert order to the 

plethora of discovered lncRNA is to classify them according to their orientation 

to protein coding genes. Utilising this technique lncRNA can be grouped into 5 

classes: Intronic, intergenic, antisense, overlapping and bidirectional (Figure 1-

12).  
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Intronic 

Intronic lncRNAs are RNA molecules that overlap with the intron of annotated 

coding genes in either the sense or antisense orientation. Most of the intronic 

lncRNAs exhibit similar tissue and cell expression as the overlapping transcript. 

Generally this indicates that they are regulated by the same transcriptional 

machinery. Intronic lncRNA may stabilize protein-coding transcripts or regulate 

alternative splicing of the host transcript (Nakaya et al., 2007). 

 

Intergenic 

Intergenic lncRNAs (lincRNA) are long non-coding RNAs which are located 

between annotated protein-coding genes and are at least 1 kb away from the 

nearest protein-coding genes. Gene expression patterns have implicated these 

lincRNAs in diverse biological processes, including cell-cycle regulation, immune 

surveillance and embryonic stem cell pluripotency. LincRNAs are well known to 

modulate the expression of nearby genes by regulating chromatin modifying 

proteins (Khalil et al., 2009). 

Antisense 

Antisense lncRNAs are RNA molecules that are transcribed from the antisense 

strand and partially overlap with the exon of the sense RNA. Antisense-

overlapping lncRNAs are typically less likely to be spliced and show lower 

expression levels than the sense counterpart.  The basal expression levels of 

antisense-overlapping lncRNAs and sense mRNAs in different tissues and cell 

lines can be either positively or negatively regulated (Katayama et al., 2005). 

Overlapping 

These lncRNAs can be considered transcript variants of protein-coding mRNAs, as 

they overlap with a known annotated gene on the same genomic strand. The 

majority of these lncRNAs lack substantial open reading frames (ORFs) for 

protein translation, while others contain an open reading frame but do not 

produce functional proteins.  

Bidirectional 

A bidirectional lncRNA is located in the head to head orientation with an 

additional protein coding gene, with a maximum of 1kb distance between the 2 

start sites. Bidirectional lncRNA exhibit similar expression patterns as their 
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protein coding counterpart suggesting that they share transcriptional pressures. 

However, inverse expression patterns of expression have been identified 

between protein coding genes and bidirectional lncRNA (Hu et al., 2014).  
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Figure 1-12:   Classification of lncRNA based upon proximal protein coding genes. 
Classification of lncRNAs on the basis of their location with respect to the protein-coding genes: A) 
Intronic lncRNAs are originated from the intronic regions of the protein-coding genes and are 
produced by alternative splicing of the pre-mRNA and do not overlap with exons of the protein-
coding gene. B) Intergenic lncRNAs are also called as lincRNAs. LincRNAs are separate 
transcriptional units from protein-coding genes. LincRNAs are transcribed from intergenic 
regions.C) Bidirectional lncRNAs are transcripts whose transcription initiate in a divergent fashion 
from the promoter of a protein-coding genes. D) Sense-overlapping lncRNAs are lncRNAs that are 
present within the boundaries of the protein-coding gene. Such lncRNAs are transcript variants of 
protein-coding mRNAs. Some sense-overlapping lncRNAs do not possess a functional open 
reading frame for translation into proteins. E) Antisense lncRNA are coded in antisense strand of 
the genome and transcribed as antisense transcripts.  
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1.9.2.2 LncRNA biogenesis 

As mentioned above, more than 90 % of the human genome is transcribed as non-

coding RNA as revealed by a number of deep sequencing methods. These studies 

suggest that the majority of lncRNA are synthesised by the RNA polymerase II 

(Pol II) complex, similar to protein-coding RNAs. However, experimental analysis 

utilising amanitin, an inhibitor of RNAP II, still lead to the production of lncRNA 

molecules suggesting that some lncRNAs are also transcribed by RNAP III and 

single-polypeptide nuclear RNA polymerase IV (spPol IV). LncRNA transcription 

shares many features with mRNA biogenesis in that lncRNA are typically 

polyadenylated, 5’ capped, contain a multi-exonic structure, are subject to 

normal and alternative splicing mechanisms, RNA editing processes, and display 

unique patterns of transcriptional activation (Khandelwal et al., 2015).  

1.9.2.3 Conservation of lncRNA 

Several non-coding RNA, such as microRNA, exhibit strong conservation across 

species genomes.  In contrast, lncRNA exhibit little species conservation 

suggesting that these non-coding RNA may be under differential selection 

pressures. Unlike mRNAs, which have to conserve the codon usage and prevent 

frameshift mutations in a single long ORF, selection may only conserve short 

regions of long ncRNAs that are constrained by structure or sequence-specific 

interactions. 

The function of RNA is indeed widespread: mRNAs encode proteins, tRNA are in 

involved in translation, and microRNAs act by RNA:RNA interactions to modulate 

mRNA function. In contrast to microRNAs which act as post transcriptional 

repressors: lncRNAs functions include both positive and negative regulation of 

protein-coding genes, and range from lncRNA:RNA and lncRNA:protein to 

lncRNA:chromatin interactions (Johnsson et al., 2014). Due to this functional 

diversity, it seems reasonable to presume that different evolutionary constraints 

might be operating. However, the lack of species conservation does prove 

difficult in switching between human samples and animal models of disease.  

The functional importance of lncRNAs are now becoming apparent. Although 

only a handful have been functionally characterised, this number has been 

increasing, with more lncRNA being found involved in disease states. 
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1.9.2.4 LncRNA function 

LncRNA exhibit the ability to pair to other DNA, RNA and protein molecules. 

Recent attempts have been made to catergorise the various types of molecular 

mechanisms involved in lncRNA function. As such, lncRNA may be defined by 4 

different archetypes (Figure 1-13).  

Archetype 1: signal archetype meaning that the lncRNA functions as a molecular 

signal or indicators of transcriptional activity. Some lncRNAs in this archetype 

possess regulatory functions, while others are merely by-products of 

transcription, it is the act of initiation, elongation, or termination that is 

regulatory. An example of modulation of gene activity in response to external 

stimuli is found in the mammalian CDKN1A promoter, whereupon DNA damage 

the lncRNA PANDA is transcribed from the genome (Hung et al., 2011). Several 

signal archetypes may become beneficial in the hunt for new biomarkers of 

disease.   

Archetype 2: Decoy archetype - lncRNA can bind to and titrate away other 

regulatory RNA or proteins. Examples of this include H19 and MALAT1. H19 is a 

lncRNA conserved across humans and rodents. Abundantly expressed in human 

muscle, H19, has been implicated in several genetic conditions (Brown et al., 

1996). The functional role of H19 remained unknown until Kallen et al., 

discovered that H19 harbours both canonical and non-canonical binding sites for 

the let-7 family of microRNAs (Kallen et al., 2013).  Utilising both knock down 

and overexpression approaches to modulate H19 expression, the authors 

discovered that H19 modulates let-7 availability by acting as a “molecular 

sponge”, reducing the level of free let-7 able to bind its target mRNA. 

Physiologically, this has implications in the control of SMC phenotype where 

knockdown of H19 caused precocious muscle differentiation, a phenotype 

recapitulated by let-7 overexpression.  

MALAT1 is an abundant nuclear lncRNA that is localised to nuclear paraspeckles. 

MALAT1 binds and sequesters arginine/serine splicing factors to these 

paraspeckles. Knock-down of MALAT1 leads to differential localisation of splicing 

factors and aberrant splicing for a set of mRNA (Wang and Chang, 2011). Thus 
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lncRNA decoys are not only apparent in the cytoplasm of cells but also possess 

regulatory functions in the nucleus.   

Achetype 3: Guide archetype – lncRNA direct the localisation of specific 

ribonucleotide proteins to their specific targets. For example,lncRNA fetal-lethal  

non-coding developmental regulatory RNA (Fendrr), which is specifically 

transcribed in nascent lateral plate mesoderm of the developing mouse embryo, 

guides polycomb repressor complex 2 (PRC2) to target genes to increase PRC2 

occupancy and trimethylates H3K27me3, subsequently leading to attenuation of 

target gene expression (Grote et al., 2013). 

Archetype 4: Scaffold archetype – lncRNA can act as a structural platform upon 

which relevant components may act to stabilise nuclear structures or signalling 

complexes. LncRNAs act as protein scaffolds to control gene expression. An 

example of this is the subnuclear structure-specific lncRNAs taurine (TUG1) and 

nuclear-enriched autosomal transcript 2 (NEAT2) which bind to methylated and 

unmethylated polycomb 2 protein (Pc2) respectively to mediate assembly of 

multiple corepressor or coactivator protein complexes (Yang et al., 2013).  
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Figure 1-13:  LncRNA classification based on function. 
Signals: function as molecular signals to indicate gene regulation in space and time. Decoys: 
binding to proteins and titrating them away from chromatin, acting as a ‘molecular sponge’. Guides: 
binding to protein and then directing the localization of the ribonucleoprotein complex to specific 
target genes to regulate their expression. Scaffolds: providing a platform to assemble different 
effector molecules to function together. 



87 

 

 
 

1.9.2.5 Cis and trans activating lncRNA 

Mechanistically, most well-characterised lncRNAs to date show a functional role 

in regulating gene expression, typically transcriptionally rather than post 

transcriptionally. Two terms are utilised to identify the location at which lncRNA 

act. LncRNA action can either occur by targeting genomically local genes known 

as cis-regulation or by acting away from the site of transcription known as trans-

regulation.  

Cis-regulation by lncRNAs contributes to local control of gene expression by 

recruiting histone modification complexes to specific areas of the genome. This 

effect can either be highly specific to a particular gene, such as the regulation 

of IGF2 by lncRNAs (Matouk et al., 2015) or it can encompass a wide 

chromosomal region, such as X chromosome inactivation in women through XIST 

lncRNA (Sarkar et al., 2015). 

Trans-acting lncRNAs may operate at geographically distant locations of the 

genome or within the cytoplasm of the cell. Thus, it is generally thought that 

the mature lncRNA transcript is the primary actor in these cases, as opposed to 

cis-regulating lncRNAs which may function through the act of transcription itself. 

One such example of this is BACE1-AS, a natural antisense lncRNA, that plays a 

role in regulating BACE1's expression. In the cytoplasm BACE1-AS1 forms a duplex 

with BACE1 mRNA. The formation of this duplex protects BACE1 from microRNA 

induced repression by masking the binding site for miR-485-5p (Faghihi et al., 

2010).  

1.9.2.6 Cell type and cell state specificity of lncRNA expression. 

One key trait of lncRNA is their specific expression patterns in tissues, cell types 

and subcellular compartments. Transcriptome-wide studies have shown that 

lncRNAs, in general, exhibit more specific expression profiles than mRNAs (Quinn 

and Chang, 2016), indicating that they are expressed in a cell type, tissue, 

developmental stage or disease state specific manner. This restricted lncRNA 

expression may prove beneficial in the targeting of lncRNA for therapeutic 

effects, bypassing the normal off target effects seen with several drugs. Due to 

lncRNA research being a relatively new area, critical gaps in our knowledge as to 
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why lncRNA show cell and tissue restricted expression and what mechanisms 

control the expression patterns still remain.   

 

1.9.2.7 LncRNA in vascular SMC and disease 

To date, currently only a few lncRNA have been shown to regulate key aspects of 

SMC function/phenotype. As shown in Figure 1-14, lncRNA can modulate key SMC 

processes such as proliferation, migration and contraction. The 5 key lncRNAs 

are SENCR, HIF1-AS1, Linc-p21, Lnc-Ang362 and HAS2-AS1.  

SENCR 

SENCR, a smooth muscle and endothelial enriched lncRNA, is situated in the 

antisense orientation to a protein coding gene called Friend Leukaemia virus 

Integration 1 (FLI1). Further characterisation revealed that SENCR and FLI1 

expression correlate with each other in various tissues, implying that these 

transcripts share common transcriptional machinery. Additionally, spatial 

distribution of a lncRNA is likely to imply its function, thus SENCR was identified 

as being a solely cytoplasmic lncRNA in both endothelial and smooth muscle 

cells, indicating that SENCR may act in trans to exert it cellular function. 

Consistent with this, siRNA mediated knockdown of SENCR dysregulates several 

SMC contractile genes such as MYOCD but does not affect the expression of FLI1. 

Concomitant with suppression of SMC contractile genes, SENCR knock-down also 

promoted the migration of vascular cells (Bell et al., 2014).  As with several 

lncRNA, the mechanism by which SENCR promotes contraction of SMC is still 

unknown, however, it has been proposed that SENCR sponges a low abundant 

microRNA that otherwise would function to regulate the SMC contractile gene 

program. Other potential underlying mechanisms still have to be elucidated.  

HIF1A-AS1 

HIF1α is a transcription factor that responds to hypoxia. HIF1α-AS1 is a lncRNA 

that overlaps HIF1α in the antisense orientation. Previously it has been shown 

that HIF1α regulates Angiotensin II mediated vascular remodelling. This was 

determined through the generation of a SMC specific HIF1α knockout mouse. Ang 

II infusion induced medial thickening and vascular fibrosis, accompanied by Hif-
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1α up-regulation, in the aortae of control mice, but not in the KO mice (Imanishi 

et al., 2014). With the identification of an antisense lncRNA, the role of HIF1α-

AS1 was evaluated in SMC. Interestingly, in cells incubated with palmitic acid, an 

inducer of apoptosis, HIF1α-AS1 expression was found to be greater than in 

control cells. Furthermore, knock-out of endogenous HIF1α-AS1 with small-

interfering RNA (siRNA) resulted in the protection of VSMC from palmitic acid 

induced apoptosis (Zhao et al., 2014). Further work by an additional lab 

identified that knockdown of HIF1α-AS1 not only protected VSMC from apoptosis 

but also stimulated proliferation. Additionally, the authors identified HIF1α-AS1 

in the serum of patients with thoracic aortic aneurysms. Additionally VSMC 

apoptosis is a key feature of aortic aneurysms and as such the authors 

speculated that HIF1α-AS1 may be implicated as a causal factor in several 

vascular pathologies including aortic aneurysms. It was also documented that 

HIF1α -AS1 expression is positively regulated by Brahma-related gene 1 (BRG1), a 

central catalytic subunit of numerous chromatin-modifying enzymatic 

complexes. Although it has been shown that BRG1 modulates HIF1α-AS1, the 

mechanism of action of HIF1α-AS1 remains to be elucidated (Bai et al., 2012).  

Linc-p21 

Linc-p21, a conserved lncRNA, is located ~15kb upstream of the cell cycle 

regulator gene p21. Linc-p21 is ~3kbp in length and has been shown to promote 

cell proliferation, apoptosis and DNA damage response in a variety of disease 

states (Wu et al., 2014). Linc-p21 is a transcriptional target of p53, a tumour 

suppressor that regulates cell cycle.  The expression of Linc-p21 is dramatically 

downregulated in atherosclerotic lesion from mice maintained on an atherogenic 

background.  Subsequent gain and loss of function studies revealed that loss of 

Linc-p21 expression is associated with an increase in SMC proliferation and 

reduction in apoptosis in vascular smooth muscle cells. Furthermore, lentiviral 

mediated knockdown of Linc-p21 expression enhanced neo-intimal formation in 

murine arteries subjected to wire injury, events associated with increased SMC 

proliferation and survival. Genome-wide analysis revealed that lincRNA-p21 

inhibition dysregulated many p53 targets.  This study was one of the first to 

demonstrate that modulation of lncRNA has therapeutic potential in the setting 

of acute vascular injury. Linc-p21 has been shown to exert its function by acting 
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as an endogenous sponge to miRNA-130b in smooth muscle cells to modulate SMC 

phenotypes (Bertero et al., 2014). 

LncAng-362 

Aberrant regulation of angiotensin II (Ang II), has been linked to hypertension 

and atherosclerosis (Weiss et al., 2001). Following RNA-sequencing in Ang II 

treated cells Leung et al. identified a collection of Ang II responsive lncRNA. 

Among these lncAng 362 was identified (Leung et al., 2013). LncAng362 is 

located proximal to 2 microRNA, miR-221 and miR-222, which have been linked 

with regulation of SMC proliferation via suppression of c-kit and p27kip (Liu et 

al., 2009, Davis et al., 2009) . Knockdown of lncAng-362 is associated with a 

reduction in SMC proliferation and expression levels of these microRNAs, 

indicating that these miRNAs are co-regulated with lncAng-362. Furthermore, 

specific manipulation of either miRNA has been shown to reduce neo-intimal 

formation associated with smooth muscle cell proliferation (Liu et al., 2009).  

These studies raise the intriguing possibility that modulation of lncRNA could 

provide a novel mechanism to attenuate the hyper proliferative effects of Ang II 

within multiple vascular pathologies including coronary artery disease, PAH and 

atherosclerosis since both these miR-221 and miR-222 are implicated in 

proliferative vascular remodelling . 

HAS2-AS1 

The hyaluronan (HA) is a ubiquitous component of the extracellular matrix (ECM) 

with a wealth of cellular functions in both the physiological and 

pathophysiological context. HA is synthesised, in SMC, by the HA synthase 

enzyme, encoded in humans by the corresponding HAS2 leading to ECM 

production and SMC proliferation. HAS2 is located on the minus strand of human 

chromosome across from the natural antisense lncRNA HAS2-AS1. Studies 

performed in human aortic SMCs revealed that HAS2-AS1 was necessary for the 

transcription of the HAS2 gene by working in cis to open the chromatin structure 

around the HAS2 gene, allowing HAS2 transcription (Vigetti et al., 2014). It is 

therefore proposed that due to its effect on HAS2, HAS2-AS1 should induce SMC 

proliferation via ECM remodelling. 
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1.10 Clinical applications of lncRNAs 

1.10.1 LncRNA as diagnostic biomarkers 

For clinical medicine, lncRNA offer many benefits. LncRNA typically show tissue 

restricted and vascular disease restricted patterns of expression (Clark et al., 

2015, Jiang and Ning, 2015). Given this specificity, lncRNA may be superior 

biomarkers than current protein coding genes for cardiovascular disease. 

A study of plasma levels of the lncRNA LIPCAR was the first proof of principle 

experiment highlighting the possible role of plasma lncRNA as biomarkers of 

prognosis in cardiovascular diseases. The initial lncRNA screening was performed 

according to the level of left ventricular (LV) remodelling in a echocardiographic 

study of patients after myocardial infarction (MI). One-year echocardiographic 

follow-up was completed on the patients and LV remodelling was assessed.  

From this population, 15 male patients with high LV remodelling and 15 male 

patients without LV remodelling were used in the initial cohort. Utilising these 

30 patients, lncRNA microarray was performed on RNA isolated from plasma 

samples. Hierarchical clustering analysis clearly distinguished the 2 groups of 

patients based on a specific signature of detectable and significantly regulated 

circulating lncRNAs. One lncRNA called long intergenic non-coding RNA 

predicting cardiac remodelling (LIPCAR) showed greatest correlation and 

greatest change in expression between the two patient populations 

(Kumarswamy et al., 2014). Longitudinal studies in larger cohorts and at 1, 3 and 

12 months post myocardial infarction, LIPCAR showed a time dependent increase 

and significantly higher levels in patients developing LV remodelling. Additional 

experiments in a cohort of 344 heart failure (HF) patients identified that LIPCAR 

levels were even higher in chronic HF than in patients with ongoing LV 

remodelling 1 year after myocardial infarction(Kumarswamy et al., 2014).  This 

study was the first to examine the potential role of lncRNA biomarkers in the 

setting of cardiovascular disease and demonstrated that lncRNA serve as 

potential biomarkers due to their stability.  

Another example is CoroMarker (AC100865.1), a lncRNA that is markedly 

overexpressed in coronary artery disease (CAD). The study screened lncRNAs by 

microarray analysis in plasma from CAD patients and control individuals and 
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found that 265 lncRNAs were differentially expressed. To identify candidates, 

the results were filtered according to the strict criteria of signal intensity ≥8, 

fold change >2.5 and P<0.005. This identified 5 lncRNA that were validated by 

qRT-PCR.  Further analysis on an additional set of 40 patients highlighted 

CoroMarker as the most appropriate marker for CAD. The predictive value of 

CoroMarker was the further assessed in a large cohort with 221 CAD patients and 

187 control individuals. CoroMarker was able to successfully identify 78.05 % of 

CAD patients (Yang et al., 2015a). CoroMarker is stably expressed within the 

plasma and further test to evaluate its ability to detect CAD are currently 

underway.  

1.10.2 LncRNA as therapeutics 

The transition from lncRNA biomarkers to lncRNA therapeutics is also showing 

promising advances. Companies and organisations such as Miragen Therapeutics 

and Regulus are developing ncRNA-based strategies against cancer, 

cardiovascular and neurological diseases. Although lncRNA clinical trials are still 

several years away, it is generally accepted that targeting of lncRNA 

therapeutically may lead to less off target effects, due to their enhanced tissue 

specificity. Additionally, the advantage of using RNA as a therapeutic medium 

would allow quick regulatory functions to be altered without the need for 

protein translation. There are several therapeutic approaches for targeting 

lncRNA in man: 

Therapeutic silencing of long non-coding RNA. LncRNA expression can be altered 

through the use of RNAi technology. Therapeutic RNAi technology has now been 

tested in several mammals including man (Zimmermann et al., 2006), (Tabernero 

et al., 2013). Current clinical trials are investigating the safety and efficacy of 

RNAi mediated therapeutics, one example of this is the therapeutic RNAi 

mediate inhibition of PCSK9 as a LDL cholesterol lowering therapy for 

hypercholesterolemia. RNAi could therefore be relatively easily adapted to allow 

RNAi therapies targeting lncRNA. 

1.  Functional block of lncRNA. This could be achieved through the 

utilisation of small molecules that block binding sites on protein 

interacting partners or oligonucleotides that bind to the lncRNA blocking 
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the interaction with partners such as miRNA, whilst allowing the lncRNA 

to bind additional partners at other sites not associated with disease. 

Current research has already assessed the use of high throughput 

screening to identify small molecule disruptors for the lncRNA HOTAIR 

(Pedram Fatemi et al., 2015). The authors sought to determine whether 

the HOTAIR-EZH2 interaction could be assayed, quantified and adapted 

for high-throughput screening to identify modulators of this interaction. 

Utilisation of a small library of 320 compounds only identified one hit, 

camptothecin, a cytotoxic quinoline alkaloid which inhibits the DNA 

enzyme topoisomerase, however during validation this compound was 

shown to affect control conditions (Fatemi et al., 2015). Further large 

scale high-throughput analyses are thus required to identify disrupter 

small molecules that can interrupt lncRNA-protein interactions.  

2. Structure disruption. Small molecules can be utilised to bind to the 

lncRNA of interest and disrupt its secondary structure thus disrupting the 

binding site on the lncRNA or small molecules can be utilised to mimic the 

structure of the lncRNA thus competing with the lncRNA for target sites. 

As such no work has been performed on lncRNA, however, work on other 

RNA molecules has proved promising (Stelzer et al., 2011), (Sanchez and 

Huarte, 2013). One such example was performed by Stelzer et al., where 

small molecules that target the entire structure of the transactivation 

response element (TAR) from HIV type 1 (HIV-1) were assessed. Analysis of 

binding affinities identified 6 compounds that bind different RNA 

conformations with high affinity and inhibit its interaction with a Tat 

peptide in vitro. Of particular interest was one compound that bound HIV-

1 TAR with marked selectivity and inhibited Tat-mediated activation of 

the HIV-1 long terminal repeat by 81 % in T-cell lines and HIV replication 

in an HIV-1 indicator cell line. This therefore highlights the applicability 

of this technique to be utilised on RNA molecules. 

3. Finally, gene therapy could be utilised to deliver beneficial lncRNA. Gene 

therapy describes the transfer of genes to a target cell or organ to treat 

or prevent disease. Successful delivery of a gene to the target is 

paramount to therapeutic efficacy and a number of viral and non-viral 
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based vectors have been developed. In 2012, over 1800 gene therapy 

clinical trials had been completed, were ongoing or had been approved 

worldwide (Ginn et al., 2013). Gene therapy provides advantages and 

allows the delivery to specific cell types. One example of this is the 

plasmid BC-819 (DTA-H19) that has been developed to make use of the 

tumour-specific expression of the H19 lncRNA. This plasmid carries the 

gene for the A subunit of diphtheria toxin under the regulation of H19 

promoter. The intra-tumour injection of this plasmid induces the 

expression of high levels of diphtheria toxin in the tumour, resulting in a 

reduction of tumour size in human trials in a broad range of carcinomas, 

whilst leaving non tumour cells untouched (Mizrahi et al., 2009).  Viral 

gene therapy has yet to be utilised clinically for lncRNA. However, the 

vast majority of gene transfer studies, not just those pertaining to 

cardiovascular diseases, have focussed on the use of adenoviruses 

(Wolfram and Donahue, 2013).  One such example of an ongoing clinical 

trial is the administration of adeno associated viruse containing Human 

Factor IX Gene for the treatment of patients with Haemophilia B. The 

success of these clinical trials will undoubtedly pave the way for lncRNA 

gene therapy. 

 

Due to their multiple functional roles, the therapeutic potential of lncRNA is 

extremely vast.  

 

1.11 Hypothesis and aims 

The work described in this thesis addressed the hypotheses that: 

1. LncRNA are dysregulated in vascular pathologies involving IL1α and PDGF 

signalling pathways.  

2. LncRNA play a significant role in altering vascular smooth muscle 

proliferation associated with vascular pathologies. 
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In order to address these hypotheses, the aim of the specific studies performed 

was to answer the following questions: 

1. Are lncRNA dysregulated in VSMC treated with IL1α, PDGF and a 

combination of IL1α and PDGF? 

2.  What role do these lncRNA have on VSMC behaviour? 

3. How do these lncRNA function and what are they binding? 

4. Are these lncRNA dysregulated in human cardiovascular disease states? 
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Chapter 2 Materials and Methods 

 

2.1 General laboratory practice 

Laboratory reagents and equipment were of the highest commercially available 

standard. All chemicals, unless otherwise stated, were purchased from 

SigmaAldrich, Dorset, UK. Hazardous chemicals were handled and disposed of in 

compliance with Control of Substances Hazardous to Health (COSHH) guidelines. 

Laboratory coats, nitrile powder-free gloves and fume hoods were used where 

appropriate. 

2.2 Isolation and culture of human primary cells 

 
2.2.1 Human tissue samples 

Surplus human saphenous vein tissue was obtained from patients undergoing 

CABG surgery. Carotid plaques were obtained from patients undergoing 

endarterectomy following an acute and symptomatic neurovascular event. 

Human plasma samples were utilised from a previously published study: Carotid 

Ultrasound and Risk of Vascular disease in Europeans and South Asians (CURVES). 

All patients gave their written, informed consent. All procedures had local 

ethical approval (06/S0703/110, 12/WS/0227, 09/S0703/118 and 12/NW/0036). 

All studies were approved by East and West Scotland Research Ethics 

Committees and all experiments were conducted according to the principles 

expressed in the Declaration of Helsinki. 

2.3 General cell culture techniques  

All cell culture was performed in standard biological safety class II vertical 

laminar flow cabinet under sterile conditions. Cabinets were cleaned before and 

after use with 1 % virkon and 70 % ethanol.  
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2.3.1 2.4.1 Isolation of primary vascular endothelial cells from the 
human saphenous vein  

Primary human saphenous vein endothelial cells (HSVECs) were isolated on the 

day of surgery by collagenase digestion, based on the method previously 

described by Jaffe and colleagues (Jaffe et al., 1973). Briefly, the lumen was 

flushed with wash media (Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycin and 2 mM L 

glutamine; all Gibco, Paisley, UK). The lumen was filled with 2 µg/ml 

collagenase solution diluted in wash medium and incubated at 37ºC in 5 % CO2 

for 15 min. The lumen was then flushed with wash medium to obtain HSVECs in 

suspension. This process was repeated with collagenase digestion time reduced 

to 10 min. The wash medium/HSVEC suspension was centrifuged at 2000 x g for 

15 min and the pelleted HSVECs were resuspended in EC growth medium (Large 

Vessel Endothelial Basal Cell Medium) (TCS Cellworks Ltd, Bucks, UK), 

supplemented with 20 % (v/v) FCS, 100 IU/ml penicillin, 100 µg/ml streptomycin 

and 2 mM L-glutamine. Cells were plated in 25 cm2 vented cap cell culture flasks 

and maintained in a 37ºC, 5 % CO2 incubator for 24 h to ensure cell adhesion 

before media was refreshed. 

2.3.2  Isolation of primary vascular smooth muscle cells from the 
human saphenous vein  

Primary human saphenous vein smooth muscle cells (HSVSMCs) were isolated 

within 48 h of surgery by an explant technique originally described by Southgate 

and Newby (Southgate and Newby, 1990). Briefly, the lumen was flushed with 

wash medium before the vein was cut longitudinally and the 4 corners pinned 

out with the lumen face up. HSVECs were removed by gently running a rubber 

policeman over the lumen surface. Vessels were scored with a scalpel blade and 

the medial SMC layer peeled back  with forceps. The SMC tissue was cut into 

small pieces (~1 mm2) using the McIlwain tissue chopper. SMC tissue was washed 

twice with wash medium and once in SMC growth medium (Smooth Muscle Cell 

Growth Medium 2 containing: 0.5 ng/ml epidermal growth factor, 2 ng/ml basic 

fibroblast growth factor and 5 µg/ml insulin) (PromoCell, Heidelberg, Germany) 

supplemented with 15 % FCS, 100 IU/ml penicillin and 100 µg/ml streptomycin. 

SMC tissue was plated in 25 cm2 vented cap cell culture flasks and maintained in 
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a 37ºC 5 % CO2 incubator. All excess SMC growth medium was removed to allow 

HSVSMCs to adhere to the flask before SMC growth medium was replaced 24 h 

later. 

2.3.3 Culture of HSVEC and HSVSMC 

Following growth in 25 cm2 flasks, both HSVSMC and HSVEC were bulked into 75 

cm2 vented-cap cell culture flasks (Corning, Poole, UK) and media was 

replenished every 2-3 days or as required. Cells were passaged at 70 %-80 % 

confluency to avoid overgrowth. All cells were utilised between passages 3-5. To 

passage, culture medium was removed and cells were washed once with PBS. 3 

mL 1x trypsin was then added to each flask and cells were incubated at 37°C, 5 

% CO2 for 2-3 min. When the majority of cells had detached from the flask, 6 mls 

of media containing FBS was added to neutralise the trypsin. Cells were then 

collected and pelleted by centrifugation at 1,500 rpm for 5 min. The 

supernatant was then discarded and cells were re-suspended in an appropriate 

volume of fresh culture medium before being distributed amongst flasks. 

 

2.3.4 Culture of HEK-293Ts for lentivirus production 

For lentivirus preparation (section 2.15) HEK-293Ts (ATCC, Teddington, UK) were 

passaged at a ratio of 1:2 24 h prior to triple transfection of lentivirus producing 

plasmids. When cells were needed at specific densities, e.g. titration of 

lentivirus particles, cells were counted using a haemocytometer prior to seeding 

in appropriate cell culture vessel. 

 

2.3.5 IL1α and PDGF treatment of HSVSMC 

Human recombinant IL1α and PDGF-BB (R&D systems, Abingdon, UK) were re-

constituted at 10 µg/ml and 20 µg/ml in PBS containing 0.5 % FBS and 4 mM HCl 

respectively. All reagents were aliquoted and stored at -80ᵒC. Freeze thaw was 

performed a maximum of twice before reagents were discarded. For stimulation 

of cells, HSVSMC were plated at the appropriate density (1x105 cells/ well or 

5x104 cells/well for 6 or 12 well plates respectively) and left to attach for a 

minimum of 6 h. Complete media was removed and cells washed with 1x PBS.  

Media was replaced with 2 ml/well or 1 ml/well of DMEM supplemented with 0.2 
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% FBS, 50 μg/ml penicillin  and 50 μg/mL streptomycin (‘serum-free media’) for 

48 h for 6 and 12 well plates respectively. Following incubation a master mix of 

media +/- cytokines or growth factors was produced, as required. 1 µl of IL1α 

and/or 1 µl of PDGF-BB was added per ml of media to a final concentration of 10 

ng/ml and 20 ng/ml respectively. 0.2 % media was removed, cells washed 1x 

with PBS and stimulation media applied. Cells were stimulated for various time 

points from 4-72 h depending on experiments, as detailed below.  

2.4 RNA extraction 

Total RNA was extracted utilising a miRNeasy kit, as per manufacturer’s 

instructions (Qiagen, Hilden, Germany).  An on-column DNase treatment was 

also performed during the extraction via the use of the accompanying RNase-

free DNase Set (Qiagen).  

Culture media was removed and washed 1x PBS. 700 µl QIAzol lysis reagent was 

added per well. Sampled were homogenised by pipetting up and down and 

samples placed into a 1.5 ml Eppendorf. All sampled were stored at -80ᵒC until 

required.  

When required, cell lysates were thawed on ice before the addition of 140 µL 

chloroform. Samples were mixed and incubated at RT for a further 3 min to 

allow the contents to settle. Sampled were then centrifuged at 12,000 x g at 4°C 

for 15 min. Centrifugation allowed sampled to separate into 3 distinct phases; an 

upper, aqueous phase, containing total RNA, a middle interphase, containing 

DNA and a lower,  organic phase, containing proteins. The upper aqueous phase 

was transferred into a new 1.5 ml tube. 550 µL of 100 % ethanol was added and 

the nucleic acids precipitated by pipetting up and down. Samples were then 

transferred to RNeasy spin columns, and centrifuged at 16,000 x g for 30 s and 

the flow through discarded. This allowed total RNA to bind to the column, whilst 

phenol and other contaminants were efficiently washed away. 350 µL RWT 

buffer was then added and columns were centrifuged again at 16,000 x g for 30 s 

at RT. At this point an optional DNase treatment was carried out in order to 

remove any contaminating DNA. DNase was prepared according to 

manufacturer’s instructions and 10 µL of enzyme was mixed with 70 µL RDD 

buffer per sample. 80 µL of the DNase/RDD buffer mix was then added directly 
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onto each column and left to incubate for 15 min at RT. After 15 min, a further 

350 µL of RWT buffer was added and columns were centrifuged for 30 s at 16,000 

x g at RT. The eluate was discarded and 500 µL RPE wash buffer was added.  

Columns were centrifuged for 30 s at 16,000 x g at RT and a further 500 µL RPE 

wash buffer was added. Columns were spun, as before, for 2 min. miRNeasy spin 

columns were then transferred to clean 2 mL collect tubes and centrifuged at 

full speed for 1 min. This spin ensured removal of residual ethanol and avoided 

carryover of buffers which may have interfered with downstream reactions. 

Total RNA was then eluted by passing 36 µL of nuclease-free water through the 

spin column for 1 min at 16,000 x g. The eluate was then collected and passed 

through the column again to obtain an optimal RNA yield.  

RNA concentration was determined via NanoDrop 1000 spectrophotometer 

(Thermo Scientific, Paisley, UK) and samples stored at -80°C until required. 

2.4.1 Evaluation of RNA quality 

Quality control of RNA was performed using the Agilent® 2100 Bioanalyser. The 

Aligent® 2100 Bioanalyser is used to measure the quality of RNA, via the 

calculation of a RNA integrity number (RIN). RIN is calculated based on the 

presence or absence of degradation productions within the sample. This 

technique was used to assess RNA-seq samples before submission, with RIN 

values greater than 8 being deemed as high quality.  

2.5 RNA-sequencing  

RNA-seq was performed on ribosomal RNA-depleted samples using an Illumina 

Hiseq platform by Beckman Coulter Genomics. Paired-end sequencing was 

carried out with a read depth of 70 million reads per sample (n=4/group). RNA-

seq reads were processed and trimmed to ensure quality, adapter sequences 

removed using Flexbar (Dodt et al., 2012) and mapped to the Ensembl 

annotation of GRCh37.75 using TopHat2 version 2.0.9 (Kim et al., 2013). The 

transcriptome was assembled from the aligned reads and quantified using 

Cufflinks version 2.2.1 (Trapnell et al., 2010). The differential expression levels 

between the groups was assessed using Cuffdiff version 2.2.1 (Trapnell et al., 

2013). The data sets are deposited in the GEO repository, study number 
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GSE69637. The biotype of each transcript was annotated according to the 

Ensembl database. Normalisation and statistical analysis of differentially 

expressed transcripts was carried out using edgeR and data filtered to find 

transcripts that were differentially expressed (p<0.01) between 0.2 % media 

controls and each treatment group. Multiple comparison analysis was performed 

according to Table 2-1. Differentially expressed lncRNAs, between control and 

both IL1α/PDGF treatment, were explored using more stringent criteria (p<0.01, 

FDR<0.01, LogFC>2) and filtered according to transcript abundance (FPKM>1 in 

at least one group). Data outputs such as pie charts and heatmaps were 

generated using R. IPA analysis was carried out using protein coding genes 

differentially expressed (FDR<0.01) from Edge R analysis. 

 

Table 2-1:    EdgeR Groupings for differential analysis. 

 

2.6 Quantitative real time PCR (qPCR) for gene and 
microRNA expression analysis 

2.6.1 Reverse transcription polymerase chain reaction (RT-PCR) – 
Analysis of gene expression 

For gene expression analysis, cDNA was generated from total RNA using the 

Multiscribe Reverse Transcriptase kit (Thermo Fisher, Paisley, UK).  

Each reaction contained 100-300 ng RNA. RNA was combined with 1x reverse 

transcription buffer, 5.5 mM MgCl2, 0.5 mM of each dNTP, 2.5 µM random 

hexamers, 0.4 U/µL RNase inhibitor enzyme and 1.25 U/µL Multiscribe™ Reverse 

Transcriptase. A final volume of 20 µl was achieved through the addition of 

nuclease-free H2O. Samples were subjected to the following temperature cycle 

in a thermal cycler: 10 min at 25°C to allow for annealing of random primers, 30 

min at 48°C for reverse transcription and 5 min at 95°C to inactivate the reverse 

transcriptase. Samples were then removed from the thermal cycler and placed 

at -20°C until required. 

Group 1 = PDGF 

Group 2 = IL1α  

Group 3 = IL1α + PDGF 
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2.6.2 SYBR Green quantitative RT-PCR (qRT-PCR) – Analysis of 
gene expression 

The abundance of mRNA was quantified using SYBR qRT-PCR utilising Power SYBR 

green (Thermo Fisher) with custom PCR primers (Eurofins MWG, Ebersberg, 

Germany) (detailed in Table 2-2). All primers were designed spanning intron-

exon boundaries and were reconstituted in nuclease-free H2O at 100 µM, 

aliquoted and stored at -20oC. During SYBR green qPCR, direct detection of the 

PCR product is monitored by measuring the increase in fluorescence caused by 

the binding of SYBR® Green dye to double-stranded (ds) DNA thus, the more 

abundant the transcript the greater the incorporation of the dye during each 

PCR cycle. 

2.5 µl of cDNA produced in section 2.6.1 was added to 5 µl Power SYBR Green 

master mix, 4.9 µl nuclease-free H2O and 0.05 µl each of 100 µM forward and 

reverse SYBR green primers. All plates contained appropriate housekeeping 

genes, a gene which should maintain relatively stable expression levels 

throughout a sample set. This allowed for comparison of expression levels 

between samples. For gene expression analysis, Ubiquitin protein C (UBC) was 

selected as a stable housekeeping gene and was used as a reference gene 

throughout the studies. In addition to the housekeeper control, non-template 

controls, in which cDNA was substituted with water, were also added to the 

plate. All samples were performed in triplicate. qPCR plates were centrifuged at 

8,000g for 2 min, to ensure all samples and master mix were at the bottom of 

the wells. Samples were run on the Quantstudio 7 or Quantstudio 12 real time 

PCR system and were subject to 10 min at 95°C before undergoing 40 cycles of 

denaturing at 95°C for 15 s, followed by 60 s at 60°C for primer annealing and 

primer extension. Following the final reaction step, samples were subjected to 

melting curve analysis to assess whether the intercalating SYBR dye produced a 

single, specific product. 
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Table 2-2:    SYBR green primer sequences. 
Exon spanning lncRNA primers were designed to each lncRNA to ensure no genomic DNA was 
assessed during qRT-PCR. 
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2.6.3 Taqman® qRT-PCR – Analysis of gene expression 

TaqMan® qRT-PCR was performed using TaqMan® Gene Expression assays and 

TaqMan® Universal Master Mix II (both Thermo Fisher) in accordance with the 

manufacturer’s instructions. A table of Taqman probes utilised is provided in 

Table 2-3. For both mRNA and microRNA analysis (microRNA described in section 

2.6.5) fluorescently labelled probes were used. TaqMan® qRT-PCR assays are 

labelled with a 5’ fluorescent reporter dye, such as VIC or FAM, and a quencher 

molecule at the 3’ end. When the TaqMan® probe is intact, fluorescence 

released from the 5’ dye is transferred to the 3’ quencher molecule 88 by a 

phenomenon known as fluorescence resonance energy transfer (FRET). However, 

during the amplification process, if the target sequence is present in the sample, 

the probe anneals and the quencher is cleaved via the action of the Taq DNA 

polymerase – present in the reaction mixture. The Taq polymerase enzyme 

contains a 5’ nuclease domain, which allows degradation of DNA bound to the 

target, downstream of DNA synthesis. This results in the degradation of the 

TaqMan® probe, and cleavage of the 3’ quencher molecule, therefore 

preventing FRET and allowing for the detection of the reporter fluorophores. 

The strength of the fluorescence is increased with each amplification cycle, and 

is relative to the amount of a specific mRNA or miRNA within a sample.  

Reactions were performed in 384-well plates, and contained 1 x Taqman® assay 

(5 µL), and 1 x TaqMan® master mix (0.5 µL), as well as 1.5 µL cDNA (Section 

2.6.2) and 3 µL nuclease free H2O – giving a total reaction volume of 10 µL. 

Samples were run in triplicate on the Quantstudio 7 or Quantstudio 12 real time 

PCR system and were subject to 10 min at 95°C before undergoing 40 cycles at 

95°C for 15 s, followed by 60 s at 60°C. 
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Table 2-3:    Taqman Gene Assays. 

 

2.6.4 MicroRNA  reverse transcription 

For miRNA analysis, cDNA was generated using the TaqMan® miRNA Reverse 

Transcription kit (Thermo Fisher). Each reaction contained 5 ng total RNA. RNA 

was added to the following reagents: 1 x reverse transcription buffer, 0.25 U/µL 

RNase inhibitor, 3.33 U/µL Multiscribe™ Reverse Transcriptase, 1 mM of each 

dNTP (all provided with the kit), 1 x TaqMan® miRNA reverse transcription 

primers (purchased from Thermo Fisher and described in Table 2-4). H2O was 

then added to make a final reaction volume of 7.5 µL. Synthesis was performed 

using the following thermal cycling conditions: 16°C for 30 min, 42°C for 30 min 

and 85°C for 5 min. Samples were then removed from the thermal cycler and 

stored at -20°C until required. Reverse transcription of an endogenous control 

miRNA (RNU48) was also performed, in order to allow for normalisation of 

changes in miRNA expression. 

Table 2-4:    MicroRNA probes. 
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2.6.5 MicroRNA qRT-PCR 

miRNA expression qRT-PCR was performed using TaqMan® miRNA RT-PCR probes 

(provided in same assay as reverse transcription primers), and TaqMan® 

Universal Master Mix II in accordance with the manufacturer’s instructions. Each 

reaction contained 5 µL TaqMan® mastermix, 0.5 µL miRNA probe, 3.83 µL 

nuclease-free H2O and 0.67 µL cDNA from miRNA reverse transcription, and were 

performed in triplicate in 384-well plates. Samples were run on the Quantstudio 

7 or Quantstudio 12 real time PCR system and were subject to 10 min at 95°C, 

40 cycles at 95°C for 15 s and 60 s at 60°C. As before samples were stored at -

20°C until required.  

 

2.6.6 Analysis of qRT-PCR 

For all qRT-PCR analysis (SYBR, mRNA and microRNA): as the cycle number 

increases, the detected fluorescence also increases due to exponential 

amplification of PCR products. Midway through the exponential phase of 

amplification, the Taqman machine records the number of cycles taken to reach 

this threshold, which is known as the Ct value. Data was then analysed using the 

comparative Ct method, also known as 2-ΔΔCt method (Livak and Schmittgen, 

2001). The ΔCt is the difference in the Ct between the gene of interest and the 

appropriate housekeeping gene. The mean ΔCt of all biological triplicates for the 

same gene of interest was calculated and used to calculate the ΔΔCt, which 

shows the difference in gene expression between a sample and control group. 2-

ΔΔCt is then used to calculate the fold increase or decrease in gene expression 

between a sample and the control group, whose value is equal to 1. 

 

2.7 Assessment of HSVSMC proliferation 

 
HSVSMC proliferation was quantified using a DNA bromodeoxyuride (BrdU) 

incorporation assay (Millipore, Watford, UK), or 5-ethynyl-2′-deoxyuridine (EdU) 

incorporation (ThermoFisher) according to the manufacturer’s instructions. Both 

BrdU and EdU are nucleoside analogues of thymidine and are incorporated into 

DNA during active DNA synthesis. The amount of incorporated BrdU or EdU is a 
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measurement of DNA synthesis of the cells and thus an indirect measurement of 

proliferation.  

For BrdU analysis, cells were seeded into 96 well plates at a density of 1x104 

cells per well and cells were allowed to settle overnight. Control reactions were 

also included that composed of 1. Blank: Tissue culture media only, no cells and 

2. Background: cells were present in the wells but did not have any BrdU reagent 

added. Culture media was removed, cells washed in 1 x PBS and cells quiesced in 

0.2 % FCS media for 48 h prior to stimulation. After this period the media was 

removed and cells washed in 1x PBS. Cells were stimulated with either 10 ng/ml 

IL1α, 20 ng/ml PDGF or a combination of both for 24, 48 or 72 h. 5 h after 

stimulation the BrdU substrate was prepared by diluting the 500X concentrated 

stock 1:500 in cell media. 20 µL of the diluted BrdU label was added to the 

appropriate wells. Following proliferation, the media was removed, 200 µL/well 

of the Fixing Solution was added and incubated at RT for 30 min. Fixing Solution 

was removed and plates washed 3 times with 1X Wash Buffer, provided in the 

kit. 100 µL/well of pre-diluted anti-BrdU antibody was added and incubated for 

1 h at RT. Cells were washed 3 times in 1X Wash Buffer. The Goat anti-Mouse 

IgG, Peroxidase Conjugate antibody was prepared by diluting the Conjugate 

1:2000 in the Conjugate Dilute provided and 0.22 µm syringe filtered to reduce 

background signal in the assay. 100 µL/well of the antibody was added and 

samples were incubated for 30 min at RT. Cells were washed as above and a 

final wash step was performed by flooding the 96 well plate with distilled water. 

100 µL/well of TMB Peroxidase Substrate was added and incubated for 30 min at 

RT in the dark. Positive wells were visible by a blue colour, the intensity of 

which was proportional to the amount of BrdU incorporation in the proliferating 

cells. After adding the substrate solution, the immune complexes were detected 

using a plate reader set at dual wavelength of 450/550 nm, Victor (Perkin Elmer, 

Waltham, USA).  

For EdU analysis HSVSMC were plated at 5x104 cells/ well in 12 well plates and 

were subjected to the same quiescent and stimulatory conditions as above with 

the exception that EdU was added at a 1:1000 dilution to the stimulatory media. 

Cells were incubated with EdU for 48 h. Stock solutions of reagents were 

prepared accordingly: 10 mM solution of EdU, was prepared by adding 8 mL of 
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DMSO (Component C) to Component A and mixing well. EdU was aliquoted and 

stored at –20°C.  1X Click-iT® saponin-based permeabilisation and wash reagent 

was prepared by diluting a volume of Component E 1:10 with 1 % BSA in PBS and 

was stored at 2–8˚C for a maximum of 6 months. 10X stock solution of the Click-

iT® EdU buffer additive (Component G) was prepared by adding 2 mL of 

deionized water to the vial and mixing until the Click-iT® EdU buffer additive 

was fully dissolved. The reagent was aliquoted and subsequently stored at -20˚C.  

Following stimulation cells were washed once in PBS and 100 µl 1X trypsin 

solution added to each well to allow detachment of cells. Following detachment, 

trypsin was neutralised with the addition of 100 µl complete SMC media and cells 

transferred to a new 1.5 ml Eppendorf. Cells were centrifuged at 600 xg for 6 

min, no brake, and the supernatant discarded. Cells were then fixed overnight at 

4 ˚C. In order to fix cells, cells were resuspended in 100 µl PBS and fixed by 

adding 900 µl ice cold 70 % ethanol. Cells must be in suspension before the 

addition of ethanol or will fix as a clump. Thus, 70 % ethanol was added whilst 

vortexing.  Following overnight incubation cells were centrifuged at 600 xg for 5 

min, no brake. The supernatant was removed and 750 µl 0.2 % Triton X-100 was 

added, mixed well and incubated for 30 min at RT. 750 µl PBS +1 % BSA was 

added per tube and allowed to sit for  60 sec. Samples were centrifuged as 

above and supernatant removed. Click it Alexa reagent stock was prepared 

according to Table 2-5. 500 µl click it reagent was added per tube and incubated 

in the dark at RT for 60 min. Cells were washed in 1 mL PBS+1 % BSA, 

centrifuged as above and resuspended in 300 µL PBS. Samples were transferred 

to FACS tubes for analysis. Samples were analysed using the BD Biosciences 

FACSCanto II with FACSDiva software. Control samples, lacking EdU, were used 

as negative controls and used to set gates. 10,000 events were collected for 

each sample and analysis of flow cytometry data was performed using FlowJo 

analysis software (Tree Star, Ashland, USA).
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2.8 MEKK1 and P38 inhibitor studies 

For inhibitor studies, HSVSMC were plated in 6 well plates at a density of 2x105 

cells per well. As previously stated, cells were serum starved for 48 h prior to 

the experiment. 1 h before stimulation, cells were incubated with either 10, 15 

or 20 µM AZD6244 (MEKK1 inhibitor, Selleckchem, Suffolk, UK) or 5, 10 or 20 µM 

P38 (SB 203580) which were diluted in serum free DMEM. Cells were then 

stimulated with either 0.2 % media as a control or a combination of 10 ng/ml 

IL1α and 20 ng/ml PDGF for 24 h for RNA quantification.   

 
 

2.9 5’ and 3’ Rapid amplification of cDNA ends  

5’ 3’ Rapid amplification of cDNA ends (RACE) was performed to determine the 

full length transcript of lncRNAs using the SMARTer RACE 5’/3’ Kit (Clontech, 

Saint-Germain-en-Laye, France) according to manufacturer’s instructions. 

SMARTer RACE 5’/3’ utilises two steps as shown in Figure 2.1:  

1. First-strand cDNA synthesis is primed using a modified oligo (dT) primer. 

After SMARTScribe Reverse Transcriptase (RT) reaches the end of the 

mRNA template, it adds several nontemplated residues. The SMARTer II A 

Oligonucleotide anneals to the tail of the cDNA and serves as an extended 

template for SMARTScribe RT. 

2. RACE PCR that utilises gene specific primers (GSP) and the universal 

primer in order to identify additional sequences at the 5’ and 3’ end. 
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Figure 2-1:    Overview of RT and RACE reaction. 
General schema for 5' and 3' RACE experiments. Total RNA is reverse transcribed with a dTn 
primer. When the polymerase reaches the end of the sequence it adds an additional couple of 
bases. These bases act as a template for the Smarter II Oligonucleotide to generate 
complementary DNA strands. These strands are used as template to generate the first sets of 
RACE products using a universal primer and a gene specific primer to the gene of interest.  
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2.9.1 Primer design 

Gene-Specific Primers (GSPs) were designed to be 23–28 nt, to ensure specific 

annealing, 50–70 % GC, had a Tm of >70°C, which enabled the use of touchdown 

PCR, not complementary to the 3’-end of the Universal Primer, specific to the 

gene of interest and had 15 bp sequence which overlapped with the vector at 

the 5’ ends. This was required for subsequent cloning steps. RACE primer 

sequences are provided in Table 2-6. 

Table 2-6:    Race Primer Sequences. 

 

2.9.2  First Strand cDNA synthesis 

First strand cDNA synthesis was performed accordingly: Buffer Mix (BM) for all of 

the 5’- and 3’-RACE-Ready cDNA synthesis reactions was prepared.  The reagents 

were added to a 1.5 ml Eppendorf, spun briefly and then set aside at RT until 

required: 4.0 µl 5X First-Strand Buffer 0.5 µl DTT (100 mM) 1.0 µl dNTPs (20 mM) 

per reaction. The second section of buffer was prepared separately for 5’ and 3’ 

reactions utilising as much RNA as possible (maximum 1 µg): 

 

Control mouse heart total RNA was utilised as a +ve control as final 5’ RACE 

results in the visualisation of mouse transferrin receptor at a size of 3.0 kb, 

while 3’ RACE yields bands at 3.2 kb and 2.1 kb respectively, indicating that all 

RACE components function efficiently. 
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Samples were transferred into a 96 well PCR plate and incubated at 72°C for 3 

min, then 42°C for 2 min in a thermal cycler. After cooling, plates were 

centrifuges briefly for 10 s at 14,000 x g to collect the contents at the bottom. 

Following centrifugation 1 µl of the SMARTer II A Oligonucleotide was added per 

reaction to the 5’ RACE samples only. The final buffer mix was made 

accordingly: 

 

 

8 µl of the Master Mix above was added to the denatured RNA for a total volume 

of 20 µl per cDNA synthesis reaction. Plates were incubated at 42°C for 90 min in 

a thermal cycler and then at 70°C for 10 min. The first-strand cDNA synthesis 

reaction product was diluted with the addition of 10 µl EDTA and stored at -20ᵒC 

until required. 

2.9.3 RACE PCR 

RACE master mix was prepared as below:  

 

Mastermix was combined in a 96 well PCR plate as shown below with the 
addition of appropriate controls: 

 
Samples were subjected to Touchdown PCR in a thermal cycler utilising the 
conditions shown: 
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*5 cycles: 
94°C 30 sec 
72°C 3 min 
 
*5 cycles: 
94°C 30 sec 
70°C 30 sec 
72°C 3 min 
 
*25 cycles  
94°C 30 sec 
68°C 30 sec 
72°C 3 min 
 
Following PCR, samples were run on an agarose gel and single bands were gel 
extracted as detailed in sections 2.14.3 and 2.14.4.   
 

2.9.4 In Fusion Cloning 

1 µl of lineareised pRACE vector (provided with SMARTer RACE 5’/3’ Kit 

Components) was added to 7 µl gel-purified RACE product and 2 µl In-Fusion HD 

Master Mix. Reagents were incubated at 50°C for 15 min then transferred to ice. 

Stellar Competent cells were transformed utilising 2.5 µl of master mix and the 

general heat shock protocol described in detail in section 2.14.7.1. Colonies 

were selected and subjected to small and large scale plasmid DNA extraction 

and sequencing described in sections 2.14.7.2, 2.14.7.3 and 2.14.7.4. Sequences 

were compared to the annotated sequence available from Ensembl and 

additional bases identified through alignment using the CLC genomics tool 

version 8.0.3.  

2.10 RNA-Fluorescent In-Situ Hybridisation (FISH) 

Custom RNA-FISH tiled probe sets were generated to all exons of SMILR. RNA 

FISH utilises “branch tree” technology. As shown in Figure 2.2, a target specific 

probe set, containing 40 oligo probes, hybridises to the target mRNA as 20 oligo 

pairs. Each oligo pair forms a required platform for assembly of the signal 

amplification structure through a series of sequential hybridisation steps. Each 

fully assembled structure covers a space of 40-50 nt of the target RNA, and has 

the capacity for 400-fold signal amplification. Therefore, a typical RNA probe set 

(containing 20 oligo pairs) has the capacity to generate 8,000-fold signal 

amplification. Due to this technology, each fluorescent signal constitutes one 

single RNA molecule. 
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Figure 2-2:    Overview of RNA-FISH branch tree technology. 
Target RNA-specific oligonucleotide probes (Z) are hybridized in pairs (ZZ) to multiple RNA targets. 
Multiple signal pre-amplification (orange) and amplification (blue) molecules are hybridized, each 
recognising a specific target probe. This allows the visualisation of multiple targets within the one 
cell. Multiple label probes, each conjugated to a different fluorophore or enzyme, are bound to the 
amplification molecule. This creates a tree like appearance with the signal from a single molecule 
being amplified up to 8000 times.  
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2.10.1 RNA-FISH technique 

All lncRNA probes were custom designed by Affymetrix (California, USA). All 

lncRNA probes were Type 1 and all control (SNORD3 and UBC) were Type 6 

probes. Type 1 probes excite at 550 nm while Type 6 excite at 650 nm. SNORD3 

and UBC were used as positive controls to determine spatial location of lncRNAs. 

RNA-FISH was performed according to manufacturer’s instructions (ViewRNATM 

cell FISH) with minor modifications. For cellular analysis, HSVSMC ± IL1α/PDGF 

(as above) were grown on 16 mm coverslips to 80 % confluency, washed in PBS 

and fixed in 400 µl of 4 % paraformaldehyde (PFA) supplemented with 1 % glacial 

acetic acid for 30 min at RT. PFA solution was removed and cover slips gently 

rinsed three times, in 2 mL/well 1X PBS. PBS was removed, 400 μL/well of 

Detergent Solution QC added to permeabilise the cells and incubated for 5 min 

at RT. Cells were washed twice in 2 mL/well as above. Working Protease 

Solution was prepared by diluting the Protease QS 1:4,000 in 1X PBS. PBS was 

replaced with 400 μL/well of Working Protease Solution and incubated for 10 

min at RT. 3 further PBS washes were performed. Working Probe Set Solution 

was prepared by diluting each Probe Set 1:100 in pre-warmed Probe Set Diluent 

QF and adding 400 μL/well. For most instances one lncRNA and one control 

reaction were performed in one well, thus both probe sets were added to the QF 

diluent. No probe/DAPI only controls were also performed at this stage, in which 

the probe was omitted. Plates were covered and incubated at 40 ± 1 °C for 3 h. 

Probe was aspirated and cells washed three times, each with 2 mL/well of Wash 

Buffer. Cells were soaked for 2 min between aspirations. Working Pre Amplifier 

Mix Solution was prepared by diluting Pre Amplifier Mix 1:25 in pre-warmed 

Amplifier Diluent QF and vortexed briefly to mix. Wash buffer was removed and 

cells incubated with 400 μL/well Working Pre Amplifier Mix Solution for 1 h at 40 

± 1 °C. Cells were washed a further 3 times with 2 min soaking in wash buffer 

and the Working Amplifier Mix Solution prepared by diluting Amplifier Mix 1:25 in 

pre-warmed Amplifier Diluent QF. 400 μL/well of Working Amplifier Mix Solution 

was added and incubated for 30 min at 40 ± 1 °C. Cells were washed 3 times as 

before and Working Label Probe Mix Solution prepared by diluting Label Probe 

Mix 1:25 in pre-warmed Label Probe Diluent QF. 400 μL/well was added and 

incubated for 30 min at 40 ± 1 °C. Cells were washed three times for 2x 2 min 

and then 10 min respectively. Cover slips were mounted onto glass slides 
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utilising prolong gold mounting medium (Thermo Fisher) and cured with clear 

nail varnish.  

2.10.2 Image Acquisition and quantification 
 

Images were acquired on a Zeiss 510 confocal system. At least 5 images were 

taken per condition. Parameters for acquisition and post analysis were identical 

for all conditions. For quantification of lncRNA molecules/ cell, individual 

fluorescent spots were counted and considered as individual molecules. At least 

5 cells were counted per image taken.  

2.11 RNA Fractionation 

RNA fractionation was performed according to the manufacturer’s instructions 

provided in the PARIS™ Kit (Thermo Fisher). HSVSMC were plated at 1 x 105 cells 

per well in a 6 well culture dish and stimulated as described above for 72 h. 

Before utilisation of the kit 415 μL 2-mercaptoethanol was added to the 2X 

Lysis/Binding Solution and 64 mL 100 % ethanol to Wash Solution 2/3. Media was 

aspirated and discarded and cells washed once with PBS. Cells were trypsinised 

and trypsin inactivated with complete SMC media. Cells were pelleted by 

centrifugation at 1,500 rpm for 5 min, supernatant discarded and cells washed 

by gentle resuspension in 1 mL PBS. Cells were pelleted as before, supernatant 

removed and cells placed on ice. 500 μL of ice-cold Cell Fractionation Buffer was 

added to the cells, resuspended by gentle pipetting and incubated on ice for 10 

min. Samples were centrifuged for 5 min at 4°C and 500 x g, supernatant 

removed and placed into an additional tube and placed on ice. This fraction 

contained the cytoplasmic RNA. The remaining nuclear pellet was washed in 500 

μL of ice-cold Cell Fractionation Buffer and repelleted via centrifugation for 1 

min at 4°C and 500 x g. The supernatant was aspirated and discarded. 500 μL of 

ice-cold Cell Disruption Buffer was added to the nuclear pellet and vigorously 

vortexed to lyse the nuclei. This sample contained the nuclear RNA. 500 μL 2X 

Lysis/Binding Solution at room temp was added to both the cytoplasmic and 

nuclear samples and mixed immediately by pipetting 3–4 times. 500 μL 100 % 

ethanol was added to both tubes and mixed thoroughly by pipetting 3–4 times. 

The sample was added to the Filter Cartridge (maximum 700 μL) and centrifuged 

at 12,000 rpm for 1 min. Flow through was discarded and the procedure 
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repeated until the complete sample had been passed. This procedure was 

repeated utilising 700 μL Wash Solution 1 followed by 500 μL Wash Solution 2/3. 

20 μL Elution Solution preheated to 95°C was added and the column centrifuged 

as before. The elute was reapplied to the column and the procedure repeated. 

The eluted RNA was stored at -80°C until required.  

 

2.12 LncRNA stability assays 

HSVSMC were plated at 1 x 105 cells per well in a 6 well culture plate and 

stimulated for 72 h as described above. Following stimulation 5 μg/mL 

actinomycin D or DMSO control was added per well to inhibit transcription. 

Transcriptional inhibition of HSVSMC was conducted for 19 h, with cells 

harvested at time zero (0 h) and after 4, 8, and 19 h. Cells were collected 

trypsinisation and total RNA extracted using miRNeasy columns. 

2.13 Dicer substrate siRNA (dsiRNA) mediated 
transfection 

Double stranded dicer substrate siRNA targeting lncRNAs and Si-control were 

synthesised (Integrated DNA Technologies, Leuven, Belgium). The Si-control does 

not target any sequence in the human, mouse, or rat transcriptomes. Transient 

transfection was performed with Lipofectamine 2000 (Thermo Fisher). Cells 

were transfected with either 25 nM Si-lncRNA or Si-Control as detailed. All 

incubations for the dsiRNA were performed in a dark hood. Reactions were 

scaled up or down according. For 1 reaction 250 μL Opti-MEM (Gibco) was added 

to a 1.5 mL Eppendorf tube, with the addition of 3 μL Lipoefctamine 2000. In an 

adjacent 1.5 mL Eppendorf, 250 μL Opti-MEM was added 2.5 μL of either lncRNA 

dsiRNA or control dsiRNA. Mock tubes were also prepared which lacked the 

dsiRNA. After a10 minincubation at RT, the 2 Eppendorfs were combined to give 

a total volume of 500 μL. Transfection reagents were incubated for another 20 

min at RT to allow the formation of cations required to penetrate cell 

membranes. During this incubation period cells were trypsinised, as described 

before, and a stock of 2x105 cells/mL, in smooth muscle cell transfection media, 

was prepared. SMC transfection media contained all supplements, as per the 
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SMC complete media, but lacked Penstrep, as antibiotics in the media can prove 

toxic for Lipofectamine transfections. Following the 20 min incubation, 500 μL of 

transfection reagent mix was added to the bottom of a 12 well plate and 500 μL 

of cells added on top to give a final density of 1x105 cells/well. Six h post 

transfection, cells were quiesced in 0.2 % media for 48 h and stimulated for a 

further 48 h with 0.2 % media containing IL1α/PDGF.  

2.14 General Cloning Techniques 

LncRNA SMILR was cloned into the SFFV-LV plasmid in order to over express this 

lncRNA within SMC (described in detail in section 2.15). General cloning 

techniques were also employed when generating lncRNA probes for RNA: protein 

analysis (described in section 2.21).  

2.14.1 Polymerase Chain Reaction (PCR) 

Standard PCR conditions are described below. PCR trouble shooting was 

undertaken when standard PCR conditions failed. All PCR was performed using 

Platinum®Taq DNA Polmerase (Thermo Fisher). The following reagents were 

prepared in a 96 well PCR plate:  

Per Reaction  

10x Reaction Buffer   2.5 µL 

50 mM MgCl2    0.75 µL 

10 mM dNTP Mix   0.5 µL 

10 µM Forward Primer  0.5 µL 

10 µM Reverse Primer  0.5 µL 

Template DNA   500 ng 

Platinum®Taq DNA Polmerase 0.1 µL 

H2O     to 50 µL 
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Samples were subjected to the following PCR conditions in a thermal cycler: 

*Initial denature: 
94°C 2 min 
 
*35 cycles: 
94°C 30 sec 
55°C 30 sec 
72°C 1 min 
 
*Hold 
10°C forever 
 
All PCR reactions were stored at -20°C until required. 
 
 

2.14.2 Restriction Digest 

Restriction digests were not only utilised for inserting sections of DNA into 

plasmids but also utilised as diagnostic tools to ensure the insertion of the 

correct sized DNA fragment. All restriction enzymes utilised were purchased 

from New England Biolabs (Ipswich, UK). For small diagnostic purposes 100 ng of 

plasmid DNA was utilised. However, for larger reactions 1 µg of plasmid DNA was 

used.  Small reactions were prepared accordingly: 1 µL appropriate NEB buffer, 

0.5 µL of each restriction enzyme, 100 ng plasmid DNA and H2O to 10 µL final 

volume. For large reactions:   5 µL appropriate NEB buffer, 1 µL of each 

restriction enzyme, 1 µg plasmid DNA and H2O to 50 µL final volume. If multiple 

restriction enzymes were utilised it was ensured that the enzyme volume did not 

exceed 10 % of the total reaction volume to prevent star activity due to excess 

glycerol. Star activity is the ability of certain restriction enzymes to cleave 

sequences similar, but not identical, to their defined recognition sequence. This 

is caused by excess glycerol altering the standard reaction conditions.  

All restriction digests were performed in a water bath set at 37°C and were 

incubated for 2 h. If required, gel purification was performed according to 

section 2.14.4. 

2.14.3 Agarose gel electrophoresis 

Agarose gel electrophoresis allows the separation of DNA molecules according to 

their molecular size, as compared to an appropriate DNA ladder. A suitable 

percentage agarose gel was utilised (0.8-2.5 % w/v) based on the DNA fragment 
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size, with lower percentage gels used to separate high molecular weight DNA 

and the reciprocal. Agarose was dissolved and electrophoresed in 1 x Tris-Borate 

EDTA (TBE) buffer (Gibco, Paisley, UK). Ethidium bromide (1 ng/100 mL) was 

added to molten agarose before the gels were poured. Ethidium bromide 

becomes intercalated into DNA and fluoresces under ultra violet light, allowing 

the easy detection of DNA. Samples were mixed with a 6X orange/blue dye and 

loaded onto gels along with a DNA marker (100 bp ladder for smaller fragments 

and 1 kb marker for larger fragments) (Promega, Southampton, UK). Gels were 

run in BIO-RAD electrophoresis tanks and using a BIO-RAD Power Pac 300, at a 

constant voltage of 50-120 V and bands visualised using trans UV illumination on 

a ChemiDoc XRS+ Imaging System. 

2.14.4 Gel Extraction 

Gel extraction was utilised to isolate desired fragments of intact DNA from an 

agarose gel following agarose gel electrophoresis. Following excision, and 

subsequent removal of excess gel, utilising a scalpel blade and UV light box, 

samples were subjected to extraction and subsequent cleaning utilising the 

Wizard® SV Gel and PCR Clean-Up System (Promega). Gel fragments were 

weighed and placed into 1.5 mL Eppendorf tubes. If large gel fragments were 

required then the gel was split between Eppendorfs. Membrane Binding Solution 

was added at a ratio of 10 µL of solution per 10 mg of agarose gel slice. The tube 

was vortexed and placed in a heat block at 65°C for 10 min or until the gel slice 

was completely dissolved. Gel slices were regularly vortexed during this 

incubation to aid in the melting of the gel slice. The dissolved gel was 

transferred into a SV Minicolumn inserted into a collection tube and incubated at 

RT for 1 min. Tubes were centrifuges at 16,000 × g for 1 min and waste 

discarded. Tubes were washed with 700 µL of Membrane Wash Solution and 

centrifuged as before. Waste was discarded and a second 500 µL wash was 

performed. Waste was discarded and empty tubes were centrifuged at 16,000 × 

g for 2 min to aid the ethanol evaporation.  The SV Minicolumn was transferred 

to a clean 1.5 mL microcentrifuge tube and 50 µL of nuclease-free water added. 

Tubes were incubated for 1 min at RT and centrifuged as above. The eluate was 

placed back through the column a second time and the final step repeated. This 

second elute improves the recovery of DNA from the column. 



123 

 

 
 

2.14.5 Dephosphorylation and Ligation 

Digested DNA typically possesses a 5’ phosphate group that is required for 

ligation. In order to prevent self-ligation, the 5' phosphate can be removed prior 

to ligation. This was performed using Antartic Alkaline Phosphatase (New 

England Biolab Ltd, Hertfordshire, UK), following the manufacturers’ protocol. 

10 µL reactions were prepared accordingly: 2 µL Antartic Phosphatase enzyme, 1 

µL 10 x Antartic Phosphatase buffer, 500 ng plasmid DNA and made up to 10 µL 

total using nuclease free H2O. Reactions were incubated in a water bath set to 

37°C for 30 min and were terminated by heat-inactivation at 80°C for 2 min. 

Ligation of inserts into dephosphorylated plasmid was performed using T4 DNA 

ligase (New England Biolabs Ltd) as per manufactures’ instructions. Several 

ratios of plasmid: insert were typically utilised. Ratios of 1:1 and 1:3 were used 

and 1:0 utilised as a negative control reaction. Molar ratios were calculated 

using the following equation: 

(ng of vector x Kb of insert / Kb of vector ) x molar ratio = ng of insert 

Ligation reactions were prepared in PCR tubes as follows: 50 ng of 

dephosphorylated plasmid vector,  specific amount of insert DNA (as calculated 

above), 1 µL T4 DNA ligase enzyme, 2 µL 10x T4 ligase buffer and reaction made 

up to 20 µL total using nuclease-free H2O. Samples were incubated at 16°C 

overnight in a thermal cycler. Ligations were subjected to diagnostic digests and 

sequencing before being transformed into competent E-coli. 

2.14.6 Sequencing 

Sequencing was routinely used to ensure that the PCR of cloned DNA did not 

contain any mutations or incorrect sequences. Each sequencing reaction 

contained 200 ng of plasmid DNA, 2 nM of forward or reverse sequencing 

primers, 0.5 µL Ready Reaction Mix (Thermo Fisher) and 3.5 µL Big Dye 

Sequencing Buffer (Thermo Fisher). All reactions were assembled in a 96 well 

PCR plate. The reaction was then made up to a final volume of 20 µL using 

nuclease-free H2O. Individual forward and reverse reactions were always 

performed in duplicate and control sequencing reactions lacking the template 
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DNA were performed in order to ensure no reagents were contaminated with 

genomic DNA.  

Samples were then subject to 25 PCR cycles at the following conditions: 

* 30 cycles: 

96°C for 50 sec 

50°C for 20 sec  

60°C for 3 min 

 

The PCR products were then cleaned using CleanSEQ (Agencourt Bioscience 

Corporation, MA, USA) following the manufacturers’ protocol. This protocol 

utilises SPRI® paramagnetic bead technology to bind DNA allowing subsequent 

washes to be performed without the loss of DNA. Briefly, 10 µL CleanSeq was 

added per well. 62 µL of 85 % ethanol was added, the plate sealed, vortexed and 

centrifuged to return all material to the bottom of the plate. The reaction was 

then placed on a magnetic plate to remove the beads from the solution. The 

supernatant was removed and 100 µL of 85 % ethanol was added. The plate was 

sealed, vortexed and centrifuged as before and placed on the magnetic plate. 

The supernatant was removed and the beads allowed to air dry at RT. 40 µL H2O 

was added per well and pipetted up and down to dislodge the beads from the 

sides of the plate. The plate was placed back on the magnet and 20 µL 

supernatant loaded into an optically clear barcoded 96-well PCR plate for 

capillary electrophoresis, which was performed on a 48-capillary Applied 

Biosystems 3730 Genetic Analyser with 36 cm capillaries. All sequencing and 

alignment were performed on CLC genomics.  

 

2.14.7 Plasmid Purification 

2.14.7.1 Transformation of Competent Bacteria 

Bacterial transformation of competent Escherichia coli (E coli), was exploited as 

a means of replicating plasmid DNA. All transformations were performed through 

the standard ‘heat shock’ protocol utilising either commercially available JM109 

(Thermo Fisher) or Stellar (Clontech) bacteria. 50 µL aliquots of competent 
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bacteria were thawed on ice. 1 ng of plasmid DNA was added to the cells and 

the tube gently flicked to mix. Samples were placed back on ice for 5 min before 

immersion in a water bath set to 42 ᵒC for exactly 45 seconds before being 

removed and immediately incubated on ice for a further 2 min. 450 µL  SOC 

media at RT was added per tube and the tube was shaken, horizontally, for 1 h 

at 200 rpm and 37°C in a shaking incubator. A tube containing bacteria, without 

DNA was included as a negative control, this ensured that the antibiotic was 

working efficiently. Varying amounts of E coli/SOC media mix were plated onto 

100 µg/mL ampicillin Luria agar plates (Thermo Fisher).  Plates were incubated 

at 37 °C to allow colony formation. 

2.14.7.2 Picking of Colonies 

The following day, individual bacterial colonies were selected and grown 

overnight in 10 mL Luria broth (LB) (Thermo Fisher), containing 100 µg/mL 

ampicillin, before being  screened using diagnostic restriction digests, DNA 

electrophoresis and plasmid sequencing (described below).  

2.14.7.3 Mini-Prep 

Small scale DNA purification was performed using the PureLink® Quick Plasmid 

Miniprep Kit (Thermo Fisher). 3 mL of overnight culture was centrifuged at 6,000 

xg for 5 min. Supernatant was removed and discarded. 250 μL of Resuspension 

Buffer (50 mM Tris-HCl, pH 8.0; 10 mM EDTA) with RNase A (100 µg/mL) was 

added to the cell pellet and resuspended until homogeneous. 250 μL Lysis Buffer 

(200 mM NaOH, 1 % w/v SDS) was added and mixed gently by inverting the 

capped tube until the mixture was homogeneous. The sample was then 

incubated for 5 min at RT to allow complete lysis of the bacteria. 350 μL 

Precipitation Buffer was added and mixed immediately by vigorously shaking the 

tube, until the mixture was homogeneous. Tubes were centrifuged at 12,000 × g 

for 10 min. The supernatant was transferred into a spin column and centrifuged 

for a further minat 12,000 × g. The flow through was discarded and columns 

were washed with 500 μL Wash Buffer (W10) for 1 min at 12,000 × g. A second 

700 μL wash using Wash Buffer (W9) was performed and columns centrifuged as 

before. The wash through was discarded and columns centrifuged again to aid in 

the removal of ethanol. The spin column was transferred to a new 1.5 mL 
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Eppendorf and plasmid DNA was then eluted from the column using 50 µL 

nuclease-free H2O. H2O was allowed to bind to the column for 1 min at RT before 

centrifugation. DNA concentration was measured using the Nanodrop (Thermo 

Fisher) and stored at -20°C until required. 

2.14.7.4 Maxi-Prep 

The PureLink® HiPure Plasmid Maxiprep Kit was used to perform large scale DNA 

purification. The remaining 7 mL of the starter culture was placed into a conical 

flask containing 500 mL of LB broth and 100 µg/mL ampicillin.  Cultures were 

incubated overnight in a shaking incubator at 37°C at 170 rpm. Following 

overnight culture bacteria were collected by centrifugation at 4,000 x g for 10 

min at 4°C, in a Beckman Coulter Avanti J-26XP. During centrifugation columns 

were equilibrated with the addition of 30 mL Equilibration Buffer (EQ1) (0.1 M 

Sodium acetate pH 5.0, 0.6 M NaCl, 0.15 % (v/v) Triton® X-100). The columns 

were allowed to drain by gravity flow. 10 mL Resuspension Buffer (R3)( 50 mM 

Tris-HCl pH 8.0, 10 mM EDTA) with RNase A (20 mg/mL) was added to the cell 

pellet and gently shaken until the cell suspension was homogenous. 10 mL Lysis 

Buffer (L7) (0.2 M NaOH, 1 % (w/v) SDS) was added and mixed gently by inverting 

the capped tube until the mixture was homogeneous. Samples were incubated at 

RT for 5 min to ensure complete lysis of bacteria. 10 mL of Precipitation Buffer 

(N3) (3.1 M Potassium acetate pH 5.5) was added and the contents mixed 

thoroughly. The precipitated lysate was then centrifuged at 20,000 x g for 20 

min. The clarified supernatant was added to a HiPure Column and allowed to 

drain by gravity flow. Once all of the clarified supernatant had passed through 

the column, 60 mL wash buffer W8 was added (0.1 M Sodium acetate, pH 5.0; 

825 mM NaCl). A sterile 15 mL centrifuge tube was placed under the column and 

5 mL Elution Buffer (E4) added. The solution was allowed to pass by gravity flow. 

10.5 mL isopropanol (2-propanol) was used to precipitate the DNA, before the 

mixture was centrifuged at 15,000 x g for 30 min at 4°C. The pelleted DNA was 

then washed in 4 mL 70 % ethanol, and 4 x 1 mL aliquoted into 4 x 1.5 mL 

Eppendorfs. Eppendorf’s were centrifuged at 14,000 × g for 5 min at 4°C. The 

supernatant was removed and the pellets were allowed to air dry until all the 

ethanol had precipitated.  DNA was resuspended in 200 µL of H2O which was 

passed sequentially between each of the 4 tubes. DNA concentration was 
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determined on the nano drop and occasionally additional H2O had to be added to 

dilute the DNA sample. DNA was stored at -20ᵒC until required.  

2.14.7.5 Glycerol Stocks 

Plasmids were stored long-term storage as glycerol stocks. 500 µL of the 

overnight culture, before maxi-prep, was added to a 2 mL cyrovial with the 

addition of 500 µL of 50 % glycerol. Glycerol stocks were stored at -80ᵒC. 

Recovery of bacteria from these stocks was performed by thawing, followed by 

streaking for single colonies on antibiotic containing agar plates. 

 
 

2.15 Lentiviral Manipulation of lncRNA expression 

2.15.1 Lentivirus primer design and cloning of LV plasmid 

LncRNA2/SMILR was cloned into the SFFV:LV plasmid utilising the XhoI and MluI 

restriction sites. Lentivirus primers were designed that would generate a XhoI 

and MluI restriction site at the 5’ and 3’ end of the lncRNA. Lentivirus primer 

sequences are provided in Table 2-7. Cloning was performed according to section 

2.14. The SFFV:SMILR/LncRNA2 plasmid map is shown in Figure 2.3.  

 

Table 2-7:    Lentivirus plasmid primers. 
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Figure 2-3:    Plasmid map of SFFV plasmid with lncRNA2/SMILR sequence. 
LncRNA2/SMILR sequence was cloned into the SFFV: LV plasmid between XhoI and MluI 
restriction sites. SFFV plasmid is under the control of the SFFV promoter and exhibits ampicillin 
resistance.  
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2.15.2 Production of Lentivirus via triple transfection method 

Lentiviral vectors were produced using a transient triple transfection protocol, 

whereby HEK293Ts were transfected with 3 different plasmids, required for viral 

production; the expression plasmid (pHR’SIN-cPPT-SFFV-MCS-WPRE; pSFFV Lenti 

MCS) containing the desired gene under the control of the spleen focus-forming 

virus (SFFV) promoter (a kind gift of Prof. Adrian Thrasher, Institute of Child 

Health, University College London, London, UK), a packaging plasmid 

(pCMVΔ8.74) which contains Gag, Pol, Tat and Rev, and a plasmid endcoding the 

envelope of vesicular stomatitis virus (VSVg) (pMDG). Polyethylenimine (PEI) was 

used as the transfection reagent. Lentivirus preparations were performed in 

batches of 12 150 cm2 flasks. 

For each 150 cm2 flask, 2 mixes were prepared; one containing the 3 plasmids 

for transfection, and one containing the PEI. Each DNA mix contained 50 µg 

expression plasmid, 17.5 µg PMDG and 32.5 µg pCMVΔ8.74, in 5 mL Opti-MEM 

reduced serum medium with GlutaMAX™ supplement (Gibco), and was filtered 

using a 0.22 µm sterile filter. 5 mL Opti-MEM containing 1 µL PEI was then sterile 

filtered and added directly to the DNA mixture. Tubes containing DNA and PEI 

were then incubated in a tissue culture cabinet, at RT, avoiding exposure to 

light, for 20 min. This allows for the formation of DNA:PEI complexes, which 

have endosomolytic activity, and are protected from lysosomal degradation. 

Culture medium was removed from HEK293Ts and cells were gently washed with 

5 mL Opti-MEM medium. This was then removed and 10 mL of medium containing 

DNA:PEI complexes were added to the flask. Cells were incubated for 4 h at 

37°C and 5 % CO2. After 4 h Opti-MEM was removed, replaced with 20 mL fresh 

complete culture medium and cells were returned to the incubator. Lentiviral 

particles are produced and released into the medium by the cells after 

successful transfection of the 3 plasmids. Medium was collected after 48 h, 

replaced with 10 mL fresh complete culture medium and filtered using a 0.22 µm 

sterile filter unit. Cells were cultured for a further 24 h, when medium was 

collected, filtered and combined with the medium removed at 48 h. 
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2.15.3 Concentration of lentivirus 

Concentration of lentivirus was performed using ultracentrifugation. Briefly, 

media collected from triple-transfected cells was aliquoted into Beckman 14 x 

95 mm (14 mL) plastic tubes (Beckman Coulter, London, UK). Tubes had been 

previously rinsed with 70 % ethanol. Tubes were loaded into a SW-32.1 Ti rotor 

buckets and placed into the SW32 Ti rotor (Beckman Coulter). Samples were 

subjected to centrifugation at 23,000 rpm for 1 h at 4°C in an Optima L-80 XP 

Ultracentrifuge (Beckman Coulter). Supernatant was discarded and this process 

was repeated until all virus-containing medium had been used. The final 

supernatant was discarded and tubes placed up-side down to remove all traces 

of media. Tubes were placed on ice and 100 µL Opti-MEM® reduced serum 

medium with GlutaMAX™ supplement (Gibco) was added to each tube. Tubes 

were incubated on ice for 30 min. Lentivirus pellets were resuspended in the 

OptiMEM and the virus was aliquoted and stored at -80°C until required. 

Lentivirus does not withstand freeze thaw, thus aliquots were only used once.  

2.15.4 Calculation of lentivirus titre 

The concentration of produced lentivirus, in particle infectious units per mL 

(PIU/mL), was determined using a TaqMan® qRT-PCR based method. The 

sequence of the primers used was as follows; forward (F) - 5’-

TGTGTGCCCGTCTGTTGTGT-3’, reverse (R) – 5’- GAGTCCTGCGTCGAGAGAGC-3’. 

The probe used was FAM labelled with a TAMRA quencher, with the following 

sequence; 5’-(FAM)-CAGTGGCGCCCGAACAGGGA- (TAMRA)-3’. HEK293T cells 

were cultured and seeded into a 12-well plate, at a density of 5x104 cells per 

well and left overnight. Decreasing concentrations of lentivirus were added to 

each well and left for 72 h. Cells were gently washed in 1X PBS and 200 µL PBS 

was added to each well. Plates, containing cells, were placed at -20°C and 

underwent one freeze thaw cycle prior to DNA extraction. DNA was extracted 

using the QIAamp Mini and Blood Mini kit. DNA concentration was determined 

using the Nanodrop and all samples were diluted to 250 ng/µL using nuclease-

free H2O. In order to titre the virus, serial dilutions of the expression plasmid, 

SFFV-LV plasmid, were utilised to generate a standard curve of 1x1013 to 1x104 

plasmid copies. The calculations required to determine the µL of virus needed to 

generate the top standard are shown below: 
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1. Molecular weight of 1 copy of expression plasmid 

 

       Size of plasmid (bp) x size of 1 bp (660Da) = g per molecule 

                        Avogadro’s Constant 

        
    Daltons = g/mole 

     Avogadro's Constant = 6.023 x 10
23

 molecules/mole 

        
2. Determine copy number of plasmids in 1 mL stock. 

    
 Concentration of stock plasmid (g/ mL) = no. of molecules per mL 

                      g per molecules  
 

3.  Preparation of top standard (1x10
13

 copies) 
        

No. of molecules per 1 mL = initial dilution factor 

                     1x 10
13 

 
                               

1000               = µL of plasmid needed to make 1x 10
13 

standard 
           

Initial dilution factor  
         for top standard 

 

A reaction master mix was prepared and 11.5 µL was added to each well of a 

384-well PCR plate. Each reaction consisted of  2x TaqMan® Universal Master 

Mix, 2 µL Primer/Probe mix,  3.125 µL Nuclease-free H2O, 1 µL of DNA standard 

or DNA samples collected from lentiviral titre. All reactions were performed in 

triplicate and run Taqman qRT-PCR conditions described in section 2.6.3. The 

titre of each samples was calculated by plotting the cT values from the standard 

curve and solving the equation of the line for each sample. Utilising this method 

leads to the copies of plasmid DNA in each samples. The number of copies per 

cell was then identified by using the equation below (250 ng was the amount of 

DNA utilised in the PCR reaction): 

Copies of plasmid in sample x no. of cells used in 250 ng = copies of plasmid per cell 

 

This was subsequently utilised to generate both the PIU/ml and the MOI 

(multiplicity of infection) respectively (shown in 1. and 2. below). 

1. Copies of plasmid per cell ×  dilution factor of virus stock used × 1000   = PIU/mL  

µ                                                            µL virus added to cells 
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2. Cell no. x MOI = µL of virus / well 

   Viral titre 
 

 

2.15.5 Lentivirus Transduction of HSVSMC 

Lentivirus transduction was performed on a confluent monolayer of HSVSMC. 

Briefly, HSVSMC were plated at a density of 1x105 cells/well of a 12 well plate.  

Cells were incubated overnight at 37°C and 5 % CO2. Control (empty) or lncRNA 

lentivirus was added at an MOI of 25 or 50 in 0.2 % DMEM as described above. 

The MOI is the ratio of the number of virus particles to the number of target 

cells. Following 24 h incubation with the virus, the media was changed to 0.2 % 

DMEM and incubated for a further 24 h before stimulation with either IL1α 

and/or PDGF or control (0.2 %) media. Cells were them analysed either for 

proliferation or RNA analysis.  

 

2.16 Protein Analysis 

2.16.1 Protein Extraction 

Protein lysis buffer was prepared on ice containing the following reagents: 20 

mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetra-acetic 

acid (EGTA), 2.5 mM Na pyrophosphate, 1 mM β-glycerophosphate, 2.5 mM Na 

yrophosphate, 1 mM Na3VO4, 0.5 % (w/v) sodium deoxycholate and 1X Roche 

Complete Mini Protease Inhibitor cocktail tablets (made up in H20) (Roche 

Diagnostics, Risch-Rotkreuz, Switzerland).  Protein extraction was performed on 

HSVSMC. Briefly, media was removed and cells washed 1 x in ice cold PBS. PBS 

was removed and replaced with PBS at 5 ml/ 75cm2 flask. Flasks were scraped, 

on ice, with a rubber scraper to detach cells from the flask. Cells plus PBS were 

transferred into a 50 ml falcon and centrifuged at 4,000 x g for 15 min at 4ᵒC. 

Supernatant was carefully removed from the cell pellet and 500 µL of protein 

lysis buffer was added. Cells were placed on ice and centrifuged every 5 min to 

aid in protein lysis. Finally, sampled were transferred to a new 1.5 mL Eppendorf 

and spun at 12,000 rpm, 4ºC for 15 min. The protein supernatant was removed 

and stored at -80ºC.  
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2.16.2 Determining protein content 

Protein concentration was determined using the Pierce BCA Protein Assay Kit 

(Thermo Scientific) in accordance with the manufacturer’s instructions and read 

at 570 nm using the Wallac VICTOR2 plate reader (Thermo Fisher). Protein 

concentrations were identified from the standard curve produced by the protein 

standards. 

 

2.17 Assessment of lncRNA in conditioned media 

RNA extraction on conditioned HSVSMC media was performed using a standard 

volume (2 mL). The conditioned media was first centrifuged (10 min; 2000 g; 

4°C) to remove all cells and debris. After addition of 1.4 mL of QIAzol (Qiagen), 

3 µL of c.elegans total RNA at 25 ng/µL was added to each sample. Following 5 

min incubation at RT, 140 µL of chloroform was added and samples centrifuged 

(15 min; 15000 g; 4°C). The clear upper aqueous phase was used to isolate RNA 

using miRNEasy mini kit (Qiagen) as previously described with alteration of the 

final wash step (75 % ethanol in DEPC water). Different quantities of total RNA 

were spiked and a dose response effect was observed. The quality of the 

amplicon was assessed via analysis of melting curves and subsequent 

visualisation on agarose gel. This showed a unique amplification product 

corresponding to the cDNA fragment of ama-1. Due to the strong  correlation 

observed between quantity of spike-in and ama-1 expression, we utilised 75 ng 

in all subsequent extractions. This amount allowed reproducibility of our 

method, with the Ct values of ama-1 being 29.4 ± 0.3 across 5 separate 

extractions in non-conditioned media. 

 

2.18 Assessment of non-coding RNA in unstable 
atherosclerotic plaques 

All imaging to determine the uptakof 18F and 18F-FDG was performed by Dr Alex 

Vesey. 
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Carotid cohort 

Patients with symptomatic carotid artery stenosis (≥50 % by NASCET criteria 

(Hathout et al., 2005)) scheduled to undergo carotid endarterectomy were 

recruited from neurovascular clinics at the Royal Infirmary of Edinburgh between 

January 2013 and April 2014. Exclusion criteria included a modified Rankin score 

of 3, insulin-dependent diabetes mellitus, women of child-bearing age not 

receiving contraception, severe chronic kidney disease (eGFR <30 mL/min/1.73 

m2), known iodine-based contrast media allergy, prior ipsilateral carotid 

intervention, prior neck irradiation, and inability to provide informed consent. 

Patients underwent a standard baseline clinical assessment including blood 

sampling (for standard clinical haematological and biochemical indices, including 

C reactive protein, and plasma RNA analysis) before undergoing separate [18F]-

fluoride and [18F]-fluorodeoxyglucose ([18F]-FDG) positron emission tomography 

combined with computed tomography (CT) scans with the use of a hybrid 

scanner (Biograph mCT, Siemens Medical Systems, Erlangen, Germany). Both of 

these tracers have been used by our group and others for plaque imaging and 

highlight high-risk actively calcifying (Irkle et al., 2015) and inflamed or hypoxic 

atherosclerotic plaques. 

For [18F]-fluoride imaging, a target dose of 250 MBq was administered 

intravenously. Scanning took place after a 60 min delay. Following an 

attenuation-correction CT scan (non-enhanced, low dose 120 kV, 50 mAs) PET 

imaging was performed in static mode covering 2 bed positions (15 min each) 

with the superior bed centered over the carotid bifurcation. Following PET 

acquisition, a CT carotid angiogram was performed without moving the patient 

(Care Dose 4D, 120 kV, 145 mA, rotation time 0.5 s, pitch 0.8). 

[18F]-FDG PET/CT was performed on a separate day. A target dose of 125 MBq 

was administered intravenously and scanning commenced after a 90-min delay. 

PET/CT acquisition was identical to [18F]-Fluoride save for a longer bed time of 

20 min and a pre-scan fast of 6 h. Static images were reconstructed using the 

Siemens Ultra-HD algorithm (time of flight + True X) with corrections applied for 

attenuation, dead time, scatter, and random coincidences.  
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PET tracer uptake was quantified using an OsiriX workstation (OsiriX version 

3.5.1 64-bit; OsiriX Imaging Software, Geneva, Switzerland). PET/CT image data 

were reviewed for evidence of tracer uptake, image quality and registration. 

The CT angiogram was examined to establish plaque presence, location and 

characteristics. Regions of interest were then drawn on three adjacent 3-mm 

PET slices to incorporate the internal carotid artery plaque. Three ROI were then 

drawn around adjacent healthy portions of carotid artery and the lumen of the 

SVC to derive control values for “normal” arterial uptake and the blood pool 

respectively. Arterial standardized uptake values (SUV) were recorded and also 

indexed to blood pool activity thus giving a target-to-background-ratio (TBR). 

At the time of surgery, plaques were collected immediately following excision 

and photographed. Two-millimeter diameter core biopsy specimens for RNA 

analysis were taken from regions of focally high uptake on PET and from normal 

tissue at the periphery of the endarterectomy specimen. These, along with the 

main specimen, were immediately frozen and placed in an -80°C fridge for 

subsequent batch analysis.  

 

2.19 Assessment of lncRNA in plasma 

Human plasma samples were utilised from a previously published study: Carotid 

Ultrasound and Risk of Vascular disease in Europeans and South Asians (CURVES) 

(Ghouri et al., 2015). The study was approved by the West of Scotland Research 

Ethics Committee (09/S0703/118). All patients had metabolic syndrome and 

varying levels of C reactive Protein (CRP). Blinding of CRP levels was undertaken 

before RNA extraction and un-blinding was not performed until after qRT-PCR 

analysis for lncRNA and control gene expression analysis.  

A standard volume of each plasma sample (300 µL) was used to extract RNA. Five 

volumes of QIAzol lysis reagent (Qiagen) was added per extraction and 

supplemented with spike-in RNA controls: 3.5 µL of miRNeasy Serum/Plasma 

Spike-In Control at 1.6 x 108 copies/µL (C. elegans miR-39 miRNA mimic; Qiagen) 

and 3 µL of c.elegans total RNA at 25 ng/µL. Following 5-min incubation at RT, 

chloroform was added at equal volumes to the starting sample. Following 
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centrifugation (15 min; 8000 g; 4°C) the clear upper aqueous phase was used to 

isolate RNA as described in section 2.4. 

2.20 Detection of lncRNA in exosomes secreted from 
HSVSMC 

SMILR expression in conditioned media was assessed utilising both 

ultracentrifugation and exosome isolation kits. RNA extraction of exosome free 

HSVSMC media was performed using a standard volume (15 mL). The conditioned 

media was centrifuged at 2000 g at 4°C for 10 min and then at 12000 g for 45 

min to remove all cell debris. The supernatant was filtered (0.22 µm) followed 

by ultracentrifugation at 110 000 g, 4°C for 90 min (Optima L-80 XP 

ultracentrifuge Beckman coulter) to obtain microvesicles (Thakar et al.) and 

exosomes and exosome free media compartments. Additional experiments were 

performed utilising the Total exosome isolation kit (Thermo Fisher) following the 

manufacturer’s instructions. The presence of microvesicles and exosomes was 

verified using the Nanosight technology  

For exosomes and microvesicles, 700 µL of Qiazol (Qiagen) was added and 3 µL 

of c.elegans total RNA at 25 ng/µL and the RNA was extracted using miRNEasy 

mini kit (Qiagen) as previously described. For the exosome free media 

compartment, RNA was extracted from 2 mL and following the same protocol as 

describe in the manuscript. SMILR relative expression was determined in these 2 

compartments by qRT-PCR. 

 

2.21 RNA-protein Interactions 

2.21.1 T7 primer design 

T7 primers were designed to convert LncRNA2/SMILR DNA to RNA. Primers were 

designed to encompass several key traits as detailed below for the forward and 

reverse primers.  

Forward Template: 5′- (N6–10)TAATACGACTCACTATAGGG(N3–6)CCACCATGG(N17–

22)-3′ 
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Green: 6-10 nucleotide (N) sequence upstream of T7 promoter – increases 

promoter activity. 

Teal: T7 promoter sequence – essential for the conversion of DNA to RNA.  

Red:  3-6 nucleotide spacer between promoter sequence and Kozak sequence. 

Ensures transcription starts a few bases upstream of the Kozak sequence and 

allows better ribosome binding to RNA. 

Pink: Kozak consensus sequence. 

Yellow:  Gene-specific sequence of 17-22 nucleotides. Needed to allow priming 

of the target gene 

 

 

Reverse Template: 5′-T30stop anticodon(N17–22)-3 

 

 

Green: Addition of a 30 nucletotode poly (A) tail results in greater RNA stability 

and higher levels of translation. 

Teal: Reverse complement of stop codon (TTA, CTA or TCA) if not present in the 

sequence being amplified. Terminates translation, allowing efficient release of 

ribosomes for further rounds of translation. 

Pink: Gene-specific sequence. Needed to allow priming of the target gene 

 

 

The T7 SMILR primers are shown below: 

 

SMILR_T7_F                                            

5'-GATACCTAATACGACTCACTATAGGGGATACCCACCATGGACTCTTGCTGCAAACAT-3'   

 

SMILR_T7_R                                                             

 5'-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAATGACAAGATTTTACTCAAGAT-3' 

 

2.21.2 Generation of DNA 

SMILR DNA was generated through Platinum Taq Polymerase PCR as described in 

section 2.14.1. PCR was performed utilising the SFFV:SMILR plasmid that 

encompasses the full length transcript of SMILR. PCR utilised the T7 primers as 
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described above to generate full length SMILR DNA with the addition of the T7 

promoter to allow for RNA generation.   

2.21.3 T7 generation of RNA 

LncRNA2/SMILR RNA was generated utilising the RiboMAX™ Large Scale RNA 

Production System according to manufacturer instructions.  RiboMAX™ utilises a 

T7 RNA polymerase. T7 is an RNA polymerase from the T7 bacteriophage that 

catalyses the formation of RNA in the 5'→ 3' direction. LncRNA and control 

reactions were prepared as below in PCR grade tubes: 

 

Table 2-8:    Reagents required for T7 polymerase generation of lncRNA probes. 

 

 

 

Tubes were incubated in a thermal cycler at 37°C for 30 min. Following 

incubation RNase-Free DNase (Thermo Fisher) was added at a concentration of 1 

unit per microgram of template DNA and incubated at 37°C for 15 min.  RNA was 

then extracted using 20 µL of phenol: chloroform: isoamyl alcohol (125:24:1). 

Samples were vortexed for 1 min and spun at top speed in a microcentrifuge for 

2 min at RT. The upper aqueous phase was transferred to a new tube. 2 µL of 3 

M Sodium Acetate (pH 5.2) and 50 µL of 95 % ethanol was added, mixed and 

place on ice for 5 min. Samples were spun at top speed in a microcentrifuge for 

10 min, the supernatant was removed and pellet washed with 1 ml of 70 % 

ethanol. The pellet was air dried, to remove any ethanol, and resuspended in 20 

µL of nuclease free H20. RNA was run on a 1 % agarose gel to confirm the 
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presence of bands at 1 kb and 2 kb for the control and 1 kb for lncRNA2/SMILR 

RNA. RNA was stored at -80°C until required. 

2.21.4 Biotinylation of RNA 

Biotinylation was performed utilising Thermo Scientific Pierce RNA 3´ 

Desthiobiotinylation Kit, according to manufacturer’s instructions. The kit 

utilises T4 RNA ligase to attach a single biotinylated nucleotide to the 3´ 

terminus of a RNA strand. Briefly, all kit components were thawed on ice and 

prepared according to the table below. Samples containing the appropriate 

lncRNA or control RNA were added to microcentrifuge tubes.  

Table 2-9:    Components and preparation of the RNA ligation reaction. 

 

 

Samples were incubated overnight in a thermal cycler at 16°C. Following 

overnight incubation, 70 µL of nuclease free H2O plus 100 µL chloroform:isoamyl 

alcohol mix (24:1) was added to each reaction to extract the RNA ligase. The 

mixture was briefly vortexed, then centrifuge 2-3 min at 16,000 x g in a micro 

centrifuge to separate the phases.  The top (aqueous) phase was removed and 

transferred to a nuclease-free tube. 10 μL of 5 M NaCl, 1 µL of glycogen and 300 

μL of ice-cold 100 % ethanol was added and precipitated for 6 h at -20°C. 
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Samples were centrifuged at 16,000 × g for 15 min at 4°C. The supernatant 

removed and pellet washed in ice cold ethanol. The pellet was air dried and re 

suspended in 20 µL of nuclease-free water. 

 

2.21.5 Confirmation of RNA biotinylation 

All solutions used in this process were made using H20 which had been treated 

with 0.1 % diethylpyrocarbonate (DEPC), which inactivates RNase enzymes, for 

24 h before autoclaving to remove traces of DEPC. All equipment and surfaces 

used were treated with RNAseZap® (Thermo Fisher) to inhibit RNase enzymes. 

Biotinylation was confirmed by spotting 2 µl of 10 nM biotinylated RNA or control 

RNA plus sequential dilutions onto Amersham Hybond-NX Membrane (GE Life 

sciences, Buckinghamshire, UK). Membranes were transferred to N-Ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) cross-linking solution (2 

mM EDC, 1 % (v/v) 1- Methylimidazole) in order to crosslink RNA molecules to the 

nylon membrane. Cross-linking was carried out for 1 h at 60ºC before membranes 

were washed twice in DEPC H20. Membranes were place in 1x blocking solution 

(Roche blocking reagent) plus 1:10,000 streptavidin licor antibody (IRDye® 

Streptavidin 800CW, Licor), in the dark for 1 h at RT, with shaking. Membranes 

were washed 2 x 15 min in wash buffer (0.1 M maleic acid, 0.15 M NaCl , 0.3 % 

Tween 20, pH 7.5), placed in PBS and imaged on the B446 - LI-COR Odyssey 

machine. 

2.21.6 Protein extractions 

Protein was extracted from HSVSMC stimulated with IL1α and PDGF for 72 h. 

Protein was extracted as described in section 2.16.1 and was subjected to BCA 

analysis to determine protein concentration, described in section 2.16.2. 

2.21.7 Pull down protocol 

An overview of the experimental technique is shown in Figure 2.4. Pull downs 

were performed utilising Thermo Scientific Pierce RNA Protein pulldown kit. 
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Briefly, 50 µL magnetic streptavidin beads were added to a 1.5 mL 

microcentrifuge tube and collected at the side of the tube utilising the 

DynaMag™- Spin Magnet (Thermo Fisher). Supernatant was removed and beads 

washed three times each with 50 µL 20 mM Tris (pH 7.5). The beads were 

collected at the side of the tube utilising the magnet and supernatant removed.  

50 µL 1X RNA Capture Buffer was added and beads resuspended by pipetting. 50 

pmol biotinylated SMILR or biotinylated poly A control was added to the beads 

and rotated at RT for 30 min to allow binding of biotin to the streptavidin beads. 

Tubes were placed into the magnetic stand to collect the beads against the side 

of the tube, the supernatant was removed and discarded and beads washed a 

further 3 times as before. Supernatants were removed and 10X Protein-RNA 

Binding Buffer was diluted to 1X in nuclease free H2O. 100 µL of 1X Protein-RNA 

Binding Buffer was added to the beads and mixed well. The basic RNA-Protein 

Binding Reaction Mix was prepared as detailed below: 

 

Table 2-10:   Reaction components for the Master Mix of RNA-Protein Binding Reaction. 

 

 

Low stringency pulldowns contained no salt or Tween-20, as detailed in the table 

above. However, high stringency pulldowns contained the addition of 200 mM 

NaCl2 and 0.01 % Tween-20. 100 µL lysate mix was added and the tubes place 

with end to end rotation at 4ᵒC for 1 h. Un-bound supernatant was removed and 

samples washed 3X in 100 µL wash buffer (20 mM Tris (pH 7.5), 10 mM NaCl, 0.1 

% Tween-20 Detergent). Wash supernatants were saved to confirm the complete 

removal of non-bound proteins. The elution step utilised the greater binding 

affinity of biotin to outcompete with the binding of desthiobiotin, thus 

dislodging both lncRNA2/SMILR and the protein from the beads. 50 µL of Elution 

Buffer was added to the beads and mixed well by vortexing. Beads were 

incubated for 30 min at 37°C with agitation. The supernatant, containing the 
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proteins of interest, was transferred to a new tube and samples heat for 10 min 

at 95°C. Samples were stored at -20°C until required.  

 

2.21.8 Gel electrophoresis 

Protein samples were mixed with NUPAGE® 4X LDS Sample Buffer (Thermo 

Fisher) and denatured by heating at 95ºC for 10 min. Samples were loaded onto 

NuPAGE™ Novex™ 4-12 % Bis-Tris Protein Gels (Thermo Fisher) along with the 

reference ladder Full-Range Rainbow Molecular Weight Ladder (GE Life sciences, 

Buckinghamshire, UK). Electrophoresis was performed at 80-120 V in running 

buffer (25 mM Tris, 0.2 M glycine, 1 % (w/v) SDS) until the dye front reached the 

bottom of the gel. Gels were removed from their casing and washed briefly in 

H2O prior to silver stain analysis.  

2.21.9 Silver stain analysis 

Silver staining is a highly sensitive method for detecting proteins and nucleic 

acids located with gel slabs. Proteins bind silver ions, which can be reduced 

under appropriate conditions to build up a visible image made of finely divided 

silver metal (Wray et al., 1981). Silver staining was performed using Pierce® 

Silver Stain Kit (Thermo Fisher). Following gel electrophoresis, gels were 

incubated 2 x 15 min in distilled H2O followed by immersion in 30 % ethanol: 10 

% acetic acid solution for 2 x 15 min, allowing fixing of the gel. Gels were then 

subjected to 2 × 5 min washes in 10 % ethanol, and then 2 × 5 min washes in 

distilled water. Gels were sensitised for 1 min(50 µL Sensitizer with 25 mL 

water) and washed 2 x 1 min in H2O. Gels were stained for 30 min at RT in 

working solution (0.5 mL Enhancer with 25 mL Stain) and washed twice briefly in 

H2O. Gels were then developed (0.5 mL Enhancer with 25 mL Developer) for 

approximately 2-3 min or until the required bands were at sufficient intensity. 

Development was stopped with the addition of 5 % acetic acid for 10 min. Gels 

were imaged and stored at 4ᵒC if required.  

2.21.10 Mass spectrometry analysis 

Additional samples in PBS, were mixed with NUPAGE® 4X LDS Sample Buffer (Life 

Technologies) and denatured by heating at 95ºC for 10 min. Samples were 
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loaded onto a NuPAGE™ Novex™ 12 % Bis-Tris Protein Gels (Thermo Fisher) and 

run for 5 min to allow samples to run into the gel. The protein band was 

extracted using a scalpel blade and gel sections were digested with trypisin. 

Following gel digest 2 ug protein was injected utilising an EASY-Spray column, 50 

cmx75 μm ID, PepMap RSLC C18, 2 μm. Mass  spectrometry  analysis  was  

performed  on  a  Q  Exactive  mass  spectrometer coupled to a coupled on-line 

to Ultimate 3000 RSLCnano Systems (Dionex; Thermo Fisher).  Between each  

sample  an  in-house  blank  sample  was  injected  to avoid  any  carryover.  A 

60 min gradient (100 min total run) time was applied to each sample.   

Data analysis was performed using the MaxQuant software platform (ver.  

1.5.2.8)  and searches were conducted against a Human Uniprot database. 

Carbamidomethylation  of  cysteine  and  oxidation  of  methionine  were 

selected  as fixed  and  variable  modifications respectively.  Trypsin was 

selected as the digestion enzyme allowing 2 missed cleavages.  All analysis was 

performed by the Mass Spec core facility at the University of Edinburgh.  

 

2.22 Statistical Analysis 

Statistical analysis was performed according to Figure legends. Data in graphs 

are shown on relative expression scales as referenced by (Livak and Schmittgen, 

2001).  Data are given as mean ± standard error of the mean. Note that as the 

relative expression scale is inherently skewed, the bar indicate the geometric 

mean of the relative expression fold change with the SEM whiskers denoting the 

relative expression fold change equivalent to an increase of one SEM above the 

mean on the log transformed scale.  All statistical analysis is performed on the 

dCt scale (a logarthmic transformation of the data shown on the RQ in the plots) 

(Livak and Schmittgen, 2001).  No evidence of unequal variances across groups 

was found for any of analyses of the dCt scale data using Levene’s test on 

minitab version 17 prior to statistical analysis. Comparisons between 2 groups 

were analysed using 2-tailed unpaired or paired Student’s t test. One-way 

ANOVA with Tukey’s post hoc or one way ANOVA multiple comparison test for 

pooled samples, via Graph Pad Prism version 5.0, was used for comparisons 

among 3 or more groups. Statistical significance is denoted by a P value of less 

than 0.05. 
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Chapter 3 Results – Identification and validation 
of lncRNA during SMC proliferation. 

3.1 Introduction 

Recently, next generation transcriptome sequencing (RNA-Seq) has provided a 

method to delineate the entire set of transcripts within a cell (Wang et al., 

2009). Understanding the transcriptome is essential for determining key factors 

that may be involved in both cellular development and disease. The key aims of 

RNA-sequencing are therefore to catalogue all transcripts, including mRNA, 

lncRNA, processed transcripts and pseudogenes and to quantify the change in 

expression levels of each transcript between different experimental conditions. 

The popularity of the new sequencing methods is supported by the numerous 

papers recently published in high profile publications and by the increasing 

number of submissions to public data repositories (Smith, 2016). 

After 1964, in which the first report of RNA sequencing was published, Northern 

Blots and RT-PCR were developed for RNA and transcriptome study (Alwine et 

al., 1977), (Bustin, 2000). Following this, the sequencing of RNA was 

transformed via the progression of several sequencing methods that have 

eventually led to the development of RNA-seq. (Table 3-1). 
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Table 3-1:    The history of RNA. 
History of progresses and developments of RNA and transcriptome studies culminating in RNA-
seq. Adapted from (Morozova et al., 2009). 

Year Discovery

1964 First RNA molecule sequenced

1977 Development of Northern Blot technique

1988 The first experiment reports of RT-PCR for 

transcriptome analysis

1992 Introduction of Differential Displays (DD) technique for 

differentially expressed gene discovery 

1995 Introduction of microarrays and SAGE

2003 CAGE development

2005 Introduction of first technology of next generation 

sequencing to the market

2008 The first reports of RNA-Sequencing
 

Profiling of gene expression via-high throughput methods was first achieved in 

1992 with the development of the Differential Displays protocol (Liang and 

Pardee, 1992) and was closely followed in 1995 with the development of 

complementary DNA microarrays (Schena et al., 1995), (Spies and Ciaudo, 2015). 

Differential display was developed as a method to allow the systematic 

screening for molecular differences in mRNA expression between different cells 

or tissues. The technique relied on the amplification of messenger RNA at the 3' 

end, labelling of the amplified cDNA with radioisotopes followed by distribution 

on a denaturing polyacrylamide gel to allow visualisation via autoradiography. 

Side-by-side comparison of mRNA species from different samples allowed the 

identification of genes that were up or down-regulated between the different 

conditions (Liang and Pardee, 1997). Complementary DNA microarrays utilised a 

collection of microscopic DNA sequences attached to a solid support and were 

used to measure the expression levels of large numbers of genes simultaneously 

or to genotype multiple regions of a genome. Complete mRNA was fluorescently 

tagged with one round of reverse transcription to generate cDNA and incubated 

on top of the solid glass slide (Trevino et al., 2007). The core principle behind 
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microarrays is hybridisation between two DNA strands. Complementary nucleic 

acid sequences will specifically pair with each other by forming hydrogen bonds 

between complementary nucleotide base pairs. Several rounds of washes 

removed any non-specific binding and analysis of fluorescent spot intensity 

allowed the quantification of gene expression. Additionally, differential gene 

expression can be performed through the utilisation of two fluorescent tags. The 

tagged cDNA from individual conditions in then mixed and hybridised to one 

single glass slide. Spot intensity of the different tags allowed the quantification 

of mRNAs that are up or down-regulated between conditions. This method relies 

on the spotting of previously known DNA sequences onto the glass slide and as 

such, cannot be utilised for the detection of unknown genes or novel transcripts 

(Trevino et al., 2007). Subsequently, several other large scale techniques were 

developed like Serial Analysis of Gene Expression (SAGE), Massive Parallel 

Signature Sequencing (MPSS), Cap Analysis Gene Expression (CAGE) and tiling 

arrays. SAGE was developed by Dr. Victor Velculescu at the Oncology Center of 

Johns Hopkins University (Yamamoto et al., 2001). The method of SAGE relies 

primarily on the generation of short sequence tags, typically 10-14 base pairs in 

length (Yamamoto et al., 2001). These tags are generated via the conversion of 

total mRNA to cDNA from each sample utilised followed by cleavage at random 

sites via a restriction enzyme. These tags contain sufficient information to 

identify a transcript provided that the tag is obtained from a unique position 

within each transcript. Tags are then cloned and sequenced. Quantification of 

the number of times a particular tag is observed provides the expression level of 

the corresponding transcript (Yamamoto et al., 2001). This process is therefore 

based on sequencing mRNA and not hybridisation of mRNA onto probes, as is the 

case for microarrays. Thus, SAGE allowed the transcription levels of mRNA to be 

measured more quantitatively than microarray. Additionally, SAGE relies on 

sequencing, thus permitting the detection of both known and unknown 

transcripts and genes as well as the identification of abnormal gene changes, 

such as SNP’s, to be determined between samples. Although an improvement 

over the current technique at that time, SAGE still required extensive 

sequencing techniques, deep bioinformatic knowledge and powerful computer 

software to assemble and analyse the SAGE results (Yamamoto et al., 2001). As 

such, this resulted in SAGE producing greater sensitivity to the microarray 

method but at a greater cost. MPSS utilises a similar technique to SAGE with the 



  148 

 

 
 

exception of using longer tag sequences, typically 17-20 base pairs. These tag 

sequences are loaded onto microbeads that can be sequenced together. The 

longer tag sequences allowed for higher specificity however, several 

disadvantages still existed with this technique. These included the inability to 

define certain tags due to their capability to be mapped to several genomic 

locations. As such, SAGE was then developed into CAGE. The original CAGE 

method involved the introduction of a biotin group into the diol residue of the 

cap structure of eukaryotic mRNA (Seki et al., 1998). The biotin was bound to 

streptavidin magnetic beads to remove any incomplete mRNAs. The RNA was 

converted to cDNA and sequenced. Unlike the similar technique SAGE in which 

the tag is produced from other parts of the transcript, CAGE is primarily used to 

identify the exact transcription start sites of the genome (Kawaji et al., 2006). 

Finally, RNA-seq technology was developed in 2008 and offers several 

advantages over the conventional sequencing mechanisms.  

RNA-Seq uses recently developed deep-sequencing technologies and an overview 

of the complete sequencing process is illustrated in Figure 3-1 below. In general, 

total RNA is extracted from the specific cell of choice and fractionated into 

either poly A or ribosomal depleted RNA. Regardless of the eventual goal, 

determination of mRNA or lncRNA, all data analysis will begin with quality 

control (QC) and pre-processing.  Quality control checks, utilising AgilentTM 

technology are employed to determine the overall quality and degradation state 

of the RNA and as such, each sample is assigned an RNA integrity number (RIN). 

The RIN algorithm is applied to electrophoretic RNA measurements and is based 

on a combination of different features that contribute information about the 

RNA integrity to provide a universal measure. The higher the RIN value, the 

lower the degradation of the RNA (Schroeder et al., 2006). Following obtainment 

of an adequate RIN value, the RNA is converted to a library of cDNA fragments, 

containing adaptor sequences at each end. Subsequent construction libraries are 

hybridised to a flow cell which contains a layer of covalently bound 

oligonucleotides complementary to the sequencing adapters that were 

introduced during library preparation (Ozsolak and Milos, 2011). Once the 

primers are hybridised, DNA polymerase extension results in a covalently bound 

full-length complimentary copy of the cDNA fragment. This fragment is then 

subjected to several rounds of PCR to allow sufficient levels for detection. Each 
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fragment is then sequenced in a high throughput manner from either one (single 

end sequencing) or both (paired end sequencing) ends and each read is typically 

300-400 bases long.  Quality control of RNA-sequencing is of paramount 

importance to obtain good quality results (Conesa et al., 2016). QC assessments 

include agilent testing, read quality, GC content, mapping statistics and 

reproducibility between biological replicates. Each of these QC parameters will 

be described in detail in section 3.3.3.  Following sequencing, two different 

assembly methods are used for producing a transcriptome from raw sequence 

reads: de novo (Li et al., 2014) and genome-guided (Florea and Salzberg, 2013). 

The first approach does not rely on a on a reference genome and instead relies 

on the overlap between each read to ensure the correct transcript is 

constructed. Although this approach is difficult, a few computer software 

packages, such as Oases and Trinity (Li et al., 2014), are capable of this type of 

approach. De novo assembly of read sequences harbours several key advantages 

over existing technologies. This method provides a powerful framework to 

uncover, new and previously un-annotated RNA species, thus is used frequently 

for the discovery of lncRNA. The easier and relatively computationally cheaper 

approach is to align all the reads to a reference genome and recently specialised 

algorithms for transcriptome alignment have been developed. The Tuxedo 

package is the most widely used software for transcript assembly following RNA-

seq and consists of a number of different programs. These include Bowtie for 

RNA-seq short read alignment, TopHat for aligning reads to a reference genome 

to discover splice sites and Cufflinks to assemble the transcripts (Trapnell et al., 

2012). The abundance of each transcript can then be determined by the 

Fragments Per Kilobase of transcript per Million mapped reads (FPKM) number. 

One of the most frequent applications of RNA-seq is to identify differentially 

expressed genes between two or more groups. The number of reads mapping to 

each RNA species is linearly related to its abundance within the cell and as such 

the greater the FPKM, the more abundant the transcript. Differential expression 

analysis can be performed through utilisation of programs such as EdgeR and 

utilises two steps. First, a table containing number of reads corresponding to 

each lncRNA of interest for every sample is prepared using a Python script called 

HTSeq-count. Next, edgeR uses the counts table with biological replicates to 

calculate variation and test for statistically significant differential expression 

(Robinson et al., 2010). 
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RNA-sequencing offers many advantages over the conventional microarray and 

tag based methods. It not only allows the accurate quantification of gene 

expression but allows, for the first time, the complete transcript including splice 

variants and genomic changes such as SNPs to be identified at the one point 

(Chen et al., 2014), (Piskol et al., 2013). Additionally, continual refinement has 

allowed the per base sequencing costs to decrease significantly with a parallel 

increase in sequencing output (Muir et al., 2016). Output increases are largely 

due to increased number of reads and longer read length and this trend 

continues rapidly. Furthermore, input requirements are currently at the stage 

where RNA of a single eukaryotic cell can be sequenced with existing 

technologies. This opens up new avenues of research and has the potential to 

change our understanding of whole organisms since cell lineages can be traced 

and heterogeneity inside an organ be described with high resolution (Saliba et 

al., 2014). For example, single cell RNA-seq was recently utilised to determine 

the differences between mesodermal cells and to establish how these cells are 

eventually primed for hematopoietic or cardiac development (Chan et al., 2016). 

Thus, RNA-seq, at the single cell level, allows the more accurate assessment of 

cardiovascular development.  Finally, even organisms lacking a reference 

genome can be sequenced and de novo assembly performed in order to 

determine the expression levels of new transcripts and genes from previously 

unstudied organisms. As such, this method has now been utilised, for example, 

in several plant genomes as a method to better understand the control of traits 

relevant to crop productivity and quality (Sudheesh et al., 2015). 
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Figure 3-1:    Schematic diagram of RNA-seq library construction. 
Total RNA is extracted from the desired cell population following confirmation that key pathways 
are activated and a small aliquot is used to measure the integrity of the RNA. rRNA is then 
depleted through one of several methods and mRNA is fragmented into a uniform size distribution. 
The cDNA is then built into a library. cDNA libraries are sequenced and the sequence subjected to 
Phred scoring. Mapping programs align reads to the reference genome and map splice junctions. 
Gene expression can be quantified as absolute read counts or normalized values such as FPKM. If 
RNA-seq data sets are deep enough and the reads are long enough to map enough splice 
junctions, the mapped reads can be assembled into transcripts. The sequence transcripts can be 
compared to control samples to allow the quantification of differential RNA expression patterns.  
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The utilisation of RNA-sequencing has truly revolutionised the non-coding, and 

particularly the lncRNA field. Through the ENCODE (Encyclopedia of DNA 

Elements) project and other global sequencing initiatives, it became clear that 

up to 90 % of the human genome is transcribed and the majority of the 

transcripts do not code for proteins (Hangauer et al., 2013). Although the total 

number of lncRNA is currently unknown, RNA-sequencing has identified several 

key features of lncRNA. These include that lncRNA are ubiquitously expressed 

(Jiang et al., 2016), they are expressed at lower levels than protein coding genes 

but show greater cell and tissue restrictive expression patterns (Elder et al., 

2015). Additionally, it is now known that lncRNA are not located uniformly with 

respect to protein coding genes and in fact can be found within introns, exons, 

overlapping or antisense to key protein coding genes (Atianand and Fitzgerald, 

2014). The classification of lncRNAs as antisense transcripts is due to continual 

improvements and development of RNA-sequencing technology, allowing strand 

specific protocols to be utilised (Mills et al., 2013).  Due to the easy application 

of RNA-seq, lncRNAs have now received immense interest in recent years and 

this can be evidenced by the vast increase in lncRNA publications (Figure 3-2). 
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Figure 3-2:    Research on long non-coding RNAs is rapidly increasing. 
Cumulative plot of the total number of publication entries in PubMed (blue line and axis) and of 
entries related to long non-coding RNAs (red line and axis). Image taken from (Atkinson et al., 
2012).
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Apart from RNA-sequencing to identify transcriptomic differences between 

samples, more in-depth sequencing and epigenetic studies can provide other 

useful information that may significantly advance our understanding of biological 

processes.  

RNA-sequencing has proved beneficial in the setting of cardiovascular disease as 

sequencing of the entire human genome has exponentially expanded the 

understanding of genetic contributions to cardiovascular disease. Multiple novel 

genetic loci have been identified in common cardiovascular conditions including 

myocardial infarction, hypertension, heart failure and stroke. At present 26 key 

risk loci have been identified, via RNA-seq that are associated with coronary 

artery disease (Manace et al., 2009), and, as such, research is now ongoing to 

better understand how these genetic areas influence vascular disease and to 

determine if therapies can be developed. Additionally, the genetic traits of 

several key hereditary cardiac traits have been established via RNA-seq. 

Hypertrophic cardiomyopathy and dilated cardiomyopathy are two major clinical 

forms of inherited cardiomyopathy. HCM, the major cause of sudden death in 

young people and is characterised by left ventricular hypertrophy. Conversely, 

DCM is characterised by dilated ventricular cavity with systolic dysfunction. The 

clinical symptom of DCM is heart failure, often associated with sudden death. 

More than half of HCM patients have a family history of the disease consistent 

with an autosomal dominant genetic trait. In the case of DCM, about 20 %-35 % 

of patients show a family history of the disease. RNA-seq offers a new approach 

in the diagnosis of cardiomyopathies and has identified that these conditions are 

caused by mutations in 30 genes (Vecoli, 2015). Research is ongoing to identify 

key therapies based on these genes, but, has allowed the screening of family 

members to identify their risk of cardiac conditions. Finally, small RNA-seq has 

identified key microRNAs that may prove beneficial for the discovery of new 

cardiovascular biomarkers. In 2008, the presence of miRNA was detected in 

human plasma and serum. This was the first results demonstrating the robust 

stability of circulating microRNAs (Mitchell et al., 2008). Since 2008, small RNA-

seq has expanded exponentially in an attempt to discover new and novel 

biomarkers for disease states. Zampetaki et al identified three miRNAs (miR-126, 

miR-197, and miR-223) that could predict acute myocardial infarction in a 



  156 

 

 
 

prospective study of cardiovascular disease with 10-year follow-up. The addition 

of these three miRNAs to the Framingham Risk Score improved classification to a 

greater degree than the currently utilised cardiac Troponin T biomarker (Mayr et 

al., 2012). While further validation is required, these results suggest a potential 

role for miRNAs in predicting risk of future AMI. Taken together, these results 

highlight the key advancements in cardiovascular research due to RNA-seq.  

In addition to the improvements in RNA-seq technique, advances have also been 

made in the detection of cellular proliferation. The development of intimal 

hyperplasia following vein grafting or vessel stenting involves altered rates of 

SMC proliferation induced by cytokine and growth factor signalling (see Chapter1 

– Section 1.3). Various techniques have been developed to evaluate and quantify 

proliferation rates in the laboratory. Mitotic count estimates are widely used as 

a simple measure of cellular proliferation. Cellular proliferation involves several 

difined stages (reviewed in Chapter 1- Section 1.4) and was first measured by 

counting mitotic bodies on paraffin embedded specimens stained using 

haematoxylin-eosin. The characteristic appearance of the chromosome during M 

phase allowed mitotic figures to be distinguished. Newer techniques have since 

been utilised and typically involve incorporation of radiolabelled thymidine or 

thymidine analogues, such as 5-bromodeoxyuridine (BrdU) and 5-ethynyl-2'-

deoxyuridine (EdU), into the DNA of proliferating cells. Detection of these 

agents, therefore provides an indirect marker of cellular proliferation. In 1982 

Gratzner described the use of monoclonal antibodies specific for BrdU in the 

detection of DNA replication (Gratzner, 1982). This allowed the detection of 

cellular proliferation without the use of radiolabelled thymidine. The success of 

BrdU incorporation as a marker of proliferation led to the production of EdU, 

another thymidine analogue. The detection of EdU relies on the subsequent 

reaction of EdU with a fluorescent azide in a copper–catalyse cycloaddition 

(“Click” reaction). The utilisation of both BrdU and EdU to measure SMC 

proliferation has been demonstrated effective by several laboratories (Thakar et 

al., 2009), (Tanaka et al., 1996).  
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3.2 Aims 

Identification of lncRNA via RNA-sequencing, is thus, the first step to 

characterise lncRNA function and clinical applicability. Therefore, the aims of 

this chapter were as follows: 

· To perform deep RNA-sequencing on HSVSMC under quiesced and cytokine 

and growth factor stimulated conditions.   

· To identify lncRNA that were differentially regulated following cytokine 

and growth factor stimulation which may be functionally important in 

vascular SMC disease. 

· To validate each lncRNA selected from the RNA-Seq to confirm the 

expression profile under basal and stimulated conditions. 
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3.3 Experimental Design and quality control 

3.3.1 Experimental Design 

IL1α and PDGF are two of the main cytokine and growth factors implicated in 

vascular disease, and are involved in the switching of SMC from a contractile to a 

pro proliferative and pro migratory state (Brody et al., 1992), (Zhan et al., 2003) 

(described in detail in Chapter 1- Section 1.5). It was hypothesised that IL1α and 

PDGF treatment solely and in combination would alter lncRNA expression profiles 

when compared to 0.2 % FBS-treated, quiescent human saphenous vein smooth 

muscle cells (HSVSMC). To pursue this hypothesis RNA-sequencing was performed 

on HSVSMC cultured from CABG patients, each of which had been exposed to 0.2 

% FBS, 10 ng/ml IL1α, 20 ng/ml PDGF or a combination of 10 ng/ml IL1α and 20 

ng/ml PDGF. These concentrations were previously shown to elicit synergistic 

effects on the NF-κB pathway in human smooth muscle cells (Bond et al., 2001).  

To control and add sufficient power, 4 sets of patient cells were utilised per 

condition. Prior to sequencing, and throughout the sequencing process, quality 

control checkpoints were undertaken to ensure high quality results would be 

obtained (See sections 3.3.2 and 3.3.3). According to Figure 3-1, all QC checks 

up to point 2 (extraction of total RNA), including confirmation of pathway 

activation and RNA integrity checks were performed in the lab. Points 3-11 and 

the corresponding QC was performed by Beckman Genomics. Following 

conversion to cDNA, fragmentation and sequencing, Bowtie and Tophat 

bioinformatic programs were utilised to align each fragment back to the human 

genome. Cufflinks program was utilised to identify transcripts and EdgeR allowed 

the assessment of differential expression between stimulated and quiescent 

conditions. All mRNA and lncRNA transcripts were identified and classified 

according to Ensembl classification (Figure 3-3).  
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Figure 3-3:    Study design for determination of the transcriptome in quiescent and 
stimulated. HSVSMC. 
HSVSMC were quiesced for 48 h prior to stimulation with IL1α, PDGF or combination for 72 h. RNA 
quality was assessed via agilent and samples subjected to RNA-sequencing following the Tuxedo 
pipeline for analysis. LncRNAs were selected based on a Log fold change (FC) greater than 2 
(Fold change greater than 4), False discovery Rate (FDR) <0.01 and fragments per kilobase of 
mapped reads greater than 1 in at least one condition. LncRNAs were classified based on Ensembl 
classification into overlapping, intergenic, sense or antisense lncRNA.  
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3.3.2 Quality control of HSVSMC prior to sequencing 

In order to assure high quality RNA was obtained prior to the RNA sequencing 

screen, several quality control mechanisms were undertaken. PDGF is a potent 

proliferative agent for HSVSMC (Li et al., 2011b), thus, proliferation experiments 

were performed in order to confirm that PDGF had a proliferative role in the 

cells analysed. BrdU incorporation was utilised as an indirect marker of cellular 

proliferation due to its incorporation into the DNA of replicating cells only 

(Mandyam et al., 2007). PDGF and PDGF in combination with IL1α, but not IL1α 

alone induced a 7.3 ± 1.6 and 7.9 ± 0.4 fold change in proliferation respectively, 

indicating that the PDGF has a proliferative role within the HSVSMC analysed 

(Figure 3-4). Additionally, stimulation with IL1α has been shown to induce the 

expression of the inflammatory microRNA miR-146a (Iyer et al., 2012). Thus, the 

expression of this microRNA was assessed in all RNA samples prior to submission 

for RNA-sequencing, to ensure the function of the IL1α pathway. Figure 3-5 

shows that miR146a was induced by both IL1α and PDGF in the following ranking 

PDGF<IL1α<IL1α + PDGF.  IL1α alone induced a 78.5 ± 28.6 fold induction of 

miR146a. Interestingly, although PDGF had no significant effect on miR-146a 

expression alone, PDGF in combination with IL1α induced a 151.9 ± 48.5 fold 

expression in miR-146a expression indicating synergistic activation of the 

microRNA.   

 

 

 

 

 

 

 

 



  161 

 

 
 

 

 

BrdU proliferation

0.
2% IL

1

P
D
G
F

IL
1 

+ P
D
G
F

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

**

**

A
b

s
o

rb
a
n

c
e

 

Figure 3-4:    BrdU proliferation of HSVSMC. 
HSVSMC were quiesced in 0.2 % media for 48 h prior to stimulation with 0.2 % (control) or media 
containing IL1α, PDGF or combination of IL1α and PDGF for 72 h with the addition of a BrdU 
constituent. BrdU incorporates into the DNA of replicating cells and as such acts as an indirect 
marker of cell proliferation. Cells were fixed and BrdU incorporation assessed in all patients via a 
BrdU kit (Millipore). Proliferation was performed in triplicate within each patient (n=4). Significance 
determined by multiple comparison one way ANOVA and significance denoted by **P<0.01 vs. 0.2 
% condition.  
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Figure 3-5:    miR146a expression in basal and stimulated HSVSMC. 
HSVSMC were quiesced in 0.2 % media for 48 h prior to stimulation with 0.2 % (control) or media 

containing IL1α, PDGF or combination of IL1α and PDGF for 72 h. Samples were subjected to 

RNA extraction and the expression of the inflammatory microRNA, miR-146a, was determined via 

qRT-PCR. miR-146a expression was performed in triplicate within each patient (n=4). Significance 

determined by multiple comparison one way ANOVA and significance denoted by **P<0.01 vs. 0.2 

% condition.
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The integrity of short and longer RNA molecules is of paramount importance for 

experiments that try to reflect the snapshot of gene expression at the moment 

of RNA extraction. Thus, all samples were subjected to AgilentTM testing and 

RNA Integrity Number (RIN) values were obtained. All RIN values were greater 

than 8, which ensured high quality RNA was submitted for analysis (Table 3-2). A 

greater Agilent test score indicates lower levels of RNA degradation thus 

producing greater success in RNA-sequencing experiments (Schroeder et al., 

2006). 

 

Table 3-2:    RIN values of RNA-seq samples. 
Prior to sequencing, RNA integrity was determined via AgilentTM testing. RIN – RNA Integrity 
Number. The greater the RIN value, the lower the level of RNA degradation.  

Condition Patient Number RIN value

0.2% FBS Patient 1 10

0.2% FBS Patient 2 10

0.2% FBS Patient 3 9.2

0.2% FBS Patient 4 10

IL1α Patient 1 9.6

IL1α Patient 2 10

IL1α Patient 3 8.5

IL1α Patient 4 10

PDGF Patient 1 10

PDGF Patient 2 10

PDGF Patient 3 10

PDGF Patient 4 10

IL1α + PDGF Patient 1 10

IL1α + PDGF Patient 2 10

IL1α + PDGF Patient 3 10

IL1α + PDGF Patient 4 10
 

3.3.3 Quality control of RNA-Seq 

The acquisition of RNA-seq data consists of several steps — obtaining raw reads, 

read alignment and quantification. At each of these steps, specific checks were 

applied to monitor the quality of the data.  
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3.3.3.1 Phred score – sequencing quality 

Phred is a base calling program for DNA sequence traces and assesses sequencing 

quality. Phred reads DNA sequence chromatograms and assigns quality scores to 

each base call. Quality scores range from 0 to 40, with the higher values 

corresponding with higher sequencing quality. The quality scores are 

logarithmically linked to error probabilities, as shown in the table below (Ewing 

and Green, 1998): 

 

Table 3-3:    Phred score table. 
The Phred score indicates the probability of the sequenced base being incorrect. 

 

Figure 3-6 displays the average Phred quality per sample over the forward (red) 

and reverse (blue) reads. Apart from the end of the reverse reads, all samples 

had a minimum Phred score of 30 denoting a 99.9 % chance that the DNA 

sequenced was correctly identified.  

 

Figure 3-6:    Per sample quality as a function of position in read. 
Graph indicates the Phred quality of the forward (red) and reverse (blue) reads. The beginning and 
the end of a read has lower quality (X-axis). While the position (bases) is provided on the Y-axis. 
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3.3.3.2 Sequence mapping and expression analysis 

Mapping was performed on the human genome reference sequence GRCh37, 

using Tophat in conjunction with Bowtie. Tophat was provided with a 

transcriptome reference generated from the Ensembl annotation of GRCh37. The 

number of reads mapped to the genome for all samples was 69 ± 3.5 x106. The 

individual mapped reads for each sample is shown in Table 3-4. Additionally, the 

abundance of each gene and isoform are measured and denoted by the 

fragments per kilobase of mapped reads (FPKM) number: the greater the FPKM, 

the greater the expression of the transcript in a given sample. The abundance of 

genes and isoforms vs. FPKM are shown in Figure 3-7. 

Table 3-4:    Number of reads per sample mapped to the genome per condition. 

 

 



  166 

 

 
 

 

 

Figure 3-7:    Gene and Isoform expression levels in 10log (FPKM). 
A: Isoform and B: gene expression is determined from RNA-seq alignment to the human genome. 
Gene expression is the sum of all the isoforms, thus gene expression levels are higher than 
individual isoform levels. CON – 0.2 %, IL – IL1α treatment, PD – PDGF treatment, BO - IL1α and 
PDGF treatment. 

 

A 

B 
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3.3.3.3 Differential expression 

A multidimensional scaling plot (MSD) was designed utilising EdgeR. A MSD plot 

provides a visual representation of the pattern of proximity amongst samples, 

the closer the samples to each other, the more similar the transcriptome. As 

shown in Figure 3-8 all control (CON-grey), PDGF (PD-yellow), IL1α (IL-blue) and 

IL1α + PDGF (BO-green) samples cluster together indicating similar transcription 

of RNA regardless of the patient. However, some patient specific differences 

were still observed as all samples from the same patient (patients numbered 1-

4) lie along the same diagonal line as indicated by the dotted lines.  

 

Figure 3-8:    Multidimensional scaling plot (MSD) of all RNA-seq samples. 
MSDs indicate the similarity of the transcriptome between all samples. CON = 0.2 % control, PD 
=PDGF treated cells, IL = IL1α treated cells and BO= IL1α and PDGF treated cells. Numbers 1-4 
indicate each specific patient.  
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3.4 Results 

Following EdgeR differential analysis, RNA was classified into protein coding, 

microRNA or lncRNAs according to Ensembl classification (Figure 3-3). To confirm 

that RNA-seq analysis demonstrated similar levels to that obtained by qRT-PCR, 

miR-146a expression was determined from the sequencing results, however it 

should be noted that the RNA-seq performed is not used specifically for the 

detection of microRNA. However, a 78 fold increase was obtained in SMC treated 

with IL1α alone and 194 fold increase in SMC treated with IL1α and PDGF (Figure 

3-9). This is similar to the 78.5 ± 28.6 and 151.9 ± 48.5 fold induction obtained 

in by qRT-PCR prior to sequencing in section 3.3.2, and highlights similarities 

between RNA-seq and qRT-PCR analysis.  
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Figure 3-9:    miR-146a expression from RNA-sequencing. 
HSVSMC were quiesced in 0.2 % media for 48 h and then stimulated with 0.2 % (control), IL1α, 
PDGF or a combination of IL1α and PDGF for 72 h. RNA was extracted and subjected to RNA-seq 
analysis. Results indicate the expression of miR-146a from RNA-seq results. Expression is relative 
to 0.2 % condition (set to 1) (n=4).  
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3.4.1 Induction of inflammatory and cell cycle pathways by IL1α 
and PDGF – analysis of mRNA from RNA-Seq 

The majority of reads obtained from the RNA-seq, under all conditions, 

corresponded to mRNA (49.6 ± 0.2 %, FPKM>0.1, Figure 3-10). Global 

characterisation of the divergence of mRNA expression between control and 

treatment groups was assessed using the strict criteria of a false discovery rate 

(FDR) < 0.01. To identify the biological function, networks, and canonical 

pathways that were affected by VSMC stimulation, Ingenuity Pathway Analysis 

(IPA) was performed. IPA is an application that enables analysis, integration and 

understanding of data from RNA-seq experiments and allows the biological 

context of the expression analysis to be determined. IPA confirmed the mRNAs 

with altered expression following IL1α treatment were significantly enriched in 

pathways related to cellular movement (P=1.3 x 10-36) and inflammatory disease 

(P=4.3 x 10-23) (Table 3-5), while PDGF stimulation led to the marked enrichment 

in cell cycle pathways (P=2.5 x 10-29) (Table 3-6). Interestingly, co-stimulation 

led to enrichment in cell cycle (P=1.0 x 10-45) and cardiovascular development 

pathways (P=12.2 x 10-29) (Table 3-7). Additionally, the P values obtained for the 

cell cycle pathway for dual stimulation of IL1α and PDGF were much lower than 

with single treatment, indicating additive effects of this cytokine and growth 

factor. Further analysis of differentially expressed mRNAs identified 518 protein 

coding genes altered following IL1α treatment and 540 following PDGF 

treatment. Notably, dual stimulation altered 1133 known protein-coding genes 

with 480 uniquely associated with dual stimulation and not affected by IL1α or 

PDGF treatment alone, further highlighting additive or synergistic effects of this 

cytokine and growth factor combination (Figure 3-11). 
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Table 3-5:    IL1α stimulation Ingenuity Pathway Analysis. 
Top 10 disease and functional pathways predicted to be altered by IPA in HSVSM cells stimulated 
with IL1α when compared to 0.2 % control cells (n=4 patients). P-values are used to score 
expression changes derived from 0.2% and Il1 + PDGF stimulated cells and indicates the likelihood 
that the pathway associated is significantly changed between the conditions. 
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Table 3-6:    PDGF stimulation Ingenuity Pathway Analysis. 
Top 10 disease and functional pathways predicted to be altered by IPA in HSVSM cells stimulated 
with PDGF when compared to 0.2 % control cells (n=4 patients). P-values are used to score 
expression changes derived from 0.2% and Il1 + PDGF stimulated cells and indicates the likelihood 
that the pathway associated is significantly changed between the conditions. 

 

. 
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Table 3-7:    IL1α and PDGF stimulation Ingenuity Pathway analysis. 
Top 10 disease and functional pathways predicted to be altered by IPA in HSVSM cells stimulated 
with IL1α and PDGF when compared to 0.2 % cells (n=4 patients). P-values are used to score 
expression changes derived from 0.2% and Il1 + PDGF stimulated cells and indicates the likelihood 
that the pathway associated is significantly changed between the conditions.  
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Figure 3-11:  Venn diagram of differentially expressed mRNA with FPKM >0.1 identified from 
RNA-seq. 
HSVSMC were quiesced in 0.2 % media for 48 h and then stimulated with 0.2 % (control), IL1α, 
PDGF or a combination of IL1α and PDGF for 72 h. RNA was extracted and subjected to RNA-seq 
analysis. Venn diagram indicate overlap of protein coding genes with altered expression (analysed 
using EdgeR, FDR<0.01) across each treatment (n=4 patients).  
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Further synergistic effects of dual IL1α and PDGF treatment were documented in 

the expression patterns of certain exemplar mRNA: MMP-3 and MMP-10. Single 

treatment with IL1α alone induced a 103 fold increase in MMP-3 (P=8.6 x 10-11) 

and 147 fold increase in MMP-10 (P=6.6 x 10-7). PDGF treatment alone induced a 

3 and 0.2 fold increase respectively, however, dual stimulation of HSVSMC with 

both IL1α and PDGF resulted in a 724 (P=1.1 x 10-14) and 1357 (P=1.8 x 10-11) fold 

increase respectively, highlighting the ability of IL1α and PDGF to work in 

concert and exert synergistic effects on downstream mRNA (Figure 3-12).  
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Figure 3-12:  Synergistic effects of IL1α and PDGF on A: MMP-3 and B: MMP-10 expression. 
HSVSMC were quiesced in 0.2 % media for 48 h and then stimulated with 0.2 % (control), IL1α, 
PDGF or a combination of IL1α and PDGF for 72 h. RNA was extracted and subjected to RNA-seq 
analysis. MMP-3 and MMP-10 expression was determined from the RNA-seq analysis and results 
are relative to 0.2 % conditions (n=4 patients).  

 

3.4.2 Identification of differentially expressed lncRNA in HSVSMC 

Next it was assessed whether lncRNAs were dynamically regulated by growth 

factor and cytokine stimulation. Approximately 23 % of reads in each condition 

aligned to known or predicted lncRNAs (Figure 3-10 above). Differential 

expression analysis confirmed substantial differences in lncRNA expression 

between control and stimulated cells. Using the stringent criteria of a false 

discovery rate (FDR) ≤0.01 and log2 fold change (FC) ≥2 (Fold change >4), to 

declare significance, and fragments per kilobase of exon per million fragments 

mapped (FPKM) >1, to confirm quantifiable expression, 224, 215 and 369 

differentially expressed lncRNAs were identified following IL1α, PDGF or dual 

stimulation respectively (Figure 3-13A, C and E). Since lncRNAs can typically 
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contain multiple splice variants, the numbers quoted refer to a single consensus 

gene model and therefore do not reflect the multiple transcripts of each lncRNA. 

To determine if specific biotypes of lncRNA were enriched following HSVSMC 

stimulation, those differentially expressed were further subdivided according to 

biotype in the Ensembl database. These are based upon their relative orientation 

to protein coding genes; intervening lncRNA (lincRNA), antisense, overlapping 

and processed transcripts. Utilising control and dual stimulation as an example, 

the distribution of different lncRNA biotypes was: intervening (45.5 %), antisense 

(45.3 %), overlapping (1.4 %) and processed transcripts (7.9 %). Similar 

proportions of lncRNA biotype were identified under all conditions (Figure 3-13B, 

D and F).  
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Due to being the two largest groups of lncRNA, intergenic and antisense lncRNAs 

were focussed on. To identify possible synergistic lncRNAs, the candidates 

(control vs IL1α and PDGF, FDR<0.01, LogFC<2, FPKM>1) were ranked according 

to their FPKM and level of up/down-regulation (Figure 3-14, See Appendix Figure 

1 for heat map containing all conditions and Table 1, 2 and 3 for all RNA 

differentially expressed with a FDR<0.01 and LogFC >2 in IL1α, PDGF and IL1α + 

PDGF vs. 0.2 % conditions). A subset of the most differentially expressed 

transcripts included RP11-91k9.1, RP11-94a24.1, RP11-761I4.4, RP11-709B3.2, 

RP11-760H22.2 and AC018647.3 and are highlighted via a star (*) in the heat 

maps in Figure 3-14 (FPKM values of candidate lncRNA from RNA-seq are 

indicated in Appendix Table 4). The location of each lncRNA visualised on the 

UCSC genome browser is shown in Panel A of Figures 3-15 to 3-20. It has been 

shown that lncRNA are dysregulated in clusters around protein coding genes, 

possibly highlighting that these lncRNA/ mRNA pairs are under the same 

promoter control. As such, the expression of the most proximal protein coding 

genes to each lncRNA were determined from the RNA-seq results. The expression 

pattern, genomic loci and expression of proximal protein coding genes for 

lncRNAs RP11-91k9.1, RP11-94a24.1, RP11-761I4.4, RP11-709B3.2, RP11-

760H22.2 and AC018647.3 are described in detail below.  

RP11-94a24.1, illustrated in Figure 3-15, was up-regulated by both IL1α and 

PDGF alone and in combination with a 9, 21 and 42 fold change respectively. 

RP11-94a24.1 is located on chromosome 8 on the antisense strand, 775 kbp away 

from the HAS2 gene and 350 kbp away from ZHX2 located on the sense strand. 

Interestingly HAS2 mRNA was regulated in the same manner as RP11-94a24.1 and 

exhibited a 12, 42 and 84 fold change respectively following IL1α, PDGF or dual 

treatment. ZHX2, located on the opposite strand was not regulated in the same 

manner with cytokine and growth factor treatment.  

LncRNA RP11-709B3.2, illustrated in Figure 3-16, was downregulated 2.8, 2.5 and 

5 fold following IL1α, PDGF and dual treatment. RP11-709B3.2 is located on 

chromosome 15 on the antisense strand, 3 kbp away from Fem1b and 1 kbp away 

from ITGA11, both located on the sense strand. IL1α, PDGF or dual stimulation 

did not alter Fem1b expression, but resulted in a 2, 2 and 2.8 fold decrease in 

ITGA11 expression, a similar pattern to that observed with RP11-709B3.2.  
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RP11-761I4.4, illustrated in Figure 3-17, is located on chromosome 15 and is 

positioned antisense to IL-16, overlapping one exon of this gene. IL1α, PDGF and 

dual stimulation evoked identical changes in the expression of RP11-761I4.4 and 

IL-16 resulting in a 4, 5 and 5 fold decrease respectfully.  

LncRNA RP11-760H22.2, illustrated in Figure 3-18, is found on the sense strand 

of chromosome 8. It lies in close proximity to the adjacent genes; deptor, 

located 1 kbp upstream and col14a1 which lies 3 kbp downstream of this lncRNA. 

An identical change in expression of deptor was observed following IL1α, PDGF 

and dual stimulation, while col14a1 was only responsive to IL1α treatment. IL1α, 

PDGF and dual stimulation evoked a 4.1, 4 and 11 fold decrease in deptor 

expression compared to a 3.6 and 4.2 fold decrease in col14a1 following IL1α 

and dual stimulation.  

RP11-91K9.1, illustrated in Figure 3-19, was also up-regulated in the RNA-seq 

data set by both IL1α and IL1α in combination with PDGF. IL1α alone induced a 

54 increase in this lncRNA and a significant, but lower level of expression was 

observed via dual stimulation (33 fold up-regulation). RP11-91K9.1 is located 

50knp upstream if the lncRNA LINC00578 and 300kbp away from TBL1XR1 on the 

antisense strand. RP11-91K9.1pattern of expression was unique and not 

mimicked by the surrounding genes.  

LncRNA AC018647.3, illustrated in Figure3-20, is found on chromosome 7, 200 

kbp upstream of SEPT7 and 20 kbp away from HERPUD2 on the antisense strand. 

IL1α, PDGF and dual stimulation all led to greater than 100 fold decrease in the 

expression of this lncRNA, an effect that was not mimicked by the adjacent 

genes.  
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Figure 3-14:  Heat map of differentially expressed lncRNA 0.2 % FCS vs IL1α and PDGF 
treatment. 
HSVSMC were quiesced in 0.2 % media for 48 h and then stimulated with 0.2 % (control), IL1α, 
PDGF or a combination of IL1α and PDGF for 72 h. RNA was extracted and subjected to RNA-seq 
analysis. Heatmaps showing order of differentially expressed transcripts within the 4 patient 
samples before and after IL1α/PDGF treatment. (A): Downregulated lncRNAs (B): Upregulated 
lncRNAs (n=4 patients). 
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3.4.3 Validation of lncRNA  

Validation of the 6 key lncRNA was performed in vitro by reverse transcription 

PCR (RT-PCR) and quantitative real-time PCR (qPCR) (Figure 3-21), utilising 

custom designed primers. In accordance with the RNA-seq results RP11-94a24.1 

and RP11-91k9.1 were upregulated 35 ± 7.7 and 38.3 ± 10.4 fold respectively 

following co-stimulation and lncRNAs RP11-709B3.2, RP11-761I4.4, RP11-

760H22.2 and AC018647.3 were down regulated 7.03 ± 2.9, 16.6 ± 5.3, 24.8 ± 3.8 

and 1130 ± 5 fold, respectively (Figure 3-21A-F respectively). Interestingly, the 

expression of all lncRNA, except RP11-91k9.1, were altered by both IL1α and 

PDGF stimulation.  
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Figure 3-21:  Validation of lncRNA from RNA-seq. 
HSVSMC were quiesced in 0.2 % media for 48 h and then stimulated with 0.2 % (control), IL1α, 
PDGF or a combination of IL1α and PDGF for 72 h. RNA was extracted and subjected to RNA-seq 
analysis. Graphs indicate qRT-PCR analysis of lncRNA expression relative to control (0.2 %) 
conditions and normalised to UBC housekeeper (n=4 patients).  * = P<0.05, ** =P< 0.01 and *** 
P<0.001 vs. 0.2 % multiple comparisons ANOVA. Graphs indicate lncRNA quantity relative to 
control samples (Relative Quantity, RQ).  
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3.4.4 Discussion 

Recent advances in RNA-sequencing have demonstrated that previously thought 

"genome deserts" are in fact pervasively transcribed and are populated by 

lncRNAs (Marx, 2014). Here, the presented studies focus on the experimental 

design and QC of the RNA-sequencing experiment and the differential expression 

landscape of protein coding and non-coding transcripts in HSVSMC under a 

proliferative state The data demonstrated that dual IL1α and PDGF treatment of 

HSVSMC had synergistic effects on MMP-3 and MMP-10 expression and that 

lncRNA, in a similar manner to mRNA, can be dysregulated by the IL1α cytokine 

and PDGF growth factor. Six of the most differentially expressed lncRNA 

following IL1α and PDGF treatment were chosen for further analysis. Validation 

performed by qPCR analysis confirmed the accuracy of the RNA-seq study. 

RNA-Seq is a powerful tool for whole-transcriptome analysis. The technology 

provides unbiased data across the entire transcriptome, enabling a broad range 

of transcript discovery applications not possible with microarray-based analysis 

(O'Brien et al., 2012). Utilising paired end-sequencing allowed accurate 

alignment of reads to the human genome (GRCh37), the 93 % alignment rate met 

quality standards for the RNA-seq technique (Mortazavi et al., 2008) and ensured 

that the RNA-seq provided a high quality profile of the HSVSMC transcriptome 

during quiescent and stimulated conditions. The RNA-seq depth of 70 million 

reads was sufficient to identify lncRNAs within HSVSMC, however, it should be 

noted that greater read depths and use of refined capture-seq technique would 

be beneficial in order to offer greater annotation of specific areas within the 

genome. 

Remarkably, the large majority of the RNA expressed under all conditions 

resulted from the protein-coding fraction, despite the entire genome consisting 

of only 2 % protein coding genes. These findings are in agreement with recent 

attempts  to characterise lncRNA expression in other cell types, where 50 % of 

the transcripts identified were from protein coding genes and 22 % from lncRNA 

genes (Voellenkle et al., 2016). This is possibly due to the higher levels of 

expression of protein coding genes and higher percentages of lncRNAs may be 

obtained with greater read depth and read counts. Additionally, lncRNA 

annotation of the human genome is not complete and new lncRNA are identified 
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daily. The lncRNAs identified in this RNA-seq were previously known lncRNA and 

higher percentages of lncRNA may be identified via further bioinformatic 

analysis of the data to discover non-annotated transcripts.  

The biological relevance of the obtained gene expression profiles was 

determined via bioinformatic enrichment analysis of functional pathways. IPA 

pathway analysis positioned cellular movement, inflammatory response and 

necrosis amongst the most significant pathways differentially regulated between 

0.2 % quiescent cells and cells stimulated with IL1α. This is in agreement with 

previous findings that have demonstrated a role of IL1α in mediating the 

inflammatory response and inducing cellular migration in cells from various 

lineages. Additionally IPA analysis revealed proliferation of cells, apoptosis and 

cellular morphology to be amongst the most enriched pathways following PDGF 

treatment, all of which are prominent features that have previously been 

associated with PDGF signalling, thus, this analysis further confirmed the 

induction of the IL1α and PDGF pathways. Finally, proliferation, migration, 

apoptosis and cell cycle progression were most highly enriched during co-

stimulation with both IL1α and PDGF treatment. The P values for these pathways 

were lower than that observed with the individual treatments, further 

highlighting the ability of this cytokine and growth factor to activate common 

downstream pathways. The pathways identified via IPA are of key importance as 

they have been proposed to play a role in smooth muscle cell disease and are 

known to be important in atherosclerosis, neointimal formation and in-stent 

restenosis. As mentioned previously, both intimal formation, associated with in-

stent restenosis and vein graft failure, and atherosclerosis are characterised by 

platelet aggregation, release of growth factors, inflammatory cell infiltration 

and smooth muscle cell proliferation and migration. Proliferation of SMCs is 

paramount in the occlusion of the blood vessel leading to intimal hyperplasmia. 

As such, this data confirms that pathways activated with dual IL1α and PDGF 

stimulation are involved in vascular disease progression.    

It is worth mentioning that, for comparison between studies, it is crucial to 

consider the measurement technique and the annotation used for lncRNA 

identification. Indeed, criteria for naming, categorising and validating lncRNAs 

are not well defined yet. Several databases exist, containing very different 
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numbers of lncRNA genes. However, the identification that approximately 40-45 

% of the lncRNA identified are intergenic and approximately 40 % are antisense is 

consistent with previous findings suggesting that intergenic and antisense lncRNA 

constitute the largest classes of lncRNAs identified during RNA-seq analysis (Gaiti 

et al., 2015), (Huang et al., 2016).  

Although the pathways involved in VSMC proliferation are relatively well 

defined, very little is known as to the role of lncRNAs in vascular smooth muscle 

cells and particularly during proliferation and migration. What is known is that a 

few lncRNA can control key aspects of SMC physiology. For example, work 

performed by Leung et al., identified lncRNA via de novo assembly of transcripts 

from RNA-sequencing experiments in Ang II treated VSMCs. One lncRNA 

identified via this method, Lnc-Ang362, was shown to function as a host 

transcript for miR-221 and miR-222, two miRNAs that function in cell 

proliferation. Indeed, loss of Lnc-Ang362 resulted in a reduction in the 

expression of these two miRNAs and a decrease in proliferation of VSMCs, thus 

demonstrating a functional role for this lncRNAs in VSMC and Angiotensin II 

action (Leung et al., 2013). Additionally, lncRNA SENCR was identified via de 

novo assembly of transcripts following RNA-seq in human coronary artery smooth 

muscle cells (HCASMC). SENCR has been described to stabilise the differentiated 

state of human vascular smooth muscle cells and is transcribed antisense from 

the first intron of the Friend Leukemia Integration virus 1 (FLI1) gene (Bell et 

al., 2014). The exact mechanism by which SENCR promotes SMC contraction still 

remains unknown, however, new vascular lncRNAs are being revealed at a steady 

rate and new techniques are being developed to aid in the discovery of the 

molecular mechanisms governing lncRNA function.   

Applying a stringent significance threshold, RNA-sequencing identified 309 

known lncRNAs that were upregulated by co-stimulation with IL1α and PDGF. 

Bioinformatic analysis of the RNA-seq only utilised the genome alignment 

method to determine lncRNA of interest. Further bioinformatic analysis could be 

employed to identify de novo transcripts that have not yet been identified in the 

human genome. Bioinformatic analysis is improving daily and it is hoped that 

analysis of both lncRNA and mRNA partners may be utilised to identify lncRNA 

functional networks.  



  201 

 

 
 

It has been previously determined that lncRNAs expression may be correlated 

with that of nearby mRNAs. Four of the six validated lncRNAs were associated 

with significantly differentially expressed mRNAs. These mRNAs were involved in 

SMC physiological processes. LncRNA RP11-94a24.1 was shown to be expressed in 

a similar manner to HAS2, hyaluronan synthase 2. HAS2 is an enzyme that 

synthesises hyaluronan (HA). HAS2 is the main isoform found within SMC and HA 

is constituent of ECM that has been shown to regulate SMC proliferation(van den 

Boom et al., 2006). ITGA11, integrin subunit alpha 11, is an alpha integrin 

protein. Although results from smooth muscle cells are lacking, it has been 

shown that ITGA11 is overexpressed by tumour stroma of head and neck 

squamous cell carcinoma and correlates positively with alpha smooth muscle 

actin expression. Increased alpha smooth muscle actin expression is associated 

with a reduction in vascular smooth muscle cell proliferation and as such, 

alterations in ITGA11 and the associated lncRNA RP11-709B3.2 may therefore 

control key aspects of SMC proliferation (Parajuli et al., 2016). DEPTOR, DEP 

Domain Containing MTOR-Interacting Protein, is a negative regulator of the 

mTORC1 and mTORC2 signalling pathways. DEPTOR has been shown to play a 

role in down regulation of the p53 pathway and promotion of PI3K/AKT signalling 

(Feng et al., 2005). Interestingly, it has been shown that p53 signalling is 

implicated in VSMC apoptosis and involved in abdominal aortic aneurysm 

formation (Leeper et al., 2013). Additionally, it is known that apoptosis of VSMCs 

occurs in human atherosclerotic plaques and that VSMC apoptosis may promote 

plaque rupture and subsequent myocardial infarction. Consistent with this, 

human plaque VSMCs exposure to p53 overexpression induced apoptosis. This 

effect was not observed with healthy aortic SMCs, suggesting that SMCs from 

human plaques have an increased sensitivity to p53-mediated apoptosis 

compared with normal VSMCs (Bennett et al., 1997). Consistently, up-regulation 

of the PI3K/AKT pathway in VSMCs is associated with proliferation and cellular 

survival, key events involved in vascular repair and vascular disease (Suwanabol 

et al., 2012, Liu et al., 2010a). Interleukin 16 (IL1α6), has been shown to play a 

role in SMC induced migration and proliferation through the p38 MAPK pathway 

(Park et al., 2015). Taken together these data indicate that cytokine stimulation 

of HSVSMC proliferation is associated with genome-wide changes in lncRNA 

expression.  The 6 identified candidate lncRNA show significant dysregulation 

following cytokine stimulation of HSVSMC and the co-regulated protein coding 



  202 

 

 
 

genes associated with the lncRNAs have previously been shown to modulate 

VSMC proliferation, VSMC survival, inflammatory response and extracellular 

matrix production, key events that control vascular disease. However, the 

mechanisms by which these mRNA are connected to the designated lncRNAs, or 

if this conveys any functional significance remains unknown. Nevertheless, it has 

been previously shown that lncRNA may regulate the function of the nearby 

genes (Vance and Ponting, 2014). In one study, multiple 17B-oestradiol (E2)-

induced lncRNA transcripts were found to interact with cohesion, a protein 

complex that regulates the separation of sister chromatids during cell division. It 

was found that these lncRNAs could induce looping interactions between their 

enhancer elements and the promoters of nearby target genes (Li et al., 2013). 

Additional studies found that lncRNAs, ncRNA-a3 and ncRNA-a7, also promoted 

looping interactions with the promoters of proximal genes to regulate local gene 

expression (Lai et al., 2013). Finally, knockdown of a key lncRNA found within 

the MyoD1 core enhancer region, lead to both a reduction in MyoD1chromatin 

accessibility and RNA polymerase II (PolII) occupancy (Mousavi et al., 2013). It 

should be noted that several other lncRNA have been identified that modulate 

mRNA expression but the mechanism by which they exert this function still 

remains unknown and cannot yet be predicted from lncRNA sequence alone. 

In conclusion, next-generation sequencing approach was used to identify 

protein-coding and long non-coding RNAs modulated in HSVSMCs during quiescent 

and stimulated conditions. Further descriptive characterisation and mechanistic 

studies are required to identify the impact of these lncRNAs on VSMC physiology 

and function.  
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Chapter 4 Identifying the function and 
mechanism of lncRNA SMILR 

4.1 Introduction 

It is apparent that many lncRNAs are becoming known to be key regulators of 

transcription and translation and therefore have a fundamental role in cell 

function (Mercer et al., 2009). Identification of lncRNA function has led to 

intense focus on elucidating the molecular mechanisms that underlie this 

function. Although the vast majority of lncRNAs described in the literature have 

not yet been studied in mechanistic detail, the few that have provide clues 

regarding how lncRNAs might carry out their biological roles. Interestingly 

lncRNAs, unlike mRNAs, are found in several sections of the cell and have been 

shown to have varying functions and mechanisms of action depending on the 

cellular compartment in which they are located. 

4.1.1 Function of cytoplasmic lncRNAs 

Substantial proportions of lncRNAs reside within, or are dynamically shuttled to, 

the cytoplasm (Rashid et al., 2016). The mechanism by which lncRNAs are 

transported out of the nucleus currently remains unknown; however, it has been 

shown that cytoplasmic lncRNAs regulate mRNA stability, protein translation, 

microRNA availability and protein modifications (Rashid et al., 2016). Examples 

of lncRNA harbouring these cytoplasmic functions are detailed below and 

illustrated in Figure 4-1.  

Some of the best characterised cytoplasmic lncRNAs are associated with 

neurodegenerative diseases. The main pathological change associated with 

Alzheimer’s disease is the aggregation of neuronal amyloid plaques that are 

derived from the proteolytic processing of the amyloid precursor protein (APP) 

by the β-site amyloid precursor protein-cleaving enzyme (BACE1) (Faghihi et al., 

2008). Recently Faghihi et al. discovered and characterised an antisense lncRNA, 

known as BACE1-AS (Modarresi et al., 2011) which was shown to increase BACE1 

mRNA stability in cells exposed to cellular stress (Faghihi et al., 2008) (Figure 4-

1A). BACE1-AS acts by masking the binding site for miR-485-5p on the 6th exon of 

BACE1, thereby perturbing the BACE1-miR-485-5p interaction and attenuating 
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miR-485-5p-mediated repression of BACE1 gene expression(Faghihi et al., 2010). 

In vivo knockdown of BACE1-AS by the continuous infusion of siRNAs directly into 

the brain resulted in a significant decrease in BACE1 and a reduction in amyloid 

plaque formation, underlining the therapeutic potential of targeting BACE1-AS 

for the treatment of Alzheimer’s disease(Faghihi et al., 2008).  

LincRNA-p21 was originally discovered in mice, where it is expressed as a 

transcript of 3 kb from a genomic locus located proximal to the gene encoding 

the cell-cycle regulator p21/Cdkn1a. It was demonstrated that under conditions 

of stress, p53 activates transcription of lincRNA-p21 which has been shown to 

accumulate in the nucleus and regulates the transcription of key genes through 

the association with the heterogeneous nuclear ribonucleoprotein K (hnRNP-K) 

(Huarte et al., 2010), (Dimitrova et al., 2014). This observation was assessed in 

two separate carcinoma cell lines: bone osteocarcinoma cells (U-2OS) and colon 

colorectal carcinoma cells (HCT-116).  However, it has since been identified that 

linc-p21 is more abundant in the cytoplasm than the nucleus and is known to co-

distribute with ribosomes, where it has been shown to negatively regulate the 

translation of JUNB transcripts by imperfect base pairing with the JUNB mRNA at 

8 different sites (Figure 4-1, B) (Yoon et al., 2013).  This interaction was 

quantified by affinity pull-down using biotin-labelled antisense lincRNA-p21 

oligonucleotides. The formation of the linc-p21-JUNB complex enhances the 

interaction between JUNB mRNA and the translational repressor RCK, resulting 

in reduced JUNB translation (Chu and Rana, 2006). Since lincRNA-p21 is a p53-

induced lncRNA, the reduced translation of JUNB via lincRNA-p21 is consistent 

with the tumour suppressive role of p53 (Tang et al., 2015).  

Unlike miRNA, lncRNA are not confined to one single generic mechanism of 

action. One example of this is linc-MD1, a muscle and cytoplasmic specific 

lncRNA with two distinct mechanisms of action for controlling physiology (Figure 

4-1, C). Linc-MD1 was the first lncRNA to be shown to play a relevant role in 

muscle differentiation by regulating specific myogenic factors required for the 

onset of late muscle gene transcription. Linc-MD1 is processed to produce two 

different microRNAs, miR-206, in one intron, and miR-133b, in one exon (Liu et 

al., 2012), and also contains binding sites for miR-135 and miR-133b (Figure 4-1D) 

(Ballantyne et al., 2016). Linc-MD1 is activated during the early phases of muscle 
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differentiation and functions as a trigger inducing the later stages of 

differentiation via its sponge activity for miR-133 and miR-135. By this mode of 

action linc-MD1 affects the distribution and availability of these microRNA thus 

altering the levels of the natural targets for these micoRNA, initiating an 

additional level of posttranscriptional control. Of the sponged microRNAs, 

miRNA-135 targets MEF2C and miR-133b targets MAML1, two known transcripts 

that regulate myoblast differentiation (Leung et al., 2016),(Neguembor et al., 

2014). Consistent with this function, inhibition of linc-MD1 compromises muscle 

differentiation, as assayed by reduced expression of myogenic markers. 

Interestingly, reduced levels of linc-MD1 RNA have been found in patients with 

Duchenne Muscular Dystrophy and rescuing levels via ectopic expression partially 

restored normal myogenesis (Erriquez et al., 2013).  

Finally, lncRNAs may alter protein modifications (Figure 4-1, E). Nuclear factor-

κB (NF-κB) is a family of transcription factors that play critical roles in 

inflammation, immunity, cell proliferation, differentiation and survival (Gilmore, 

2006). Over-activation of the NF-κB pathway has been linked to tumourigenesis 

and metastasis, by inhibiting apoptosis and increasing invasion (Yan et al., 2010), 

(Niesporek et al., 2007). Liu et al. recently identified a cytoplasmic lncRNA 

known as NF-κB interacting lncRNA (NKILA), which inhibits NF-κB by binding 

directly to the NF-κB inhibitor, IκB, and blocking IKK-induced IκB 

phosphorylation (Liu et al., 2015). Abrogation of IKK-mediated IκB 

phosphorylation leads to the sequestration of NF-κB in the cytoplasm, preventing 

it from acting as a nuclear transcription factor (Whiteside and Israel, 1997). 

Mutation of NKILA all failed o bind IKK (Liu et al., 2015). Consistent with its anti-

NF-κB role, NKILA increased apoptosis and reduced invasion in a cancer cell line 

(Liu et al., 2015). Interestingly, the expression of NKILA is also upregulated by 

NF-κB and appears to act as a negative feedback loop to inhibit over-activation 

of the NF-κB pathway.  
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Figure 4-1:    Known working models of cytoplasmic lncRNA function. 
 (A): lncRNAs modify mRNA stability, BACE1-AS lncRNA increases BACE1 stability. (B): 
 LncRNAs regulate mRNA translation, with lincRNA-p21 inhibiting the JUNB translation. (C): 
LncRNAs can give rise to microRNAs; LincMD1 produces miR-206 and miR-133b from one intron 
and one exon. (D): LncRNAs may act as microRNA sponges. LincMD1 has multiple functions and 
can bind miR-133b creating a negative feedback loop. (E): LncRNAs can affect modifications. 
Binding of lncRNA NKILA inhibits IKB phosphorylation thus inhibiting the activation of NFKB 
(Rashid et al., 2016). 
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4.1.2 Function of nuclear lncRNAs 

Nuclear lncRNAs, unlike cytoplasmic lncRNAs, typically function as 

transcriptional regulators that can act locally, near their genomic loci, to 

regulate the expression of nearby genes, or distally to regulate gene expression 

across multiple chromosomes (Kornienko et al., 2013). More specifically lncRNAs 

may act as enhancers to affect the promoters of nearby genes (Derrien and 

Guigo, 2011), bind chromatin to either initiate or repress gene expression (D et 

al., 2016) or may directly affect transcription via binding and modulation of 

transcriptional machinery (Geisler and Coller, 2013).  

As a class, lncRNAs are generally enriched in the nucleus and specifically within 

the chromatin-associated fraction. (Flynn and Chang, 2012) Consistent with their 

localisation, many lncRNAs have been implicated in the regulation of gene 

expression and in shaping three dimensional nuclear organisation (Quinodoz and 

Guttman, 2014). Genome-wide studies of histone modification and enhancer 

elements has provided an additional layer of complexity to the mammalian 

genome (Kimura, 2013). ChIP-seq analysis of H3K4me1, H3K27ac, and p300 

marks associated with gene activating enhancers showed these regions also 

produce lncRNA transcripts (Rinn and Chang, 2012). Typically, lncRNA can 

interact with various chromatin regulatory proteins and recruit them to specific 

sites on DNA to regulate gene expression (Quinodoz and Guttman, 2014). 

Evidence for this comes from a recent study that identified that 7 out of the 12 

studied lncRNA altered the expression of proximal protein coding genes and that 

it was the RNA itself, rather than the act of transcription, that produced this 

effect (Orom et al., 2010).   

The mammalian HOXA locus consists of a cluster of 11 HOX genes with a graded 

expression pattern along body appendages from proximal (close to the main 

body) to distal (appendage tip) (Gaunt, 2001). Recently, Wang et al. 

investigated the functions of a lincRNA encoded at the 5′ end of the HOXA 

cluster, on the antisense strand to the HOXA genes (Wang et al., 2011). This 

lncRNA, consistent with its genomic position within the HOXA cluster, was 

expressed in distal fibroblasts such as from the hands and feet and its expression 

pattern was confirmed in mouse embryos. Owing to these properties, the lncRNA 

was termed HOXA transcript at the distal tip' (HOTTIP). HOTTIP knock down 
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experiments in human fibroblasts identified that HOTTIP exhibited enhancer 

activity on the proximal HOXA genes however, knockdown did not affect 

expression from the highly homologous HOXD locus, indicating that HOTTIP acts 

in cis, close to its site of transcription. Interestingly, in vivo knockdown of 

HOTTIP in chickens depleted the expression of distal HOXA genes but also 

resulted in shortened distal forelimb bones (Wang et al., 2011). In an attempt to 

determine HOTTIP mechanism the authors used chromosome conformation 

capture carbon copy (5C) in human fibroblasts. This is a high-throughput method 

that can identify physical chromatin interactions based on the analysis of DNA 

ligation products (Dostie et al., 2006). This method revealed that actively 

expressed HOXA regions are characterised by compact chromosome loops. 

Chromosomal looping of DNA, in an enhancer like manner, brings HOTTIP into 

spatial proximity with multiple HOXA genes. Additionally, via cellular pulldown 

methods, it was identified that HOTTIP directly interacts with a key protein, 

WDR5, involved in catalysing the activation of H3K4me3 (Wang et al., 2011). 

Increased activity of H3K4me3 promotes transcriptional elongation and enhanced 

transcription (Chen et al., 2015) and, as such, WDR5 introduces H3K4m3 marks 

into the HOXA cluster to keep it transcriptionally active (Chen et al., 2015).   

The involvement of RNAs in epigenetic silencing was proposed by various 

investigators based on the observation that while many enzymatic members of 

the chromatin remodelling complexes did not have DNA binding domains, they 

possessed RNA binding domains (Bernstein and Allis, 2005),(Sun and Zhang, 2005, 

Saxena and Carninci, 2011). Molecular investigations have revealed that several 

lncRNAs such as Kcnq1ot1, Airn, Xist, HOX transcript antisense RNA (HOTAIR) all 

associate with key chromatin remodelling complexes (Saxena and Carninci, 

2011). X chromosome inactivation is the mechanism that has evolved in 

mammals to ensure dosage compensation between XX females and XY males and 

depends on the effective silencing of genes of one of the two X chromosomes in 

females (Avner and Heard, 2001). This mechanism is depended on a specific 

portion of the X chromosome that contains the gene for the lncRNA xist. Xist 

encodes a 17-kb lncRNA that is retained in the nucleus. Initiation of X 

chromosome inactivation results in the upregulation of the xist lncRNA and 

coating of the X chromosome to be inactivated (Sarkar et al., 2015). This 

triggers a cascade of events, including the acquisition of repressive chromatin 
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modifications, removal of active histone marks and DNA methylation (Sarkar et 

al., 2015). The combination of all these actions ensures the stable repression of 

the entire X chromosome and maintenance of the silent state. The complete 

molecular function of xist is currently unknown; however, key interactions 

between Ezh2 and Suz12, 2 components of the Polycomb repressive complex 2 

(PRC2) complex, have been identified (Sarma et al., 2014).PCR2 catalyses 

methylation of histone H3 at K27 on chromatin, ultimately shutting down 

transcription. In agreement with this mechanism, Engreitz et al. (Engreitz et al., 

2013) and Simon et al.  (Simon et al., 2013) found linear correlations between 

Xist and PRC2 localisation. However, it should be noted that most of the studies 

supporting a direct interaction between xist and PCR2 complex (Zhao et al., 

2008), (Kaneko et al., 2010), (Maenner et al., 2010), do not utilise any pulldown 

techniques to confirm the direct association.  

Besides modulation of chromatin, lncRNAs have also been shown to regulate 

transcription through alternative mechanisms. One example of this is during heat 

shock, in which basal transcription is halted and HSF1 (Heat shock factor 1) is 

activated to drive transcription of heat shock-specific genes (Richter et al., 

2010). One mechanism by which heat shock suppresses gene expression is 

through the upregulation of inhibitory lncRNA that function in trans to block 

general RNA polymerase II (Pol II) activity. Two lncRNA species, B2 RNA in mice 

and Alu RNA in humans, are upregulated greater than 40 fold following heat 

shock and can directly bind to the active site within Pol II, disrupting its 

interaction with promoter DNA (Place and Noonan, 2014).  

The continued discovery of new lncRNAs and more thorough characterisation of 

those already known will surely reveal additional themes and functions. This 

will, ultimately, occur through detailed, mechanistic dissection of the genetic 

pathways and cellular activities for each individual lncRNA.  
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4.2 Aims 

The aims of this chapter were as follows: 

· To better characterise 4 of the 6 validated lncRNA (2 upregulated and 2 

downregulated lncRNAs) identified in Chapter 3. 

· To define one lncRNA to take further for detailed analysis (SMILR). 

· To determine the cellular characteristics and localisation of SMILR. 

· To identify the function of SMILR in stimulated HSVSMCs. 

· To identify the molecular mechanisms governing SMILR function. 
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4.3 Results 

Despite 6 lncRNAs being validated from the RNA-seq (Chapter 3- Section 3.4.3), 

only 4 lncRNAs (2 up-regulated and 2-downregulated) were taken forward for 

further functional analysis. These lncRNA were pursued as they exhibited the 

greatest fold changes between basal and stimulated cells.  

4.3.1 Expression in tissue and cell panels 

LncRNAs show more pronounced tissue and cell specific patterns of expression 

that protein coding genes, offering a variety of benefits in clinical applications 

for both early identification and control of disease progression (Jiang et al., 

2016), (Kornienko et al., 2016).  In order to gain insight into the expression of 

these lncRNA from a whole organ perspective, the expression of each lncRNA 

was quantified in a range of 10 normal human tissues including specimens 

derived from brain, gastrointestinal, reproductive, and endocrine systems. In 

general, the 4 lncRNA examined were expressed at relatively low levels across 

the tissue panel, when compared to protein coding genes. However, it was 

observed that RP11-94a24.1 (Figure 4-2A) was expressed highest in the heart, 

while AC018647.3 and RP11-91K9.1 showed preferential expression within the 

liver and brain respectively (Figure 4-2B and C). RP11-761I4.4 also displayed 

highest expression in the brain (Figure 4-2D).  
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Figure 4-2:    LncRNA tissue specific analysis. 
Expression of lncRNAs A; RP11-94a24.1,B: RP11-761I4.4,CL RP11-91k9.1 and D: AC018647.3 
was examined by qRT-PCR in a panel of RNAs derived from various normal tissues consisting of 
heart, bladder, thymus, liver, placenta, testis, brain, thyroid, adipose and spleen. The results are 
displayed as 1/∆CT, normalised to UBC housekeeper (n=1).  
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Due to the specific interest in identifying lncRNA that modulate VSMC 

proliferation and inflammation and thus vascular disease, lncRNA expression was 

assessed by qRT-PCR analysis in different vascular cells. LncRNA expression was 

determined in saphenous vein endothelial cells (HSVEC), HSVSMC and human 

coronary artery SMC (HCASMC) was assessed. This was performed in order to 

ascertain if each lncRNA would show differential expression from a cellular 

specific rather than whole tissue perspective. All lncRNAs had higher expression 

in basal VSMCs of either venous or arterial lineage compared to endothelial cells, 

suggesting VSMC enrichment (Figure 4-3A-D). Due to the specific modulation of 

these lncRNAs by IL1α and PDGF treatment in HSVSMC and the specific role of 

IL1α and PDGF in vascular disease, the expression of these lncRNA, following 

stimulation, was determined in additional cell types, HSVEC and HCASMC.  

For ease of interpretation, HSVSMC stimulation with IL1α and PDGF is provided in 

the left hand panel of Figure 4-4 and HCASMC stimulation in the right hand 

panel. Stimulation of HCASMCs induced a significant reduction in RP11-761I4.4 

(P<0.001) (Figure 4-4A) and AC018647.3 (P<0.001) (Figure 4-4B) consistent with 

HSVSMC stimulation, while RP11-91k9.1 was significantly up-regulated (P<0.01) 

but to a lesser extent than in HSVSMC (Figure 4-4C). Notably, RP11-94a24.1 was 

significantly downregulated (P<0.05) with dual stimulation in HCASMC despite a -

30 fold induction in HSVSMCs (Figure 4-4D).  

Due to the already low expression of certain lncRNA in unstimulated HSVEC 

(Figure 4-3), subsequent downregulation of RP11-761I4.4 and AC018647.3 was 

not observed, as was the case in HSVSMC. However, stimulation of HSVECs 

produced a significant 3.8 ± 0.7 and 8.7 ± 2.1 fold up regulation of RP11-91K9.1 

following IL1α and IL1α/PDGF treatment respectively (Figure 4-5A). Stimulation 

had no effect on RP11-94a24.1 expression (Figure 4-5B), indicating selective 

regulation in HSVSMC. 
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Figure 4-3:    Cell specificity analysis. 
The expression of lncRNAs A: RP11-94a24.1, B: RP11-761I4.4, C: RP11-91k9.1 and D: 
AC018647.3 was examined in basal human saphenous vein smooth muscle cells (HSVSMC), 
human saphenous vein endothelial cells (HSVEC) and human coronary artery smooth muscle cells 
(HCASMCs) by qRT-PCR analysis (n=2 patients). Data is expressed as 1/∆CT normalised to UBC 
house keeper.  
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Figure 4-4:    Expression of lncRNA in stimulated HCASMC. 
A: RP11-761I4.4, B: AC018647.3, C: RP11-91k9.1 and D: RP11-94a24.1. HSVSMC (left panel) 
and HCASMC (right panel) were quiesced in media containing 0.2 % FBC for 48 h followed by 
stimulation with IL1α, PDGF or a combination of both for 72 h. LncRNA expression was assessed 
by qRT-PCR (n=2, graph indicates representative graph with stats performed on technical 
replicates for HCASMCs and n=4 patients for HSVSMC). *P<0.05, **P<0.01 and ***=P<0.001 vs. 
0.2 % control sample, one-way ANOVA. 
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Figure 4-5:    LncRNA show cell specific expression. 
Human saphenous vein endothelial cells (HSVEC) and human saphenous vein smooth muscle 
cells (HSVSMC) were quiesced in 0.2 % media for 48 h then stimulated with 0.2 % media as a 
control, IL1α, PDGF or a combination of IL1α and PDGF for 72 h. Expression of (A):  RP11-91k9.1 
and (B): RP11-94a24 was assessed via qRT-PCR (n=4, * P<0.05, ** P<0.01, *** P<0.001 vs 0.2 % 
in each specific cell type, one way ANOVA) (n=3 for HSVEC and n=4 for HSVSMC). 
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4.3.2 Time course of expression 

Due to the highest level of expression and greatest fold change of the lncRNA in 

HSVSMC, this cell type was continually used for all subsequent experiments. The 

expression of each lncRNA was assessed 72 h after stimulation during RNA-seq 

analysis. To investigate the longitudinal regulation of these lncRNA, HSVSMCs 

were stimulated with IL1α and PDGF for 1.5, 4, 24, 48 and 72 h. For RP11-

94a24.1 a significant up regulation in response to PDGF was observed as early as 

4 h post stimulation (p<0.001) (Figure 4-6A). By 24 h RP11-94a24.1 expression 

was increased by treatment with PDGF or IL1α as well as in combination. This 

expression of this lncRNA was further increased at 48 and 72 h post stimulation 

(P<0.001). RP11-761I4.4 was significantly down-regulated by PDGF and IL1α 

treatment 1.5 h post stimulation (P<0.01) (Figure 4-6B). The levels of RP11-

761I4.4 decreased until the 24 h time point in which the levels remained similar 

out to 72 h (P<0.001). RP11-91k9.1 and AC018647.3 showed no change in 

expression until the 24 h time point (Figure 4-6) (P<0.001 for both) (Figure 4-6C 

and D). 
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4.3.3  LncRNA stability 

To date, tens of thousands of lncRNA have been identified. Despite progress in 

their functional characterisation, little is known about the post-transcriptional 

regulation of lncRNAs and their half-lives. Although many are easily detectable 

by a variety of techniques, such as qRT-PCR, it has been assumed that most 

lncRNAs are generally unstable due to large scale genome wide analysis of 

lncRNA stability (Clark et al., 2012). However, several stable lncRNA have now 

been proposed as potential biomarkers. To examine the stability of lncRNAs, 

HSVSMC transcription was halted with Actinomycin D (ActD) and RNA levels 

measured over a 19 h time course. In the absence of transcription, the levels of 

expression of any RNA are thus determined by its rate of decay. The prolonged 

time course allowed for improved half-life measurements for transcripts with 

slow decay rates, compared to previous transcriptional experiments in 

mammalian cells which typically extended to a maximum of 8 h (Raghavan et 

al., 2002),(Sharova et al., 2009). In order to identify an appropriate 

housekeeper, the expression of the GAPDH housekeeping gene was measured 

across conditions. Under quiesced and stimulated conditions (Figure 4-7 Ai and Bi 

respectively), GAPDH mRNA levels remained stable regardless of the addition of 

ActD. To confirm transcriptional blockage, the expression of the ubiquitin C 

mRNA, UBC, was determined by qRT-PCR. UBC has been previously shown to 

exhibit a short half-life of approximately 2.9 h (Padovan-Merhar et al., 2015). 

Consistent with previous observations UBC exhibited a short half-life of 4.2 and 

3.2 h under quiesced and stimulated conditions respectively, indicating that 

ActD was indeed inhibiting transcription (Figure 7-Aii and Bii).   

Stability was determined in conditions which induce the greatest lncRNA 

expression, thus, RP11-761I4.4 and AC018647.3 (Figure 7-Aiii and iv), which were 

down regulated by IL1α and PDGF treatment, were examined under 0.2 % 

conditions and RP11-94a24.1 and RP11-91k9.1 (Figure 7-Biii and iv), which are up 

regulated by IL1α and PDGF, were examined under stimulated conditions. In 

order to induce the greatest expression quiesced HSVSMCs were stimulated with 

IL1α /PDGF or 0.2 % media for 72 h prior to the addition of ActD for a further 19 

h.  
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RP11-761I4.4 exhibited a short half-life of 6.4 h, this is consistent with the time 

course data which indicated that this lncRNA was down regulated as early as 4 h 

post stimulation and we hypothesised that this rapid down regulation was due to 

lncRNA degradation (Section 4.2.2). AC018647.3 exhibited a greater stability 

with a half-life greater than 19 h. RP11-91k9.1 exhibited a similar stability with 

a half-life of 19 h, while RP11-94a24.1 expression in both Act-D and control cells 

showed marked degradation after 8 h. This was initially proposed to be due to 

the exhaustion of PDGF in the culture medium. However similar experiments 

where PDGF was replenished after 48 h, exhibited a similar effect.  
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4.3.4 Pathway analysis 

It is well established that IL1α and PDGF can have synergistic effects on vascular 

cell activation (Weber et al., 2010), (Andrae et al., 2008). To assess the roles of 

these pathways in the regulation of lncRNA expression in HSVSMC, selective 

pharmacological inhibitors AZD6244 (MEKK1) and SB 203580 (p38 MAPK) were 

utilised (Figures 4-8A and C). Following 60 min pre-treatment with inhibitors, 

HSVSMC were stimulated with IL1α/PDGF and the expression of each lncRNA was 

determined at 24 h. Pre-treatment with the p38 MAPK inhibitor (5, 10 and 20 

µM) significantly inhibited the upregulation of RP11-94a24.1 at all concentrations 

(P<0.001) and inhibited RP11-91k9.1 up-regulation in response to IL1α and PDGF 

at the maximum concentration only (P<0.05). P38 inhibition dose dependently 

reversed IL1α and PDGF down-regulation of RP11-761I4.4 with only the top 

concentration being significant (P<0.01); however, inhibition of p38 did not 

affect the downregulation of AC018647.3 in response to IL1α and PDGF 

treatment indicating that this particular lncRNA is not induced through the p38 

arm of the  signalling pathway (Figure 4-8B). 

Pre-treatment with the MEKK1 inhibitor significantly reduced RP11-94a24.1 

expression at all 3 concentrations (P<0.01) and increased AC018647.3 expression 

at all 3 doses (P<0.01). MEKK1 inhibition did not affect RP11-761I4.4 nor RP11-

91k9.1 at any dose, indicating that these lncRNA are not regulated through this 

part of the IL1α or PDGF pathway. 
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Figure 4-8:    Upstream pathways regulating lncRNA expression. 
(A): Schematic diagram showing specific site of p38 inhibition using SB 203580. HSVSMC were 
pre-treated for 60 min with the indicated concentration of the inhibitor. Following exposure to 
control (0.2 % media) or IL1α and PDGF for 24 h expression of lncRNAs RP11-94a24.1 (Panel i), 
RP11-761I4.4 (Panel ii), RP11-91k9.1 (Panel iii) and AC018647.3 (Panel iv) was determined by 
qRT-PCR. (B): LncRNA expression following p38 inhibition. ***P<0.001 vs 0.2 % media, # P< 0.05, 
## P<0.01 and ### P<0.001 vs IL1α/PDGF treatment. Repeated measures ANOVA. n=3. (C): 
Schematic diagram showing specific site of MEKK1 inhibition using AZD6244. HSVSMC were pre-
treated for 60 min with the indicated concentration of the inhibitor. Following exposure to control 
(0.2 % media) or IL1α and PDGF for 24 h expression of lncRNAs RP11-94a24.1, RP11-761I4.4, 
RP11-91k9.1 and AC018647.3 was determined by qRT-PCR (D): LncRNA expression following 
MEKK1 inhibition. Repeated measures ANOVA. ***P<0.01 vs 0.2 % media, # P<0.05, ## P< 0.01 
and ### P<0.001 vs IL1α/PDGF treatment alone n=3 patients. All graphs indicate lncRNA 
expression relative to 0.2 % controls (Relative Quantity, RQ). 
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4.3.5 Cellular Localisation 

Knowledge of lncRNA subcellular localisation patterns can provide fundamental 

insights into their biology and fosters hypotheses for potential molecular roles. 

As mentioned in the introduction, lncRNA in the cytoplasm typically act as 

microRNA sponges or block binding sites for protein activation. Nuclear lncRNA, 

on the other hand, act as DNA enhancers or repressors to modulate gene 

expression.  Cellular compartmentalisation of lncRNAs and controls in quiesced 

and stimulated HSVSMC (Figure 4-9 top and bottom graphs respectively) was 

determined via cellular fractionation. To evaluate the separation quality of the 

isolated fractions, MALAT1 and NEAT1, two known nuclear lncRNA (Tripathi et 

al., 2010), (Clemson et al., 2009), were assessed by qRT-PCR. Under both control 

(0.2 %) (Figure 4-9A)and stimulated (IL1α + PDGF)(Figure 4-9B) conditions NEAT1 

and MALAT1 showed greater than 90 % expression in the nuclear fraction, 

suggesting sufficient separation between the two fractions. Additionally, the 

expression of the housekeepers UBC and GAPDH were assessed. GAPDH and UBC 

have been previously shown to be expressed both in the nuclear and cytoplasmic 

fraction of cells. Under 0.2 % conditions 17 % of GAPDH was located within the 

cytoplasm and 28 % following stimulation. A greater percentage of UBC was 

found to be cytoplasmic with 48 % and 89 % corresponding to the cytoplasm 

during quiesced and stimulated conditions. RP11-94a24.1, RP11-761I4.4 and 

RP11-91k9.1 all exhibit both nuclear and cytoplasmic expression under quiesced 

and stimulated conditions. AC018647.3 exhibited greater nuclear expression 

under both conditions.  



  231 

 
 

0.2% FBS conditions

G
A
PD

H
U
B
C

N
ea

t1

M
al

at
1

R
P11

-9
4a

24
.1

R
P11

-7
61

I4
.4

R
P11

91
K
9.

1

A
C
01

86
47

.3

0

25

50

75

100
Cytoplasm

Nucleus
%

 e
x
p

re
s
s
io

n

IL1 + PDGF conditions

G
A
PD

H
U
B
C

N
ea

t1

M
al

at
1

R
P11

-9
4a

24
.1

R
P11

-7
61

I4
.4

R
P11

91
K
9.

1

A
C
01

86
47

.3

0

25

50

75

100
Cytoplasm

Nucleus

%
 e

x
p

re
s
s
io

n

 

Figure 4-9:    Expression of lncRNA in nuclear and cytoplasmic fractions. 
A: 0.2 % conditions and B: IL1 and PDGF treatment. HSVSMC were quiesced in 0.2 % media for 
48 h then stimulated  with either 0.2 % media (red bars) or IL1α and PDGF (blue bars) for 72 h. 
Cells were fractionated into cytoplasmic and nuclear fractions utilising the PARIS fractionation kit 
and lncRNA expression of RP11-94a24.1, RP11-761I4.4, RP11-91k9.1 and AC018647.3 was 
determined by qRT-PCR (n=2). Nuclear lncRNAs Neat1 and MALAT1 served as nuclear controls. 
Graph indicated % expression of each RNA in the nucleus (black bars) or cytoplasm (coloured 
bars).   
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4.3.6 Selection of single lncRNA for further analysis – SMILR 
lncRNA 

Due to the high expression of RP11-94a24.1 in HSVSMC and its cell specific 

induction in response to pathological mediators of vascular injury, further 

studies focussed on RP11-94a24.1. This lncRNA was termed, smooth muscle 

induced lncRNA enhances replication (SMILR). SMILR expression was assessed 

through the utilisation of 3 independent primer sets targeting different exons of 

the lncRNA. qRT-PCR analyses revealed similar Ct values and fold changes 

amongst the 3 sets, further confirming the previous data (Figure 4-10A-C). The 

longest putative open reading frame within SMILR is 57 amino acids. Analysis of 

this open reading frame using the Coding Potential Calculator 

(http://cpc.cbi.pku.edu.cn) did not reveal any similarity to known protein 

coding sequences suggesting that this RNA has no protein coding potential.  
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Figure 4-10:  Validation of additional SMILR primers. 
To confirm the expression of lncRNA SMILR three additional primer sets were designed targeting 
different sequences of the SMILR transcript. HSVSMC were quiesced in 0.2 % media for 48 h then 
stimulated with either 0.2 % media or IL1α and PDGF for 72 h. (Tabas et al.): Assessment of 
SMILR via qRT-PCR expression via 3 independent primer sets. The number on top of graphs 
represent Ct values obtained under 0.2 % and dual stimulated conditions.
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4.3.7 SMILR 5’ 3’ RACE and RNA FISH 

Rapid amplification of cDNA ends (Billings et al.) (RACE), was utilised to design 

specific RNA FISH probes and to identify if splice variants or additional isoforms 

were expressed in HSVSMC. RACE identified a single SMILR isoform, consisting of 

an additional 6 bp at the 5’ end and 316 bp at the 3’ end (Figure 4-11A). The full 

sequence of SMILR is provided in Figure 4-11B and the RACE data is supported by 

the raw RNA-seq files (Figure 4-12). 

RNA-FISH was then performed to provide visuospatial information as to the 

location of SMILR within HSVMSC, and to confirm fractionation results. Negative 

control samples showed no fluorescent signal (Figure 4-13A) while fluorescent 

activity of the nuclear lncRNA SNORD3 (positive control) confirmed the nuclear 

permeabilisation of cells (Figure 4-13B). Ideally a scrambled probe should be 

utilised as a negative control, however these were not available from the 

company at the time of experimentation. In the absence of growth factor and 

cytokine stimulation, HSVSMC typically exhibited between 0 and 3 positive 

fluorescent signals corresponding to SMILR localisation (Figure 4-13C). 

IL1α/PDGF treatment induced a marked increase in fluorescent signal within the 

nucleus and cytoplasm of HSVSMC (Figure 4-13D). Quantification of FISH samples 

is provided in Figure 4-13E. In the absence of stimulation 2 ± 3.6 SMILR 

molecules were observed. Following stimulation, 25 ± 5 individual SMILR 

molecules were observed within the nucleus and cytoplasm. 
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Figure 4-11:  Visual representation of full SMILR transcript. 
5’3’ RACE was performed on HSVSMC stimulated with IL1α and PDGF for 72 h. RACE was 
performed through the utilisation of the SMARTER 5’ 3’ RACE kit (A): Grey boxes indicate the 
predicted SMILR sequence obtained from UCSC genome browser (RP11-94A24.1). Black boxes 
represent additional 337 base pair sequence obtained via 3’ RACE of SMILR transcript and 6 base 
pair sequence obtained by 3’ RACE. (B): Full length sequence of SMILR. Black letters are the 
sequence obtained from Ensembl and green letters are the additional sequence of SMILR obtained 
via RACE analysis. 
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Figure 4-13:  Localisation of SMILR. 
HSVSMC were quiesced in 0.2 % media for 48 h then stimulated for 72 h in either 0.2 % media or 
media containing IL1α and PDGF. RNA FISH analysis of SMILR, UBC mRNA and nuclear 
SNORD3 RNA was perfoemed in HSVSMC, Magnification x630 for all panels. (A): Negative DAPI 
control. (B): SNORD3 was utilised as a marker of nuclear permeabilisation. (C): 0.2 % control 
conditions.  UBC was utilised as a marker of cell border. (D): IL1 and PDGF conditions.  Blue – 
DAPI, Pink – SNORD3, Green – UBC and Red- SMILR. RNA fish utilises branch tree technology, 
therefore, one single dot represents one RNA molecule. (E): Quantification of SMILR molecules 
per cell in indicated conditions n=22 for 0.2 % and n=17 for IL1α and PDGF treatment. ***P<0.001 
vs. 0.2 % control, paired students t test. 
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4.3.8 Modulation of SMILR expression via siRNA and lentivirus 

4.3.8.1 Effect of SMILR modulation on HSVSMC proliferation 

Due to the significant upregulation by PDGF and the close proximity of SMILR and 

HAS2, a known SMC proliferative gene, modulation of SMILR expression was 

performed via dicer substrate siRNA (dsiRNA)-mediated knockdown and lentivirus 

mediated overexpression followed by assessment of HSVSMC proliferation. 

Initially, expression of the interferon response genes OAS1 and IRF7 were 

assessed in dsiRNA treated cells, as activation of the interferon pathway has 

previously been linked to dsiRNA off target effects (Karpala et al., 2005). No 

effect of dsiRNA transfection on the interferon pathway was observed upon 

assessment of the response genes OAS1 and IRF7 (Figure 4-14A and B 

respectively).  
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Figure 4-14:  DsiRNA effects on interferon pathway. 
HSVSMC were transfected with either Lipofectamine alone (mock), control siRNA (SiControl) or 
siRNA targeting two regions of SMILR (SiSMILR and SiSMILR2). Cells were then quiesced in 0.2 
% media for 48 h and then stimulated for 48 h in 0.2 % media or media containing IL1α and PDGF. 
RNA was extracted and qRT-PCR analysis of interferon gamma associated mRNA OAS1 (Panel A) 
and IRF7 (Panel B) was performed. ** P<0.01 and *** P<0.001 vs 0.2 % controls, one way ANOVA. 
SiSMILR and SiSMILR2 were not significant when compared to SiControl. One way ANOVA (n=3 
patients). RQ= relative quantity. 
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DsiRNA SMILR caused a 51 ± 2 % decrease in SMILR expression when compared to 

dsiControl (P<0.01)(Figure 4-15A). 48 h post stimulation, IL1α and PDGF 

treatment induced a 34 ± 15 % increase in HSVSMC proliferation compared to 

control (Figure 4-15B)(P<0.05) and subsequent SMILR knock down with dsiRNA, 

reduced HSVSMC proliferation by 56 ± 15 % (Figure 4-15C) (P<0.01). Results were 

confirmed through the use of a second dsiRNA targeting an alternative region of 

SMILR (P<0.01) (Figures 4-15D and E).
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Additionally the effect of SMILR overexpression on SMC proliferation was 

investigated. HSVSMC were infected with SMILR lentivirus or empty control for 

24 h prior to stimulation. Infection at a multiplicity of infection of 25 and 50 was 

utilised as had been previously reported by the lab and had no toxicity effects on 

HSVSMC.  Lentivirus at an MOI of 25 and 50 produced a 5.5 ± 3.5 and 11.4 ± 4.7 

fold increase in SMILR expression, respectively, when compared to the empty 

control, (Figure 4-16A). Overexpression produced a dose dependent increase of 

1.3 ± 0.3 fold and 1.66 ± 0.5 fold in HSVSMC proliferation respectively (Figure 4-

16B), confirming the knock down data.  
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Figure 4-16:  Functional Regulation of SMILR by lentivirus. 
HSVSMC were infected with lentivirus for 24 h, quiesced for 48 h and stimulated with IL1α and 
PDGF for 48 h. A: qRT-PCR analysis of SMILR expression following infection with either an empty 
lentivirus or lentivirus containing SMILR sequence (at an MOI of 25 (n=4) and MOI 50 (n=3) 
***P<0.001 vs. relevant empty control assessed via multiple comparison ANOVA. B: Proliferation of 
HSVSMC following infection of Lentivirus at an MOI of 25 (n=4) and MOI 50 (n=3) ***P<0.001 vs. 
relevant empty control assessed via multiple comparison ANOVA. 
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4.3.8.2 IL1α and PDGF induces transcriptional changes around SMILR 

The expression of lncRNAs can correlate with the expression of adjacent genes 

and other RNAs within the genomic locale. The expression of genes and non-

coding RNAs within 5 million base pairs of SMILR, from COL14A1 on the forward 

strand to FERIL6-AS1 on the reverse strand (Figure 4-17A), were assessed using 

the RNA-seq data set (Figure 4-17B). Up-regulation of SMILR was not associated 

with a widespread increase in transcriptional activity within the region (Figure 4-

17B). However, similar changes in expression in response to HSVSMC stimulation 

were observed in two proximal transcripts (HAS2 and HAS2-AS1). SMILR is 

located ~750 kbp upstream of HAS2 on the same (reverse) strand and ~350 kbp 

from ZHX2 and ~ 750 kbp from HAS2-AS1 on the opposite strand of chromosome 

8 (Figure 4-17C). The upregulation of HAS2 was accompanied by an increase in 

HAS1 but not HAS3 following dual stimulation (Figure 4-18A-C). Interestingly, 

IL1α and PDGF in combination had no effect on HAS3 expression as IL1α and 

PDGF have opposing effects on HAS3 expression. In addition to SMILR, up-

regulation of HAS2-AS1 was evident following IL1α and PDGF treatment, but not 

ZHX1 in the RNA-seq data (Figure 4-18D-F)
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Figure 4-17:  Regulation of 5 million base pair region around SMILR. 
 (A): Schematic view of the 8q24.1 region showing lncRNAs and protein coding genes over the 
5,000,000 bp region from Ensemble. SMILI (RP11-94a24.1), HAS2, HAS2-AS1 and ZHX2 are 
highlighted with red boxes. (B): Regulation of protein coding and non-coding genes within the 
selected region following IL1α and PDGF treatment, heatmap depicts expression of genes found 
with RNA-seq in 4 patient samples. (C): Region containing SMILR lncRNA and closest protein 
coding genes HAS2 and ZHX2.
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4.3.8.3 Effect of siRNA treatment on neighbouring gene expression 

As stated previously, lncRNAs can modulate the expression of nearby protein 

coding genes. Thus, the expression of proximal genes HAS2, ZHX2 and HAS2-AS1 

were determined following SMILR knockdown. RNAi-mediated knockdown of 

SMILR significantly altered levels of HAS2 mRNA. However, no change in the 

HAS2-AS1 lncRNA or the ZHX2 gene was observed via qRT-PCR (Figure 4-19A-C). 

Additionally, no effect on HAS1 or HAS3 expression was observed while utilising 

SMILR siRNA, indicating that the effect of SMILR knockdown is specific to HAS2 

and not all isoforms of HAS (Figure 4-19D and E). Results were confirmed using a 

second siRNA targeting an alternative region of the SMILR transcript(Figure 4-

19F-H). 
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Figure 4-19:  SMILR regulates proximal gene HAS2 on chromosome 8. 
(A): Inhibition of SMILR expression via dsiRNA treatment significantly inhibits HAS2 expression 
determined by qRT-PCR **P<0.005 vs. Si Control. One way-ANOVA. (B-E): SMILR inhibition had 
no effect on proximal genes ZHX2 or HAS2-AS1 nor additional HAS isoforms, HAS1 or HAS3 
(n=3). One way ANOVA. (F-H): all results confirmed utilising a second siRNA targeting an 
additional region of SMILR. 
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4.3.8.4 Effect of Lentivirus on neighbouring gene expression 

Due to the significant effect of dsiRNA on HAS2, it was investigated whether 

overexpression of SMILR could produce the inverse effect. Lentiviral mediated 

overexpression produced a 6.1 ± 2.3 and a 11.3 ± 2.0 fold increase in SMILR 

expression at an MOI of 25 and 50 respectively (Figure 4-20A). However lentiviral 

up regulation of SMILR had no effect on HAS1 (Figure 4-20B) , HAS2 (Figure 4-

20C) , HAS3 (Figure 4-20D) or HAS2-AS1 expression (Figure 4-21E).  
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Figure 4-20:  Effect of SMILR overexpression on proximal genes. 
HSVSMC were infected with lentivirus for 24 h, quiesced for 48 h in 0.2 % media and stimulated 
with IL1α and PDGF for 48 h. qRT-PCR analysis of SMILR, HAS1-3 and HAS1-AS1expression was 
performed following infection with either an empty lentivirus or lentivirus containing SMILR 
sequence (at an MOI of 25 (n=4 patients) and MOI 50 (n=3 patients).  All graphs show mRNA or 
lncRNA levels relative to appropriate Empty LV control and normalised to UBC. .  
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4.3.8.5 HAS2 and HAS2-AS1 specific knockdown  

Due to the effect of SMILR knockdown on HAS2 expression, it was determined if 

HAS2-AS1 or HAS2 knockdown regulated genes located within the region. Similar 

to the effect observed with SMILR, knockdown of HAS2-AS1 greatly reduced 

HAS2 expression (Figure 4-21 A and 4-21B). However, the reverse experiment 

utilising HAS2 knockdown, did not affect the expression of HAS2-AS1. Neither 

HAS2 nor HAS2-AS1 silencing modulated SMILR expression levels (Figure 4-21C).  
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Figure 4-21:  Effect of HAS2 and HAS2-AS1 knockdown on SMILR expression. 
HSVSMC were transfected with siRNA control (dark grey bars) or siRNA to HAS2 (light grey bars) 
or HAS2-AS1 (white bars) and cells quiesced for 48 h and stimulated with IL1α and PDGF for 48 
h(A): qRT-PCR expression of HAS2. (B): qRT-PCR analysis of HAS2-AS1. (C):qRT-PCR analysis 
of SMILR. (n=2), graphs indicate representative graph showing technical triplicates. All samples 
are normalised to UBC housekeeper and are relative to SiControl. ** P<0.01 and ***P<0.001 vs. Si 
Control assessed via one way ANOVA.  

 



  256 

 
 

4.3.9 Release of lncRNA into the media – validation of c.elegans 
probe, RNA extraction technique and RNA release.  

MicroRNAs have been reported to be secreted from cells as a means of cell to 

cell communication (Glynn et al., 2013). To investigate whether HSVSMCs 

release SMILR, a method commonly utilised to evaluate the expression of 

secreted miRNAs was modified (Morley-Smith et al., 2014). As no endogenous 

housekeeping/control gene was stably expressed across all conditions in this 

study, an exogenous control was added in order to monitor extraction efficiency 

and to normalise data. Total RNA from C.elegans was used as a spike-in RNA and 

the C.elegans gene ama-1 (encoding polymerase II) was chosen as a control for 

its high constitutive expression (see Chapter 2- Sections 2.17). In order to 

optimise the protocol different quantities of C.elegans RNA were spiked in and a 

dose response effect was observed (Figure 4-22A). The quality of the amplicon 

was assessed via analysis of melting curves (Figure 4-22B) and subsequent 

visualisation on agarose gel (Figure 4-22C). This showed a single amplification 

product corresponding to the cDNA fragment of ama-1. Based on the correlation 

observed between quantity of spike-in and ama-1 expression (Figure 4-22D), we 

utilised 75 ng in all subsequent extractions. This amount allowed reproducibility 

of our method, with the Ct values of ama-1 being 29.4 ± 0.3 across 5 separate 

extractions in non-conditioned media (Figure 4-22E). 

Interestingly, SMILR was detected at low levels in media from quiesced HSVSMCs 

and those stimulated by either PDGF or IL1α alone, while conditioned media 

obtained from HSVSMC stimulated by PDGF and IL1α in combination contained 

significantly higher levels of SMILR (4.8 ± 4.5 fold) (Figure 4-23), consistent with 

the increased intracellular expression of SMILR following co-stimulation of 

HSVSMC. Thus, treatment with PDGF and IL1α increased intracellular and 

released levels of SMILR.  

Additionally, experiments were performed to identify if SMILR was encapsulated 

within exosomes or microvesicles.  Two different isolation techniques were 

employed: ultracentrifugation, to remove cell debris, and an exosome isolation 

kit. Figure 4-24 A and B confirms the presence of microvesicles and exosomes 

using Nanosight technology and the expression of the previously described miR-

143 within the exosomes/MV (Deng et al., 2015). The data highlights the 



  257 

 
 

expression of SMILR restricted to exosome free media (Figure 4-24C) and 

inability to detect SMILR expression in the exosomes/MV compartment using 

both techniques of isolation. This observation was been confirmed by agarose gel 

electrophoresis (Figure 4-24D).  Primer melting curves are also shown in Figure 

4-24E. The data confirms that SMILR is secreted into the media and located in a 

non-exosome/MV fraction. This could possibly be through interaction with 

specific membrane channels but requires additional experimentation. 
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Figure 4-22:  Spike-in method of C.elegans total RNA in whole HSVSMC media. 
(A): Dose response effect of C.elegans ama-1 expression. Expression determined by qRT-PCR 
and results displayed as 1/Ct. Number at the top of each histogram corresponds to Ct values. (B): 
Specificity of products analysis by melting curve. (C): Specificity of products analysed using 
agarose gel. The cDNA amplicon size has been resolved by migration on a 2 % agarose gel using 
100 bp ladder. (D): Correlation between quantity spike-in and ama-1 expression. C.elegans ama-1 
expression follow a logarithmic function: y=-1.231ln(x)+30.406 with a coefficient of correlation 
r2=0.9668. (E): Reproducibility of the technique. Following RNA extraction after 75 ng of spike-in 
total C.elegans RNA, ama-1 expression was determined by qRT-PCR and the results have been 
displayed as Ct. 

 



  259 

 
 

 

SMILR

0.2% IL1 PDGF IL1 + PDGF
0

1

2

3

4

5

6

7

R
e
la

ti
v
e
 S

M
IL

R
 e

x
p

re
s
s
io

n

n
o

rm
a
li

s
e
d

 t
o

  
U

B
C

*

 

Figure 4-23:  Release of SMILR detected in conditioned media. 
HSVSMC were quiesced in 0.2 % media for 48 h and stimulated with 0.2 %, IL1α, PDGF or a 
combination of both of 72 h. Conditioned media was collected and SMILR expression assessed via 
qRT-PCR analysis. 1 way ANOVA * P<0.05 vs. 0.2 % (n=5 patients). 
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Figure 4-24:  Exosome isolation from HSVSMC conditioned media. 
(A): Size evaluation using the Nanosight of exosomes and MV isolated using the Total exosome 
isolation kit from 0.2 % conditioned media. Sizes obtained between 70 and 600 nm. (B): 
Quantification of miR-143 in exosomes/MV isolated using the Total exosome isolation kit from 0.2 
% conditioned media. (C): SMILR expression analysed by qRT-PCR in exosomes/MV and 
exosomes/MV free media compartment from IL-1α + PDGF conditioned media. (D): Agarose gel of 
qRT-PCR products obtained in C; 1: exosomes/MV compartment, 2: exosomes/MV free media. 
(Ei): melting curves obtained from SMILR primer set in conditioned media. ii) Gel electrophoresis 
image of SMILR primer set in conditioned media and iii) Melt curves of the negative control water 
samples obtained by qRT-PCR using the SMILR primer set.  



  261 

 
 

Additionally, SMILR release following lentiviral overexpression in IL1α and PDGF 

treated cells was assessed. Lentiviral overexpression resulted in a 11.3 ± 2.0 fold 

increase in intracellular SMILR RNA. However, only a marginal (not significant) 

increase was observed within conditioned media analysed from infected cells 

(Figure 4-25A). When this media was transferred onto additional quiesced cells, 

no change in proliferation was detected (Figure 4-25B). This may suggest that 

the release of SMILR is under stringent control mechanisms and simply increasing 

SMILR expression via a lentiviral approach is not sufficient to induce the 

additional release of this lncRNA from the cells. In addition, these cells were 

stimulated with IL1α and PDGF, which strongly enhances SMILR expression in 

HSVSMC. The secretory machinery may have been saturated with the high levels 

of lncRNA within the cytoplasm. This has previously been demonstrated with 

microRNA where high levels of miR, via overexpression with microRNA mimics, 

saturated the exportin-5 pathway of endogenous miRNAs (Soifer et al., 2007, 

Grimm et al., 2006). 
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4.3.10 SMILR-protein pulldown to determine protein 
interacting partners  

New lncRNAs are rapidly being uncovered, however, their mechanism of action 

remains to be elucidated. As mentioned in section 4.3.5, lncRNA SMILR is 

localised to both the nucleus and cytoplasm of HSVSMCs. Due to the significant 

reduction in HAS2 mRNA expression following treatment with dsiRNA targeting 

SMILR, but lack of effect utilising SMILR lentivirus, it is proposed that, in the 

nucleus, SMILR acts in cis to modulate HAS2 expression. The mechanism of 

action of SMILR in the cytoplasm remained unknown. RNA pull-down assays are 

preliminary RNA-centric in vitro methods that enable the identification and 

characterisation of various proteins which interact with a given lncRNA of 

interest. We therefore performed optimisation and refinement of known RNA 

pulldown protocols to identify SMILR interaction protein partners.  

4.3.10.1 Confirmation of SMILR RNA following T7 

Initially lncRNA probes were synthesised and labelled with the high affinity tag, 

desthio-biotin. As described in the materials and methods section- Chapter 2 – 

Section 2.21.1 a T7 promoter sequence was added to the 5’ end of SMILR DNA 

through the utilisation of specific T7 primers and DNA polymerase. SMILR RNA 

probes were generated via T7 conversion of plasmid DNA, containing the full 

length transcript of SMILR, into RNA. The T7 RiboMAX™ Express Large Scale RNA 

Production System is an in vitro transcription system designed for consistent 

production of milligram amounts of RNA in a short amount of time. Provided 

with the kit is a T7 positive control: pGEM® Express Positive Control Template 

DNA. This positive control produces transcripts that are 1.1kb and 2.3kb in 

length. In order to ensure that the correct transcript was being generated, gel 

analysis was performed after T7 conversion of plasmid DNA to RNA. As shown in 

Figure 4-26, biotinylated SMILR was identified at ~1kb whilst the biotinylation 

control was evident as 2 bands: one at 2.3kb and one at 1.1kb. This confirmed 

that the T7 kit was working efficiently.   
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Figure 4-26:  Gel product after T7 transcription. 
A T7 promoter sequence was added to the 5’ end of SMILR DNA via utilisation of specific T7 
primers and DNA polymerase. SMILR DNA was converted to RNA through the utilisation of the T7 
RiboMAX™ Express Large Scale RNA Production System. The generated RNA for SMILR was 
observed at 1kb and the positive pGEM was correctly identified at 2.3 kb and 1.1 kb.  

 

4.3.10.2 Confirmation that SMILR was biotinylated 

The resultant RNA, generated from T7 transcription, was then 3’-biotinylated 

with the Pierce Desthiobiotinylation kit (ThermoScientific). This kit utilises the 

T4 restriction enzyme to add a destiobiotin molecule onto the 3’ end of RNA 

transcripts. The kit also provides a negative unlabelled RNA with the sequence 

5´-CCUGGUUUUUAAGGAGUGUCGCCAGAGUGCCGCGAAUGAAAAA-3´ and a positive 

pre-biotinylated control with the sequence 5´ UCCUGCUUCAACAGUGCUUGG 

ACGGAAC-3´-Biotin. Following utilisation of the kit for biotinylation of SMILR, 

biotinylation had to be confirmed. Biotinylation products were spotted onto 

neutral membrane along with the negative and positive control sample provided 

with the kit. The negative control lacked the 3’ end biotinylation signal, while 

the positive control was pre biotinylated. Membranes were cross linked to bind 

the RNA to the membrane and final incubated with a fluorescently tagged 

streptavidin-GFP licor antibody and imaged on the licor imaging system. As 

shown in Figure 4-27, SMILR produces a fluorescent signal indicating that biotin 

is present. Serial dilutions of the biotinylated product produce a lower 

fluorescent signal, while negative control samples lack any specific signal. This 

highlights that SMILR is indeed biotinylated.  
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Figure 4-27:  Confirmation of SMILR biotinylation. 
RNA generated from T7 transcription was biotinylated utilising the 3’-biotinylated with the Pierce 
Desthiobiotinylation kit (ThermoScientific). Biotinylation was performed according to manufacturer’s 
instructions and the biotinylated RNA was spotted onto neutral membrane at the concentrations 
indicated in order to confirm biotinylation. Negative and positive controls, provided in the kit, were 
also spotted. Negative control is an RNA molecule that lacks the 3’ biotin and the positive control is 
a pre-biotinylated RNA. Membranes were cross linked to bind the RNA to the membrane and 
incubated with a streptavidin conjugated licor antibody (1:10,000).  Green spots indicate 
biotinylation. 
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4.3.10.3 Differential proteins Identified during mass spec analysis 

Desthiobiotinylated RNAs were incubated with streptavidin-bound magnetic 

beads from Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo Scientific) as per 

the manufacturer’s protocol. Bead only controls served as a negative control to 

identify any ‘sticky proteins’ that bound non-specifically. Beads only and beads 

containing bound SMILR were incubated with protein lysates extracted from IL1α 

and PDGF treated HSVSMC. Two RNA-pulldowns were performed utilising a low 

and high stringent wash as detailed in the materials and methods- Chapter 2 – 

Section 2.21.7. Following pulldown experiments utilising biotinylated SMILR as 

bait, mass spectrometry analysis, performed on a Q Exactive mass spectrometer, 

was utilised to analyse any potential SMILR binding partners. Mass spectrometry 

‘hits’ were analysed for the number of unique peptides identified and only those 

with two or more unique peptides were considered to be true hits. Data analysis 

was performed using the MaxQuant software platform (ver.  1.5.2.8)  and 

searches were conducted against a Human Uniprot database. Analysis was 

performed in order to identify proteins that were identified in both the low and 

high stringency pulldown (Table 4-1), those identified in only the low stringency 

pulldown (Table 4-2) and those only identified in the high stringency pulldown 

(Table 4-3). As described above the low and high stringency related to the salt 

levels present during the pulldown as described Chapter 2 – Section 2.21.7. The 

low stringency lacked salt and as such would allow a greater number of proteins 

to bind, whereas, the high salt and high stringent buffer would be more 

selective, thus removing the possibility of binding of non-specific proteins.  

 

Mass spectrometry analysis following SMILR pulldown identified 17 proteins only 

identified in the less stringent and 13 proteins from only the more stringent 

pulldown. However, only 8 proteins were identified that was present in the 

SMILR pulldown from both the low and high stringent conditions and absent in 

the all control sample. Notably, 7 out of the 8 proteins, TPM2, RBMS1, IA36, 

IB50, HNRH2, PABP2 and STRBP exhibited additional isoforms that were 

identified in both the control and SMILR pulldowns. Thus the only unique protein 

to be identified under both stringency conditions was Staufen1 (STAU1). 

Interestingly 6 unique peptides relating to STAU1 were identified in the low 

stringent SMILR pulldown and 0 unique peptides in the control pulldown (Figure 
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4-28) and mass spectrometry analysis of the more stringent pulldown identified 

11 unique peptides in the SMILR pulldown and 0 in the control pulldown. This 

increase in unique peptides in the stringent pulldown is often seen as there are 

fewer peptides bound therefore less peptides to mask the STAU1 signal. 

Interestingly STAU1 has previously been shown to bind a small group of lncRNAs 

and has been recently shown to induce mRNA decay. Further reverse pulldowns 

utilising tagged staufen1 as bait and the assessment of SMILR enrichment will be 

required to validate these results. 
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Figure 4-28:  SMILR binds Staufen1 in both low and high stringent conditions. 
Biotinylated SMILR was incubated with cell lysates from IL1α and PDGF treated HSVSMC. 
Pulldown utilising magnetic beads followed by mass spec analysis revealed the interaction of 
Staufen1. Staufen1 was identified in both non stringent and stringent experiments. 
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4.4 Discussion 

Mechanistically, HSVSMC proliferation involves complex networks of genes, 

transcription factors, signalling networks and non-coding RNAs, all of which work 

together to tightly regulate this process. Here, the presented studies focus on 

the initial characterisation of the novel lncRNAs identified via RNA-sequencing in 

Chapter 3 and the functional and mechanistic role of one such identified lncRNA, 

SMILR, in HSVSMC. The data demonstrated the cell and tissue specific expression 

of four candidate lncRNAs, the ability of lncRNA SMILR to regulate proliferation 

and HAS2 expression in HSVSMC and the identification of protein binding 

partners that will undoubtedly aid in the identification of SMILR function in the 

cytoplasm and nucleus.  

SMILR was pinpointed as an IL1α/PDGF responsive intergenic lncRNA located on 

chromosome 8, 750 kbp from the closest protein-coding gene, on the same 

strand. This gene, HAS2, encodes a hyaluronic acid (HA) synthase, a critical 

component of the extracellular matrix that accumulates in human restenotic and 

atherosclerotic lesions (Papakonstantinou et al., 1998, Riessen et al., 1996). The 

results show that knockdown of SMILR reduces HAS2 expression and HSVSMC 

proliferation. This mechanism of action is supported by a number of studies 

demonstrating HA can enhance VSMC proliferation and migration 

(Papakonstantinou et al., 1995). Recent studies using transgenic mice with VSMC 

specific over-expression of HA have found increased susceptibility to 

atherosclerosis (Chai et al., 2005) and enhanced neointima formation in response 

to cuff injury (Kashima et al., 2013). The ability of SMILR to specifically target 

HAS2 with no effect on HAS1 or HAS3 allows a means of specifically altering 

HAS2 expression, the main HAS isoform expressed and functioning in SMC 

pathology (Van den Boom et al., 2005). Interestingly, overexpression of SMILR 

did not alter HAS2 expression, an effect commonly seen with lncRNA lentiviral 

vectors and caused by the inability of lentiviruses to insert SMILR into the 

correct orientation within the cells. This possibly suggests that SMILR regulates 

HAS2 expression via a cis acting mechanism in the nucleus and may even require 

tethering to its site of transcription in order to function. Additionally, lncRNAs 

can regulate other RNAs via a number of mechanisms (Geisler and Coller, 2013), 

including changes in chromatin signatures within their locus. For example, the 

HOTAIR lncRNA is capable of repressing transcription across 40 kbp of the HOXD 
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locus (Rinn et al., 2007). Thus SMILR may also act as an enhancer or scaffold via 

interaction with the promoter region, and potentially other transcription factors 

of HAS2, to regulate expression following inflammatory cytokine stimulation. 

However, further detailed co-immunoprecipitation or site directed mutagenesis 

studies would be required to demonstrate whether SMILR participates in 

transcription factor complexes with NF-κβ or other transcription factors.  

Previous work has found that HAS2 is regulated by an additional lncRNA, HAS2-

AS1 (Vigetti et al., 2014). Interestingly, the RNA-seq data shows that HAS2-AS1 

expression was also upregulated by PDGF treatment alone and in combination 

with IL1α. However, knockdown of SMILR did not alter HAS2-AS1 expression. 

LncRNA HAS2-AS1 modulates chromatin structures around the gene in order to 

allow more efficient binding of the RNA polymerase 2 and enhanced HAS2 gene 

expression(Vigetti et al., 2014). This suggests both SMILR and HAS2-AS1 can 

regulate HAS2 by independent mechanisms. Interestingly, knockdown of HAS2 

did not affect either SMILR or HAS2-AS1 expression indicating that the expression 

of these lncRNA is not directly linked to HAS2 expression. This suggests that 

SMILR may act in cis as an enhancer to promote the expression of HAS2 in the 

nucleus.  

Through analysis of tissue and cellular panels, it was identified that the four 

candidate lncRNA exhibit restricted expression in tissues and cells and show 

marked differences in their subcellular localisation.  It has been proposed that 

their tissue and cellular specific expression makes them attractive as 

therapeutic targets and as such may lead to fewer off target effects (Fatima et 

al., 2015). Our results demonstrate SMILR is up-regulated by a combination of 

PDGF and IL1α in HSVSMCs but not ECs, suggesting modulation of SMILR could 

specifically alter HSVSMC proliferation without detrimental effects on vessel re-

endothelialisation. If this is the case, it would provide a suitable candidate to 

improve current anti-proliferative therapies since current pharmacological 

agents target cell proliferation in a non-cell specific manner, events which can 

lead to late stent thrombosis (Lemesle et al., 2010).  

The release of SMILR could affect function in neighbouring cells, particularly in a 

vascular injury setting where phenotypic switching of VSMCs occurs in distinct 



  275 

 
 

areas of the vessel wall. In support of this theory, it has been shown that miR 

143/145 can be transferred from VSMC into EC (Climent et al., 2015). This 

transfer produced physiological effects within EC including modulation of 

migration and tube formation. 

Despite the multitude of non-coding transcripts discovered by second-generation 

deep sequencing, lncRNAs mechanisms of action remains largely unknown. 

Understanding the molecular mechanisms governing lncRNA function is of 

paramount importance. (Ellis et al., 2007). LncRNAs may act as guides, decoys or 

scaffolds and in several cases lncRNA have been shown to act via multiple 

mechanisms (Wang and Chang, 2011).  For example, HOTAIR is a scaffold for 

PCR2 and LSD1 as well as a guide to recruit PCR2 to its target loci (Rinn et al., 

2007). As such, the molecular mechanisms behind lncRNA–protein interactions 

are complicated and rarely described. SMILR pulldown utilising protein lysates 

from HSVSMC stimulated with IL1α and PDGF identified Staufen1 (STAU1) as a 

binding partner. Interestingly the number of unique peptides identified in the 

mass spec analysis was greater under higher stringency pulldown conditions 

providing evidence that this interaction is real. Staufen 1 is an RNA binding 

protein noted to play a role in messenger RNA decay. This involves the 

degradation of translationally active mRNAs whose 3'-untranslated regions (3' 

UTRs) bind to STAU1. STAU1 will only bind to double-stranded RNA, thus SMILR 

must bind an additional RNA within the cytoplasm in order to elicit the 

recruitment of STAU1. Interestingly, recent studies indicate that STAU1-bound 

mRNAs mainly code for proteins involved in transcription and cell cycle control 

(Furic et al., 2008), (Laver et al., 2013). Consistently, it has been shown that 

STAU1 abundance fluctuates through cell cycle: it is high from the S phase to the 

onset of mitosis and rapidly decreases as cells transit through mitosis (Boulay et 

al., 2014). One such cell cycle protein that was identified via STAU1 pulldown 

followed by RNA-seq was cyclin F (Boulay et al., 2014). Although no follow up 

was reported, cyclin F is known to inhibit cell proliferation by initiating an 

additional checkpoint and halting cells in the G2 phase and thus inhibiting cell 

division (Klein et al., 2015).  

LncRNA binding of STAU1 has been previously identified in additional cell types. 

One example of this is the lncRNA TINCR. Through high throughput protein-RNA 

analysis, a direct interaction between TINCR and STAU1 was identified (Kretz, 
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2013). Both knockdown of TINCR and STAU1 resulted in impaired differentiation 

of epidermal tissue. The exact site at which STAU1 binds nor the associated 

mRNA interacting partner is currently known. The role of lncRNA mediated 

STAU1 mRNA decay is a relatively new mechanism of action and will ultimately 

require further in depth analyses to determine the full role of STAU1 and 

lncRNAs. Despite a clear role of STAU1 in mRNA mediated decay, no role of 

STAU1 has ever been associated with cardiovascular disease. Further analyses via 

STUA1 pulldowns followed by RNA-sequencing in HSVSMCs will be required to 

identify other SMC specific lncRNAs that bind STAU1 and thus identify the global 

role of STAU1 and bound lncRNAs in vascular disease. This will ultimately open 

up new avenues for lncRNA research. The proposed mechanism of action of 

STAU1/SMILR is highlighted in Figure 4-29 and described in detail in section 

4.4.1. Additional experiments are still required to confirm this observation and 

to identify any SMILR:RNA binding partners that may be present. As technologies 

improve, we may one day better understand evolution and functional 

mechanisms of lncRNAs. 

 

4.4.1 Proposed nuclear and cytoplasmic mechanism of action for 
SMILR lncRNA 

As mentioned, overexpression of SMILR did not alter HAS2 expression, however, 

SMILR knockdown reduced HAS2 levels. This effect is commonly due to the 

inability of the lentivirus to overexpress the lncRNA in the correct orientation. 

As such it is proposed that SMILR acts via a currently unknown cis mechanism, 

meaning that it may be tethered to its site of transcription and requires complex 

looping of the DNA in order to target HAS2 (Figure 4-27). Further in depth 

chromatin and epigenetic studies would be required to validate this hypothesis.  

In our proposed model, SMILR is transcribed in the nucleus and is also 

transported to the cytoplasm. In the cytoplasm, SMILR potentially binds a mRNA 

that plays a role in inhibiting SMC proliferation, although it is currently unknown 

if SMILR may also mediate proliferation on its own. The binding of SMILR to the 

yet unknown mRNA leads to generation of a double stranded RNA. Formation of 

the double stand promotes the binding of STAU1 to an ALU element located 

within the 3’ UTR of the mRNA, targeting it for degradation and thus promoting 
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SMC proliferation. It is proposed that this mRNA inhibits HSVSMC proliferation 

and that SMILR binding and targeting this mRNA for STAU1-mediate decay allows 

the proliferation of HSVSMC.  

NUCLEUS

CYTOPLASM

SMILR transcribed in 

the nucleus

Exported into 

cytoplasm

SMILR

Unknown mRNA

Generation of  double 

stranded RNA recruits 

staufen1 protein to mRNA

SMILR

Unknown mRNA

STAU1

Targets mRNA for 

staufen1 mediated 

decay

ALU 

domain

HAS2

Acts in Cis to 

Enhance HAS2 

expression

 

Figure 4-29:  Schematic overview of proposed mechanism of action of SMILR. 
It is proposed that SMILR acts via 2 distinct mechanisms. In the nucleus SMILR may act via an 
unknown cis mechanism to promote the production of HAS2. In the cytoplasm, it is proposed that 
SMILR binds a currently unknown mRNA. The formation of a double stranded RNA bond promotes 
the recruitment of staufen1 (STAU1) to an ALU element located on the mRNA, targeting it for 
STAU1 mediated decay.  

 

Taking everything together, these observations broaden our awareness of the 

complex interplay between lncRNA and protein coding genes. The emergence of 

lncRNAs as regulators of gene expression will undoubtedly alter our 

understanding of the complex regulation network of pathological VSMC 

proliferation in vascular disease and may provide a means to specifically target 

VSMC or identify patients at risk of major adverse vascular outcomes.  
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Chapter 5 Clinical expression of lncRNA in 
vascular pathology 

5.1 Introduction 

The discovery of dysregulated lncRNA expression in several human pathologies 

has not only added an additional layer of complexity within the molecular 

architecture of disease, but has also opened up new avenues for their potential 

use as biomarkers and therapeutic targets.  It has already been shown that 

lncRNA can be readily detected in bodily fluids (Sanchez and Huarte, 2013) and 

lncRNAs offer advantages as biomarkers as they exhibit tissue and context 

restricted patterns of expression (Quinn and Chang, 2016), suggesting that their 

expression signatures could successfully be used for accurate disease diagnostics 

and classification. Although research in this area in still in the early stages, a 

few key lncRNAs have been demonstrated to be effective biomarkers. One 

prominent example is PCA3, a prostate specific lncRNA that is significantly over 

expressed in prostate cancer. PCA3 was identified in collaborative research 

efforts between Johns Hopkins Hospital, Baltimore and Radboud University, 

Nijmegen, Netherlands (Shaw et al., 2007) whilst examining the expression 

patterns of RNA in normal and cancerous prostatic tissue. PCA3 is overexpressed 

in 95 % of all prostate cancer samples (Hessels and Schalken, 2009) and its 

expression patterns can allow the differentiation between benign and cancerous 

samples with almost 100 % accuracy (Marks and Bostwick, 2008). Furthermore, 

PCA3 has not been detected in any additional tissues except cancerous prostate 

samples, is not affected by age, prostate volume or other prostatic diseases, 

making it the most specific lncRNA biomarker to date (Marks and Bostwick, 

2008). PCA3 can be detected in urine samples using a magnetic bead recovery 

system and due to its profound sensitivity, a commercially available kit is now 

available (ProgensaTM PCA3 assay (Gen-Probe, San Diego, CA, USA))(Vlaeminck-

Guillem et al., 2010). PCA3 outperforms the previously utilised prostate-specific 

biomarker, prostate-specific antigen (Psaltis and Simari) and highlights the 

ability of lncRNAs to function as disease and tissue specific markers.  

A study of plasma levels of the lncRNA LIPCAR was the first proof of principle 

experiment to highlighting the possible role of plasma lncRNA as prognostic 

biomarkers in cardiovascular diseases. The initial lncRNA screening was 
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performed according to the level of left ventricular (LV) remodelling in a 

echocardiographic study of patients after myocardial infarction (MI). One-year 

echocardiographic follow-up was completed on the patients and LV remodelling 

was assessed.  From this population, 15 male patients with high LV remodelling 

and 15 male patients without LV remodelling were used in the initial cohort. 

Utilising these 30 patients, lncRNA microarray was performed on RNA isolated 

from plasma samples. Hierarchical clustering analysis clearly distinguished the 2 

groups of patients based on a specific signature of detectable and significantly 

regulated circulating lncRNAs. One lncRNA called LIPCAR showed greatest 

correlation and greatest change in expression between the two patient 

populations(Kumarswamy et al., 2014). Longitudinal studies in larger cohorts and 

at 1, 3 and 12 months post myocardial infarction, LIPCAR showed a time 

dependent increase and significantly higher levels in patients developing LV 

remodelling. Additional experiments in a cohort of 344 heart failure (HF) 

patients identified that LIPCAR levels were even higher in chronic HF than in 

patients with ongoing LV remodelling 1 year after myocardial 

infarction(Kumarswamy et al., 2014).   

Another example is CoroMarker (AC100865.1), a lncRNA that is markedly 

overexpressed in coronary artery disease (CAD). Patients with CAD have 

benefited from improvements in surgical revascularisation techniques (e.g 

coronary artery bypass grafting (CABG)); however, the rate of mortality from 

CAD remains high. This is due to the inability of CAD to be detected in its early 

stages by routine examinations such as electrocardiography and cardiac 

ultrasound (Glagov et al., 1987), (Hoffmann and Butler, 2005). As such, there is 

great interest in identifying novel biomarkers associated with early stage CAD , 

which could be assessed using non-invasive methods. Yang et al. hypothesised 

that circulating lncRNAs could serve as specific CAD biomarkers. The initial 

cohort encompassed 15 male patients with and 15 male patients without CAD. 

Plasma lncRNA expression was profiled using a lncRNA microarray and 265 

lncRNAs were found to be significantly altered between the control and disease 

groups with a fold change greater than 2 and P<0.01. Due to the large quantity 

of lncRNAs identified, the top 5 most highly up-regulated (>8 fold) were selected 

for further validation. The relationship between each lncRNA and CAD was 

performed via ROC analysis and only CoroMarker (AC100865.1) was shown to be a 
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good candidate biomarker to predict CAD. The predictive value of CoroMarker 

was assessed in a larger cohort with 221 CAD patients and 187 control individuals 

and was able to successfully identify 78.05 % of CAD patients (Yang et al., 

2015a). Stability across different sample storage conditions (e.g temperature) is 

an essential prerequisite to ensure biomarker reliability.   Exposure of plasma to 

various periods at RT had very little effect on CoroMarker expression and even 

after 48 h, CoroMarker levels were still at 80 % of the unexposed levels (Yang et 

al., 2015a). Additionally, samples must be able to withstand freeze-thaw cycles. 

As such, three freeze–thaw cycles had no effect on CoroMarker levels, although 

seven freeze–thaw cycles did reduce CoroMarker to half its original levels (Yang 

et al., 2015a). CoroMarker is thus a stably expressed lncRNA within the plasma 

and further test to confirm and evaluate its ability to detect CAD are currently 

underway. 

Laboratory and experimental evidence indicate that atherosclerosis and 

subsequent intimal hyperplasia are initiated by inflammatory pathways following 

endothelial injury. This inflammation also regulates the production of acute 

phase proteins such as C-reactive protein (CRP). Thus, it was hypothesised that 

inflammatory markers such as high-sensitivity CRP may provide an adjunctive 

method for global assessment of cardiovascular risk. As such, it has now been 

shown that the serum concentration of CRP can increase >1000 fold upon 

inflammation and with a half-life of 19 h, CRP is currently utilised as a 

predictive measure of atherosclerotic progression (Libby and Ridker, 2004) and 

risk of myocardial infarction (Osman et al., 2006), (Libby and Ridker, 2004). 

However, it should be noted that the utilisation of CRP as a biomarker has its 

own limitations. Inflammatory markers, such as CRP, may be nonspecific and can 

increase with acute infection or trauma, an effect that may result in 

misclassification. As such caution must be taken when performing diagnostic 

tests and CRP testing will not be performed during times of infection or if the 

patient has a known systemic inflammatory condition.  

CRP is one of the substances found within atherosclerotic plaques, most 

specifically within the intima where it has been shown to co-localise with 

monocytes, macrophages and lipoproteins (Torzewski et al., 1998). CRP has also 

been identified to be produced by both SMC and monocytes within 

atherosclerotic plaques (Calabro et al., 2003), (Yasojima et al., 2001).  Whether 
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CRP has any functional effect on atherosclerotic plaque progression has been 

extensively studied. In vitro exposure of vascular endothelial cells to CRP 

inhibits nitric oxide synthase expression and upregulates expression of 

interleukin-8, intercellular adhesion molecule-1, and vascular cell adhesion 

molecule-1, consistent with a role of CRP in endothelial dysfunction (Venugopal 

et al., 2002). CRP can also bind to an activate innate immunity, a process that 

has already been linked to cardiovascular disease. In situ hybridisation has shown 

intense mRNA signals for CRP and complement compound C4 in SMCs present in 

the thickened intima of lesions (Jiang et al., 1992).  

Attempts to define new lncRNA biomarkers will also require a better 

characterisation of non-coding RNA molecules within atherosclerotic plaques. 

Thus key clinical samples are of paramount importance in the discovery and 

characterisation of non-coding molecules that regulate vascular disease.  

5.2 Aims 

The aims of the current chapter were as follows: 

· To profile ncRNA expression in atherosclerotic plaque and adjacent 

control tissue.  

· To assess if lncRNA expression is altered in atherosclerotic versus control 

tissue. 

· To assess if SMILR is secreted and could be detected in plasma from CAD 

patients with varying levels of C reactive protein (CRP).  
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5.3 Results 

5.3.1 Correlation of non-coding RNA with atherosclerotic plaques  

To investigate the importance of lncRNA in human vascular pathologies, the 

levels of the 4 characterised lncRNAs SMILR, RP11-761I4.4, RP11-9ak9.1 and 

AC018647.3 (from chapters 3 and 4) were assessed in unstable atherosclerotic 

plaques using qRT-PCR. 

5.3.1.1 Study Design and Analysis 

12 patients (seven evaluable) undergoing carotid endartectomy for symptomatic 

carotid artery disease were recruited from the Royal Infirmary of Edinburgh. 

Patient characteristics are shown in Table 5-1.Two established inflammatory PET 

radiotracers ([18F]-fluorodeoxyglucose (FDG) and calcification ([18F]-Sodium 

fluoride (NaF)) were used to prospectively define portions of high-risk plaque 

(Rudd et al., 2002), (Joshi et al., 2014), (Vesey et al., 2015) for RNA extraction. 

All FDG and NAF imaging was performed by Dr Alex Vessey. FDG is a 

radiopharmaceutical used in medical imaging. Chemically it is a glucose 

analogue with the positron-emitting radionuclide fluorine-18 substituted for the 

normal hydroxyl group at the C-2 position in the glucose molecule (Miele et al., 

2008). FDG preferentially accumulates in macrophages and is thus an effective 

marker of atherosclerotic plaques (Ogawa et al., 2004). 18F-NaF, an additional 

radiotracer has been shown to bind to areas of microcalcification and as such is 

capable of defining stable atherosclerotic plaques (Irkle et al., 2015).  
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Table 5-1:    Baseline patient characteristics for carotid cohort. 

 

Exclusion criteria were age younger than 50 years, insulin-dependent diabetes 

mellitus, women of childbearing age not receiving contraception, severe renal 

failure (serum creatinine >250 μmol/L), known contrast allergy and inability to 

provide informed consent. Only patients older than 50 years were recruited in 

the study to reduce any long-term risks associated with radiation exposure. 

Uncontrolled diabetes and high blood glucose concentrations (>11 mmol/L) 

interfere with the quality of ¹8F-FDG PET imaging because of the competition 

between glucose and ¹8F-FDG for cellular entry. The convention is therefore to 

exclude such patients from vascular ¹8F-FDG PET studies (Joshi et al., 2014).  
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Patients underwent ¹8F-NaF and ¹8F-FDG PET-CT (Joshi et al., 2014). The 

maximum standard uptake value (the decay corrected tissue concentration of 

the tracer divided by the injected dose per bodyweight) was measured and 

corrected for blood pool activity in the superior vena cava to provide tissue-to-

background ratio (TBRs) measurements. Coronary plaques were defined as ¹8F-

NaF or ¹8F-FDG positive if the plaque had a focal uptake with a TBR more than 

25 % higher than a proximal reference section.   

Intact atherosclerotic plaques were retrieved at the time of carotid 

endarterectomy and scanned using ex vivo PET-CT to allow precise anatomical 

co localisation of ¹ F-NaF activity with pathological evidence of plaque rupture. 

Plaques were divided into ¹8F F-NaF and ¹8F-FDG positive and negative areas and 

are defined below as ‘plaque’ and ‘healthy artery’. These samples are a unique 

samples set as the ‘plaque’ and ‘healthy artery’ were defined from within the 

one patient. This is of key importance as it permits the assessment of non-coding 

RNA expression from within each microenvironment (plaque vs. non plaque) from 

within the one vessel.  

Compared to quiescent adjacent tissue, portions of high-risk plaque showed 

higher uptake of both [18F]-FDG (maximum tissue-to-background ratio (TBRmax) 

1.81 ± 0.21 versus 1.31 ± 1.6) and [18F]-fluoride (TBRmax 2.32 ± 0.52 versus 1.31 ± 

0.43) indicating that plaques subjected to RNA analysis had enhanced rates of 

inflammation and calcification (Figure 5-1A-G for image examples and Figure 5-2 

A-D for graphs of tracer uptake). 
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Figure 5-2:    Quantification of uptake of image tracer in plaque and adjacent normal artery. 
All patients undergoing endarterectomy following an acute and symptomatic neurovascular event 
were subjected to separate [18F]-fluoride and [18F]-fluorodeoxyglucose ([18F]-FDG) positron 
emission tomography combined with computed tomography (CT) scanning. Both 18F-FDG and 18F 
are reported to be up taken by areas of high risk plaque. 18F and 18F-FDG was quantified from all 
patients that underwent tracer uptake (n=6 patients): (A and B): indicate the mean and maximum 
signal to background uptake of [18]-FDG (C and D): indicate the mean and maximum signal to 
background uptake of [18]-Fluoride.  
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5.3.1.2 Expression of non-coding RNA within plaque and control tissue 
samples 

Since non-coding RNAs have not been assessed in a similar sample set before, 

the expression of a panel of miRNAs, known to be associated with atherosclerosis 

processes, were evaluated in atherosclerotic plaque samples and adjacent 

healthy vascular tissue (‘control samples’) by qRT-PCR (Raitoharju et al., 2011). 

An overview of the method of extraction is shown in Figure 5-3A. Figure 5-3Ai 

depicts an illustrative image indicating the area of plaque (P) and adjacent 

control tissue (C) obtained via carotid endarterectomy. Example images of the 

sections removed as plaque (P) and control (C) are provided in Figure 5-3A 

subsection ii and iii. As expected, inflammation-associated miRNAs-146a and -

146b were significantly upregulated in unstable plaques compared to adjacent 

quiescent tissue, while miR-29, which is inversely associated with 

osteoblastogenesis and arterial calcification, was down regulated in mineralised 

regions of the atherosclerotic plaque (Du et al., 2012, Cui et al., 2012).  In 

addition, downregulation of the miR-143/145 cluster was observed, which is 

associated with SMC differentiation and aortic aneurysm formation (Ella et al., 

2009), an event which has previously been linked to osteogenic differentiation of 

SMC (Figure 5-3B). Thus, expression of small non-coding RNAs was associated 

with PET/CT defined high-risk plaques. 
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Figure 5-3:    Plaue sectioning and microRNA panel in atherosclerotic plaque samples. 
A: Overview of the dissection of plaques into control and diseased samples. B: Expression levels of 
6 atherosclerosis associated microRNAs (miR-29a, -29b, -143, -145, 146a, -146b) were analysed 
in atherosclerotic plaque and paired healthy carotid controls samples (n=6 patients) assessed by 
qRT-PCR. All data are presented as microRNA levels relative to the respective control samples 
and normalised to RNU48. Grouped analysis was performed between sample pairs as control and 
adjacent diseased samples were acquired from the one patient. Light grey bars indicate adjacent 
‘healthy’ tissue while dark grey bars indicate calcified disease plaque.  *P<0.05,  **P<0.01 and 
***P<0.001 vs. control, (paired students t test).
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Having confirmed the dysregulated expression of key microRNAs known to drive 

atherogenesis, the same cohort of samples was utilised to assess SMILR, RP11-

761I4.4, RP11-91k9.1 and AC018647.3 expression levels by qRT-PCR (Figure 5-4A-

D respectivelt. A significant upregulation of 3.9 ± 1.9 and 12.3 ± 8.9 fold was 

observed in SMILR and RP11-91k9.1 expression, respectively, in high-risk plaques 

compared to adjacent stable regions of the carotid artery. A significant down 

regulation of 2.5 ± 0.2 fold expression was noted for RP11-761I4.4 in plaque 

regions. No significant difference in the level of AC018647.3 was observed 

(Figure 5-4). Interestingly, exposure of HSVSMC to IL1α and PDGF resulted in 

up/downregulation of these key lncRNA in a similar manner, although smaller 

fold change, to that observed between control and atherosclerotic samples 

(Chapter 3 – Section 3.4.3).  

Due to the up-regulation of SMILR, and previous knowledge that in HSVSMC 

SMILR, HAS2 and HAS2-AS1 were all upregulated in a similar manner, HAS2 and 

HAS2-AS1 levels were also assessed in the atherosclerotic cohort. Intriguingly, a 

4.4 fold increase in HAS2 but no change in HAS2-AS1 was observed (Figure 5-5A 

and B).
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Figure 5-4:    LncRNA expression in atherosclerotic plaque samples. 
Expression levels of the 4 previously characterised lncRNAs (A: SMILR, B: RP11-761I4.4, C: 
RP11-91k9.1 and D: AC018647.3) were analysed in atherosclerotic plaque and paired healthy 
carotid controls samples (n=5 patients) assessed by qRT-PCR. All data are presented as lncRNA 
levels relative to the respective control samples and normalised to UBC. Grouped analysis was 
performed between sample pairs as control and adjacent diseased samples were acquired from 
the one patient. *P<0.05 vs. control, (paired students t test).
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Figure 5-5:    HAS2 and HAS2-AS1 expression in atherosclerotic plaques. 
Expression levels of A: HAS2 and B: HAS2-AS1 were analysed in atherosclerotic plaque and 
paired healthy carotid controls samples (n=5 patients) assessed by qRT-PCR. All data are 
presented as mRNA or lncRNA levels relative to the respective control samples and normalised to 
UBC (RQ= relative quantity). Grouped analysis was performed between sample pairs as control 
and adjacent diseased samples were acquired from the one patient. *P<0.05 vs. control, (paired 
students t test). 

 

In summary, miRNA and lncRNA expression profiling shows significant differences 

in atherosclerotic plaques vs. ‘healthy’ control samples.  

 

5.3.2 Expression of lncRNA SMILR within plasma  

The data presented above indicate that SMILR is upregulated during the 

development of cardiovascular disease. Since it was also shown that SMILR was 

secreted from stimulated cells (Chapter 4 - Section 4.3.9), SMILR expression was 

assessed in plasma samples from a cohort of patients with cardiovascular 

disease. 

5.3.2.1 Study design and patient demographics 

One hundred South Asian (defined as having both parents of Indian, Pakistani, 

Bangladeshi or Sri Lankan origin) and 100 European (both parents of white 

European origin) men living in the UK, aged 40–70 were recruited into the cross-

sectional Carotid Ultrasound and Risk of Vascular disease in Europeans and South 

Asians (CURVES) study. The CURVES study had the primary aim of comparing 

prevalence of, and risk factors for, carotid atherosclerotic plaques between 

middle-aged South Asian and European men (Ghouri et al., 2013).   

A B 
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Venous blood samples were obtained after an overnight fast of 10–12 h and C-

reactive protein levels (CRP) were analysed on the day of collection in the 

National Health Service Biochemistry Laboratory in Glasgow, using the standard 

automated immunoturbidimetric method (Ghouri et al., 2013).A subset of these 

patients was utilised to assess lncRNA expression in plasma. Patient 

characteristics for the samples utilised in the study of lncRNA expression are 

documented in Table 5-2.  

As mentioned in Chapter 1 – Section 1-3 and in the above introduction, 

atherosclerosis is considered to be a multifactorial disease driven by 

inflammatory reactions. C reactive protein is an acute phase protein and its 

concentration in serum reflects the inflammatory condition in the patient. 

Levels of CRP are therefore capable of predicting both myocardial infarction and 

stroke (Paffen and Demaat, 2006).  Therefore, all plasma samples were ranked 

in order of the serologic parameter CRP levels into 3 groups: CRP <2, CRP 2-5 

and CRP >5 mg/L representing broad tertiles of CRP. All samples were blinded to 

the CRP levels until lncRNA analysis had been performed.
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5.3.2.2 LncRNA correlation in plasma  

Due to differences in plasma lncRNA expression in different disease states, a 

stable plasma lncRNA housekeeper has not been identified. For microRNA, the 

current approach is to normalise sample input by using a synthetic spike-in 

microRNA. Thus samples were spiked with 75 ng c.elegans total RNA as was 

optimised in the extraction of RNA from conditioned media samples (Chapter 4 - 

Section 4.3.9). Quality control checks were pursued in order to confirm 

successful amplification of one single product following qRT-PCR analysis. 

Melting curves and gel products of SMILR primers in plasma are shown in Figure 

5-6 and highlight one single peak in the melting curve, that is absent in the 

water control and one single band visualised by gel electrophoresis.  

 

SMILR in plasma

H2O ControlA B C

Temperature oCTemperature oC

100bp

200bp

Temperature oCTemperature oC
65.0 70.0 75.0 80.0 85.0 90.0

-1.00E2

1.40E1

0.00E2

4.00E2

Temperature oCTemperature oCTemperature oCTemperature oC
65.0 70.0 75.0 80.0 85.0 90.0

-1.00E2

1.40E1

0.00E2

4.00E2

Figure 5-6:    Primer validation and quality control in plasma samples. 
Quality control checks were performed following qRT-PCR analysis to ensure only one product was 
being detected by qRT-PCR. (A): Melting curve for SMILR in plasma indicating one single peak. 
(B): Agarose gel of the qPCR product, indicating a single band. (C): Water melting curve. 
Indicating that no amplification occurred in the water control samples.  

 

qRT-PCR analysis of SMILR showed no difference in patients with CRP levels 

below 2 mg versus 2-5 mg/L. However, a 3.4 ± 1.2 fold increase in SMILR was 

observed when CRP concentrations were greater than 5 mg/L (Figure 5-7A). 
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Furthermore, a significant positive correlation was observed between SMILR and 

CRP (R2=0.33, P<0.0001) (Figure 5-7B). However, there was no correlation 

between SMILR and additional risk factors including age (P=0.66), blood pressure 

(P=0.12), BMI (P=0.14) or social deprivation status (P=0.11) (Table 5-2). 
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Figure 5-7:    SMILR is detectable within plasma samples and correlates with patient CRP 
levels. 
SMILR expression was assessed in plasma samples with varying degrees of CRP expression. All 
samples were blinded until analysis had been performed. (A): SMILR expression is increased in 
patients with higher CRP levels, analysed by qRT-PCR (n=13 CRP<2, n=13 CRP2-5 and n=15 
CRP>5, *P<0.05, **P<0.01 via One-way ANOVA). Samples indicate SMILR levels normalised to 
spiked in c. elegans ama-1 and presented as 1/deltaCt.  (B): Correlation between SMILR 
expression and CRP levels (linear regression P<0.0001). 
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In summary, this highlights SMILR as an inflammatory associated lncRNA that can 

be released and detected in the plasma from patients with cardiovascular 

disease.  

 

5.4 Discussion 

LncRNAs not only provide us with a new perspective to our understanding of 

disease mechanisms but also provide fresh therapeutic opportunities (Wapinski 

and Chang, 2011). In fact, lncRNAs have an advantage over protein coding genes 

in that their expression is more tissue specific, thus making them attractive as 

biomarkers and therapeutic targets. Additionally, a requirement of biomarkers is 

stability and lncRNAs are remarkably stable in body fluids and tissues, leading to 

the avoidance of invasive procedures (Qi and Du, 2013), (Tong and Lo, 2006). 

The experiments in this chapter aimed at identifying whether lncRNA expression 

was dysregulated in atherosclerotic plaque samples and if lncRNAs (SMILR), 

which was shown to be secreted in Chapter 4 – Section 4.3.9, could be 

sequentially detected in plasma from patients with inflammatory disease. The 

data presented here confirms that previously characterised atherosclerotic 

microRNAs are dysregulated in the atherosclerotic plaque endarterectomy 

samples from CAD patients. Utilising this model, lncRNAs and, in the case of 

SMILR, their associated mRNA, were shown to be dysregulated in a manner 

similar to that observed in VSMCs stimulated with inflammatory and proliferative 

stimuli. Finally, SMILR was identified in plasma samples and correlated with 

plasma CRP levels, highlighting the possibility that this lncRNA may be utilised as 

a biomarker.  

The composition of ECM, the phenotype of cells within it and the volume of 

neointima, assists in the determination of the stability of atherosclerotic plaques 

(Finn et al., 2010). During the progression of atherosclerosis, VSMC are exposed 

to a plethora of signalling molecules, including inflammatory cytokines. Using 

the clinical gold-standard methods of 18F-FDG and 18F-fluoride PET/CT imaging to 

identify inflamed, necrotic and calcified atherosclerotic plaque (Rudd et al., 

2002), (Joshi et al., 2014) it was identified that microRNAs -29, -143, -145 and 

146 were differentially expressed in unstable regions when compared to 

controls. These microRNAs have been previously associated with key phenotypes 
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of atherosclerotic plaques including VSMC differentiation, inflammatory cell 

signalling (Taganov et al., 2006) and VSMC calcification (Du et al., 2012). For 

example, it is also known that the wingless-type MMTV integration site family 

member (Wnt) is required for osteoblast function and is involved in SMC 

transdifferentiation (Bostrom et al., 2011). MiR-29 regulates Wnt inhibitors, thus 

a downregulation of miR-29 potentiates the osteogenic phenotype (Kapinas et 

al., 2010). These effects have been confirmed via cellular transfection with miR-

29 mimics which inhibited and miR-29 antagomiRs which enhanced SMC 

calcification under osteogenic conditions (Du et al., 2012). In concert with SMC 

transdifferentiation and acquisition of an osteoblast like phenotype, calcifying 

SMC also lose the expression of the contractile gene network. This phenotypic 

switch involves the miR-143/-145 cluster that regulates the SMC differentiated 

phenotype, in part by targeting the transcription factor, myocardin (Li et al., 

2008). SMC transdifferentiation leads to a downregulation of this cluster and this 

is in agreement with studies indicating that circulating miR-145 levels are 

reduced in patients with atherosclerotic coronary artery disease, a disease that 

is often associated with vascular calcification (Rangrez et al., 2011). MiR-146, on 

the other hand, is the only microRNA from the panel that was upregulated in 

atherosclerotic plaques. MiR-146a has been shown to be induced by 

inflammatory stimuli but is proposed to exhibit a protective role in the setting of 

atherosclerosis via repression of nuclear factor-κB (NF-κB) signalling (Cheng et 

al., 2014). This is induced through miR-146 binding to multiple components of 

proinflammatory signalling pathways, including TRAF6, IRAK1, IRAK2, MyD88, 

RelB, STAT1, CARD10, and TLR4 and inducing their degradation (Cheng et al., 

2014). Delivery of miR-146a mimetics has been shown to inhibit atherogenesis in 

a mouse model (Ma et al., 2015) and these findings establish that enhancing 

miR-146a expression can antagonise atherogenesis.  

The association and co-localisation of SMILR with this classical miRNA profile and 

focal 18F-FDG and 18F-fluoride uptake within unstable atherosclerotic plaques 

suggested that SMILR may play a role in atherosclerosis through inflammatory 

and proliferative pathways. In keeping with the results that showed HAS2 

regulation by SMILR (Chapter 4), HAS2 was also upregulated in the 

atherosclerotic plaque samples examined. This expression profile has been 

previously documented for HAS2 and has been confirmed in vitro through the 
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utilisation of Thrombospondin-1 (TSP-1) treatment. TSP-1 is known to regulate 

genes involved in atherosclerosis and treatment of HSVSMC induced an increase 

in HAS2 expression (Maier et al., 2010). However, despite a significant up-

regulation of HAS2, it is proposed that the hyaluron (HA), the protein produced 

by HAS2, is the main instigator in the control of atherosclerotic progression and 

vessel wall thickening and has been shown to be upregulated in atherosclerosis 

(Johnson, 2007), (Jain et al., 1996), (Riessen et al., 1996). Indeed, HA has been 

implicated in the recruitment of inflammatory cells (Jameson et al., 2005), 

known to play a prominent role in the initiation and progression of 

atherosclerotic lesion to an unstable plaque phenotype (Cuff et al., 2001) and is  

believed to function via CD44, for which HA is the principle ligand (Cuff et al., 

2001). CD44 is an adhesion protein expressed on inflammatory and vascular cells 

and supports the adhesion of leukocytes to EC and SMCs (Ponta et al., 2003). 

Cuff et al. set out to evaluate the potential contribution of CD44 to 

atherosclerosis via assessment of atherosclerotic progression in CD-44 null mice 

on the ApoE-/- background. The authors noted a 50-70 % reduction in aortic 

lesions when compared to CD44 heterozygote littermates (Cuff et al., 2001). 

Additionally, it was shown that CD44 was required for phenotypic switching of 

SMC to a synthetic phenotype, a key trait of HA. The authors showed that HA 

was increased in their lesions and suggest that CD44 is the main mechanism of 

action of HA (Cuff et al., 2001). This further highlights the importance of the 

SMILR/HAS2/HA pathway in both phenotypic switching and in the progression of 

atherosclerosis. One limitation of this study is the inability to determine what 

exact cell type is producing the microRNAs, SMILR or HAS2. It is known that 

monocytes are an important group of cells in the innate immune system and in 

inflamed tissue, monocytes transform into macrophages that clear pathogens 

and modulate tissue repair and healing. Previous studies have shown a pivotal 

role for these cells in the pathogenesis of atherosclerotic plaque progression 

(Dickhout et al., 2008) and as such, further experiments to examine SMILR 

expression in inflammatory macrophages and monocytes and additional cell 

types will be required to confirm or deny if this is expression is solely from 

calcified SMC. Additionally, RNA FISH in tissue samples would provide further 

information as to the cellular localisation of SMILR within the plaque samples.  
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The ability to identify confidently a plaque, or patient, at particular risk of a 

major adverse cardiovascular event (i.e plaque rupture) remains an important 

goal of cardiovascular research. Long RNA transcripts, both mRNA and non-

coding RNA, have previously been shown to be stable in vivo for up to 3 weeks 

(Pinel et al., 2014). As such the search for prognostic RNA biomarkers has greatly 

increased in recent years. qPCR analysis of plasma samples was performed to 

identify SMILR expression levels. qPCR is considered to be a reliable method for 

quantitative gene expression due to its accuracy, sensitivity and reproducibility 

(Lardizabal et al., 2012). However, to produce accurate results in qPCR assays, 

the use of robust normalisation strategy is important (Sauer et al., 2014). 

Generally, the use of a reference gene as an endogenous controls is the most 

commonly method for normalising qPCR gene expression data. However, no one 

gene has emerged as a universal reference gene and much debate surrounds 

some of the more commonly used reference genes, such as glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), which has shown variable expression under 

hypoxic conditions and in certain cancers (Rubie et al., 2005). Additionally, no 

gene encoding for a plasma membrane protein serves as a reference gene in 

plasma. This is because plasma membrane proteins are typically soluble proteins 

and their expression can vary greatly (Calcagno et al., 2006). As such, spiked in 

c.elegans RNA was utilised to account for variability between samples during 

RNA extraction and RT-PCR. This is an adaptation of the method commonly 

utilised for microRNA (Li and Kowdley, 2012). Utilising this method, it was found 

that SMILR could be detected in the plasma of patients with higher CRP levels 

indicative of chronic low grade inflammation. In light of these studies, it is 

proposed that this release could be due to the increased levels of SMILR in the 

diseased vasculature, although delineating whether plasma SMILR is simply a by-

product of increased intracellular levels or is functionally active in disease 

pathology is difficult to definitively demonstrate. However, circulating levels of 

other non-coding RNA such as miR 143 and 145 have been associated with in-

stent restenosis and as such have been proposed as biomarkers (He et al., 2014). 

The correlation of SMILR and high CRP further supports its expression in low 

grade chronic inflammatory settings as well as proliferative settings. Further 

large clinical cohorts will be required to ascertain if SMILR has prognostic 

potential in inflammatory vascular disease, and if so, whether it provides 

enhanced prognostic value over current biomarkers. For example, the lncRNA 
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LIPCAR was evaluated in 788 patients in order to ascertain its ability to survival 

in patients with heart failure (Kumarswamy et al., 2014). Similar patient 

numbers were observed in the validation of potential cancer biomarkers, where 

559 patients were assessed (Zhou et al., 2015). Therefore, SMILR analysis would 

need to be performed in a similar sized cohort of patients to confirm the results. 

Stability is a basic requirement for any biomarker. Previous studies have shown 

that the stability of miRNAs in plasma is due to their ability to be packaged into 

microvesicles or formation of protein complexes with miRNA-binding proteins 

and lipoproteins (Vickers et al., 2015, Zernecke et al., 2009). Whether lncRNAs 

have properties similar to these described for miRNAs is not known. However, 

what is known is that SMILR is not secreted from HSVSMC within microvesicles 

(Chapter 4). Further experiments are warranted to identify if SMILR is release 

attached to a protein in order to remain stable within the plasma. This would 

require lncRNA-protein pull down assays to be performed in plasma samples, 

however, to date, no lncRNA-protein interactions in the plasma have ever been 

examined.  

Taken everything together, the results have demonstrated that lncRNAs, in a 

manner similar to microRNA, show differential expression patterns in diseased 

and healthy vessels and demonstrated that plasma levels of SMILR may 

potentially be useful as a biomarker of vascular disease. Nevertheless, many 

issues must be addressed before these findings can be translated into a clinically 

useful therapeutic or biomarker. The confirmation of the usefulness of plasma 

SMILR would need to be ascertained in a larger number of patients and from 

patients with different vascular pathologies. Furthermore, determination of 

SMILR plasma binding partners and how it is secreted would also need 

addressing. Nonetheless, these experiments highlight a potential role of ncRNAs 

as biomarkers and therapeutic targets in the setting of vascular disease.  
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Chapter 6 General Discussion 

6.1 Discussion 

This thesis contains work concerned with identifying and characterising novel 

lncRNA associated with VSMC proliferation, inflammation and vascular disease. 

Modulation of VSMC proliferation has translational potential in the treatment of 

several disease states, including vein graft failure, in-stent restenosis and 

atherosclerosis. Although surgical procedures have improved vastly over the 

years, there is still a lack of effective anti-proliferative therapeutics and 

successful biomarkers for these disease states. LncRNAs have been demonstrated 

to play roles in a variety of biological processes and cellular functions, however, 

very little is known as to the role of lncRNA in vascular pathology. As such, it 

was hypothesised that lncRNA would exhibit differential regulation in quiescent 

and proliferative SMCs and that functional characterisation of these lncRNA may 

enable the identification of targets for lncRNA therapeutics.  

Initially, RNA-sequencing was performed on VSMCs treated with IL1α and PDGF in 

order to induce a pro-proliferative, pro-migratory phenotype and to identify 

novel lncRNA regulated by this cytokine and growth factor pair. The dual 

stimulation with IL1α and PDGF has been previously shown to induce synergistic 

effects on mRNA expression levels via joint activation of the NF-κB pathway 

(Fabunmi et al., 1996).  In order to ensure high quality data was obtained, 

several quality control checks were utilised. Prior to sequencing RIN values and 

assessment of known IL1α responsive microRNA, miR146a, were determined to 

ensure quality RNA was sent for sequencing and assessment of read counts, 

mapping statistics and cluster analysis performed by Beckman Genomics ensured 

that the RNA-seq met quality standards.  Following RNA sequencing, miR146a 

levels were further confirmed in the RNA-seq data set along with the synergistic 

up-regulation of MMP-3 and MMP-10.  

The majority of reads obtained from the RNA-seq, under all conditions, 

corresponded to mRNA. Interestingly, IPA pathway analysis of canonical 

pathways confirmed the mRNAs with altered expression following IL1α treatment 

were significantly enriched in pathways related to cellular movement and 

inflammatory disease, while PDGF stimulation led to the marked enrichment in 
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cell cycle pathways. Furthermore, co-stimulation led to enrichment in cell cycle 

and cardiovascular development pathways, further confirming the activation of 

the IL1α and PDGF pathway. Of particular interest was the vast increase in 

protein coding gene expression when both IL1α and PDGF were present together. 

1133 genes were significantly altered in dual stimulation compared to 518 

protein coding genes altered following IL1α treatment and 540 following PDGF 

treatment, further highlighting the synergistic actions of this cytokine and 

growth factor. In accordance with this, lncRNA also showed differential 

expression patterns following IL1α, PDGF or dual stimulation utilising strict cut-

off criteria (FDR<0.01, FPKM>1 and Fold change >4). Under all conditions the 

majority of lncRNA dysregulated following treatment corresponded to either 

antisense of intronic lncRNA as assigned by the Ensembl database. Due to being 

the two largest groups of lncRNA, intergenic and antisense lncRNAs were 

focussed on. To identify possible synergistic lncRNAs, the candidates (control vs 

IL1α and PDGF, FDR<0.01, LogFC<2, FPKM>1) were ranked according to their 

FPKM and level of up/down-regulation. 6 lncRNA, RP11-91k9.1, RP11-94a24.1 

(SMILR), RP11-761I4.4, RP11-709B3.2, RP11-760H22.2 and AC018647.3, with the 

greatest fold change were selected as candidate lncRNA. LncRNA RP11-91k9.1 

and RP11-94a24.1 both exhibited significant up-regulation following IL1α and 

PDGF treatment, however RP11-91k9.1 was only responsive to IL1α while RP11-

94a24.1 (SMILR) exhibited an increase following both IL1α and PDGF treatment. 

All other lncRNAs, RP11-761I4.4, RP11-709B3.2, RP11-760H22.2 and AC018647.3, 

exhibited significant downregulation to both IL1α and PDGF treatment but to 

varying degrees.  It has been shown that lncRNA are dysregulated in clusters 

around protein coding genes, possibly highlighting that these lncRNA/ mRNA 

pairs are under the same promoter control. As such, the expression of the most 

proximal protein coding genes to each lncRNA were determined from the RNA-

seq results. Interestingly, 4 out of 6 of the lncRNA exhibited a similar change in 

expression to the most proximal protein coding gene and all 4 genes HAS2, 

ITGA11, DEPTOR and IL1α6, have all been associated with SMC function or 

vascular disease. Finally, each lncRNA was validated using qRT-PCR and the 

results exhibited almost identical expression patterns to those achieved in the 

RNA-sequencing.  
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Chapter 4 examined the descriptive characteristics of 4 validated lncRNAs (RP11-

94a24.1(SMILR), RP11-761I4.4, RP11-91k9.1 and AC018647.3). Despite 6 lncRNAs 

being validated from the RNA-seq (Chapter 3- Section 3.4.3), only 4 lncRNAs (2 

up-regulated and 2-downregulated) were taken forward for further functional 

analysis. These lncRNA were pursued as they exhibited the greatest fold changes 

between basal and stimulated cells and the functional characterisation of 6 

lncRNAs was not possible to achieve within one single PhD project. All of these 

lncRNA were expressed in a tissue specific manner, consistent with previous 

reports (Tsoi et al., 2015), (Jiang et al., 2016) and all exhibited greater 

expression patterns in basal vascular smooth muscle cells, of either arterial or 

venous lineage, when compared to endothelial cells. This distinct patterns of 

expression is of key importance and it is believed that lncRNAs may prove 

beneficial biomarkers due to their distinct cellular and tissue patterns (Shi et 

al., 2016). Interestingly, all lncRNA, with the exception of RP11-94a24.1 (SMILR) 

showed similar patterns of expression in IL1α and PDGF stimulated venous SMC 

as arterial SMCs. RP11-94a24.1 (SMILR), on the other hand, exhibited significant 

upregulation to IL1α and PDGF in venous cells and significant down regulation in 

arterial cells, highlighting the stark differences between venous and arterial 

SMCs. . Interestingly, reports by Deng et al. revealed significant differences in 

the function and global transcriptome between coronary artery and saphenous 

vein SMC subtypes in response to oxidised low density lipoprotein (OxLDL), a key 

protein known to promote an inflammatory phenotype in vascular smooth muscle 

cells. Ttreatment induced opposite proliferative responses between HCASMCs 

and HSVSMCs, moderately inhibiting both proliferation and migration in HCASMCs 

but significantly promoting proliferation in HSVSMCs (Deng et al., 2006).  OxLDL 

also elicited strong and dramatic differences in global gene expression responses 

and activated distinct signalling pathways between HCASMCs and HSVSMCs. For 

example, 2262 genes (13.8 %) were significantly altered by OxLDL in HCASMCs 

compared to only 835 genes (5.1 %) in HSVSMCs. These genes were enriched in 

distinct pathways and of particular interest were the stark differences in genes 

associated with extracellular matrix production, cell proliferation, calcium ion 

binding and cell growth (Deng et al., 2006). Arterial and venous SMC are derived 

from different embryological origins and are exposed to different signalling 

agents. Additional studies have also reported that venous SMCs under stress, 

such as exposure to the arterial hemodynamic environment in bypass surgery, 
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are prone to develop accelerated atherosclerosis, an important pathological 

process in vein graft disease (Motwani and Topol, 1998) and may explain, in part, 

the up-regulation of SMILR in stimulated venous and not arterial SMCs. It was 

also observed that stimulation of HSVEC led to a significant upregulation of 

RP11-91k9.1 but to a lower level than that observed in VSMC. Despite stimulated 

SMCs exhibiting a significant increase in SMILR expression, no increase was 

observed in EC treated with the same conditions. This is of clinical significance 

as several potential antiproliferative agents not only prevented smooth muscle 

cell proliferation but also delayed reendothelialisation in the stented 

segment(Joner et al., 2006), (Nakazawa et al., 2008). This is of importance as 

incomplete endothelialisation leads to delayed vessel healing and the induction 

of tissue factor expression which results in a prothrombogenic environment. This 

promotes thrombotic occlusion of the vessel and has been linked with higher 

rates of mortality in stent patients(Farooq et al., 2013). Therapeutic knockdown 

of SMILR could potentially lead to the inhibition of SMC proliferation and lack of 

effect on endothelial growth, as EC do not express SMILR.  

Contrary to some expectations, examination of lncRNA stability revealed that 

lncRNAs are not generally unstable but rather show a wide variation in their 

stability profiles. LncRNA half-life values ranged from 4 h to greater than 19 h 

after cell transcription was blocked. The large variation in lncRNA stability is 

consistent with their functional diversity and is likely a reflection of their 

complex post-transcriptional regulation. Additionally, it has previously been 

demonstrated that a number of lncRNA characteristics correlate with stability, 

including genomic location, subcellular localisation, splicing and GC content 

(Clark et al., 2012). As such, the cellular location was determined via RNA 

fractionation. Neat1 and MALAT1, two known nuclear lncRNA exhibited almost 

100 % nuclear expression under both quiesced and stimulated conditions. 

Interestingly both IL1α and PDGF up-regulated lncRNA, RP11-94a24.1 (SMILR) and 

RP11-91k9.1, exhibited a greater expression in the cytoplasm when at their 

highest levels of expression. AC018647.3 and RP11-761I4.4, lncRNAs down-

regulated by IL1α and PDGF, both exhibited greater nuclear expression in 

quiescent cells. Interestingly, large studies have revealed that lncRNA typically 

favour nuclear lncRNA and a recent study suggests that as many as 95 % exhibit 

preferential nuclear localisation (Cabili et al., 2015).  
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Due to the high expression of RP11-94a24.1 in HSVSMC and its cell specific 

induction in response to pathological mediators of vascular injury, further 

studies focussed on RP11-94a24.1. This lncRNA was termed, smooth muscle 

induced lncRNA enhances replication (SMILR). Further QC of the SMILR transcript 

was performed in order to confirm its expression and to identify the full length 

sequence. An additional 2 primer sets targeting different exons of SMILR 

exhibited almost identical fold change results as the original primer set. 

Additionally, 5’ and 3’ RACE identified 6 additional base pairs at the 5’ end and 

316 base pairs at the 3’ end of SMILR. This was fundamental for the generation 

of lncRNA FISH probes and was fundamental for the cloning of the full length 

sequence of SMILR required for LV production. RNA FISH confirmed the qRT-PCR 

results for the SMILR transcript, indicating a 30 fold increase following 

stimulation and also confirmed that SMILR was expressed both in nuclear and 

cytoplasmic compartments.  

Functional analysis of SMILR was performed both through the utilisation of dicer 

substrate siRNA and a lentiviral vector. Firstly, dsiRNA are known for their off 

target effects on the interferon pathway. Probes to 2 known interferon genes 

revealed that administration of neither the dsiRNA to SMILR nor the negative 

control altered these interferon genes. Secondly, administration of the SMILR 

dsiRNA not only significantly altered SMILR expression but also significantly 

reduced proliferation and lowered the expression of the most proximal gene, 

HAS2 a known SMC proliferative gene. This is consistent with the literature 

where it has been previously shown that many lncRNA regulate the expression of 

adjacent genes.  In order to confirm these results, all experiments were 

repeated with a second dsiRNA targeting and additional exon of SMILR. All 

experiments utilising the second dsiRNA directly mirrored the previous results. 

Additionally, SMILR overexpression was performed via the utilisation of a 

lentivirus at an MOI of 25 and an MOI of 50. Both concentrations elicited a dose 

dependent increase in SMILR expression that translated into a significant 

increase in SMC proliferation, consistent with the SMILR knock down data. 

However, overexpression of SMILR did not upregulate HAS2 expression. This is 

consistent with a cis acting lncRNA and several other studies have demonstrated 

that if the lncRNA is not inserted into the genome in the correct orientation or 

correct place then it cannot alter the expression of nearby genes. SMILR 
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upregulation following IL1α and PDGF treatment was not a unique event and two 

other genes were also activated around the SMILR locus, HAS2 and HAS2-AS1. 

Although the effect on HAS2 has been discussed already, it is also known that 

HAS2-AS1 regulates HAS2 expression via an alternative mechanism (Vigetti et al., 

2014).  Interestingly knock down of HAS2 did not affect either SMILR or HAS2-AS1 

expression and knockdown of either lncRNA did not affect the expression of the 

other lncRNA, highlighting that these 2 mechanisms act independently to control 

HAS2 expression.  

MicroRNAs have been reported to be secreted from cells as a means of cell to 

cell communication (Glynn et al., 2013). The ability of SMILR to be secreted 

from HSVSMC was determined from conditioned media. It was identified that 

SMILR is secreted from SMC following dual IL1α and PDGF treatment. However, 

SMILR was not detected in microvesicles (Thakar et al.) and it is proposed that 

SMILR is secreted via a non-exosome, non-MV method.  

New lncRNAs are rapidly being uncovered, however, their mechanism of action 

remains to be elucidated. RNA pull-down assays are preliminary RNA-centric in 

vitro methods that enable the identification and characterisation of various 

proteins which interact with a given lncRNA of interest. SMILR pulldown assays 

were therefore optimised and refined to identify SMILR interaction protein 

partners. Mass spectrometry analysis of the lysates recovered from the SMILR 

pulldown experiments identified one protein, Staufen1 (STAU1), which was 

shown to be bound to SMILR and absent in all the control samples. Interestingly 

STAU1 has previously been shown to bind a small group of lncRNAs with various 

functions and has been recently shown to induce mRNA decay. During staufen 

mediated mRNA decay (SMD), STAU1, a double-stranded RNA-binding protein, 

recognises dsRNA structures formed by base pairing of 3'-UTR sequences with a 

lncRNA.  STAU1 then recruits UPF1 to mRNA 3'UTRs thus triggering mRNA decay 

(Park and Maquat, 2013). This mechanism only exists in the cytoplasm and is 

required for the dynamic regulation of gene expression (Park and Maquat, 2013). 

The final chapter of this thesis (Chapter 5) is concerned with the clinical aspects 

of lncRNA and their possible clinical utility. As such, the expression of all 4 

previously studied lncRNA (SMILR, RP11-91k9.1, RP11-761I4.4 and AC018647.3) 

were all assessed in RNA obtained from carotid endarterectomy samples. These 
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samples were split into areas of plaque and adjacent ‘healthy’ tissue. Initially a 

panel of known inflammatory, SMC phenotypic switching and calcification 

microRNA were assessed to confirm adequate separation of plaque and ‘healthy’ 

tissue and to confirm that non-coding RNA molecules could be differentially 

expressed between samples. As expected, inflammation-associated miRNAs-146a 

and -146b were significantly upregulated in unstable plaques compared to 

adjacent quiescent tissue, while miR-29, which is inversely associated with 

osteoblastogenesis and arterial calcification, was down regulated in mineralised 

regions of the atherosclerotic plaque (Du et al., 2012, Cui et al., 2012).  In 

addition, downregulation of the miR-143/145 cluster was observed, which is 

associated with SMC differentiation and aortic aneurysm formation (Ella et al., 

2009), an event which has previously been linked to osteogenic differentiation of 

SMC, confirming that the expression of small non-coding RNAs was associated 

with PET/CT defined high-risk plaques. Assessment of lncRNA expression in the 

same sample set revealed that 3 out of 4, lncRNAs (SMILR, RP11-91k9.1 and 

RP11-761I4.4) exhibited similar patterns of expression in plaque samples and 

proliferative SMCs when compared to control vessels or quiescent cells. In 

alignment with the upregulation of HAS2 in stimulated SMC, HAS2 was also up-

regulated in the atherosclerotic plaque when compared to control vessel. 

Interestingly, HAS2-AS1 was not significantly altered between the plaque and 

control samples. It has been previously documented that SMCs undergo 

phenotypic switching during atherosclerosis progression; however, one limitation 

of this study is the inability to determine which exact cell is responsible for the 

production of these lncRNAs, as experiments were performed on whole-plaque 

homogenates. As such, more detailed analysis in isolated inflammatory cells, 

such as monocytes and macrophages and fibroblasts will be required before it 

can be definitively determined that the expression changes are due solely to 

SMCs. To date, RNA-sequencing has been performed on 15 sets of human 

monocyte cells. Analysis of all 15 data sets did not identify the expression of any 

of the 4 lncRNAs (SMILR, RP11-91k9.1, RP11-761I4.4 or AC018674.3), possibly 

highlighting the potential that these lncRNA are smooth muscle specific 

(Mirsafian et al., 2016). However, these studies looked at peripheral blood 

mononuclear cell and not tissue macrophages. 
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The data presented thus far indicated that SMILR was upregulated during the 

development of cardiovascular disease and since it was also shown that SMILR 

was secreted from stimulated cells (Chapter 4 - Section 4.3.9), SMILR expression 

was assessed in plasma samples from a cohort of patients with atherosclerotic 

plaques and at risk of cardiovascular events and in a cohort of patients. As 

mentioned in Chapter 1 – Section 1-3, atherosclerosis is considered to be a 

multifactorial disease driven by inflammatory reactions. C reactive protein is an 

acute phase protein and its concentration in serum reflects the inflammatory 

condition in the patient. Levels of CRP are therefore capable of predicting both 

myocardial infarction and stroke (Paffen and Demaat, 2006).  Therefore, all 

plasma samples were ranked in order of the serologic parameter CRP levels into 

3 groups: CRP <2, CRP 2-5 and CRP >5 mg/L representing broad tertiles of CRP.  

SMILR could be detected in plasma samples from patients and correlated with 

plasma CRP levels. This highlights SMILR as an inflammatory associated lncRNA 

that can be released and detected in the plasma from patients with 

cardiovascular disease. A number of limitations must be addressed before these 

findings can be translated into a clinically useful, non-invasive screening 

strategy for vascular disease patients. These will be discussed in the future 

perspectives section below (Section 6.2).  

 

6.2 Future Perspectives 

As stated previously, large quantities of data have been generated via RNA-

sequencing, documented in Chapter 3. Bioinformatic analysis of the RNA-seq 

only utilised the genome alignment method to determine lncRNA of interest. 

Further bioinformatic analysis could be employed to identify de novo transcripts 

that have not yet been identified in the human genome. Bioinformatic analysis is 

improving daily and it is hoped that analysis of both lncRNA and mRNA partners 

may be utilised to identify lncRNA functional networks that may be useful for 

implying lncRNA function. Additionally, RNA-sequencing techniques are also 

improving. Further refined sequencing utilising capture-seq or single cell 

methodologies may provide further analysis of lncRNA in vascular disease. 
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Although identification of lncRNAs is relatively straightforward, investigating 

how these lncRNAs function, is a much greater challenge. At present lncRNAs do 

not harbour any known consensus sequences to detail how they function nor do 

they exhibit predictable or well defined mechanisms of action. Knockdown and 

overexpression experiments currently remain the best method to delineate 

function, while RNA: RNA and RNA: protein pulldowns remain the best methods 

to identify specific binding partners and thus begin to infer mechanism of action. 

As such, further experiments examining the whole transcriptome following SMILR 

knockdown and subsequent overexpression are still required to examine the 

global effects of SMILR on SMC function. This data has been sent for RNA-

sequencing and will undoubtedly provide further information as to what genes 

and pathways SMILR may be affecting. Additionally, PDGF is known for its effect 

on SMC proliferation, however further cell cycle analysis to identify if cell cycle 

arrest is occurring and to determine is SMILR may affect SMC migration in 

response to IL1α alone still remains to be elucidated.  

As efforts to identify new and novel lncRNA progress, so too does our ability to 

modulate their expression.  The emergence of precision-guided genome editing  

will be of great value in this context. Many lncRNA are localised solely to the 

nucleus, which can make robust knockdown utilising RNAi difficult to achieve. 

Thus genetic editing at a genome level would prove advantageous. Several tools 

have previously been utilised for this purpose, for example zinc finger nuclease 

(ZFN) (Urnov et al., 2010) and transcription activation-like element nuclease 

(TALEN) (Gaj et al., 2013). Recently a new mechanism has been employed called 

clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated (Cas) genes. Originally identified in select bacteria 

as a mechanism of adaptive immunity to protect the organism from invading 

genetic material (Barrangou et al., 2007), CRISPR is now commonly utilised as a 

tools to edit genetic material. Different types of CRISPR mechanisms have been 

discovered, of which the type II mechanism is the most studied and employed. In 

this case invading DNA, in the form of virus or plasmid, is fragmented and 

incorporated into the CRISPR locus. The locus is transcribed and the transcripts 

are processed to generate small RNAs (CRISPR-RNA). These small RNAs guide 

effector endonucleases that target invading DNA based on sequence 

complementarity. One Cas protein, Cas9, has been shown to be required for type 
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II CRISPR function. Cas9 participates in the processing of CRISPR-RNA and the 

destruction of target DNA. The function of Cas9 in these steps relies on the 

presence of two key nuclease domains, a RuvC-like nuclease domain located at 

the amino terminus and a HNH-like nuclease domain that resides in the mid-

region of the protein. During DNA destruction the HNH and RuvC-like nuclease 

domains cut both DNA strands, generating double-stranded breaks at sites 

defined by a 20-nucleotide target sequence within an associated CRISPR-RNA 

transcript (Rath et al., 2015). The simplicity of the type II CRISPR nuclease 

makes this system amenable to adaptation for genomic editing. Generation of a 

synthetic CRISPR-RNA, now known as a guide RNA, targets endonuclease activity 

to any genetic site required (Sander and Joung, 2014). CRISPR/Cas9 was initially 

utilised in protein coding genes, however, one of the challenges for knockout of 

non-coding genes is that a small deletion or insertion generated by the standard 

CRISPR/Cas9 system may not necessarily lead to functional loss of a given non-

coding gene because of the lack of an open reading frame. As such, the 

CRISPR/Cas9 system has been edited to allow the utilisation of a dual guide RNA 

vector that can make two cuts simultaneously at designated sites so that a large 

fragment can be deleted (Ho et al., 2015). This approach has now been utilised 

for the successful deletion of miR-21, miR-29a, lncRNA-21a and AK023948 in 

various human cell lines (Ho et al., 2015). However, utilisation of CRISPR/Cas9 in 

primary human VSMCs is currently problematic. Following CRISPR transfection, 

cells need to be single cell seeded to obtain a clonal population. Due to their 

propensity to terminally differentiate, as well as issues with contaminating 

adventitial fibroblasts, utilisation of primary HSVSMC cultures is frequently 

restricted to passages 3-5.  This renders the application of CRISPR/Cas9 

methodologies infeasible for HSVSMCs, due to the inability to maintain and bulk 

up cultures beyond passage 5.  One way to overcome these inherent limitations 

when aiming to modulate lncRNA expression may be the utilisation of CRISPR 

methodologies in stem cells and subsequent differentiation to functional SMCs.  

Unlike microRNAs, which almost universally function through a predictable and 

well-defined process (Wahid et al., 2010), lncRNAs function and mechanisms of 

action are as diverse as protein coding genes. LncRNAs may act as decoys, 

sponges, activators or repressors or scaffolds and many have been shown to 

harbour multiple mechanisms and functions depending on their cellular 
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localisation (Wang and Chang, 2011). This creates several difficulties when 

attempting to derive the mechanism of action. Additionally, lncRNAs do not 

always undergo canonical base-pairing (Baker, 2011), so the sequence of the 

transcript yields very few clues about how lncRNAs interact with the genome and 

other protein/RNA partners. One such mechanism that has been employed to 

bypass this problem is the utilisation of a technique for identifying lncRNAs 

bound to particular proteins. RNA immunoprecipitation followed by sequencing 

(RIP-seq) uses antibodies to pull ribonucleoproteins from cell lysates and 

determines which RNA molecules are associated with them. This has been 

utilised to identify which lncRNAs are attached to the polycomb complex in 

embryonic stem cells. Lee et al. identified more than 9000 lncRNAs that interact 

with the complex allowing the mechanism of vast quantities of lncRNAs to be 

deduced from one single experiment (Zhao et al., 2010). However, identifying 

precisely what lncRNAs are doing requires more than identification of the 

lncRNAs protein binding partner.  

Although work has begun investigating the RNA: protein interactions of SMILR 

and has revealed a possible mechanism through STAU1 mediated mRNA decay, 

further experiments are still warranted to confirm this interaction. This will 

include transfection of HA tagged staufen or a control plasmid and SMILR into 

cells followed by pulldown using an HA antibody to identify SMILR enrichment in 

the pulldown samples using the staufen plasmid. Additionally, pulldown 

experiments should be performed to pulldown endogenous staufen using a 

staufen anti-body to determine the enrichment of SMILR in smooth muscle cells. 

Finally, RNA-seq analysis of both SMILR pulldowns and staufen pulldowns in 

smooth muscle cells will be required to identify which mRNA SMILR may be 

guiding to staufen for degradation. Additionally, this will identify if other SMC 

specific lncRNAs may bind staufen and will allow a more global effect of staufen 

to be assessed in VSMCs. At present no data exists as to the role of staufen in 

VSMCs. The ultimate drawback of this will undoubtedly be the extraction of 

sufficient quantities of RNA from SMCs in order to perform RNA-seq. 

Additionally, STAU1 mediate SMILR function is proposed to be the cytoplasmic 

function of SMILR and additional nuclear experiments will be required to 

determine by which mechanism SMILR alters HAS2 expression.  
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The results from the atherosclerotic sections from Chapter 5 identified that both 

small and long non-coding RNA were differentially regulated in carotid 

endarterectomy plaque sections and adjacent ‘healthy’ control tissue. Further 

RNA-sequencing experiments have recently been performed within the lab from 

additional samples. This newly collected data will allow the complete 

transcriptome to be discovered in these unique samples and will open up new 

avenues for research on both mRNA and lncRNA in CVD. The one limitation of 

this study is that RNA-sequencing will be performed on whole tissue 

homogenates. Further tissue and cell panel analysis will be require to identify 

which cell or cell types are owing to the changes in lncRNA expression between 

plaque and control sections.  

Work described in this thesis has only focussed on vascular pathologies including 

intimal formation and atherosclerosis. If possible it would be interesting to 

assess the levels of SMILR in sections of failed vein grafts. This would also 

require the optimisation of RNA in-situ in human sections in order to identify 

what cells are expressing SMIRL. Additionally, other smooth muscle cell 

proliferative diseases exist, including pulmonary artery hypertension. Therefore, 

similar profiling and siRNA mediated experiments could also be performed in this 

setting of vascular pathology in order to determine the role of SMILR in this 

disease state. Moreover, SMILR showed greatest levels of expression in the heart 

in the tissue panel analysis. Therefore, it may be of interest to identify if SMILR 

expression is altered in areas of the heart following myocardial infarction. 

Additionally, it is already known that SMILR can be detected in plasma samples. 

It would be interesting to assess if secreted levels of SMILR are altered in 

patients before and after myocardial infarction and if SMILR may be used as a 

biomarker in the setting of MI.  

LncRNAs such as SMILR are poorly conserved and the apparent lack of 

orthologous mouse lncRNA gene constrains the extent to which experimental 

analyses can be performed to rigorously determine function. On the other hand, 

mouse only specific lncRNAs have limited translational relevance to study human 

development and disease. It is hoped that with a better understanding of lncRNA 

function, greater lncRNA orthologues may be discovered that may not contain 

complete conservation but sufficient conservation or synteny to conserve their 



  315 

 

 
 

function. Additionally structural similarity between lncRNAs, with little sequence 

homology, may nevertheless exhibit comparable function across species. Further 

identification of the structure of SMILR may lead to the identification of a 

similar lncRNA in mouse models. Nevertheless, the third exon of SMILR is 

conserved in the pig genome. Further analysis to identify if IL1α and PDGF 

treatment induces both the pig HAS2 and pig SMILR will be of great importance. 

Additional RNA samples are available from pig stent studies previously 

performed in the lab. If the pig version of SMILR is expressed in pig, then this 

opens up new means to employ experimental models of SMILR knockdown to 

assess the effects on neointimal formation.   

Chapter 4 demonstrated that SMILR could be released from SMC following dual 

stimulation with IL1α and PDGF. SMILR was not detected within microvesicles 

released from these SMCs and it was hypothesised that SMILR was released via a 

non microvesicle method. Further confirmation could be performed through the 

transfection of a tagged SMILR into SMCs. The expression of this tagged version 

could be determined in cell media. One of the recent and emerging areas of 

interest in regard to lncRNA biology is the role of lncRNAs in cell-cell 

communication locally and at a distance. LncRNA cell: cell communication is a 

relatively new area of research, as such, no data is available on lncRNA cell: cell 

communication in vascular cells.  From cancer studies it appears that lncRNA 

that are enriched with microRNA binding sites appear to be enriched in cancer 

exosomes, along with the subsequent microRNA, however, results from this 

study did not identify the function of these lncRNAs in cancer biology (Ahadi et 

al., 2016).  One additional study highlighted that cancer exosomes could be 

uptaken into mesenchymal stem cells that are recruited to the area in an 

attempt to provide them with genetic material. Mesenchymal stem cells can be 

attracted to tumour sites contributing to tumour development. The authors 

found that lung tumour cell derived exosomes could be up taken by the 

mesenchymal stem cells leading to a change lncRNA expression within the stem 

cells, this altered the differention of the stem cell (Wang et al., 2016a). Again 

with this study it was identified that the lncRNA could be up taken by the 

receipt cell, however, the function of the lncRNAs was not addressed. Vast 

amounts of research are still required to identify the function and mechanisms 

by which lncRNA cell: cell interaction occurs. Although nothing is known as to 
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the cell: cell communication of lncRNA in vascular cells, data exists about 

microRNA. Previously, it has been documented that microRNA are packaged into 

microvesicles for communication between vascular EC and SMCs, highlighting 

their ability to function at distant sites (Deng et al., 2015). One prominent 

example of this is the enrichment of the miR cluster miR143/145 in HUVEC 

exosomes following shear stress or transduction by Krüppel-like factor 2 (KLF2), 

a critical regulator of endothelial gene expression patterns. Co-culture 

experiments between KLF2 transduced HUVECs and aortic SMCs demonstrated 

that both miR143 and miR145 could be transferred to SMCs via exosomes thus 

allowing cell: cell communication (Hergenreider et al., 2012). As documented 

SMILR is not expressed in exosomes, however conditioned media could be 

removed from SMCs and added to EC, which do not express SMILR, to determine 

if SMILR may be taken up by endothelial cells. Additionally, if any of the other 

validated lncRNA are expressed in exosomes then the co-culture method could 

prove beneficial in the assessment of lncRNA cell: cell communication.   

Due to their ability to be secreted from cells microRNA research then moved to 

focus on microRNA biomarkers. As such, many microRNAs have been found to be 

dysregulated in cardiovascular diseases such as acute myocardial infarction and 

coronary artery disease. MiR-208a is a heart muscle specific microRNA, which is 

involved in the regulation of myosin heavy chain production during cardiac 

development (Cordes and Srivastava, 2009). In a study of 33 acute myocardial 

infarction and 30 non-acute myocardial infarction patients that presented with 

chest pain, miR-208a was not detected in the plasma of any of the non-

myocardial infarction patients and was detected in 90.9 % of myocardial patients 

within 4 h of the onset of chest pain, even in patients where cardiac troponin I 

(cTnI) levels, the main marker of myocardial infarction, were not yet affected 

(Wang et al., 2010). Accordingly, lncRNA research has followed a similar manner 

and the release of lncRNAs from cells and potential use as biomarkers has now 

been investigated. LncRNAs such as LIPCAR and CoroMarker have been shown to 

be expressed in plasma and correlate with disease states (Kumarswamy et al., 

2014). Chapter 5 assessed the levels of SMILR in plasma from patients with CVD, 

however, there were some limitations to this study. Firstly, SMILR expression 

was only assessed in a relatively small cohort of patients (n=13 or n=15 per 

tertile group). Further analysis of a larger cohort will be required to validate 
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these observations, and to verify if the expression of SMILR is correlated with 

CRP levels. Secondly, it is proposed that plasma lncRNAs must be protected as 

RNase activity in plasma is high. Thus further experiments will be required not 

only to detect how stable SMILR is in relation to RNAse A treatment but also if it 

can withstand periods of incubation at RT and subsequent freeze thaw cycles, 

key traits required as a biomarker. Finally, it must be addressed how this lncRNA 

is secreted out of the cell and if it remains bound to a carrier within the plasma. 

This will require the utilisation of RNA: protein pulldown experiments from 

plasma samples, something that has never been performed before and will 

undoubtedly require optimisation to achieve. Further detailed analysis of 

lncRNAs in larger cohorts is still required, but they hold promise that one day 

lncRNA biomarkers may be clinically utilised.  

The transition from lncRNA biomarkers to lncRNA therapeutics is also showing 

promising advances and may hold promise that some of these techniques may be 

employed in a therapeutic setting for SMILR. Companies and organisations such 

as MiRagen Therapeutics and Regulus are developing ncRNA-based strategies 

(microRNA) against cancer, cardiovascular and neurological diseases. In March 

2016, MiRagen Therapeutics announced the initiation of a Phase I clinical trial of 

its anti-cancer product MRG-106, a microRNA antagonist of miR-155. miR-155 is 

pathologically increased in many forms of lymphoma including cutaneous T-cell 

lymphoma (Kopp et al., 2013), the main target of the clinical trial. It has been 

shown that MRG-106 enters lymphoma cells and initiates programmed cell death 

via inhibition of miR-155 (Seto et al., 2015). MiR-155 has previously been shown 

to control differentiation and proliferation of blood and lymph cells (Seddiki et 

al., 2014) and as such inhibition of miR-155 in lymphoma cells prevents the 

aberrant proliferation associated with cancer cells (Seto et al., 2015). This is the 

first clinical trial in lymphoma patients of an antimiR that targets a well-known 

oncogenic microRNA and holds promise that one-day lncRNAs may also be 

utilised therapeutically. Additionally, Regulus Therapeutics, a joint venture of 

Alnylam Pharmaceuticals and Isis Pharmaceuticals based in La Jolla, California, 

is also developing several microRNA therapeutics including oligonucleotide 

inhibitors of miR-21 for the treatment of fibrotic diseases and cancer. RG-012 is 

a single stranded oligonucleotide that binds to and inhibits the function of miR-

21 and is being designed for the treatment of Alport syndrome, a genetic 
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condition where the main symptom is kidney disease and fibrosis (Thorner, 

2007). Alport syndrome is caused by mutations in the type IV collagen genes 

(Col4A3, Col4A4 and Col4A5) (Thorner, 2007) and type IV collagen is important 

for maintaining the integrity of the glomerular basement membrane, a vital 

component in the kidney structure and filtration process (Scott and Quaggin, 

2015). The genetic mutation in the collagen gene results in thickening in the 

glomerular basement membrane and impairment of glomerulus filtration, thus 

Alport syndrome patients experience a progressive loss of kidney function, which 

ultimately leads to end stage renal disease requiring dialysis or kidney 

transplantation (Kruegel et al., 2013). With no approved therapies, Alport 

syndrome is a disease with an urgent unmet medical need. miR-21 is up-

regulated in Col4A3 deficient mouse models of Alport syndrome and in human 

kidney disease patients (Gomez et al., 2015), (Chau et al., 2012).  Pre-clinical 

data demonstrated that RG-012 induced potent inhibition of miR-21 in vitro and 

in vivo and demonstrated a decreased renal fibrosis and increased life span in 

pre-clinical mouse models (2015). In December 2015 Regulus initiated the Phase 

1 first in man, randomised, double blinded, placebo-controlled study to evaluate 

safety and tolerability of subcutaneous RG-012 in healthy volunteers. RG-012 

was well tolerated and did not show any adverse effects in the 40 participants 

(2015) and will therefore be progressing to Phase II clinical trials in the near 

future. This highlights the current advances in RNA therapeutics and their 

translational importance. If required, these technique could potentially be 

employed for the translational evaluation of SMILR as a lncRNA therapeutic.  

Although lncRNA clinical trials are still several years away and the full 

mechanism of lncRNAs has still to be elucidated, several types of approaches can 

be considered to target lncRNA and to modulate their expression for therapeutic 

purposes. An overview of the proposed mechanisms is shown in Figure 6-1. 

Similar to other genes, lncRNAs can be targeted for degradation through the 

utilisation of siRNA mediated degradation via the RISC associated complex or 

through the use of single stranded GapmeRs. GapmeRs consist of a DNA stretch 

flanked by locked nucleic acid nucleotides that complementary bind to lncRNA, 

inducing their degradation via an RnaseH-dependent mechanism (Castanotto et 

al., 2015). The final mechanism for degradation is via catalytic degradation. 

Hammerhead ribozymes have ~20 nt long arms flanked by a central loop. These 
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arms facilitate the binding to lncRNA leading to degradation via a protein-

independent mechanism (Fukuda et al., 2012). It is also well known that lncRNAs 

exhibit dynamic binding affinities for other DNA, RNA and proteins. Small 

molecule inhibitors could mask the binding site for lncRNAs and interrupt the 

association with its binding partners. Some lncRNA have been shown to exhibit 

multiple binding partners (Yang et al., 2015b) and as such, specific binding site 

inhibitors could be designed to disrupt one single binding partner, allowing its 

other functions to remain intact. Small molecules could also be utilised to 

interfere with the formation of RNA secondary structure and disrupt folding 

patterns required for the lncRNA to function, a key trait previously 

demonstrated between small molecules and DNA structure (Waller et al., 2009). 

Finally, aptamers, single stranded oligonucleotides or peptide aptamers, have 

shown great promise therapeutically (Ni et al., 2011). Aptamers are short 

synthetic single-stranded oligonucleotides that specifically bind to various 

molecular targets such as small molecules, proteins and nucleic acids. The term 

“Aptamer” is from the Latin word aptus, meaning “to fit”, which was chosen to 

describe the lock and key relationship between aptamers and their binding 

targets (Ni et al., 2011). They are currently undergoing clinical trials for many 

different diseases such as non-small-cell lung cancer, breast cancer and acute 

myeloid leukemia (Soundararajan et al., 2008),(Bates et al., 2009). In 2004, an 

anti-VEGF aptamer (Eyetech Pharmaceutics/Pfizer) was approved by the FDA for 

macular degeneration (Trujillo et al., 2007). Aptamers can be designed to inhibit 

binding sites in a similar manner to small molecule inhibitors, or can be utilised 

to stabilise lncRNAs thus increasing their half-life and functional availability.  All 

of these techniques could be adapted and employed therapeutically to reduce 

SMILR expression in both the setting of atherosclerosis and intimal hyperplasia.  

Despite the proposed mechanisms to target lncRNA, a major challenge of all of 

these approaches is to accomplish target-specific delivery (Tiwari et al., 2012). 

The use of synthetic nanoparticles for delivery of biologically active constructs 

has been extensively investigated with promising results (Deshayes and Gref, 

2014). An alternative approach involves the use of extracellular vesicles, 

biologically derived particles that are involved in intercellular communication 

and could be packaged with RNA targets for successful targeted therapy (Chen et 

al., 2016). It has also been shown that lncRNAs within extracellular vesicles 
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retain their functional activity after being taken up by recipient cells 

(Parasramka et al., 2016). Further experiments are required to ascertain if these 

mechanisms will work with lncRNAs in vivo. However, the setting of coronary 

artery bypass grafting (CABG) provides an effective method for the delivery of 

therapeutic lncRNA without the need for systemic delivery. CABG offers the 

advantage of tissue accessibility ex vivo as there is a period, typically of up to 

30 min, where the extracted saphenous vein segment is awaiting engraftment. 

This provides a window of opportunity for the transfection or incubation of 

lncRNA therapeutics under controlled conditions, reducing risks associated with 

inflammatory responses to therapeutics following systemic delivery. 

Furthermore, it has been demonstrated in a large animal model of vein graft 

failure that ex vivo adenoviral delivery of a therapeutic transgene (TIMP-3) is 

feasible and effectively attenuates neointima formation following surgical vein 

graft implantation  (George et al., 2011). Delivery of lncRNA therapeutics in an 

ex vivo setting could potentially reduce any off target effects, by achieving 

specific delivery to the vascular bed of interest. Interestingly, therapeutic 

utilisation of a SMILR siRNA may be beneficial in this setting. SMILR is not 

expressed in endothelial cells, thus administration of an siRNA or other method 

targeting SMILR should result in a reduction of SMC proliferation with no effect 

of endothelial proliferation.  
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Figure 6-1:    Strategies  to target lncRNA.  
(A):  DNA-binding elements (DBE) can target the genomic locus to alter lncRNA transcription. (B):  
siRNAs can bind to complementary lncRNA sequences through RISC (RNA-induced silencing 
complex).  Gapmers (8–50 nt long single-stranded DNAs or RNAs can carry out sequence specific 
and RNase H-mediated lncRNA degradation. Ribozymes (single-stranded RNA) can undergo 
cellular processing to expose the hammerhead structure of the binding arms that bind with target 
sites and result in cleavage of the target lncRNA. (C):  Small synthetic molecules can block binding 
of lncRNAs with protein, DNA, RNA or other interacting complexes by associating with specific 
binding pockets. (D):  Aptamers (3- dimensional short RNA or DNA oligonucleotides) can bind at 
specific structural regions to target lncRNA and antagonise their association with their binding 
partners. Figure adapted from (Parasramka et al., 2016). 

 

6.3 Concluding remarks 

In summary, the findings presented in this thesis confirm vast changes in global 

lncRNA expression profiles in quiescent and stimulated SMCs and uncover many 

previously un-studied lncRNA, including the human vascular SMC enriched lncRNA 

SMILR, that was shown to be dysregulated in the setting of atherosclerosis and 

cardiovascular disease. Functional characterisation of SMILR revealed that this 

novel lincRNA increases cell proliferation which may be linked to its ability to 

regulate the proximal gene HAS2. In the clinical setting, it was discovered that 

SMILR can be released from cells and is detectable in plasma from CVD patients 

with enhanced inflammation and thus susceptibility to atherosclerosis. These 

findings support the growing body of evidence that non-coding RNAs can act as 

mediators to modulate disease pathways. From a mechanistic point of view, it is 

proposed that SMILR regulates a cytoplasmic mRNA via the staufen1-decay 

pathway and regulates HAS2 via a currently unknown cis mechanism. Additional 

studies will need to be performed to identify other lncRNAs, using the RNA-seq 

data set to pinpoint their exact mechanisms and functions. Taken together, 

these observations broaden our awareness of the complex interplay between 

lncRNA and protein coding genes. The emergence of lncRNAs as regulators of 

gene expression will undoubtedly alter our understanding of the complex 

regulation network of pathological VSMC proliferation in vascular disease and 

may provide a means to specifically target VSMC or identify patients at risk of 

major adverse vascular outcomes.  
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Appendix Figure 1:    Heat Map. Expanded heat map of LncRNA differentially regulated 
between 0.2 % control and IL1α and PDGF conditions.  

 

 
Appendix Table 1:    Differential RNA expression in IL1α stimulated HSVSMC compared to 0.2 % 
control from RNA-seq.  Results for RNA-seq were filtered on a log fold change (FC) greater than 2  
or less than -2 (4 fold change up or down regulated) and a false discover rate (FDR) less than 0.1.  

 
Gene                            LogFC           FDR 

CXCL6 9.117569 1.72E-24 

CXCL3 6.813209 1.72E-24 

TNFAIP3 4.361765 3.76E-23 

CXCL2 5.461195 1.51E-21 

CXCL1 8.004426 1.95E-20 

CCL2 4.294493 3.50E-19 

CXCL5 7.833873 1.91E-18 

IL7R 5.466802 7.39E-18 

NAMPT 3.351557 1.89E-17 

NAMPTL 3.315296 2.31E-17 

CDCP1 3.705249 2.65E-16 

AMPD3 3.689674 1.92E-15 

IL6 4.081932 1.92E-15 

WWC1 5.909523 3.60E-15 

C1QTNF1 3.644883 5.18E-15 

IL8 7.501118 7.33E-15 

SOD2 3.549848 1.27E-14 

MIR146A 6.340469 3.17E-14 

EHF 6.949591 1.38E-13 

CMKLR1 -4.37882 3.26E-13 

CSF2 7.642751 3.26E-13 

STC1 6.457953 5.49E-13 

CSF3 7.152789 5.97E-13 

ABI3BP 3.434324 6.49E-13 

SLC39A14 2.530822 1.61E-12 

NFKBIA 2.183376 2.39E-12 

RDH10 -2.77877 2.49E-12 

AC073072.5 3.803747 2.79E-12 

ZC3H12A 2.861669 2.91E-12 

BIRC3 4.63469 4.60E-12 

RP11-91K9.1 5.808561 4.70E-12 

TNFAIP6 3.798322 4.74E-12 

SAA1 7.841417 1.40E-11 

FNIP2 -2.48715 1.78E-11 

ELF3 6.785036 1.79E-11 

PRG2 3.252568 1.81E-11 

C2 4.067221 8.71E-11 

C2 4.063534 1.05E-10 

C2 4.058054 1.08E-10 

C2 4.06449 1.08E-10 

C2 4.057413 1.08E-10 

AC005549.3 3.864378 1.08E-10 

C2 4.044865 1.08E-10 

IL1α7RD -3.11226 1.34E-10 

C2 4.038458 1.75E-10 

MT2A 3.504686 2.13E-10 

CA12 2.428266 4.35E-10 

IRAK3 2.306713 4.46E-10 

HSD11B1 4.300382 8.74E-10 

AKR1B1 3.57613 8.74E-10 

BDKRB2 3.926338 1.17E-09 

MFAP4 -3.17345 1.17E-09 

OGN -3.85253 1.22E-09 

TRAF3IP2 2.100023 2.64E-09 

C3 4.642853 2.67E-09 

CLDN1 5.458483 3.13E-09 

KYNU 10.44975 3.49E-09 

TRPA1 3.741428 3.57E-09 

DEPTOR -2.20395 3.68E-09 

GPRC5B 3.638645 3.82E-09 

CD82 2.741757 3.82E-09 

WTAP 2.36673 3.88E-09 

IKBKE 2.358376 4.51E-09 

CCL8 8.094048 6.81E-09 

IKBKE 2.349318 8.11E-09 

PPP4R4 3.405332 8.23E-09 

INMT -3.08954 8.76E-09 

TMEM171 3.350221 1.03E-08 

HAS2 3.484411 1.22E-08 

PDLIM4 2.581537 1.31E-08 

SERPINE1 2.402141 1.64E-08 

MMP-3 6.772939 1.76E-08 

MMP-3 6.737373 1.77E-08 

CTSS 3.919927 2.85E-08 
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TMC3 -4.84079 4.21E-08 

LPAR4 4.90506 4.38E-08 

STEAP1 2.539334 5.49E-08 

3-Mar 2.324811 5.73E-08 

CGNL1 3.603506 7.03E-08 

IL36RN 10.07754 1.00E-07 

LIF 3.575373 1.02E-07 

ZNF704 -4.12506 1.10E-07 

POU2F2 4.000179 1.29E-07 

CCL7 6.67148 1.29E-07 

RASSF2 -3.41332 1.29E-07 

RCAN1 3.578355 1.31E-07 

SERPINB2 4.006923 1.36E-07 

RP11-434I12.2 -3.45332 1.37E-07 

RP11-2L8.1 5.844197 1.95E-07 

CTC-378H22.1 6.205687 2.37E-07 

RELB 2.855338 2.61E-07 

AC018647.3 -4.99987 2.61E-07 

AC002480.4 3.370958 2.87E-07 

ICAM1 2.195521 3.77E-07 

BEX1 5.558859 4.98E-07 

DTNA 2.960481 5.50E-07 

SEMA3B -2.34515 5.74E-07 

HSD17B6 -3.31606 6.22E-07 

RP11-356I2.4 2.811137 7.84E-07 

RP1-102K2.8 3.59885 8.20E-07 

CCL5 2.945614 8.34E-07 

CCL5 2.938031 8.90E-07 

COL13A1 2.107731 9.24E-07 

SEMA3B -2.35697 9.80E-07 

CD36 -2.52052 9.99E-07 

RP11-1E6.1 9.221021 1.06E-06 

TNFSF14 5.667041 1.71E-06 

OAS2 2.747007 1.82E-06 

MMP-12 8.637793 1.91E-06 

MX1 3.246106 2.23E-06 

MEX3B -2.7611 2.32E-06 

CCL20 5.760401 2.36E-06 

IQCK 2.030246 2.71E-06 

IRAK2 2.294509 2.83E-06 

SLC19A3 3.911071 2.83E-06 

SYTL5 -6.07082 3.50E-06 

GFPT2 2.360847 3.78E-06 

GCH1 3.092435 4.23E-06 

SLC39A8 3.079642 4.28E-06 

ASPN -4.50885 4.29E-06 

OMG -2.50892 4.58E-06 

STEAP2 2.502049 4.73E-06 

SDPR -2.60268 5.13E-06 

BCL2A1 4.191714 5.60E-06 

SLC22A4 2.508351 7.27E-06 

CHI3L2 3.690094 7.83E-06 

RP11-656G20.1 4.281334 9.63E-06 

MMP-12 7.940146 1.09E-05 

CTD-2369P2.8 2.16703 1.10E-05 

RARRES1 2.744808 1.29E-05 

DIO2 2.927348 1.34E-05 

DACT1 -2.1126 1.48E-05 

TNFRSF1B 2.332681 1.55E-05 

ESM1 4.494391 1.71E-05 

SCN1B 2.843557 1.86E-05 

VCAM1 4.62042 1.97E-05 

TMEM132A 2.253231 2.17E-05 

FCRLA 3.014246 2.17E-05 

OASL 5.365512 2.45E-05 

AC007362.1 2.112907 2.46E-05 

IGSF10 -2.31254 2.66E-05 

BMF -3.34037 2.69E-05 

RRM2 3.811394 2.69E-05 

DIRC1 5.083898 2.83E-05 

RP11-753N8.1 5.715123 2.83E-05 

DNER 6.807586 3.19E-05 

IL32 3.039259 3.19E-05 

RP11-138I17.1 -4.29233 3.36E-05 

G0S2 3.018926 3.37E-05 

LDLRAD4 -3.60911 3.77E-05 

CCL26 2.437312 3.88E-05 

CCL26 2.433034 4.28E-05 

RP11-22N19.2 2.205652 4.60E-05 

KB-1471A8.1 -2.09915 4.94E-05 

CLSPN 2.861972 4.95E-05 

RP11-760H22.2 -2.35588 5.38E-05 

DCLK3 5.417343 5.51E-05 

MMP-10 7.216971 5.74E-05 

IDO1 7.137771 6.06E-05 

TNFAIP2 2.479369 6.10E-05 

LBH -2.25179 6.10E-05 

CALCRL -2.59711 6.15E-05 

PTPRO -2.71303 6.53E-05 

SPOCD1 2.437801 7.19E-05 

CCL13 4.830949 7.26E-05 

XXbac-

BPG252P9.10 2.056233 8.48E-05 

STYK1 5.000193 8.55E-05 

MAN1A1 2.487595 8.78E-05 

DSCR8 2.946002 9.05E-05 

TMEM158 2.26902 9.20E-05 

TNXB -2.10506 9.25E-05 
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CYP7B1 6.063399 9.54E-05 

RP11-58K22.5 3.006929 9.85E-05 

RP11-301G23.1 2.566484 9.93E-05 

IER3 2.014142 0.000119 

CH25H 4.27129 0.000127 

IER3 2.002274 0.000127 

DOCK2 3.599243 0.00014 

IER3 2.013049 0.000143 

LINC01013 -3.77663 0.000147 

LIPM 6.604624 0.000147 

MFSD2A 2.638764 0.00016 

RSAD2 5.633157 0.000165 

RP11-335I12.2 2.417313 0.000165 

MMP-1 4.242418 0.000168 

IL36B 5.382621 0.000179 

HES1 -2.54385 0.000179 

MAMDC2 -3.7054 0.000196 

NPR3 -2.05152 0.0002 

SLC40A1 -2.47329 0.000202 

C1orf147 2.555274 0.000231 

C1orf147 2.550368 0.000246 

TNXB -2.18296 0.000257 

MYPN 4.60792 0.000264 

NEFM 4.347375 0.000265 

C7orf69 3.656035 0.000288 

IER3 2.101055 0.000296 

OSR2 -3.21163 0.000315 

DEPDC1 3.973426 0.000315 

OAS1 3.982709 0.000345 

AC005013.1 -3.15671 0.000351 

IFI44L 2.466198 0.000386 

RP11-94A24.1 3.10027 0.000389 

ITGB2-AS1 3.931756 0.000424 

CKAP2L 3.324946 0.00054 

TNXA -2.12546 0.00054 

NOX4 -4.03417 0.000561 

GREM2 -2.94863 0.000583 

TNXA -2.11883 0.000622 

RP11-785F11.1 -3.2354 0.00063 

NCEH1 2.145637 0.000649 

MT1L 4.418878 0.000653 

RAB27B 2.954927 0.000675 

LAMB3 2.196411 0.000677 

IL1αRAPL1 -2.38671 0.000684 

RN7SL124P 3.275351 0.000692 

PDPN 2.865779 0.00071 

PBK 3.476825 0.00072 

RP11-138H11.1 2.87796 0.00072 

HBEGF 2.056653 0.000756 

LINC00968 2.235515 0.000781 

TNIP3 5.25131 0.000828 

IQGAP3 3.223914 0.000846 

GPR126 -3.05072 0.000856 

TMEM132B 3.212379 0.000866 

CCL11 5.004701 0.000884 

TNFRSF11B 2.217865 0.000931 

HIST1H3B 3.033744 0.000937 

EPHB3 -2.93838 0.000938 

KDR -3.21535 0.000958 

PTGES 2.981645 0.000997 

PTTG1 2.149111 0.001005 

AC098617.1 -2.39418 0.001009 

MAMDC2 -3.59842 0.001038 

AP001610.5 3.310047 0.001038 

DLGAP5 3.644977 0.001038 

HMMR 3.301991 0.001038 

SIPA1L2 -2.44019 0.001074 

WTAPP1 3.725765 0.001217 

RP11-839G9.1 3.194592 0.001228 

TFPI2 5.506276 0.001228 

AFF3 -3.61318 0.001244 

C7 -2.81545 0.001337 

COL8A2 -2.01493 0.001339 

OAS3 2.985682 0.00134 

RP11-245M24.1 2.988372 0.001393 

RP11-435D7.3 2.899039 0.001488 

CDCA2 2.493607 0.001499 

RSPO3 2.624938 0.001508 

LINC00473 6.746721 0.001512 

MED12L -2.07027 0.001547 

IL1α5RA 2.03229 0.001562 

MX2 2.427438 0.001607 

DIRAS2 -4.64987 0.001684 

TOP2A 2.468433 0.001728 

SMC5-AS1 -2.09984 0.001782 

GBP5 4.31636 0.001788 

RP3-437C15.1 2.002103 0.001854 

GALNT6 2.630361 0.001868 

TNXB -2.75868 0.002026 

PRELP -2.23994 0.002123 

SHCBP1 3.035018 0.002146 

COL21A1 -3.88788 0.002146 

CTD-2536I1.1 -2.5474 0.002151 

TP63 3.752236 0.002155 

SYBU -2.30752 0.002155 

IGFN1 -2.67144 0.002157 

GFRA1 3.912055 0.002239 

ACSL5 2.333903 0.002261 
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CYP21A2 -2.14704 0.002267 

KIRREL3 2.054932 0.002335 

FAM64A 3.810149 0.00245 

DTL 2.600753 0.002456 

RP11-320G24.1 2.402092 0.002505 

MKI67 3.056889 0.00256 

SLC28A3 2.659878 0.002655 

OMD -4.59564 0.00267 

RP5-1198O20.4 2.452044 0.002708 

AC087645.1 3.628362 0.003029 

HIST1H3G 3.549788 0.003069 

ZCCHC5 3.340318 0.003261 

CEP55 2.568869 0.003303 

CYS1 -2.11732 0.003407 

CTB-174D11.1 -2.35454 0.003437 

MCM10 3.490513 0.003714 

ITLN2 -3.93053 0.003727 

MPP7 2.294248 0.003798 

CHI3L1 4.204978 0.003938 

RP11-462L8.1 2.256903 0.003961 

KCNS2 -2.11962 0.004037 

ADH1B -3.68938 0.004314 

KIAA1324L -2.54197 0.004462 

NUSAP1 2.405617 0.004559 

KIFC1 2.818852 0.004756 

FAM13C -2.08714 0.004813 

MAMDC2-AS1 -2.5694 0.004823 

RASD1 4.77066 0.005063 

CMPK2 3.84955 0.005309 

TTK 2.608326 0.005529 

RIMS3 -3.53676 0.005891 

RRAD 2.305114 0.005892 

KIFC1 2.654254 0.006414 

KIF20A 2.961916 0.006581 

THEMIS2 2.031208 0.006677 

RPSAP52 2.358832 0.00675 

SEPP1 -3.35199 0.006808 

BUB1B 2.617981 0.006834 

PTGS2 2.266999 0.00695 

NEK2 3.374144 0.007098 

NUF2 2.959702 0.007146 

FAM111B 3.29565 0.007569 

ELOVL2 4.20172 0.007635 

CASC5 2.290888 0.007993 

ANLN 2.287278 0.008078 

KIF14 2.305907 0.008249 

ITIH5 -3.10404 0.008261 

COL15A1 -2.332 0.008477 

BIRC5 2.841298 0.008939 

NEBL -2.70633 0.008939 

KIFC1 2.52144 0.008961 

HJURP 2.291114 0.009037 

IL1αB 4.290801 0.009346 

PDE4B 2.702511 0.009743 
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Appendix Table 2:    Differential RNA expression in PDGF stimulated HSVSMC compared 
to 0.2 % control from RNA-seq. Results for RNA-seq were filtered on a log fold change (FC)  
greater than 2 or less than -2 (4 fold change up or down regulated) and a false discover rate  
(FDR) less than 0.1.  

 

 
Gene                     LogFC           FDR  

KYNU 7.899377 0.000213 

RP11-1E6.1 6.731117 0.005133 

MYB 6.252374 0.000662 

MMP-1 5.923852 4.79E-06 

WTAPP1 5.390493 5.35E-05 

HAS2 5.26765 5.69E-17 

LINC00973 5.053072 3.05E-05 

TFPI2 4.929824 0.002331 

ESM1 4.844523 1.64E-06 

IL1αB 4.792647 0.001912 

HIST1H3G 4.706529 2.00E-05 

STYK1 4.502405 0.00037 

NDP 4.41174 1.86E-05 

DLGAP5 4.367995 3.79E-05 

SLC14A1 4.35911 1.88E-06 

RP11-94A24.1 4.324549 3.49E-07 

CH25H 4.31952 0.000336 

NEFM 4.286134 0.000177 

DEPDC1 4.276894 5.22E-05 

CADPS 4.275944 0.001426 

FAM64A 4.242764 0.000399 

MALL 4.203403 6.19E-07 

MYPN 4.189592 0.000422 

AURKB 4.126784 0.00436 

AC087645.1 4.069259 0.000395 

CDCP1 4.055431 6.86E-19 

ANXA10 4.016228 0.007055 

CKAP2L 4.015948 8.63E-06 

MYEOV 3.986936 5.37E-07 

RPLP0P2 3.946392 1.97E-05 

SHCBP1 3.93043 1.02E-05 

BCL2A1 3.869929 4.40E-05 

GALNT6 3.823166 1.83E-06 

KCNN4 3.820604 0.000889 

MCM10 3.797098 0.001159 

NCAPH 3.763217 0.004677 

IL1α3RA2 3.750364 1.99E-05 

IL1α3RA2 3.721051 1.57E-05 

NEK2 3.709363 0.001849 

RP11-

150O12.1 3.634959 5.98E-07 

STC1 3.626162 1.97E-05 

DGKB 3.615159 0.004503 

CDC20 3.595106 0.004512 

PBK 3.574584 0.000294 

RP11-54A9.1 3.559929 9.41E-05 

IQGAP3 3.535663 0.000158 

HIST1H3B 3.525733 5.75E-05 

SYT7 3.518523 0.000175 

MKI67 3.508925 0.000186 

KIF20A 3.506064 0.000481 

COL13A1 3.495972 1.40E-16 

HMMR 3.438136 0.000361 

RP11-80G7.1 3.425611 0.004163 

GAP43 3.358645 8.38E-06 

NUF2 3.353997 0.000823 

LZTS1 3.341672 0.000771 

RFX8 3.337038 0.00105 

CTD-

2587H24.5 3.331207 1.03E-05 

APOBEC3B 3.310106 0.00288 

RRM2 3.283304 0.000202 

TMEM132B 3.261237 0.000568 

BIRC5 3.242976 0.001031 

ADTRP 3.218245 3.10E-08 

HAS2-AS1 3.218127 1.30E-05 

CLSPN 3.186215 3.83E-06 

DUSP6 3.176597 2.42E-10 

PLAT 3.175429 0.003296 

LINC00704 3.156472 2.29E-05 

SPOCD1 3.143154 8.51E-08 

CEP55 3.120243 8.59E-05 

TMEM100 3.107545 0.000401 

LOXL4 3.107383 4.33E-07 

TDO2 3.091517 0.003259 

TDO2 3.080681 0.004945 

E2F7 2.978651 1.20E-09 

NES 2.963353 1.20E-15 

CTD-

2207P18.2 2.959277 0.004325 

CSMD2 2.954446 0.001491 

RNF128 2.924474 0.000194 

RP11-34A14.3 2.902957 9.45E-08 

DDIT4L 2.891992 0.000393 
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KIFC1 2.891867 0.001701 

DTL 2.876089 0.000335 

KIAA1755 2.870342 0.000437 

KIF4A 2.846128 0.00026 

AIM1 2.813368 0.002475 

RGS2 2.794519 0.003303 

AKR1B10 2.788643 0.006558 

CASC5 2.772368 0.000359 

KIF14 2.759372 0.000393 

ITGA10 2.756616 0.007251 

RP11-

588H23.3 2.732653 0.000623 

BUB1B 2.728926 0.001895 

COL15A1 2.719718 0.001999 

CCND1 2.719409 1.85E-11 

ITGA10 2.714582 0.008846 

HIST1H1B 2.698071 0.002867 

BUB1 2.695707 0.006213 

KIFC1 2.681544 0.002771 

RP11-435D7.3 2.671735 0.003891 

CNIH3 2.663966 2.54E-07 

FRMD3 2.633946 0.002849 

TTK 2.610676 0.002575 

APCDD1L-AS1 2.609463 0.001141 

PCOLCE2 2.603681 2.56E-07 

RPSAP52 2.575246 0.0015 

SLC4A8 2.573616 0.001589 

MILR1 2.57079 1.04E-06 

UNC13A 2.564783 1.10E-05 

RGMB-AS1 2.564499 4.87E-05 

IGFBP3 2.555969 2.41E-05 

CDCA2 2.53827 0.000852 

KIFC1 2.529841 0.004073 

MT2A 2.513974 1.07E-05 

PTPRB 2.502757 6.27E-06 

SEMA3A 2.500465 6.61E-07 

LTBP1 2.498628 0.004889 

FCRLA 2.473635 0.000469 

ANPEP 2.471408 2.99E-05 

TOP2A 2.458669 0.000959 

CXCL6 2.420435 0.003174 

MILR1 2.413475 5.40E-10 

ORAOV1 2.390048 1.27E-11 

APCDD1L 2.382267 0.000731 

DCBLD2 2.380425 1.69E-09 

ANLN 2.377815 0.002439 

NUSAP1 2.366859 0.00288 

CENPF 2.361887 0.003061 

PTTG1 2.352587 8.49E-05 

UHRF1 2.3406 9.93E-05 

KIF2C 2.339929 0.006445 

TNFAIP3 2.338276 1.14E-07 

RP11-

1223D19.1 2.331651 0.004675 

LRRC8B 2.322662 0.00306 

ARHGAP22 2.306683 2.70E-10 

TMEM158 2.282639 0.000189 

TSLP 2.272652 0.001491 

SH3BGRL3 2.271779 1.26E-10 

PHLDA1 2.270164 2.53E-10 

PLAUR 2.266036 4.11E-07 

HMGA1 2.252216 1.64E-06 

AC002480.4 2.240462 0.001446 

RP11-

221N13.3 2.229884 2.70E-05 

RP11-3L21.2 2.226916 0.008748 

IL7R 2.212244 0.001393 

NTM 2.211386 0.00062 

TNFAIP8L3 2.193182 0.002961 

RNU6-26P 2.182213 0.004325 

LMO2 2.181245 0.000437 

LPXN 2.177686 3.80E-07 

GNG11 2.171064 0.006723 

SLC20A1 2.156468 3.18E-09 

RGMB 2.151065 1.29E-06 

RP6-99M1.3 2.146074 0.000393 

RP6-99M1.3 2.146074 0.000393 

RP11-290L1.3 2.136816 1.18E-06 

SMIM3 2.108873 2.85E-07 

PROCR 2.101845 5.26E-05 

TRIP13 2.098842 0.009173 

TENM4 2.080486 0.001213 

TMEM171 2.073132 0.001393 

THBD 2.047192 0.000911 

F2RL1 2.04253 0.003397 

DUSP5 2.030296 0.007281 

YPEL3 -2.00057 0.000364 

LINC00312 -2.00243 0.007794 

MED12L -2.01735 0.00306 

C10orf54 -2.02873 6.78E-07 

PODN -2.02991 0.005876 

RNF144B -2.03665 0.000141 

SFRP4 -2.0385 2.54E-07 

DEPTOR -2.04359 6.74E-08 

PIM1 -2.05253 0.002888 

FSTL3 -2.05767 0.00306 

PTPRQ -2.0693 0.005303 

ANKRD37 -2.08718 0.000359 
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KB-1471A8.1 -2.09143 3.70E-05 

KMO -2.1007 6.76E-05 

IRS2 -2.10796 0.002974 

PTK2B -2.12575 3.83E-06 

TP53I11 -2.15142 0.002605 

OPN3 -2.15422 1.45E-05 

RTKN2 -2.15824 3.83E-06 

CCDC81 -2.1592 0.00584 

TUFT1 -2.17131 1.14E-07 

SLC25A27 -2.18116 3.83E-06 

RP11-

760H22.2 -2.21251 0.000168 

RP11-49C9.2 -2.21492 0.009737 

RP11-49C9.2 -2.21492 0.009747 

ATP8B4 -2.24108 0.000911 

CTD-2653D5.1 -2.2434 0.002888 

DACT1 -2.35448 5.43E-07 

RP11-65J3.1 -2.35785 0.001798 

PIEZO2 -2.36788 0.002145 

RP11-761I4.4 -2.3718 6.45E-07 

CCDC148 -2.40807 0.000472 

PSG5 -2.42432 0.000926 

SYNPO2 -2.42923 1.17E-07 

LMOD1 -2.4429 1.33E-06 

RP11-307B6.3 -2.44665 0.000607 

IL1α6 -2.45047 3.70E-05 

BMF -2.45569 0.003227 

C3 -2.45946 0.009489 

RP11-434I12.2 -2.46982 0.000159 

RP11-761I4.3 -2.54714 0.000434 

PLCE1-AS1 -2.58035 0.00306 

CTD-

2319I12.1 -2.59148 0.001599 

SORBS2 -2.59651 2.49E-06 

C1QTNF7 -2.60506 0.002315 

CTD-

2319I12.2 -2.61767 0.002074 

ISYNA1 -2.63111 0.001027 

LYPD6 -2.6484 0.006184 

PPARGC1A -2.66488 0.000437 

ANXA3 -2.69956 0.000437 

OMG -2.71787 8.69E-07 

CCDC173 -2.72948 0.000852 

RDH10 -2.73391 9.93E-13 

FAM25G -2.75632 0.000435 

RP11-

276H19.1 -2.77642 9.56E-05 

FAM25HP -2.79808 0.000434 

AL591684.2 -2.81659 0.000437 

KCND3 -2.8516 0.001706 

MAMDC2-AS1 -2.8765 0.003231 

INMT -2.9017 3.80E-07 

MFAP4 -2.91522 4.23E-09 

MEX3B -2.91674 1.93E-06 

ELN -2.93255 0.00014 

ELN -2.94451 0.000128 

ID4 -2.94806 6.07E-08 

IGFN1 -2.97206 0.000533 

KCNE3 -2.98619 0.001282 

DCHS2 -2.9925 0.00019 

ADAMTS5 -2.99673 0.000489 

RP1-140K8.5 -2.99985 0.009148 

JAM2 -3.04739 0.000839 

LINC00842 -3.04833 5.86E-07 

SEMA3B -3.21513 1.80E-11 

IGSF10 -3.2252 4.91E-09 

SEMA3B -3.23637 3.53E-11 

CNN1 -3.31828 3.80E-07 

GSG1 -3.37148 1.00E-05 

SEBOX -3.37331 1.14E-07 

BMP6 -3.40106 0.001586 

DIRAS2 -3.43607 0.006357 

ZNF704 -3.49988 3.59E-06 

SLC40A1 -3.50708 5.37E-07 

VTN -3.52226 9.47E-08 

SBSPON -3.52405 4.94E-05 

KRT18 -3.72224 0.001995 

TDRD6 -3.74038 2.21E-06 

ART4 -3.78616 0.000879 

AC107016.1 -3.83041 0.00486 

ITIH5 -3.93066 0.000235 

LDLRAD4 -3.94179 1.03E-05 

RERG -3.98906 0.003936 

TMEM130 -4.06314 0.000278 

TNNC1 -4.12136 0.000311 

THSD7B -4.21077 0.000594 

TMEM130 -4.28104 0.000149 

MAMDC2 -4.38212 2.41E-05 

NOX4 -4.41943 0.000346 

SEL1L2 -4.42415 0.004348 

MAMDC2 -4.43438 9.84E-05 

LINC01018 -4.50019 3.89E-05 

FGF9 -4.54141 1.57E-10 

IGF1 -4.64892 9.84E-05 

LINC01013 -4.86455 4.32E-06 

HSD17B6 -4.87256 9.03E-12 

KRT7 -5.01852 2.41E-05 

AC018647.3 -5.23644 3.80E-07 

AC244230.2 -5.29998 4.40E-05 
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RARRES2 -5.62307 1.32E-08 

NPY4R -5.72924 2.41E-05 

NPY4R -5.84563 2.41E-05 

ITLN2 -6.06369 2.41E-05 

TGM1 -6.2788 9.58E-08 

TMC3 -6.5779 1.18E-11 

LEP -7.18742 3.24E-06 

AC244230.1 -11.2264 8.47E-07 
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Appendix Table 3:    Differential RNA expression in IL1α and PDGF stimulated HSVSMC  
compared to 0.2 % control from RNA-seq. Results for RNA-seq were filtered on a log fold  
change (FC) greater than 2 or less than -2 (4 fold change up or down regulated) and a false  
discover rate (FDR) less than 0.1.  

 

 
gene logFC FDR 

KYNU 12.28895 2.92E-12 

IL36RN 12.23314 3.97E-12 

RP11-1E6.1 11.90896 1.48E-12 

MMP-10 10.39235 2.57E-09 

CXCL5 9.766849 1.04E-24 

MMP-3 9.546768 3.01E-12 

MMP-3 9.521337 2.92E-12 

CSF2 9.488442 9.12E-20 

CXCL6 9.1874 2.00E-25 

CSF3 9.070587 3.95E-19 

CXCL1 8.652238 5.14E-23 

IL8 8.583378 4.07E-18 

CXCL3 8.389216 1.15E-32 

IL1αB 8.017521 1.46E-07 

MMP-12 7.994867 2.59E-06 

NEFM 7.882253 4.55E-14 

LINC00473 7.731944 0.000158 

CCL20 7.718259 2.28E-10 

MIR146A 7.638436 4.56E-19 

IL36B 7.430524 1.62E-07 

MMP-12 7.299507 1.26E-05 

EHF 7.299202 4.06E-15 

OASL 7.263964 8.45E-10 

RP11-

753N8.1 7.245167 4.12E-08 

STC1 7.135825 7.94E-16 

RSAD2 7.021871 1.51E-06 

DNER 6.990562 3.42E-06 

MYB 6.538619 0.000149 

BCL2A1 6.513526 1.07E-13 

TFPI2 6.508859 2.91E-05 

STYK1 6.48947 4.70E-08 

CTC-

378H22.1 6.430849 2.94E-08 

HAS2 6.330048 1.65E-23 

ESM1 6.282971 3.88E-10 

MMP-1 6.279031 2.95E-07 

CCL7 6.247353 2.32E-07 

CCL8 6.200573 2.98E-06 

LIPM 6.183449 0.000213 

PTPRN 6.158363 3.15E-05 

GBP5 6.119091 4.68E-06 

CXCL2 6.043869 1.51E-24 

CDCP1 6.040634 1.17E-37 

TNIP3 5.97484 7.96E-05 

MYPN 5.862899 4.12E-07 

BEX1 5.801582 8.79E-08 

IDO1 5.7898 0.000998 

WTAPP1 5.760893 3.85E-06 

IL7R 5.655992 1.74E-18 

POU2F2 5.595679 9.23E-13 

RP11-

94A24.1 5.433629 4.91E-11 

GNGT1 5.405652 0.00153 

WWC1 5.39562 2.78E-13 

TNFSF14 5.381022 7.86E-06 

LIF 5.338383 1.97E-15 

DCLK3 5.323989 6.79E-05 

TMEM132B 5.31291 1.02E-09 

RP1-102K2.8 5.196617 4.19E-13 

RASD1 5.191783 0.000908 

DEPDC1 5.181667 3.87E-07 

CYP7B1 5.179997 0.000337 

CH25H 5.17799 3.49E-06 

MT1L 5.171371 1.10E-05 

HIST1H3G 5.121625 1.30E-06 

OAS1 4.982337 2.26E-06 

FAM64A 4.981983 7.82E-06 

RP11-2L8.1 4.974023 4.75E-06 

AURKB 4.973843 0.000178 

SERPINB2 4.967247 1.52E-11 

IL1α1 4.956034 4.12E-08 

SPC25 4.93342 0.001616 

CMPK2 4.87835 0.000142 

RP11-91K9.1 4.87606 1.10E-09 

MT2A 4.875838 1.39E-17 

DLGAP5 4.850384 1.85E-06 

IL6 4.802506 9.12E-20 

ELF3 4.793214 1.49E-06 

FCRLA 4.792894 1.37E-12 

TNFAIP3 4.771571 1.25E-26 

ANXA10 4.76061 0.000574 

LPAR4 4.751724 6.14E-08 

CKAP2L 4.721695 6.06E-08 

MX1 4.696151 1.56E-12 

AP001610.5 4.652843 5.45E-07 

MKI67 4.588233 2.56E-07 
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RRM2 4.579905 6.06E-08 

RPLP0P2 4.538508 2.90E-07 

BIRC3 4.53783 1.95E-11 

MCM10 4.524614 2.84E-05 

NCAPH 4.478981 0.000229 

AC073072.5 4.474189 9.39E-16 

OAS3 4.473117 7.14E-08 

DIRC1 4.462216 0.000213 

NEK2 4.440063 5.42E-05 

KCNA3 4.418027 0.009645 

HMMR 4.417401 1.15E-06 

LINC00944 4.391701 0.009068 

NEFL 4.386784 0.003892 

AC087645.1 4.361379 4.83E-05 

RP11-80G7.1 4.327099 6.27E-05 

CDC20 4.294444 0.000219 

CLSPN 4.26494 8.79E-11 

RP11-

839G9.1 4.26133 8.69E-06 

SHCBP1 4.258569 5.48E-07 

IFI44L 4.258462 8.79E-11 

PTGS2 4.20858 3.58E-09 

RP11-

435D7.3 4.192785 3.54E-07 

APOBEC3B 4.18857 2.59E-05 

VCAM1 4.171716 5.09E-05 

OAS2 4.160101 1.79E-13 

AMPD3 4.123688 1.59E-18 

CTSS 4.11916 1.02E-08 

BDKRB2 4.116075 1.28E-10 

HIST1H3B 4.108629 5.91E-07 

HAS2-AS1 4.102591 7.00E-09 

CLDN1 4.046464 8.02E-06 

IQGAP3 4.036269 4.56E-06 

AC002480.4 4.027379 1.75E-10 

RAB27B 3.995636 2.28E-06 

NUF2 3.978259 1.99E-05 

COL7A1 3.958516 4.20E-06 

PBK 3.944656 1.95E-05 

GTSE1 3.916144 0.006 

FAM111B 3.908716 0.000208 

LINC00973 3.892489 0.000645 

C3 3.881236 4.45E-07 

LUCAT1 3.880284 6.38E-06 

FAM167A 3.852722 0.000574 

RPSAP52 3.822872 1.58E-07 

KIF20A 3.774113 6.36E-05 

DOCK2 3.759115 3.48E-05 

RP11- 3.758624 1.22E-05 

245M24.1 

TMEM158 3.738659 1.75E-11 

RP11-

138H11.1 3.71581 2.92E-06 

TP63 3.68642 0.001014 

HIST1H2AJ 3.674909 4.36E-05 

BIRC5 3.65389 6.98E-05 

UBE2C 3.646006 0.005416 

CEP55 3.625427 1.51E-06 

CCL2 3.624678 7.00E-15 

TMEM171 3.616843 1.10E-09 

HBEGF 3.602917 4.27E-11 

SPOCD1 3.600794 1.84E-10 

TK1 3.576814 0.001003 

RSPO3 3.549379 7.52E-07 

KIFC1 3.545633 2.60E-05 

DTNA 3.532815 1.34E-09 

MYEOV 3.528161 3.79E-06 

BUB1B 3.51511 1.22E-05 

TOP2A 3.50817 2.74E-07 

CDC45 3.506273 0.000863 

RFX8 3.49612 0.000224 

TTK 3.49367 8.54E-06 

BUB1 3.484147 8.17E-05 

BST2 3.482757 4.01E-06 

CTD-

2207P18.2 3.470085 0.000255 

ABI3BP 3.465786 8.21E-13 

C1QTNF1 3.463352 1.08E-14 

MFSD2A 3.450061 2.30E-07 

GALNT6 3.417821 6.82E-06 

HIST1H1B 3.393747 3.81E-05 

CDCA2 3.386725 1.37E-06 

DTL 3.385887 3.79E-06 

EPSTI1 3.380132 0.00021 

KIF14 3.371483 2.98E-06 

DUSP6 3.370322 1.76E-12 

PTPN22 3.35632 0.001394 

KIFC1 3.348933 3.78E-05 

RELB 3.347919 1.11E-09 

HIST1H2AL 3.344276 0.000365 

RN7SL124P 3.334361 0.001002 

IL1αΑ 3.322352 0.000902 

HIST1H3C 3.317171 0.001003 

TNFAIP6 3.307652 6.59E-09 

CCL13 3.305739 0.005605 

LRRC15 3.304712 0.000935 

HIST1H2BO 3.303672 0.002455 

CASC5 3.303301 5.21E-06 
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RP11-

301G23.1 3.29114 8.33E-07 

KIF4A 3.278625 5.72E-06 

CDCA8 3.263876 0.006701 

CENPF 3.258644 6.82E-06 

RP11-54A9.1 3.245242 0.000176 

GFPT2 3.243668 1.75E-10 

KIF2C 3.241338 1.70E-05 

CTD-

2587H24.5 3.238092 7.18E-06 

LPXN 3.22154 1.27E-15 

THEMIS2 3.213298 8.85E-06 

NUSAP1 3.209291 6.85E-06 

KIFC1 3.199745 5.51E-05 

HERC6 3.168679 8.67E-11 

HSD11B1 3.16774 8.09E-06 

MX2 3.147432 9.46E-06 

PPP4R4 3.122044 1.01E-07 

IFI44 3.115004 1.21E-07 

ZCCHC5 3.096831 0.003286 

RP11-58K22.5 3.073146 3.92E-05 

TNC 3.069427 3.87E-07 

CD82 3.059382 1.40E-10 

NAMPT 3.057084 3.23E-14 

ADAMTS14 3.056456 0.002035 

CSMD2 3.054085 0.000306 

PREX1 3.050593 0.000127 

HIST1H1A 3.046848 0.00051 

RP11-462L8.1 3.042898 9.46E-06 

COL13A1 3.034088 1.39E-13 

EXO1 3.033091 0.00037 

PRG2 3.02909 1.10E-09 

ANLN 3.01954 2.62E-05 

SGOL1 3.003616 0.001208 

AC005549.3 2.99369 2.50E-07 

HIST1H3F 2.990084 0.00446 

PSD4 2.97448 0.000101 

TSLP 2.963132 4.77E-06 

NAMPTL 2.93376 2.13E-13 

NDP 2.930736 0.00279 

CDK1 2.926625 0.000515 

IL21R 2.925406 0.000144 

RP11-356I2.4 2.923506 7.80E-08 

IL33 2.919852 0.001887 

TNFRSF1B 2.911811 3.84E-08 

CDKN3 2.896706 0.000278 

C14orf182 2.886716 6.27E-05 

GRAMD1B 2.874466 0.005482 

RN7SL257P 2.852398 0.008118 

SERPINE1 2.851107 1.75E-11 

SYT7 2.848517 0.001433 

Metazoa_SRP 2.8484 0.004028 

Metazoa_SRP 2.8481 0.008227 

HJURP 2.839147 0.000186 

Metazoa_SRP 2.836993 0.008503 

Metazoa_SRP 2.834891 0.008557 

RN7SL471P 2.831505 0.008126 

SOD2 2.829604 3.80E-10 

GCH1 2.826202 2.34E-05 

FCRLB 2.817923 6.49E-05 

IFI6 2.817742 3.61E-09 

ANPEP 2.813159 4.35E-07 

PLAUR 2.795184 2.20E-11 

TMEM132A 2.795036 1.71E-08 

PLK4 2.772998 0.000189 

SLC28A3 2.769092 0.001724 

IL32 2.76732 7.42E-05 

IL21R-AS1 2.765281 0.002535 

ISG15 2.745797 1.97E-11 

ZC3H12A 2.740219 2.62E-11 

PTTG1 2.734159 1.21E-06 

DSCR8 2.731427 0.000457 

RGMB-AS1 2.726967 6.00E-06 

APCDD1L 2.718106 2.52E-05 

DAW1 2.706497 0.004784 

ZSWIM5 2.705189 0.001066 

RP11-

150O12.1 2.701134 0.000117 

RCAN1 2.694967 1.50E-05 

PDPN 2.690741 0.002583 

SMOX 2.686477 0.000842 

RP11-

588H23.3 2.661917 0.000393 

CDC25C 2.660107 0.001432 

HMGA2 2.648506 1.44E-08 

E2F1 2.646832 0.002961 

PDE4B 2.646317 0.003477 

GPR68 2.643242 0.000636 

HIST2H3C 2.64121 0.000207 

LRIG1 2.640339 1.37E-12 

HIST2H3A 2.638955 0.000207 

PTGES 2.628947 0.007182 

STEAP1 2.602946 6.62E-08 

MT1E 2.601622 2.43E-08 

RP11-

879F14.2 2.598974 0.000873 

HIST2H3A 2.596925 0.000273 

HIST2H3C 2.596925 0.00028 
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SEMA7A 2.587842 0.000255 

PRC1 2.578958 0.000108 

LOXL3 2.567595 6.82E-05 

BLM 2.561953 0.00194 

CA12 2.559608 2.20E-10 

RGMB 2.558947 1.48E-09 

SMIM3 2.555295 4.84E-11 

RAC2 2.549835 7.96E-05 

POLQ 2.535345 0.001078 

SLC22A4 2.528099 9.96E-07 

FOXM1 2.520536 0.000882 

RP11-

230G5.2 2.519161 7.67E-05 

MIR155HG 2.518736 0.0032 

NR4A3 2.499725 0.00093 

DGAT2 2.497284 0.005092 

LOXL4 2.488832 2.04E-05 

MAN1A1 2.485316 6.94E-05 

CCNB2 2.485259 0.002344 

PLOD2 2.473141 2.95E-05 

SLC39A14 2.460535 5.76E-12 

PID1 2.453571 4.01E-06 

TMEM100 2.445689 0.005589 

PFKFB4 2.444505 6.58E-07 

SLC19A3 2.438751 0.005617 

FOSL1 2.434388 2.50E-07 

SKA3 2.433849 0.001124 

PTPRB 2.426096 4.55E-06 

SLC4A8 2.42312 0.001708 

DIO2 2.410131 0.00014 

RP11-

221N13.3 2.408208 2.28E-06 

KIF15 2.404572 0.001029 

PDCD1LG2 2.402511 1.62E-09 

TRIP13 2.400912 0.000911 

UHRF1 2.380698 2.40E-05 

LRP8 2.380265 2.16E-10 

PDLIM4 2.370393 6.06E-08 

CCL26 2.367088 1.78E-05 

CCL26 2.365391 1.74E-05 

LMNB1 2.364554 0.000333 

MILR1 2.358869 3.36E-06 

NCEH1 2.357554 1.57E-05 

RP11-

335I12.2 2.356874 0.000157 

IRAK2 2.349034 7.56E-07 

HIST1H2AI 2.34187 0.005266 

SRPX2 2.33856 1.01E-07 

STEAP2 2.335587 1.53E-05 

NT5E 2.334921 1.99E-12 

RP11-

331K21.1 2.334176 0.000768 

CIT 2.332019 0.001483 

C1orf147 2.328056 0.000564 

C1orf147 2.325885 0.000585 

CENPE 2.317095 0.000171 

CDCA5 2.311508 0.007761 

SPAG4 2.302234 0.001884 

AKR1B1 2.302201 3.25E-05 

MILR1 2.296912 9.45E-10 

ASPHD1 2.286395 0.000709 

SCN1B 2.272659 0.001948 

RP11-

34A14.3 2.270935 1.23E-05 

SLC16A3 2.269914 2.63E-06 

BRIP1 2.239453 0.000882 

PRDM1 2.217748 0.006125 

ULBP2 2.21628 0.000234 

MOXD1 2.208759 1.33E-05 

IRAK3 2.204946 3.65E-09 

RP6-99M1.3 2.19782 8.75E-05 

RP6-99M1.3 2.19782 8.75E-05 

DNAH5 2.197559 0.003239 

NCAPG 2.182993 0.000141 

RRAD 2.173786 0.003829 

IKBKE 2.165885 6.06E-08 

IKBKE 2.154385 1.03E-07 

LRRC8B 2.14859 0.003867 

ABLIM3 2.141098 2.30E-07 

ADAMTS4 2.136056 7.50E-05 

GNG11 2.128976 0.004667 

CENPI 2.11807 0.000101 

ST3GAL1 2.117651 1.37E-12 

C10orf90 2.099553 0.001127 

RP11-90K6.1 2.090608 1.84E-05 

RP11-290L1.3 2.086965 6.21E-07 

MIR29A 2.0862 2.06E-05 

HIST1H2BI 2.084754 0.003833 

ELTD1 2.082647 1.38E-09 

WTAP 2.077644 1.83E-07 

PHLDA1 2.055187 2.88E-09 

SH3RF2 2.054664 0.001106 

AURKA 2.052884 0.001113 

RP13-

143G15.4 2.049842 0.008882 

CCNB1 2.040095 0.002121 

LIPG 2.039576 0.007615 

NFKBIE 2.037169 0.000512 
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B3GNT5 2.032629 0.004727 

3-Mar 2.030572 1.97E-06 

MT1X 2.030467 0.000867 

DCBLD2 2.027948 8.79E-08 

IER3 2.024614 6.36E-05 

RP6-99M1.2 2.023133 1.10E-09 

RP6-99M1.2 2.0218 1.28E-09 

SLC2A6 2.018264 0.000123 

USP18 2.016524 0.000267 

ULBP3 2.008981 0.006494 

VEGFC 2.007687 4.76E-08 

SMTN 2.007441 5.39E-07 

OSBPL10 -2.00141 0.000629 

LIMS2 -2.00467 1.88E-05 

IQCH-AS1 -2.01295 0.000752 

DOCK11 -2.03185 1.20E-08 

KCND2 -2.04012 9.46E-06 

SHROOM3 -2.05463 0.000697 

RP11-

736K20.5 -2.0573 0.001398 

RP11-175K6.1 -2.06385 0.000716 

PIM1 -2.08231 0.001127 

5-Sep -2.08298 0.00216 

CCDC148 -2.08346 0.001494 

SYPL2 -2.08422 0.007031 

BAMBI -2.08998 0.000499 

KCTD16 -2.09041 0.002464 

FBLN5 -2.09524 7.98E-07 

KMO -2.09736 2.23E-05 

ABCA8 -2.10181 2.10E-06 

NOV -2.11317 0.000753 

TNXB -2.12229 0.008956 

LINC01021 -2.12499 0.00037 

MYH10 -2.12573 2.40E-06 

RP11-

215G15.5 -2.12574 0.00341 

OPN3 -2.13158 5.36E-06 

ANGPT2 -2.14122 0.003999 

CCDC173 -2.14477 0.006207 

MYOM1 -2.14751 0.000766 

CPA4 -2.15018 0.000623 

RP11-

263K19.4 -2.15601 1.09E-05 

TUFT1 -2.16106 3.90E-08 

ZNF860 -2.1698 0.005234 

ADAMTS15 -2.17505 0.003779 

CSRP2 -2.17722 2.07E-08 

PCSK5 -2.185 5.81E-06 

SERPINA4 -2.18709 3.62E-05 

PDE5A -2.19968 7.30E-09 

CRISPLD1 -2.23816 0.000441 

THBS3 -2.25575 1.20E-08 

A2M-AS1 -2.28059 0.005861 

SMC5-AS1 -2.28315 0.00028 

RIMS1 -2.2851 0.001443 

COL14A1 -2.29286 6.97E-09 

SEBOX -2.31094 0.000138 

RP11-761I4.4 -2.3193 3.74E-07 

GCNT4 -2.32127 0.000646 

ANKRD37 -2.32246 1.38E-05 

FAT3 -2.32836 7.45E-05 

F2R -2.32881 3.38E-05 

C12orf60 -2.33598 0.000524 

PLXDC2 -2.33787 3.25E-07 

NYNRIN -2.34806 0.001643 

ANXA3 -2.34897 0.00107 

SESN3 -2.35539 1.34E-05 

RP11-761I4.3 -2.36164 0.000535 

VTN -2.3635 0.000168 

TGFB3 -2.36668 1.97E-07 

CNN1 -2.3669 0.000176 

BMP4 -2.36806 0.000988 

RAPGEF4 -2.37234 0.001615 

hsa-mir-335 -2.38975 1.35E-09 

hsa-mir-335 -2.39057 1.34E-09 

ARHGAP20 -2.39423 2.77E-06 

PTPRQ -2.39457 0.000383 

TNFRSF21 -2.39581 0.009437 

FBLN1 -2.40307 1.66E-08 

ZNF483 -2.40809 3.92E-05 

TNXB -2.42306 8.07E-06 

NLGN1 -2.42486 0.00406 

PPL -2.43457 0.003762 

MRVI1 -2.44552 3.92E-05 

MEST -2.44959 2.22E-09 

MEST -2.44991 2.22E-09 

TNXB -2.45232 5.01E-05 

PSG5 -2.45675 0.000339 

PDE1A -2.45692 4.70E-08 

TSPAN12 -2.46394 0.006 

RP11-

709B3.2 -2.46838 1.97E-06 

TP53I11 -2.46891 0.00013 

FNIP2 -2.47143 1.23E-11 

MKX -2.47367 0.003171 

SETBP1 -2.48113 1.55E-06 

LBH -2.48793 1.40E-05 

SIPA1L2 -2.51009 9.74E-05 
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IL1α6 -2.51942 6.66E-06 

KCNE3 -2.51995 0.004054 

TNXA -2.53855 3.41E-06 

VIT -2.55615 0.004892 

PRR15 -2.57634 0.009136 

TNXB -2.59475 1.06E-07 

DAAM2 -2.62465 2.42E-06 

HES1 -2.62784 8.37E-05 

MMP-11 -2.65052 0.000296 

SORBS2 -2.66072 2.86E-07 

TNXA -2.66275 1.30E-06 

PLEKHG3 -2.67437 9.46E-06 

KCND3 -2.69061 0.001603 

GDPD5 -2.69177 1.17E-05 

ROR1 -2.7016 8.24E-12 

CYP21A2 -2.70719 0.000941 

HTR2B -2.71971 2.41E-05 

CYS1 -2.72642 0.00013 

HAPLN3 -2.7276 0.000812 

FXYD1 -2.73109 0.000358 

FOXO1 -2.74476 1.44E-10 

ECM2 -2.74604 2.81E-07 

CYP21A2 -2.75181 0.002413 

RCAN2 -2.77531 3.72E-05 

CYP21A2 -2.78031 0.001053 

GSG1 -2.78736 0.000108 

ITGA8 -2.8004 4.03E-06 

AGT -2.81236 0.008587 

KIAA1324L -2.81323 0.000228 

CYP21A2 -2.81903 0.000768 

RTKN2 -2.82671 9.26E-11 

FHL1 -2.83321 9.54E-13 

TNXA -2.84003 2.27E-07 

CYP21A2 -2.84999 9.80E-07 

SYBU -2.86404 1.52E-05 

SULF2 -2.86441 8.20E-14 

RP11-

334A14.5 -2.86868 0.003797 

TPD52L1 -2.8894 7.12E-11 

CNKSR2 -2.902 9.93E-08 

CD36 -2.92523 1.56E-08 

PODN -2.92788 1.32E-05 

TNXA -2.93289 6.06E-08 

RP1-140K8.5 -2.93632 0.005685 

MGP -2.95507 0.000135 

MED12L -2.95657 1.91E-06 

CTB-

174D11.1 -2.95739 0.000192 

PRELP -2.96578 2.08E-05 

COL8A2 -2.98031 1.72E-07 

KRT8 -2.98362 0.001074 

RP11-

434I12.2 -2.98773 1.80E-06 

JAM2 -2.99039 0.000461 

KCNS2 -2.9919 4.51E-06 

NXPH3 -3.02352 0.000939 

APOD -3.07414 9.96E-05 

ISYNA1 -3.11642 2.09E-05 

LSP1 -3.12365 0.001566 

COMP -3.14059 0.003421 

PKIB -3.14069 0.003239 

FAM13C -3.15705 1.00E-05 

ACADL -3.17419 0.005416 

CTD-2536I1.1 -3.19774 8.28E-05 

PALM -3.20144 0.002781 

TDRD6 -3.20579 2.32E-05 

MBP -3.25446 1.32E-14 

TMEFF2 -3.26764 0.002236 

CALCRL -3.28918 1.83E-07 

RDH10 -3.319 2.05E-18 

PTPRO -3.32337 6.03E-07 

RP11-

195E11.3 -3.3489 0.000374 

SEMA3B -3.34917 6.36E-13 

KCNK15 -3.35191 0.000157 

PLCE1-AS1 -3.36593 2.98E-05 

COPG2IT1 -3.36659 2.19E-07 

SEMA3B -3.37111 1.37E-12 

IQGAP2 -3.41365 0.001313 

CYP21A2 -3.42894 2.22E-08 

OLFM2 -3.43686 0.0049 

OMG -3.49109 5.39E-11 

IL1α7RD -3.49501 3.46E-13 

IL1αRAPL1 -3.50573 2.85E-07 

TGM1 -3.50957 0.000303 

OMD -3.51633 0.00941 

KDR -3.52145 0.000139 

LEP -3.54118 0.008202 

FGF9 -3.55584 1.15E-07 

CTD-

2653D5.1 -3.56617 4.35E-07 

AC098617.1 -3.57082 4.84E-07 

NOX4 -3.57908 0.002175 

GPR126 -3.57913 1.88E-05 

RIMS3 -3.59215 0.001526 

KRT7 -3.59571 0.00093 

RP11-

138I17.1 -3.59736 0.000278 

RP11- -3.59947 2.55E-05 
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785F11.1 

CCDC3 -3.60566 0.001124 

LINC01018 -3.63431 0.000405 

SBSPON -3.65031 8.37E-06 

MEX3B -3.66282 6.66E-10 

MAMDC2-

AS1 -3.67935 3.45E-05 

ID4 -3.68606 1.34E-12 

SDPR -3.69507 1.06E-10 

OSR2 -3.7031 4.53E-06 

RARRES2 -3.72148 4.79E-05 

ITLN1 -3.77696 0.004088 

OGN -3.79451 2.92E-10 

C1QTNF7 -3.82698 1.94E-06 

SLC38A4 -3.83211 0.001053 

KB-1471A8.1 -3.93322 2.00E-15 

THSD7B -3.95069 0.00059 

DEPTOR -3.96896 3.46E-26 

MFAP4 -3.97013 5.83E-16 

IGSF10 -3.98489 2.30E-13 

INMT -4.01648 2.66E-13 

TMEM130 -4.12633 0.000113 

CTD-

2325A15.5 -4.14319 0.001614 

RASSF2 -4.22001 1.35E-10 

TMEM130 -4.2216 0.000103 

AC005013.1 -4.29424 4.35E-07 

NEBL -4.29708 1.10E-05 

TNNC1 -4.33472 6.48E-05 

HSD17B6 -4.38376 5.74E-11 

BMF -4.43263 4.39E-08 

RP11-

760H22.2 -4.47658 1.27E-14 

SEPP1 -4.58622 4.80E-05 

A2M -4.69522 1.76E-05 

NTRK2 -4.69576 3.59E-05 

C7 -4.8284 5.43E-08 

KRT18 -4.89729 1.26E-05 

PKP2 -4.9128 0.002236 

LDLRAD4 -4.95202 2.54E-08 

SYTL5 -4.97352 4.31E-05 

SLC40A1 -4.99137 6.36E-13 

ASPN -5.07332 1.07E-07 

ITIH5 -5.09779 1.16E-06 

AC107016.1 -5.18083 4.42E-05 

LINC01013 -5.29024 2.69E-07 

MAMDC2 -5.37302 7.98E-07 

MAMDC2 -5.50364 4.18E-08 

DIRAS2 -5.70164 3.24E-06 

PTPRZ1 -5.88562 0.000123 

ZNF704 -5.88613 1.39E-13 

AC244230.1 -5.92197 0.000122 

ITLN2 -6.28314 6.62E-06 

TMC3 -6.33294 5.64E-12 

ADH1B -7.70804 9.35E-10 

H19 -7.74992 0.000189 

AC018647.3 -10.36 1.66E-16 
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