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ABSTRACT 

NKX2-5 is a transcription factor required for the formation of the heart and vessels 

during development. Postnatal expression is significantly downregulated, and then 

re-activated in diseased conditions characterised by vascular remodelling. However, 

the mechanisms regulating NKX2-5 activation in diseased vessels remain unknown. 

The aim of this thesis is to identify these mechanisms and provide information on 

how the gene contributes to cardiovascular pathologies, such as scleroderma-

associated pulmonary hypertension.  

A case-control genetic association study was performed in two independent cohorts 

of scleroderma patients. Associated SNPs located in the NKX2-5 genomic region 

were cloned into reporter vectors, and transcriptional activity was assessed by 

reporter-gene assays. Associated SNPs were further evaluated through protein-

DNA binding assays, chromatin immunoprecipitation and RNA silencing. Signalling 

mechanisms activating NKX2-5 expression were investigated in vascular endothelial 

and smooth muscle cells using a panel of selective inhibitors. 

Meta-analysis across the two independent cohorts revealed that rs3131917 was 

associated with scleroderma. Rs3132139, downstream of NKX2-5, was significantly 

associated with pulmonary hypertension in both cohorts. The region containing 

rs3132139 and rs3131917 was shown to be a novel functional enhancer, which 

increased NKX2-5 transcriptional activity through the binding of GATA6, c-JUN, and 

MEF-2c. An activator TEAD/YAP1 complex was shown to bind at rs3095870, 

another functional SNP upstream of NKX2-5 transcription start site, which showed 

marginal association with scleroderma. Signalling mechanisms, involving TGF-ɓ, 

ERK5, AKT and hypoxia, stimulated NKX2-5 expression during phenotypic 

modulation of vascular endothelial and smooth muscle cells. 

Overall, the data showed that NKX2-5 is genetically associated with scleroderma 

and pulmonary hypertension. Functional evidence revealed a regulatory 

mechanism, activated by TGF-ɓ, which results in NKX2-5 transcription in human 

vascular smooth muscle cells through the interaction of an upstream promoter and a 

novel downstream enhancer. These regulatory mechanisms can act as a model for 

NKX2-5 activation in cardiovascular disease characterised by vascular remodelling. 
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siRNA silencing RNA 
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SLE systemic lupus erythematosus 

SM-22 smooth muscle protein 22 or Transgelin 

SM-MHC smooth muscle myosin heavy chain 

SMC smooth muscle cells 

SNP single nucleotide polymorphism 

SRF serum response factor 

SSc scleroderma 

Tag SNP tagging SNP 

TAK-1 TGF-ɓ-activated kinase 1 

TEAD transcriptional enhancer activator domain  

TGF-ɓ transforming growth factor beta  

TIMP tissue inhibitor of matrix metalloproteinase 

TNF-Ŭ tumour necrosis factor alpha 

VSMC vascular smooth muscle cells 
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YAP Yes-associated protein 

Ŭ-SMA alpha smooth muscle actin 
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 - INTRODUCTION CHAPTER 1

This thesis focuses on the regulation of the NKX2-5 gene at the genetic, 

transcriptional and post-transcriptional levels in human adult blood vessels. In 

particular, expression and regulation of the NKX2-5 gene has been studied in the 

context of pulmonary pathologies characterised by vascular remodelling, such as 

pulmonary hypertension and scleroderma.  

In this chapter, I will briefly describe the cardiovascular system, the pulmonary 

vasculature and the pulmonary vascular smooth muscle cells. I will then introduce 

cardiovascular diseases and the mechanisms that are involved in the disease 

pathogenesis, including vascular smooth muscle cell de-differentiation, vascular 

remodelling and endothelial-to-mesenchymal transition. Next, I will provide a brief 

background on pulmonary hypertension and scleroderma, the focus of the 

experimental work found in this thesis. Subsequently, I will discuss the genetics of 

cardiovascular diseases particularly, the genetics of pulmonary hypertension and 

scleroderma. Finally, I will close this chapter with a detailed account of NKX2-5, and 

will describe the evidence which leads me to believe that it has a major role in the 

remodelling of diseased blood vessels. 

1.1 Cardiovascular system 

The cardiovascular system is the engine of life, and its ultimate purpose is to allow 

the vital exchange of gases, fluids, electrolytes, and other large molecules between 

the cells and the outside environment. The heart and the vasculature are the main 

components of the cardiovascular system and ensure that adequate blood flow is 

delivered to organs and tissues to facilitate gas exchange. 

1.1.1 The heart and the blood vessels 

The cardiovascular system consists of two major organs: the heart and the blood 

vessels including arteries, arterioles, capillaries, venules and veins (1). The venules 

and the veins are part of the pulmonary circulation that sends deoxygenated blood 

to the lungs to receive oxygen and unload carbon dioxide. The rest of the vessels 

are all part of the systemic circulation that sends oxygenated blood and nutrients to 

the body while removing wastes. The heart can be considered as a pump that 

receives blood from the peripheral veins at low pressure, contracts and provides the 

organs and tissues with blood flow at high pressure.  
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The performance of the heart is usually expressed in terms of the cardiac output (1). 

Any factor that alters the heart rate or volume of the injected blood will alter the 

cardiac output. The heart rate is determined by groups of cells within the heart that 

act as electrical pacemakers, and their activity is increased or decreased by 

autonomic nerves and hormones. In recent years, it has been established that the 

heart also retains a role as a secretory organ, synthesising and releasing several 

hormones (2), such as  the atrial natriuretic peptide (ANP), which is critical for the 

regulation of blood volume and pressure (3).  

Blood vessels contract and dilate to regulate arterial blood pressure, alter blood flow 

within organs, regulate capillary blood pressure, and distribute blood volume within 

the body. Changes in vascular diameters are carried though the vascular smooth 

muscle cells (VSMCs) within the vascular wall upon cell activation by autonomic 

nerves, metabolic and biochemical signals from the outside of the blood vessel, and 

vasoactive substances released by cells lining the vessels. Other functions include 

vascular homeostasis and modulation of the vascular tone.  

A third component of the cardiovascular system is the lymphatic circulation. The 

lymphatic system does not contain blood and is not involved in the vital gas 

exchange function, but contributes to the collection of excess fluids and their 

transport back into the venous circulation.  

1.1.2 The blood vessel wall 

The arterial wall is composed of three layers known as the tunics: the interna, the 

media, and the externa (Figure 1.1). The anatomy and physiology of the blood 

vessel wall is described in detail in (4). 

The tunica interna or intima (Figure 1.1) lines the lumen of the blood vessel and is 

exposed to the blood. It consists of endothelial cells that form a selective permeable 

barrier for materials entering or leaving the blood flow. Endothelial cells secrete 

chemokines to stimulate dilation or constriction of the vessel, and repel blood cells 

and platelets from attaching to the wall (5). When the endothelium is damaged, the 

endothelial cells produce cell-adhesion molecules that induce leukocytes and 

platelets to adhere to the surface of the wall and initiate a defensive action (6). 

The middle layer, tunica media (Figure 1.1) consists of VSMCs, collagen fibres, 

elastins and other components of the extracellular matrix (ECM). VSMCs in the 

tunica media provide structural support, strength and elasticity, and control blood 

pressure and blood flow through highly regulated contractile mechanisms. The 
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tunica media retains the important role of contraction of the vessel and influences its 

structure and function to accommodate changes in the environment during 

pathological processes. The ratio of smooth muscle, collagen, and elastin, each of 

which has different elastic properties, determines the overall mechanical properties 

of the vessel (1). For example, the aorta has a large amount of elastin, which 

enables it to passively expand and contract as blood is pumped into it from the 

heart. This mechanism enables the aorta to dampen the arterial pulse pressure. In 

contrast, smaller arteries and arterioles have a relatively large amount of smooth 

muscle cells, which is required for these vessels to contract and thereby regulate 

arterial blood pressure and organ blood flow. 

 

Figure 1.1  The blood vessel wall. The blood vessel wall consists of three layers, also 
known as tunicas: the intima, the media, and the externa or adventitia. The tunica intima 
consists of a thin layer of endothelial cells that form a selective permeable barrier. The 
endothelial cells face the lumen and communicate with material travelling through the blood 
flow. The tunica media mainly consists of VSMC and provides structural support, strength 
and elasticity, as well as control of blood pressure and blood flow. The adventitia consists of 
fibroblasts, loose connective tissue and perivascular nerves. It functions as a dynamic 
compartment for cell trafficking, and participates in growth and repair of blood vessels. 

 

The external layer, tunica externa or adventitia (Figure 1.1) consists of fibroblasts, 

loose connective tissue and perivascular nerves. The adventitia functions as a 

dynamic compartment for cell trafficking, it participates in growth and repair of blood 

vessels and mediates the communication with VSMCs and endothelial cells (7). 
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Also, it anchors the vessel and provides passage for small nerves, lymphatic 

vessels, and smaller blood vessels that supply the tissues of the larger vessels. 

Moreover, it contains resident populations of macrophages, T-cells, B-cells, mast 

cells, and dendritic cells that carry out important surveillance and innate immune 

functions in response to foreign antigens (8-10). The exact role of the adventitia in 

the formation of tissue lesions and in tissue repair is still under scrutiny.  

1.1.3 Vascular endothelial cells 

The vascular endothelium is a single layer of cells that line all blood vessels. 

Depending on the type of vessel and tissue location, endothelial cells are joined 

together by different types of intercellular junctions. Some of these junctions are 

very tight, whereas others have gaps between the cells that enable and facilitate 

blood cells to move in and out of the capillary. Endothelial cells have several 

important functions with the most important being the regulation of vascular tone. In 

addition, endothelial cells serve as a barrier for the exchange of fluid, electrolytes, 

macromolecules, and cells between the intravascular and extravascular space (11). 

Further, they are able to regulate smooth muscle function and modulate platelet 

aggregation.  

The vascular endothelium exerts its functions through the production and secretion 

of several vasoactive factors [reviewed in (5, 12)]. The importance of normal 

endothelial function has been established through studies that associated 

endothelial damage and dysfunction with cardiovascular disease (CVD) including 

atherosclerosis, pulmonary arterial hypertension (PAH) and organ fibrosis (13-17). 

Damage of the endothelium at the capillary level increases capillary permeability 

which leads to increased capillary fluid filtration and tissue oedema. 

1.1.4 Vascular smooth muscle cells (VSMC)  

The tunica media consists of VSMCs. Depending on the size of the vessel, there 

may be several layers of VSMCs, some arranged circumferentially and others 

arranged helically along the longitudinal axis of the vessel. Contractile proteins such 

as actin and myosin are present and involved in the cell structure and cytoskeleton. 

However, VSMCs exhibit a different structural arrangement compared to cells found 

in the cardiac or skeletal muscle (1). In detail, bands of actin filaments are joined 

together and anchored by dense bodies within the cell or dense bands on the inner 

surface of the sarcolemma. Each myosin filament is surrounded by several actin 

filaments. Similar to cardiac myocytes, VSMC are electrically connected by gap 
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junctions. These low-resistance intercellular connections allow propagated 

responses along the length of the blood vessels. 

VSMCs carry out the vital process of contraction that is responsible for the structural 

strength and sustainability of blood vessels. The contraction of VSMC in a relaxation 

state is usually slow and sustained, and determines the diameter and the resting 

tone of the vessel (1). Contraction is affected by various activating and inhibitory 

stimuli, such as sympathetic adrenergic nerves, circulating hormones, substances 

released by the endothelium, and vasoactive substances released by the tissue 

surrounding the blood vessel.  

In addition, contraction can be initiated by electrical, chemical, and mechanical 

stimuli [reviewed in (18, 19)]. Electrical depolarisation occurs through changes in ion 

concentrations or by the receptor-coupled opening of ion channels. In particular, it 

elicits contraction primarily by opening voltage-dependent calcium channels, 

causing an increase in the intracellular concentration of calcium. Mechanical stimuli 

that can cause contraction (stretch) usually originate from the smooth muscle itself, 

and this is known as the myogenic response (20), which also results from activation 

of ion channels leading to calcium influx. Several signal transduction mechanisms 

modulate intracellular calcium concentration and therefore the state of vascular tone 

[reviewed in (18)]. These mechanisms involve: a) the inositol triphosphate (IP3) 

pathway through the activation of phospholipase C, b) the cAMP mechanism 

through the activation of adenylyl cyclase, and c) the NO-cGMP system. Chemical 

stimuli include norepinephrine, epinephrine, angiotensin II, vasopressin, and 

endothelin that can all bind to specific receptors on the surface of VSMCs.  

1.1.4.1 VSMC contractile phenotype  

Cellular differentiation is the process by which multi-potent cells in a developing 

organism acquire specific functions and properties that distinguish them from other 

cell types. The mature VSMC is a highly differentiated contractile cell that is 

responsible for the vital processes of contraction and relaxation of the blood vessel, 

the maintenance of structural strength and sustainability of homeostasis. The 

contractile VSMCs directly regulate lumen calibre, and thus, arterial and venous 

tone and vascular resistance. These, in turn, control the distribution of blood flow 

throughout the body. Mechanistically, VSMCs contain many thin actin filaments and 

relatively few thick myosin filaments, which are arranged along the long axis of the 

cells (21, 22). Taking advantage of this arrangement, VSMC produce prolonged 

forces with low energy consumption to maintain vascular tone and blood flow. 
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Contractile cells that grow on collagen do not proliferate (23), and are able to retain 

a high proportion of myofilaments (24). However, their morphology and shape 

change, and they acquire ñstress fibresò that provide the ability to contract (25). 

Stress fibres are composed of bundles of approximately 10-30 actin filaments, 

which are held together by the actin-crosslinking protein Ŭ-actinin (26). Non-muscle 

myosin and tropomyosin are also structural components of the fibres (26). 

Under homeostatic unstimulated conditions, adult medial VSMC are predominantly 

quiescent, proliferate at an extremely low rate (27), and produce very low amounts 

of ECM (28, 29). However, the expression of a repertoire of contractile proteins, 

agonist receptors, ion channels, and signal-transducing molecules is required to 

perform contraction. Gene and protein expression is meticulously regulated, and 

although well studied, some parts still remain unclear. The panel of contractile 

proteins includes alpha smooth muscle actin (Ŭ-SMA), smooth muscle myosin 

heavy and light chains (SM-MHC and SM-MLC, respectively), calponin, SM22, 

vinculin, tropomyosin, and other intermediate filaments and integrins. A thorough 

review of the differentiation of VSMC and the contractile proteins was written by G. 

Owens (30). A few of the most abundant and important proteins for VSMC 

contractility are discussed below.  

Ŭ-SMA is the most abundant protein found in VSMCs, comprising almost 40% of 

total cell protein. It is the earliest known marker of differentiated VSMCs expressed 

during development of the vasculature and is essential for the VSMC function. The 

protein is expressed in all mesodermal-derived cells in development, tissue repair 

and neoplastic growth. It is also expressed in early stages of differentiation of both 

cardiac and skeletal muscle, as well as in fibroblasts in wound healing and in 

tumours (31). The gene is differentially regulated at the transcriptional level in a 

tissue-specific manner (31).  

SM-MHC is an essential component of the contractile system and is expressed in 

muscle and non-muscle cells. Multiple isoforms of MHC have been found and their 

expression is differentially regulated in tissue-specific and developmental stage-

specific ways. Mature VSMCs express at least three smooth muscle and two non-

muscle isoforms. SM-MHC is a highly specific marker of the SMC lineage. Similarly 

to MHC, two isoforms of SM-MLC are expressed in VSMCs, and are also 

differentially regulated.  

In contrast to Ŭ-SMA and myosin, expression of calponin is exclusively restricted to 

VSMCs, whereas expression of SM22 is found in both VSMC and in myofibroblasts. 
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Both calponin and SM22 regulate contraction, but the exact mechanism remains 

unclear [reviewed in (32)]. The expression of VSMC protein markers appears to be 

relatively uniform between VSMCs in mature blood vessels. However, during 

development, contractile protein expression appears to be heterogeneous between 

different VSMCs, indicating that the developmental timing of expression is not 

synchronous and depends on the embryonic origin (32). In addition, contractile 

protein expression may increase in response to increased needs of tissues for 

contractility and other functions, explaining the number of different isoforms that 

have evolved for each protein.  For instance, Ŭ-SMA and SM-MHC/MLC must be 

present in almost all cells, since they are required for cytokinesis and cell motility 

apart from contractility. However, the high mechanical forces produced by VSMCs 

require much higher expression levels of the contractile proteins compared to non-

muscle cells (32).  

1.1.4.2 VSMC plasticity 

Unlike cardiac and skeletal muscle that undergo terminal and irreversible 

differentiation, VSMCs retain remarkable plasticity, and can undergo profound and 

reversible changes in phenotype in response to changes in the local environment 

(32). Plasticity provides the cell with the ability to reverse the differentiated 

phenotype to a less differentiated stage that is known as the synthetic phenotype. 

This procedure is called de-differentiation. Plasticity is considered necessary for the 

SMC differentiation and maturation program, and it is believed that it evolved in 

higher organisms because it conferred a survival advantage (33).  

Phenotype switching can occur under physiological conditions. Striking examples of 

plasticity are seen in vascular development, when VSMCs are directly involved in 

the morphogenesis of blood vessels and exhibit high rates of proliferation, 

migration, and production of ECM consisting of collagens, elastins and 

proteoglycans (30). Similarly, in vascular injury VSMCs acquire a synthetic 

phenotype required for the physiological process of repair (30). However, a high 

degree of plasticity may predispose the cell to abnormal environmental signals that 

can lead to adverse phenotypic switching contributing to development of vascular 

disease. Indeed, VSMC de-differentiation is profound in vascular remodelling in 

major diseases.  

It is important to note that the phenotypes of VSMCs are not mutually exclusive. 

Consequently, plasticity has confounded efforts to understand the cellular and 

molecular mechanisms that control VSMC differentiation. The extent of phenotypic 
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modulation and its reversibility appears to be dependent on many factors, and this 

has undoubtedly contributed to many of the controversies that exist in the literature 

regarding VSMC differentiation. 

The VSMC synthetic phenotype will be further discussed in detail in section 1.2.3.2. 

1.1.4.3 Embryonic origin of VSMC 

Numerous studies focused on VSMC lineage have revealed that extensive 

heterogeneity exists among VSMC isolated not only from different arteries, but also 

from different compartments of the same vessel (34, 35). Heterogeneity is found in 

cell morphology, organisation at confluence, growth control, functional properties 

such as production of peptide growth factors, sensitivity to heparin-mediated growth 

inhibition, ability to proliferate in serum-free medium, as well as gene and protein 

expression patterns. These findings suggest that VSMCs from different sources can 

exhibit a wide range of diverse phenotypes, possibly due to the different embryonic 

origins of VSMCs (32).  

A thorough review by Majesky et al (36) showed that VSMC in the cardiovascular 

system arise from eight different origins. However, the majority of them derive from 

the neural crest, the secondary heart field (SHF), the somites and various stem 

cells. In detail, neural crest-derived VSMCs populate a small segment of the aorta 

and other great arteries in close proximity to the heart. A second, clearly distinct 

type of VSMCs is found in the walls of coronary arteries and is derived from the 

proepicardial mesothelium, as are all the progenitors of the coronary vessels (37). 

The SHF also contributes cells to the cardiovascular system. Specifically, cells of 

the SHF migrate to the outflow tract, and then enter the aortic sac and differentiate 

into VSMCs that form the base of the aorta and pulmonary trunk.  

Studies focusing on lineage tracing have showed that other cell types such as 

progenitor cells also contribute to the development of the cardiovascular system. 

Progenitor cells are able to differentiate to VSMCs within the vessels, and this 

procedure is not limited to embryogenesis, but also occurs in the quiescent adult 

arterial wall (38).  

The differentiation of embryonic origin-specific VSMCs from human pluripotent stem 

cells has been well-established and published by Cheung et al (39). Different 

combinations of growth factors and small molecules were added to the culture 

medium to induce three intermediate tissue lineages (neuroectoderm, lateral plate 

mesoderm, and paraxial mesoderm) that give rise to the majority of SMCs in the 

body (39). Based on this study, it was recently shown that the embryological origin 



28 
 

of human VSMCs affects their ability to support endothelial growth formation (40). 

Specifically, it is demonstrated that lateral mesoderm-derived VSMC provide 

superior support to endothelial network formation compared to VSMC originating 

from the paraxial mesoderm and neuroectoderm (40).  

1.1.4.4 NKX2-5 in embryogenesis 

Nkx2-5 is one of the earliest markers of the cardiac lineage and its role in embryonic 

development has been studied extensively [reviewed in (41, 42)]. It is expressed in 

the primary heart field (PHF) as well as the SHF, the pharyngeal mesoderm and the 

pharyngeal endodermal cells underlying the SHF (43). Prall et al showed that Nkx2-

5 regulates SHF cell proliferation and outflow tract morphology, and demonstrated 

that Nkx2-5 also orchestrates the transition between periods of heart induction, SHF 

progenitor cell proliferation, and outflow tract morphogenesis via a Smad1-

dependent negative feedback loop (44). Nkx2-5 alone or in co-operation with other 

factors such as Isl1 is also involved in the regulation and specification of cardiac 

progenitors towards the different myocardial lineages, and ensures proper 

acquisition of myocyte subtype identity (45). 

Currently, the specific requirements of Nkx2-5 expression in the different embryonic 

tissues with regards to heart development are incompletely understood. However, it 

has been shown that Nkx2-5 expression is essential in the mesoderm, while 

endodermal expression is dispensable for early heart formation in mammals (46). In 

addition, Nkx2-5 expression is found in the precardiac mesoderm and the 

pharyngeal endoderm at 7.8 dpc (days post-coitum) in the mouse embryo (43).  

Targeted disruption of Nkx2-5 in mouse embryos causes arrest in heart 

development after the initial stage of looping and embryos die by 9.0-11.0 dpc (41) 

due to growth retardation and abnormalities of the heart, including a failure of 

ventricular chamber development (47). Commitment to the cardiac lineage is not 

altered, however, expression of essential heart-specific genes is affected, such as 

eHAND, which is down-regulated in Nkx2-5 deficient mice and is essential for the 

differentiation of embryonic ventricular myocardium (48). 

The role of Nkx2-5 has also been studied at later stages of heart development using 

Nkx2-5 conditional null mice. The animals exhibited chamber dilatation and 

progressive heart failure (49). After birth, Nkx2-5 continues to be expressed in the 

post-natal heart, and its expression is significantly increased in hypertrophied hearts 

(43). In addition, mutations in the human NKX2-5 gene lead to congenital heart 

disease (50). 
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1.1.5 Pulmonary vascular bed 

The term ñvascular bedò is used to describe a local vascular system of an organ or a 

part of the general cardiovascular circulation. Well-studied vascular beds include the 

pulmonary, cerebral, and renal beds. In addition, different vessels such as the 

coronary artery, the carotid, and the femoral artery can be also considered as 

different vascular beds. Although the arterial tree and the circulatory system look 

continuous, there is substantial heterogeneity among the different vascular beds 

resulting from significant anatomical and developmental differences, genetic factors 

and the local environment. This heterogeneity and phenotypic variability can explain 

the differential local responses to systemic risk factors and the propensity of certain 

vascular beds to develop CVD, such as atherosclerosis and hypertension.  Indeed, 

clinical studies have demonstrated that abnormalities in both protein and cellular 

haemostatic regulatory elements are associated with specific risks in different 

vascular beds (51). In addition, Vanderlaan et al showed that differential gene 

expression occurs in different vascular beds in response to the local flow patterns 

(52).  

The pulmonary vascular bed is the main focus of this thesis. It is a highly 

specialised vascular system entirely responsible for the delivery of oxygen to organs 

and tissues and the high volume of gas exchange (1). The pulmonary circulation 

receives the entire cardiac output during each cardiac cycle, and maintains a low 

blood pressure and low vessel resistance throughout the lung. These properties are 

critical to allow a delicate gas exchange and optimise the efficiency of the right 

ventricle. There are additional challenges that pulmonary circulation faces 

occasionally, and those include: the maintenance of low pressure in response to a 

dramatic increase in cardiac output, and the conversion of the pulsatile blood flow 

from the right heart into steady-state flow in the capillary bed (1). In order to perform 

these vital and orchestrated procedures, the pulmonary vasculature has developed 

complex structural properties and functions. 

It was assumed that VSMCs residing in the pulmonary vasculature and specifically 

in the pulmonary arteries, are uniform in phenotype throughout the pulmonary 

circulation. It has now become apparent that these cells are phenotypically and 

functionally heterogeneous at a single anatomical site and along the pulmonary 

vascular bed. The heterogeneity is believed to rise from differences in origin, 

environmental factors,  and spatiotemporal variability (53). At least four different and 

distinct populations of pulmonary artery smooth muscle cells (PASMC) were 

isolated from the media of the bovine main pulmonary artery (54). The sub-
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populations were distinct in regards to morphology, expression profile, differentiation 

state, proliferation potential, and responses to growth factors and hypoxia (55). It 

has been suggested that these sub-populations would also exhibit different 

functions in health and disease. Heterogeneity has also been observed in human 

PASMCs isolated from different anatomical locations in the lung (56). 

1.1.5.1 Pulmonary vessels 

The main blood vessels of the pulmonary circulation are the right and the left 

pulmonary arteries, the arterioles, the capillaries, and the pulmonary veins 

[reviewed in (57)]. In embryonic development, pulmonary arteries derive from the 

truncus arteriosus. In the developed heart, the pulmonary artery (or also known as 

the trunk) originates from the right ventricle, and it expands into two branches: the 

left and right pulmonary arteries that deliver deoxygenated blood to the lung. 

Pulmonary veins are large blood vessels that receive oxygenated blood from the 

pulmonary capillaries of the lungs and return it back to the left atrium.  

Pulmonary vessels exhibit a different structure and histology compared to the rest of 

the vascular beds, which is required to maintain the low pressures of the pulmonary 

blood circulation and low stiffness of the pulmonary vessels. The pulmonary arterial 

wall is generally thinner compared to the diameter of the vessel, with large amounts 

of elastin and smaller amounts of smooth muscle tissue. The pulmonary veins and 

the capillaries have very thin walls, and the capillaries are lined with endothelial 

cells. In contrast, the histology of the bronchial arteries is the same as that of other 

systemic arteries. 

1.1.5.2 Vascular work load and disease 

Scientists study the vascular load imposed on the right side of the heart by the 

pulmonary circulation as a cause of heart failure. There are several factors that 

contribute to the vascular load with the vast majority of it resulting from two events: 

the pulmonary vascular resistance (PVR) imposed by the arterioles and capillaries 

of the lung, and the pulmonary vascular stiffness (PVS) or the elasticity of the 

arteries that determines their capacitance. PVR is defined as the ratio of the drop in 

mean pulmonary arterial pressure (mPAP) to cardiac output. Elevated PVR leads to 

increased mPAP due to distal vasoconstriction, vascular remodelling, and 

thrombosis (58), and it is considered a defining cause of pulmonary hypertension 

(PH) (59). The contribution of vascular stiffening to the pulmonary vascular function 

has not been well studied (60). New imaging techniques such as cardiac MRI aim to 

correct this.  

https://www.kenhub.com/en/library/anatomy/heart
http://www.kenhub.com/en/library/anatomy/the-ventricles-of-the-heart
https://www.kenhub.com/en/library/anatomy/the-lung
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1.1.5.3 Control of the pulmonary vascular tone 

There are various mechanisms that control pulmonary vascular tone that can be 

either ñpassiveò or ñactiveò. The passive mechanisms involve the recruitment and 

expansion of blood vessels (arterioles and capillaries) (61). Under normal 

conditions, not all of the pulmonary vessels are active. However, as pressure 

increases above the normal levels, the previously inactive vessels are now recruited 

to conduct blood. This response is immediate and leads to decreased PVR and 

normalisation of pulmonary circulation (61).  

The active mechanisms involve two regulatory cell types, VSMCs and endothelial 

cells, and vasoactive stimuli that directly affect the vessel contraction and relaxation. 

The vasoactive stimuli can exert vasoconstrictor or vasodilator effects.   

1.1.5.4 VSMC in the regulation of pulmonary vascular tone 

The mechanisms that VSMCs regulate contraction and the pulmonary vascular tone 

in normal conditions were discussed in 1.1.4 and are reviewed in (18, 62). However, 

upon injury or in disease, the vasoactive stimuli travel through ion channels or 

membrane receptors on the endothelial barrier and reach VSMCs. Consequently, 

changes in calcium concentration in the intracellular and extracellular space are 

dynamic and highly regulated in a spatio-temporal manner (63). A large chemical 

gradient is required in order for calcium to enter the cytoplasm of VSMCs. Calcium 

is then removed from cells by two basic mechanisms: an ATP-dependent calcium 

pump and a non-ATP sodium-calcium exchanger (1). Other vasoactive substances 

can influence vascular tone by increasing the production of the second messengers, 

cAMP and cGMP, which can cause an increase in intracellular calcium. These 

second messengers are short-lived because they are degraded by 

phosphodiesterase (PDE) (64). Inhibition of PDE in VSMCs is a powerful tool to 

reduce vascular resistance, by prolonging the half-life of cAMP and cGMP.  

1.1.5.5 Endothelial cells in the regulation of pulmonary vascular tone 

Endothelial cells can produce various vasodilators [e.g. nitric oxide (NO), 

prostacyclin, endothelium-derived hyperpolarising factor (EDHF)], and 

vasoconstrictors [e.g. endothelin (ET)] in response to physiological or pathological 

stimuli. A few of the major vasoactive substances are discussed below.  

Nitric oxide. NO is a vasodilator produced and released by the endothelium, and 

acts through cGMP to regulate potassium channels [reviewed in (65)]. NO is 

synthesized from L-arginine by NO synthase (NOS), which exists in 3 isoforms: 
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inducible NOS (iNOS) expressed mainly by macrophages, neuronal NOS (nNOS) 

expressed by neurons, and endothelial (eNOS). Synthesis of eNOS depends on 

calcium and although it is widely expressed in the endothelium, its action is strictly 

localised in the vascular bed where is produced. Thus, eNOS synthase is restricted 

to the pulmonary endothelium. 

Prostaglandins. Prostaglandins are released from lung tissue and they participate in 

the regulation of pulmonary vascular resistance as vasodilators (66). 

Physiologically, prostacyclin, a member of prostaglandin family, is a local not 

circulating hormone, and its release causes relaxation of the underlying VSMCs and 

prevents platelet aggregation within the bloodstream (67). Prostacyclin exerts its 

effects through activation of cAMP-dependent pathways.  

EDHF. Expression of potential EDHFs varies in species and in vascular beds, but all 

members act in a similar way by increasing potassium conductance resulting in the 

subsequent propagation or depolarisation and relaxation  of VSMCs (68). 

Experimental studies suggest that the contribution of EDHF increases as the vessel 

size decreases, with predominant EDHF activity in the resistance vessels and a 

compensatory upregulation of EDHF when NO is not available (69).  Although the 

role of EDHF has been studied and reported in many studies, the identity of these 

factors is not clear. Members of arachidonic acid derivatives, hydrogen peroxide, 

potassium channels, and the C-type natriuretic peptide have been proposed as 

EDHFs (70-72).    

Endothelin. ET is a potent vasoconstrictor peptide that plays an important role in the 

regulation of pulmonary vascular tone. Three isopeptides have been identified: ET-

1, -2, and -3, and all are synthesised by endothelin-converting enzyme (ECE). ET-1 

is the predominant isoform in the cardiovascular system, and is produced by ECE-1. 

ET-1 is synthesised by a variety of different cell types, including endothelial cells, 

vascular and airway SMCs, leukocytes, macrophages, cardiomyocytes and 

mesangial cells. ET-1 is abundantly expressed in the pulmonary vasculature and 

exerts its major vascular effects through activation of two distinct G-protein coupled 

receptors, ETA and ETB (73). ETA receptors are located on VSMCs where they 

cause vasoconstriction, while ETB receptors are found on both endothelial cells and 

VSMCs (74). The activation of ETB receptors on endothelial cells causes 

vasodilation in contrast to the receptors on VSMCs that induce vasoconstriction. 

Overall, the effect of ET-1 depends mainly on its abundance and activity of the 

receptors on the responding cell, and usually there is a balance between production 

and clearance.  
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1.2 Cardiovascular disease (CVD) 

1.2.1 Overview 

CVD is a broad spectrum of conditions that involve complications of the 

cardiovascular system. Based on data published by the World Health Organisation 

(WHO) in 2012 and revised on September 2016, CVD is one of the leading causes 

of death representing 31% of all deaths worldwide (WHO, 2012) (75). In the UK 

specifically, CVD accounts for 26-28% of premature deaths based on BHF 

published data of 2015 (76).  

Both genetic and environmental factors are implicated in CVD. Genetic composition 

is a significant risk factor, but the precise magnitude of the role of inheritance varies 

in different diseases and is not yet completely understood. For instance, in the 

general population, a history of premature atherosclerotic CVD in a parent confers 

~3.0-fold increase in CVD risk to the offspring (77). In recent years, scientists have 

developed genetic testing to determine the risk of CVD using information about 

specific DNA variations that have been associated with the disease (78).  

These tests also use information regarding environmental and lifestyle factors that 

have been proved to be risk factors for CVD. The most important lifestyle risk 

factors are the diet, smoking, alcohol, and inactivity. These risk factors directly affect 

the health output of individuals, and can be easily monitored through quantitative 

measurements of blood pressure, blood glucose and lipids, and obesity. These 

quantitative traits can indicate an increased risk of heart attack, stroke, heart failure 

and other complications. Indeed, smoking cessation, regular exercise and a 

healthier diet can decrease CVD risk. Such an example provides the study by Khan 

et al, where the effect of ApoE genotype in combination with various cardiovascular 

biomarkers was assessed on the risk of ischaemic stroke (79). 

In addition, the male gender, the age as well as the ethnic background of an 

individual are determining factors for CVD. In particular, CVD is more common in 

people from south and middle Asia, African or Caribbean origin due to the 

prevalence of other CVD-associated conditions such as diabetes and high blood 

pressure (80). Other environmental and socioeconomic factors that affect CVD risk 

are stress (81) and poverty (82). More than 75% of CVD deaths occur in low and 

middle income countries (WHO, 2012). In these countries, people at high risk often 

do not have the benefit of primary health care, early detection and treatment 

compared to people in high-income countries. Consequently, people at high risk are 
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detected late and die younger of CVD during their most productive years. In such 

circumstances, education and counselling are absolutely vital, as are the early 

detection, management and treatment of disease. 

Overall, the impact of CVD in health and socioeconomic status needs to be the 

motivation for the research community to tackle the disease by focusing on two 

goals: prevention and improved therapy.  

1.2.2 Cell types that contribute to CVD 

The vascular wall constitutes a major element in the pathogenesis of CVD. Major 

cell types implicated in CVD include endothelial cells, VSMC, and fibroblasts. Other 

cell types with distinct roles in CVD are the macrophages, other inflammatory cells 

such as lymphocytes, platelets, and vascular wall progenitor and multipotent stem 

cells such as pericytes and mesenchymal stem cells [reviewed in (83, 84)]. In this 

thesis, the primary focus is on the role of VSMCs in the development of CVD. The 

role of vascular endothelial cells is also examined at a lesser extent. 

Findings propose that dysfunctional VSMCs is the primary cause behind CVD, and 

new therapies target VSMCs to control and eliminate CVD (85). In disease, VSMC 

are vastly associated with vascular remodelling, a process of structural changes that 

underlies most vascular diseases. Vascular endothelial cell dysfunction is recently 

considered as the trigger for many forms of CVD. Endothelial dysfunction is closely 

related with endothelial-to-mesenchymal transition (EndoMT), a process that gains 

increasing attention, as one of the earliest processes implicated in many vascular 

diseases, and will be further discussed in section 1.2.4.  

1.2.3 Vascular remodelling underlying CVD 

The term ñremodellingò refers to the responses of vasculature to potentially noxious 

haemodynamic, metabolic, and inflammatory stimuli. Under physiological 

conditions, remodelling maintains functional, compensatory and adaptive 

characteristics of the vasculature.  Although remodelling can be regarded as a 

mechanism that naturally occurs with aging, early vascular remodelling is 

associated with cardiovascular morbidity and mortality. Processes involved in 

remodelling include fibrosis, hyperplasia of the arterial intima and media, changes in 

vascular collagen and elastin, endothelial dysfunction, and arterial calcification. 

Vascular remodelling is a common underlying mechanism found in many CVD 

including PH, atherosclerosis, and peripheral artery disease. 
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1.2.3.1 The mechanism of vascular remodelling 

Vascular remodelling is a dynamic process that describes structural and functional 

changes of the vascular wall that occur in response to disease, injury, or aging.  The 

process involves interactions among four different processes: cell growth, cell 

death, cell migration and changes in ECM (86). Vascular remodelling is set into 

motion by a variety of complex pathophysiological mechanisms that are closely 

related, and that influence both the cellular and non-cellular components of the 

vascular wall. Structural alterations include changes in the diameter of the lumen in 

resistance vessels, as well as changes in the dimension of the vessel wall itself 

(Figure 1.2). Clearly, these alterations directly affect vascular tone, blood pressure, 

and vessel compliance, the disruption of which leads to disease.  

 

Figure 1.2 Structural changes in vascular remodelling.  Vascular remodelling describes 
structural alterations in the healthy vessel wall (centre) that affect the diameter of the lumen, 
as well as the dimension of the vessel wall itself. Although endothelial cells and adventitial 
fibroblasts, as well as many types of circulating cells are implicated in vascular remodelling, 
phenotypically de-differentiated VSMC are the key players. Different forms of vascular 
remodelling are shown in the figure mainly focused on hypertrophic remodelling. 
Remodelling in arteriosclerosis and in aortic aneurysms is mostly outward (left), described 
by medial expansion but with no change in the lumen of the vessel. In atherosclerosis (lower 
image), both inward and outward remodelling take place. During atherogenesis, the vessel 
adapts and is remodelled in a way that the lumen retains its diameter even after the 
formation of a plaque (expanding or outward remodelling). Constrictive remodelling is also 
seen in obstructive disease during plaque growth or shrinkage of the local vessel segment 
(87). Inward remodelling is often seen in hypertensive vessels, and in CAD. In early stages 
of PAH or in milder disease, inward vascular remodelling is caused by medial thickening 
leading to vasoconstriction and increased blood pressure in the lung. However, at later 
stages of disease, adventitial fibroblast hypertrophy and the development of plexiform 
lesions also occur. Plexiform lesions are caused due to non-structured hypertrophy of the 
endothelial cells causing almost absolute occlusion of the lumen. The development of 
plexiform lesions leads to disrupted blood flow and consequently tissue damage and 
necrosis in the lung.  
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The morphological changes due to disease pathogenesis can change over time. 

Scientists have studied the structural changes in the context of disease, and 

particularly in atherosclerosis and PH. Vascular remodelling can either be inward or 

outward (Figure 1.2) (86). Inward or constrictive remodelling causes a narrowing of 

the lumen that decreases the maximal blood flow rate, whereas outward growth 

describes the abluminal expansion preserving the lumen and maintaining the blood 

flow. Inward remodelling contributes to atherosclerosis, hypertensive vascular 

disease, restenosis after angioplasty, and coronary artery disease (CAD). Outward 

remodelling mainly contributes to the formation of aortic aneurysm; however, it can 

also compensate for the atherosclerotic plaque growth (Figure 1.2). The changes in 

the amount or the characteristics of the material within the vessel wall is another 

feature of remodelling, with hypertrophic remodelling exhibiting an increase in the 

amount of material, and hypotrophic remodelling exhibiting a reduction (86). 

1.2.3.2 VSMC phenotypic modulation  

During vascular remodelling, the contractile VSMC de-differentiate to a disease-

associated synthetic phenotype (Figure 1.3). The phenotypic modulation was 

originally based on morphological criteria, but alterations in functional and structural 

properties in response to environmental cues are profound. Subtle changes in gene 

and protein expression and signalling mechanisms have been extensively studied 

and well documented (32, 88). Synthetic VSMCs in vascular remodelling are 

characterised by loss of contractility, hypertrophy and hyperplasia, increased 

proliferation and migration, and excessive production and deposition of ECM within 

the vessel wall, as well as altered susceptibility to apoptosis (Figure 1.3) (89).  

Hypertrophy describes an increase in cell size and DNA content with or without 

DNA synthesis. The dominant hypertrophic mechanism seems to be cell 

enlargement as a consequence of increased intracellular protein and increased 

intracellular water content, without DNA synthesis (53). Increased intracellular 

protein amount occurs due to activated protein synthesis and inhibition of protein 

degradation (90). Hypertrophy can be reversible, but only if DNA synthesis is not 

activated. Hypertrophy can be induced by G protein-coupled receptors (GPCR) 

agonists, such as angiotensin II (ANGII), ET-1, thromboxane A2 (TXA2), and 

through many autocrine growth factor mechanisms (91). 

Proliferation is an ordered sequence of tightly regulated events during which 

synthetic cells duplicate and divide in response to growth factors. For most of the 
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cells in homeostasis, there is no need for proliferation (92). However, in vascular 

remodelling the need is significantly increased. 

 

 

Figure 1.3 VSMC Phenotypic Differentiation. VSMC are characterised by remarkable 
plasticity that allows the cell to acquire different phenotypes depending on the 
developmental stage, the environmental stimuli, and the needs and requirements of the cell. 
During development and in health, VSMC exhibit their contractile function and contribute to 
homeostasis of the normal blood vessels. However, in disease or following vascular injury, 
VSMC de-differentiate from a mature contractile cell to a less differentiated synthetic 
phenotype. During this phenotypic switch, the morphology, the expression profile and the 
functions of the cell change. The contractile cell displays a spindle-like elongated shape with 
an organised cytoskeleton, which is a non-migratory resident and quiescent cell with high 
expression of contractile proteins, such as Ŭ-SMA, SM-MHC, and calponin. Upon de-
differentiation, synthetic cells proliferate, migrate and produce ECM, which is deposited 
within the vessel wall causing medial thickening. Synthetic cells are bigger than the 
contractile cells with reduced cytoskeletal organisation. The phenotypic switch is also 
followed by an altered expression profile, with reduced expression of contractile proteins and 
increased expression of ECM components and MMPs.  Contractile cells stained for Ŭ-SMA 
expression (orange) and a synthetic cells stained for COL1A2 expression (green) are shown 
in the figure.   

 

Migration of VSMCs occurs in development, injury and vascular remodelling. In the 

normal vessel wall, VSMCs are non-migratory. But in vascular remodelling, different 

stimuli induce cell migration, and a panel of structural proteins that are required for 

cell migration is expressed. When a cell is stimulated to migrate, actin polymerises 

and creates a structure within the cell that is used as a guide for cell organisation to 

lead migration (93). The presence of heparin and tissue inhibitors of matrix 

metalloproteinases (MMP) in the ECM strongly inhibits cell migration. However, 
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many peptide growth factors, cytokines and components of ECM have been 

identified as pro-migratory molecules, including platelet-derived growth factor 

(PDGF), epidermal growth factor (EGF), FGF2, IL-6, collagens I and IV, and 

fibronectin (91). Other physical factors such as blood flow, shear stress and matrix 

stiffness can also influence cell migration. 

In vascular remodelling, VSMC are also characterised by increased resistance to 

apoptosis. A proper balance between cell proliferation and cell death is required for 

the normal development and function of tissues. In disease state though such as 

PH, this balance is disturbed through unregulated function of ion channels. For 

instance, inhibition of potassium channels blocks apoptosis in PH (94). 

Morphological changes are correlated with a switch in the cytoplasmic apparatus 

that includes a highly organised cytoskeleton with defined F-actin filaments, nuclear 

hypertrophy, and enlarged Golgi (95). Contractile and synthetic VSMCs express 

different marker proteins specific to each phenotypic state, as part of the 

mechanism that regulates the de-differentiation procedure (Figure 1.3). There is 

decreased expression of contractile-associated proteins including Ŭ-SMA, SM-MHC, 

calponin, and desmin. The search for synthetic-specific protein markers has been 

really challenging and disappointing, although expression of non-muscle isoforms 

and ECM components are increased (29, 96). A useful ñdefinitiveò marker of the 

synthetic state of VSMC expressed in vascular injury, atherosclerosis and during 

development is the non-muscle myosin heavy chain or SMemb (97).  

Sometimes though, the changes observed in protein levels do not correlate well with 

the morphological changes of the phenotype. Indeed, there is evidence suggesting 

that VSMCs balance between the contractile and synthetic states and the cells 

retain characteristics of both phenotypes, and whether one state predominates over 

the other is under strict and complex regulation. However, Owens et al has 

proposed that VSMCs are able to acquire a wide spectrum of possible phenotypes 

under different physiological and pathological circumstances that are difficult to 

define. In vascular development for example, VSMCs retain contractile properties 

but simultaneously participate in vessel growth and remodelling (30). 

Although VSMC phenotypic switching in vascular remodelling is best described in 

atherosclerosis and PH, additional examples of diseases associated with SMC 

function include asthma, gastrointestinal and reproductive disorders. However, it is 

important to remember that phenotypic modulation is applicable to all SMC or SMC-

like cells irrespective of their origins or location in the body, and depends on the 
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environmental cues that influence the behaviour of all SMC under different 

circumstances (30). 

Defective SMC differentiation is also found in many forms of cancer. Although it is 

well known that solid tumours require angiogenesis and development of circulatory 

supply, it is less well discussed that the newly developed blood vessels are 

immature or defective, greatly enlarged and leaky with limited support from VSMCs 

(98). In addition, in many cases the VSMCs present appear to be abnormal and to 

lack the ability to express the appropriate repertoire of specific markers (99). The 

overall mechanisms responsible for defective SMC-pericyte investment in tumours 

are very poorly understood, but it seems that the problem relates to abnormal 

recruitment and differentiation of VSMCs and precursor cells. 

Work in our lab has recently identified the NKX2-5 gene as an important modulator 

of vascular remodelling in mouse and human. Our findings are further discussed in 

detail in section 1.4.   

1.2.3.3 Regulation of VSMC phenotypic modulation 

Despite the volume of evidence that vascular remodelling is a key component in the 

pathogenesis of many diseases, information regarding the molecular and signalling 

mechanisms and the environmental cues that activate the phenotypic modulation 

remain elusive. A literature review reveals that complex interactions between growth 

factors, inflammatory cytokines, vasoactive substances and haemodynamic stimuli 

in the vessel wall control remodelling. 

In vitro studies have revealed a large number of factors controlling the VSMC 

phenotypic switch, including mechanical forces, contractile agonists, ECM 

components such as collagen I and IV, neuronal factors, ROS, endothelial-SMC 

interactions, thrombin, interleukins, and growth factors (PDGF, FGF, EGF, IGF, 

TGF-ɓ) [reviewed in (30, 100)]. In addition, gene knock-out studies in mice have 

implicated a number of factors and pathways mostly focused on components of 

TGF-ɓ signalling pathway (Figure 1.4). Most of the gene deletions were embryonic 

lethal, however, it is not clear whether the lethality was caused due to defective 

vascular maturation or inability of VSMCs to differentiate. Since the main focus of 

this study is the pulmonary vasculature and pathology, growth factors and 

mechanisms that have been implicated in abnormal VSMC proliferation and 

migration contributing to pulmonary vascular remodelling are discussed in more 

detail.  
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Platelet-derived growth factor (PDGF). Peptide growth factors, and in particular 

PDGF, elicit their signals through highly selective tyrosine kinase receptors and 

seem to play a prominent role in vascular remodelling. PDGF levels are elevated in 

PAH (101), and this factor has also been studied in atherosclerosis and restenosis. 

PDGF was initially identified as a highly specific and selective inhibitor of VSMC de-

differentiation, as treatment of rat aortic SMC with PDGF-BB was associated with 

rapid downregulation of contractile markers including Ŭ-SMA, and SM-MHC (102). 

PDGF is now regarded as the most potent mitogen for VSMCs. In fact, it was 

recently shown that genetic ablation of PDGF receptor ɓ (PDGFRɓ) in mice limited 

PDGF-dependent downstream effects including extracellular signal-regulated 

kinases 1/2 (ERK1/2) and Akt phosphorylation, cyclin D1 induction, proliferation, 

migration, and protection against apoptosis, ultimately blocking vascular remodelling 

and PAH (103). PDGFs bind their tyrosine kinase receptors to activate the 

downstream signalling pathway, which involves the PI3K and ERK1/2 kinases. 

Inhibition of PDGFR signalling may be achieved by tyrosine kinase inhibitors, such 

as Imatinib. Imatinib was developed to target the Bcr/Abl oncogene, c-kit, and the 

PDGFRŬ and ɓ, and it has been effective in the treatment of chronic myeloid 

leukaemia and PAH (104). 

Epidermal growth factor (EGF). The EGF receptor (EGFR) signalling pathway is one 

of the most important pathways that regulate growth, survival, proliferation, and 

differentiation in mammalian cells. Fifteen members of the endogenous EGF ligand 

family have been identified that bind the 4 ErbB family receptors (EGFR; ErbB1-4) 

and induce their homo- and hetero- dimerisation. EGF is a growth factor that 

mediates pulmonary vascular remodelling through PASMC proliferation, migration 

and resistance to apoptosis (105). Heparin-binding EGF, mainly expressed in the 

airway epithelium, is a potent mitogen and chemotactic factor for SMC, and it is 

significantly upregulated in asthmatic airways (106). 

Fibroblast growth factor 2 (FGF2). FGF2 is a member of a large family of heparin-

binding growth factors involved in proliferation and differentiation of various cells 

and tissues. It is produced by various cells types including fibroblasts, endothelial 

cells and macrophages. FGFs mediate their biological activity by binding to four cell 

surface receptor tyrosine kinases, designated FGF receptors (FGFR1-4). Ligand-

receptor interaction results in assembly of a complex that involves Frs2, a FGFR 

adaptor protein, Grb2 and Sos, and leads to the activation of Ras/mitogen-activated 

protein kinase (MAPK) signalling cascade. FGFs promote SMC conversion to the 

proliferative phenotype and stimulate growth and migration (107). FGF2 has also 
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been implicated in the initiation and progression of PH by promoting PASMC 

proliferation (108). 

Transforming growth factor-ɓ (TGF-ɓ) signalling pathway. The TGF-ɓ superfamily is 

a large group of cytokines that control many cellular processes with respect to 

vascular remodelling (Figure 1.4). The superfamily consists of three different TGF-ɓ 

isoforms and more than twenty BMPs (Figure 1.4). Downstream signalling requires 

the partnership of type I (TGF-ɓR2 and BMPR2) and type II receptors (ALK1-7), 

followed by the activation of SMAD dependent and independent cascades (Figure 

1.4). The role of the BMPR2 receptor has been extensively studied in vascular 

disease, and especially in PAH. Genetic mutations have been found in the BMPR2 

gene that cause loss-of-function and reduced TGF-ɓ downstream signalling, and 

are associated with familial and idiopathic cases of PAH. Dysregulated BMPR2 and 

TGF-ɓ signalling contribute to the pathogenesis of PAH (109). 

Under defined circumstances, TGF-ɓ signalling regulates SMC proliferation and 

apoptosis, cellular differentiation and activation, inflammation, and synthesis of 

ECM. The role of TGF-ɓ in disease is reviewed in (110). Although TGF-ɓ is a critical 

component of vascular remodelling, its exact roles remain vague with controversial 

published data. In contrast to PDGF and FGF, it has been proposed that TGF-ɓ 

promotes VSMC switch towards the contractile phenotype (111). Although the pro-

fibrotic role of TGF-ɓ has been well established, there is an active debate regarding 

the proliferative/migratory roles in vascular disease. A good example is 

atherosclerosis, where although some studies suggest a pro-atherosclerotic effect, 

other studies propose that TGF-ɓ inhibits atherosclerosis and atherosclerotic 

progression (110, 112-120).  

TGF-ɓ activates the expression of VSMC-specific transcription factors such as 

serum response factor (SRF) and myocardin through phosphorylation of Smad2/3 

(121), to further modulate transcription of contractile specific markers such as SM22 

(122). Overexpression of TGF-ɓ1 stimulates neo-intimal hyperplasia, fibrosis and 

remodelling (123). The TGF-ɓ pathway promotes VSMC differentiation, which is 

critical for the maintenance of the normal adult vasculature (124), the balance 

between inflammation and fibrous plaque growth in atherosclerosis (125), effective 

wound healing and reduced scarring (126). In vascular injury, TGF-ɓ upregulation 

increases intimal thickening and the effect is Smad-mediated with the Smad 

mediators being overexpressed at the sites of injury, and also associated with 

intimal thickening (127). It has also been shown that TGF-ɓ in co-operation with 

BMP2/4/7 inhibits PASMC proliferation and this effect is Smad1-dependent (128), 
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whereas its anti-mitogenic effect is ALK5-mediated through Smad3 and p38 kinase 

(129). In a similar pattern, the TGF-ɓ-Smad2/3 signalling cascade interferes with 

EndoMT in vivo and decreases both the neointimal formation and the relative 

contribution of endothelial lineage-derived cells to the neointima (130). However, 

work from a different group has established the profibrotic functions of TGF-ɓ in the 

microenvironment of a neointimal tissue with enhanced matrix synthesis coupled 

with diminished MMP-mediated matrix degradation (131). Genetic deletion of 

various components of TGF-ɓ signalling cascade has led to disease, such as 

aneurysm formation (124), atherosclerosis (132), restenosis and vascular injury 

(127), and PH (91).  

 

Figure 1.4 TGF-ɓ-mediated signalling pathways.  The TGF-ɓ superfamily consists of 3 
TGF-ɓ isoforms (TGF-ɓ1/2/3) and more than 20 BMPs. Downstream signaling requires the 
partnerships of transmembrane serine/threonine kinase receptors that are divided into two 
classes: type I (TGF-ɓR2 and BMPR2) and type II (ALK1-7). TGF-ɓ usually exerts its 
functions and regulates gene expression through hetero-tetrameric complexes of receptors 
type I and II. The complexes lead to activation of type I receptors that recruit and 
subsequently phosphorylate and activate Smad signalling molecules. ALK1/2/3/6 interact 
with Smad1/5/8, whereas ALK4/5/7 interact with Smad2/3. Upon phosphorylation and 
activation, Smad molecules interact with Smad4, and complexes migrate to the nucleus to 
regulate the transcription of downstream target genes. Apart from Smad-dependent or 
canonical TGF-ɓ pathways, TGF-ɓ induces SMC differentiation through Smad-independent 
pathways transmitting signalling through the MAPK cascade, involving the kinase PI3K, 
AKT, ERK, TAK1, JNK, and p38 (110, 124).   

 

FGFs have been reported to antagonise the TGF-ɓ-mediated induction of smooth 

muscle markers expression in pericytes and SMCs (133), by repressing TGF-ɓ 
















































































































































































































































































































































































































