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Pulmonary arterial hypertension (PAH) is a devastating disease characterised by progressive remodelling of the pulmonary vasculature. Genetic predisposition and/or environmental insult result in pulmonary artery endothelial cell (PAEC) apoptosis, smooth muscle cell (PASMC) proliferation, occlusive pulmonary vascular remodelling and increased pulmonary vascular resistance leading to right heart failure. Current treatments are limited to pharmacological vasodilatation via the prostacyclin, endothelin or nitric oxide pathways, however, proliferative remodelling persists and many patients require lung transplantation. New therapeutic approaches are needed to inhibit or reverse vascular remodelling.
Heterozygous mutations in the Bone Morphogenetic Protein Receptor 2 (BMPRII) gene are present in around 80% of heritable PAH and in an estimated 20% of patients with idiopathic PAH (Deng et al., 2000; Thomson et al., 2000) and modulation of BMP signalling in vitro and in vivo provides therapeutic benefit.
MicroRNA (miR) are short non-coding RNA that mediate post-transcriptional regulation through interactions of their seed region with complementary sequences in the 3’ untranscribed region (3’UTR) of target mRNA. Through simultaneous repression of multiple gene targets miR mediate higher-order regulation of cellular function. The investigation of miR dysregulated in human disease and the cellular mechanisms through which their effects are mediated may identify key regulators of disease pathology and novel therapeutic targets.
In this thesis whole blood miR expression is examined in patients at the time of diagnosis and prior to initiation of treatment for PAH. Down-regulation of miR-140-5p is identified in patients with pulmonary hypertension, and experimental models of PAH. Consistent with clinical findings and bioinformatic predictions miR-140-5p inhibitor increased proliferation and migration of PASMC in vitro. Delivery of miR-140-5p mimic prevented, and treated established, experimental PAH. Bioinformatic and in vitro investigation identified SMURF1, an E3 ubiquitin ligase that targets BMPRII and downstream signalling mediators for proteosomal degradation, as a direct miR-140-5p target, inhibition of which enhanced BMP signalling. Finally, whole blood mRNA and vascular expression of SMURF1 is increased in human PAH. These findings demonstrate the feasibility of targeting BMP signalling, via miR-140-5p and SMURF1, for the treatment of PAH.
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2.1 [bookmark: _Toc297817812][bookmark: _Toc297818219][bookmark: _Toc297818546][bookmark: _Toc313135314]Brief Introduction
Pulmonary Arterial Hypertension (PAH) is a devastating and debilitating disease resulting from pulmonary vascular remodelling and sustained vasoconstriction. Patients experience life limiting breathlessness and right heart failure. Untreated, life expectancy is 2.8 years (D'Alonzo et al., 1991) and mortality 15% per annum (Thenappan, Shah, Rich and Gomberg-Maitland, 2007). Although a rare disease affecting ~40 patients per million (Schraufnagel and Kell, 2010), the health economic burden of PAH is high and per patient costs range from £5,000 to £300,000 per year (Hoeper, 2004) providing symptomatic relief and a modest reduction in mortality (Macchia et al., 2007; Galie et al., 2008). Current clinical treatments are limited to pharmacological vasodilatation via the prostacyclin, endothelin or nitric oxide pathways (Galiè et al., 2013), however the proliferative remodelling that drives disease persists. New therapeutic approaches are needed to inhibit or reverse vascular remodelling.
The pathophysiological mechanisms underlying PAH are complex and incompletely understood (Morrell et al., 2009). The characteristic histopathological finding of PAH, the plexiform lesion, has been likened to neoplasia with prominent monoclonal expansion of pulmonary arterial smooth muscle cells (PASMC) and pulmonary artery endothelial cells (PAEC) (Machado, 2005). A range of potential factors including inflammation (Humbert et al., 1995), drugs (Abenhaim and Humbert, 1999) and mutation of members of the Transforming Growth Factor Beta (TGFβ (International PPH Consortium et al., 2000; Deng et al., 2000) are implicated in disease pathology. Vascular insult causes early endothelial cell damage (Rabinovitch et al., 1986; Rosenberg and Rabinovitch, 1988) that is thought to lead to a pro-proliferative and anti-apoptotic state, and to subsequent loss of the endothelial monolayer (Xu et al., 2007). The resultant endothelial dysfunction is thought to alter the balance of cytokines (Humbert et al., 1995), growth factors (Thompson and Rabinovitch, 1996) and vasoactive substances (Xu et al., 2004) within the pulmonary vasculature leading to the vasoconstriction, and PAEC and PASMC proliferation that is characteristic of PAH (Stacher et al., 2012). 
MicroRNA (miR) are short non-coding RNA that regulate gene expression at a post-transcriptional level. A single miR may modulate the expression of multiple mRNA targets. The study of dis-regulated miR in patients with PAH has the potential to reveal new aspects of disease pathology and identify novel therapeutic targets. The ability of miR to target multiple genes and signalling pathways in concert, offer the intriguing possibility that miR based molecules may themselves be used in disease treatment. Early clinical studies have begun to examine potential of miR based therapies in a range of diseases (Montgomery et al., 2011; Janssen et al., 2013). 
The investigation of miR dysregulated in human disease and the cellular mechanisms through which their effects are mediated may identify key regulators of disease pathology and novel therapeutic targets.
2.2 [bookmark: _Toc246745614][bookmark: _Toc297817813][bookmark: _Toc297818220][bookmark: _Toc297818547][bookmark: _Toc313135315]The Cardiovascular System and Pulmonary Circulation
The cardiovascular system is composed of one pump and two circulatory pathways connected in series (Figure 1‑1) (Bonow, Mann, Zipes and Libby, 2011). The systemic circulation provides the body with oxygenated blood. Blood is received into the left atrium from the pulmonary veins, pumped through the tricuspid valve into the left ventricle and through the aortic valve into the aorta for distribution to organs of the body by the systemic arterial system, before being collected and returned to the right heart via the venous system. The pulmonary circulation receives deoxygenated blood from the systemic circulation via the great veins into the right atrium. Blood is pumped first through the tricuspid valve into the right ventricle, then through the pulmonary valve into the pulmonary artery. The pulmonary artery bifurcates to form the right and left pulmonary arteries, which divide further into segmental and sub-segmental arteries to perfuse the lungs respectively. Within the lungs, deoxygenated blood travels through the capillary bed in close proximity to the alveolar sacs (Figure 1‑2). Ventilation fills the alveolar sac with air high in O2 and low in CO2 forming a concentration gradient between alveolar gas and deoxygenated blood in the capillary bed. Diffusion of CO2 from blood to air and O2 from air to blood across the capillary wall oxygenates blood which is returned to the left heart via the pulmonary veins completing the circuit (Bonow et al., 2011) .
[image: ]
[bookmark: _Ref304832015][bookmark: _Toc313048812]Figure 1‑1: Schematic representation of the vascular anatomy of the human.
Oxygenated blood is received into the left atrium from the pulmonary veins, pumped through the tricuspid valve into the left ventricle and through the aortic valve into the aorta for distribution to organs of the body by the systemic arterial. The pulmonary circulation receives deoxygenated blood from the systemic circulation via the great veins into the right atrium. Blood is pumped first through the tricuspid valve into the right ventricle, then through the pulmonary valve into the pulmonary artery. Within the lungs deoxygenated blood travels through the capillary bed in close proximity to the alveolar sacs and is returned to the left heart via the pulmonary veins completing the circuit.
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[bookmark: _Ref304832110][bookmark: _Toc313048813]Figure 1‑2: Schematic representation of the alveolar sac.
Within the lungs the functional unit of gas exchange is the alveolar sac; deoxygenated blood travels through the capillary bed in close proximity to air in the atrium of the alveolar sacs. Ventilation fills the alveolar sac with air high in O2 and low in CO2 forming a concentration gradient between alveolar gas and deoxygenated blood in the capillary bed. Diffusion of CO2 from blood to air and O2 from air to blood across the capillary wall oxygenates blood, which is returned to the systemic circulation via the pulmonary veins and the left heart.

The lungs and pulmonary circulation perform a number of physiological functions: the filtration of blood clots, the release and processing of circulating substrates, pH balance and the provision of an immunological barrier to external pathogens. The primary function, however, is gas exchange (West, 2011). The high-flow, low-pressure circuit formed by the right heart and pulmonary vessels facilitates this function by preventing fluid moving out of the pulmonary vessels into the interstitial space, providing flow and allowing gas exchange at a low energy cost, however the system is poorly adapted to rapid changes in loading conditions and is highly sensitive to mechanical influences (Peacock, Naeije and Rubin, 2011). In health steady-flow conditions are maintained passively by factors altering pressure within the pulmonary circulation such as left atrial pressure, lung volume and gravity. The disparity in perfusion and ventilation within the lungs caused by gravity is actively accommodated by local hypoxic regulation of blood flow maintaining perfusion of well-ventilated alveoli. Low PO2 conditions causes vasoconstriction of pulmonary arterioles which diverts blood from poorly ventilated to well-ventilated areas of the lung (West, 2011).
2.3 [bookmark: _Toc313135316]Pulmonary Hypertension: Clinical Presentation and Consequences
Pulmonary hypertension (PH) is a broad haemodynamic diagnosis that affects as many as 100 million patients worldwide (Schraufnagel and Kell, 2010). As such PH is the third most common cardiovascular condition behind coronary artery disease and systemic hypertension (Peacock, Naeije and Rubin, 2011).
Patients commonly present with insidious symptoms such as reduced exercise tolerance and shortness of breath. Less frequently patients present with blackouts and dizziness reflecting the effect of raised pulmonary vascular resistance on the right heart and the consequent reduction of cardiac output (Kiely, Elliot, Sabroe and Condliffe, 2013). PH is defined by a mean pulmonary artery pressure (mPAP) of greater than or equal to 25 mmHg at rest measured by direct cardiac catheterisation (Simonneau et al., 2013). This broad hemodynamic definition reflects the syndromic, multifactorial nature of disease pathology. Specific genetic mutations, cardiac and vascular malformations, local vasoconstriction, inflammation and hypoxia all contribute to a raised pulmonary artery pressure (PAP) in patients (Morrell et al., 2009; Tuder et al., 2013; Simonneau et al., 2013) . Clinical outcomes of patients with PH vary widely depending on the underlying cause of disease, however mortality for patients with all forms of PH (as a group) is ~50% at 5 years (Hurdman et al., 2012).
In health the pulmonary circulation is a low-pressure system. Chronic exposure of the right ventricle to raised PAP leads to increased after-load causing compensatory cardiac remodelling (Pokreisz, Marsboom and Janssens, 2007). Early adaptive remodelling of the right ventricle leads to an increased right ventricular end-diastolic volume improving cardiac output by the Frank-Starling mechanism and to adaptive myocardial hypertrophy which reduces wall stress and maintains stroke volume (Pokreisz, Marsboom and Janssens, 2007). Prolonged exposure to raised PAP leads to maladaptive hypertrophy of the right ventricle with concentric right ventricular hypertrophy and flattening of the inter-ventricular septum. The hypertrophied ventricle progressively dilates and stiffens, reducing stroke volume and cardiac output, resulting in heart failure and reduced end organ perfusion (Pokreisz, Marsboom and Janssens, 2007). 
2.4 [bookmark: _Toc297817814][bookmark: _Toc297818221][bookmark: _Toc297818548][bookmark: _Toc313135317]Pulmonary Hypertension: Classification
The clinical and pathophysiological classification of PH has evolved with understanding of disease pathology and with the development of clinical treatments. The World Health Organization Classification (Table 1‑1) categorises PH into five broad groups by underlying disease process and associated clinical diagnoses (Simonneau et al., 2013). 
Pulmonary arterial hypertension (PAH) is the diseases of WHO Classification Group 1. It is both the most intensively studied and the least common form of PH and the focus of this thesis.



[bookmark: _Ref297984680][bookmark: _Toc313048792]Table 1‑1: WHO classification of PH.
	[bookmark: _Ref245968133][bookmark: _Toc297813554][bookmark: _Toc246745683]1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic PAH
1.2. Heritable PAH
1.2.1. BMPRII
1.2.2. ALK1, endoglin (with or without hereditary hemorrhagic telanglectasla), SMAD9, CAV1, KCNK3
1.2.3. Unknown
1.3. Drug- and toxin-induced
1.4. Associated with:
1.4.1. Connective tissue diseases 
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
1.4.6. Chronic hemolytic anemia
1.5. Persistent pulmonary hypertension of the newborn
1’Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis (PCH)
1’’ Persistent pulmonary hypertension of the newborn (PPHN) 

	2. Pulmonary hypertension owing to left heart disease
2.1. Systolic dysfunction
2.2. Diastolic dysfunction
2.3. Valvular disease
2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies 

	3. Pulmonary hypertension due to lung diseases and/or hypoxia 
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial drug disease
3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4. Sleep-disordered breathing
3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude
3.7. Developmental abnormalities 

	4. Chronic thromboembolic pulmonary hypertension (CTEPH)

	5. Pulmonary hypertension with unclear multifactorial mechanisms
5.1. Hematologic disorders: Myeloproliferative disorders, splenectomy
5.2. Systemic disorders: Sarcold, pulmonary Langerhans cell histlocytosis: Lymphangiolelomyomatosis, neurofibromatosis, vasculitis 
5.3. Metabolic disorders: Glycogen storage disease, Gaucher disease, thyroid disorders
5.4. Others: Tumoral obstruction, fibrosing medlastinitis, chronic renal failure, segmental PH


[bookmark: _Toc297817815][bookmark: _Toc297818222][bookmark: _Toc297818549]Adapted from (Simonneau et al., 2013).


2.5 [bookmark: _Toc313135318]Pulmonary Arterial Hypertension
PAH is a prominently pre-capillary disease characterised by sustained vasoconstriction and progressive obliteration of small resistance pulmonary arteries. In the later stages of disease proliferation of cellular components of the arterial wall leads to medial thickening, intimal fibrosis and the formation of angioproliferative (plexiform) lesions (Tuder et al., 2013) (Figure 1‑3).
[bookmark: _Toc246745684][bookmark: _Toc297813555][image: ]
[bookmark: _Ref297985600][bookmark: _Toc298513056][bookmark: _Toc313048814]Figure 1‑3: The pulmonary artery in health and disease. 
A) Normal pulmonary artery. B-C) Characteristic plexiform lesions of PAH. B) A patient with hereditary PAH secondary to a mutation of the BMPRII gene. C) A patient with associated PAH. Images courtesy of Dr Southwood and Prof Morrell, University of Cambridge (scale bar 50 μm).

A range of factors, including inflammation (Humbert et al., 1995), drugs (Abenhaim and Humbert, 1999) and genetic mutation of ion channels (Ma et al., 2013) and molecules in the Bone Morphogenetic Protein Receptor 2 (BMPRII) signalling pathway (International PPH Consortium et al., 2000; Deng et al., 2000) are implicated in the early pathology of PAH. Damage to PAEC precedes PASMC proliferation (Rabinovitch et al., 1986; Rosenberg and Rabinovitch, 1988) and is thought to led to a pro-proliferative, anti-apoptotic state and the loss of the endothelial monolayer (Xu et al., 2007). Endothelial dysfunction alters the balance of cytokines (Humbert et al., 1995), growth factors (Schermuly, Ghofrani, Wilkins and Grimminger, 2011; Thompson and Rabinovitch, 1996; Kim et al., 2013) and vasoactive substances (Xu et al., 2004) within the pulmonary vasculature. The resultant imbalance of vasoconstrictors (endothelin, thromboxane and serotonin) and vasodilators (prostacyclin and nitric oxide) leads to an increase in intracellular calcium concentrations within PASMC, causing constriction and proliferation (Platoshyn et al., 2000). Cellular proliferation cannot alone explain the vascular remodelling seen in PAH. Excess proliferation and an imbalance of cellular fuel supply and demand can result in oxidative damage, which in health triggers programmed cell death or apoptosis (Michelakis, Wilkins and Rabinovitch, 2008). Impaired apoptosis is implicated in PAH pathology and mediated via a number of mechanisms: 1. Mutations in the BMPRII signalling pathway suppress apoptosis and lead to PASMC proliferation (International PPH Consortium et al., 2000; Deng et al., 2000; Machado et al., 2001; Morrell et al., 2001; Yang et al., 2005); 2. Hyper-polarisation of mitochondria is thought to lead to a cellular switch from mitochondrial based oxidative phosphorylation to cytoplasmic glycolysis in PAH, an effect which is associated with resistance to apoptosis (Bonnet et al., 2006; Pan and Mak, 2007); 3. Caspases mediate down-stream effects of apoptosis and are directly inhibited in PAH (Yuan et al., 1998; Young et al., 2006). Raised intracellular potassium inhibits caspase activation and both raised potassium levels and reduced levels of voltage gated potassium channels have been identified in patients with PAH and animal models of the disease (Yuan et al., 1998; Young et al., 2006). The complex interaction of multiple processes and cellular pathways results in the vasoconstriction and proliferation characteristic of PAH (Stacher et al., 2012).
2.5.1 [bookmark: _Toc313135319]Heritable PAH
Hereditary PAH (HPAH) is a sub-classification of PAH (WHO group I PH). Patients with PAH meet the classification for HPAH if they belong to a family known to have 2 or more individuals with PAH, or possess a mutation in a gene known to strongly associate with PAH (Simonneau et al., 2009). 
Since the initial description of PH as a disease that could occur in isolation or in families (Dresdale, Schultz and Michtom, 1951; Dresdale, Michtom and Schultz, 1954) the genetics of PAH has been well investigated. Linkage disequilibrium studies conducted in the late 1990’s identified mutations in the BMPRII gene as the major heritable risk factor for development of PAH (International PPH Consortium et al., 2000; Deng et al., 2000) and led to the subsequent identification of genes related and unrelated, to BMPRII signalling that are also associated with disease.
2.5.2 [bookmark: _Toc313135320]BMPRII Signalling
BMPRII signalling is initiated at the cell membrane of PASMCs and PAECs by binding of a complex of Type I and Type II to an extracellular ligand (Figure 1‑4) (Upton and Morrell, 2009). TGFβ activity is regulated locally as TGFβ and BMP are secreted as latent forms and activated upon cleavage by membrane-bound proteases (Upton and Morrell, 2009). Ligand binding promotes serine/threonine kinase activity of the type II receptor leading to phosphorylation and activation of the type I receptor (Rosenzweig et al., 1995). The activated type 1 receptor, in turn, binds and phosphorylate members of the receptor SMAD (R-SMAD) family (SMAD 1/5/8) increasing affinity for and complex formation with SMAD4 (Massague, Seoane and Wotton, 2005). Formed complexes are shuttled into the nucleus where, once bound to nuclear cofactors and repressors, they influence gene regulation. 
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[bookmark: _Ref298067028][bookmark: _Toc298513057][bookmark: _Toc313048815]Figure 1‑4: Schematic representation of BMP signalling.
BMPRII signalling is initiated at the cell membrane of PASMCs and PAECs by binding of a heterotetrameric complex of type I and type 2 receptors (BMPRII with BMPR1A/B and ALK1) to an extracellular dimeric ligand (BMP 2/4/6). Ligand binding promotes serine/threonine kinase activity of the type 1 receptor BMPRII. The activated type 1 receptors, in turn, bind and phosphorylate members of the receptor SMAD (R-SMAD) family (SMAD 1/5/8) increasing affinity for and complex formation with SMAD4. Formed complexes are shuttled into the nucleus where, once bound to nuclear cofactors and repressors, they influence gene regulation.
The panel of expressed TGFβ  and BMP receptors (and therefore affinity to BMP ligands) on PAEC and PASMC differs explaining the distinct cellular responses induced by signal transduction (Upton and Morrell, 2009) (Figure 1‑5).
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[bookmark: _Ref311622963][bookmark: _Toc313048816]Figure 1‑5: Schematic representation of BMP receptor expression on PAEC and PASMC.
PAEC and PASMC express different panels of BMP and TGFβ receptors leading to differing cell-ligand selectivity and different cellular response to signal transduction (receptors/accessory protein – rectangles; ligand - square). Adapted from (Upton and Morrell, 2009).


Ubiquitination is one mechanism that regulates protein turnover via increased proteosomal degradation. Increased levels of the Kaposi Sarcoma Herpes Virus ubiquitin E3 ligase K5 reduce BMPRII levels (Durrington et al., 2010) and SMAD Ubiquitination Regulatory Factor 1 (SMURF1) promotes degradation of members of the BMPRII signalling pathway (Shi et al., 2004) and is up-regulated in animal models of PAH (Zhu et al., 1999; Murakami et al., 2010).
Bone Morphogenetic Protein Receptor 2 Gene Mutation: Microsatellite linkage studies performed on families with PAH associated chromosome 2q31-32 with PPH (PAH). Subsequent investigation identified the BMPRII gene at this locus and demonstrated mutation in patients with disease. BMPRII gene encodes the BMPRII protein, a member of the TGFβ superfamily of receptors, with 4 functional domains: a N-terminal ligand binding domain, a single trans-membrane domain, a serine/threonine kinase domain and a cytoplasmic domain. BMP signalling is tissue specific and in the pulmonary circulation it acts to inhibit proliferation. Over 100 mutations of the BMPRII gene have been identified, however only a small number of mutations in the kinase domain (predominantly missense) are associated with PAH (Harrison et al., 2003; 2005; Girerd et al., 2010).
Activin Receptor-Like Kinase-1 Gene Mutation: Mutation of the Activin Receptor-Like Kinase-1 Gene (ACVRL1) gene was identified in two large families with hereditary haemorrhagic telangiectasia (HHT) and PAH (Trembath et al., 2001). The ACVRL1 gene on chromosome 12q13 encodes the serine/threonine protein kinase receptor activin receptor-like kinase 1 (ALK-1). ALK-1 is composed of an extracellular domain which is involved in ligand binding and complex formation with Type II TGFβ receptor, a transmembrane domain and an intracellular kinase domain (Dijke et al., 1994; Attisano et al., 1993; Wu et al., 1995). 
Although rare, patients with mutation of the ACVRL1 gene are younger at diagnosis and death than patients with BMPRII mutations (Girerd et al., 2010).
Endoglin Gene Mutation: Mutation of the Endoglin gene (ENG) was identified in two small cohorts of patients with PAH (Harrison et al., 2003) (Chaouat et al., 2004). The gene product Endoglin is a predominantly endothelial cell expressed trans-membrane glycoprotein with extracellular, trans-membrane and cytoplasmic domains (Llorca, Trujillo, Blanco and Bernabeu, 2007). ENG interacts with both Type I and II TGFβ receptors and subsequently (when complexed with another receptor) binds TGFβ ligand (Llorca et al., 2007). Mutation results in haploinsufficiency and impaired angiogenesis (Shovlin, 2010).
Mothers Against Decapentaplegic 9 Gene Mutation: Mothers Against Decapentaplegic 9 (SMAD9) encodes the SMAD8 protein, which forms part of the downstream signalling cascade, initiated by ligand binding of TGFβ receptors. SMAD9 mutation is a heritable cause of PAH further implicating TGFβ signalling in the genetic pathology of disease (Shintani et al., 2009). 
Caveolin Gene Mutation: Mutation of the caveolin (CAV1) gene was identified in a single three-generation family of patients with autosomal dominant PAH and a single patient with IPAH (Austin et al., 2012). CAV1 encodes a membrane protein of the endothelial caveolae, which are required for receptor signalling cascade, therefore mutation may function via disruption of TGFβ signalling (Maniatis et al., 2008).
KCNK3 Gene Mutation: Mutation of the KCNK3 gene was identified in a single family with PAH and no known associated mutation (Ma et al., 2013). TASK-1 the acid-dependent potassium channel encoded by KCNK3 is a 2-pore-domain potassium channel, which is expressed in PASMCs. Mutation of KCNK3 is thought to promote vasoconstriction and PASMC proliferation unrelated to TGFβ signalling.
[bookmark: _Toc7][bookmark: _Toc297818224]Beyond Genetics
Mutation of the BMPRII accounts for 70% of hereditary PAH and around 20% of IPAH. Penetrance is incomplete and the lifetime risk of a BMPRII mutation carrier developing PAH is ~20% therefore ~1000x times that of the general population (Austin and Loyd, 2014). More than 100 mutations of the BMPRII gene have been identified and regardless of type each result in haploinsufficiency of the BMPRII protein and reduced BMP signalling (Machado et al., 2001). Many patients without mutations develop PAH and this discrepancy has led to the ‘second-hit‘ hypothesis of disease initiation (Machado, 2005), in which a second-hit may be in an alternative pathway, or another factor that further reduces BMPRII activity.
2.5.3 [bookmark: _Toc313135321]Inflammation, Cytokines and Growth Factors
Inflammation and Cytokines
Perivascular inflammation is a common pathological finding in patients with PAH (Stacher et al., 2012). Inflammatory conditions such as Systemic Lupus Erythematosis (Asherson, 1990), Human Immunodeficiency Virus (Zuber et al., 2004), Schistosomiasis (Graham et al., 2010) and liver disease (Kawut et al., 2008) predispose to PAH and haemodynamic improvements have been associated with disease treatment in some cases (Zuber et al., 2004). In the monocrotaline (Stenmark et al., 2009) and hypoxic rat (Madjdpour et al., 2003) and the BMPRII-/- mouse (Hong et al., 2008) inflammation precedes the development of PH suggesting that the process is either a trigger for disease or an early feature of pathology. The vascular lesions seen in PAH contain bone marrow derived macrophages (Sahara et al., 2007), dendritic cells (Perros et al., 2007b) and T cells (Tuder, Groves, Badesch and Voelkel, 1994). A number of inflammatory mediators have shown positive effects in experimental models of PAH. Type I, II, and III interferon levels are all elevated in serum of patients with systemic sclerosis associated PAH and IFNAR1−/− mice were protected from the effects of hypoxia induced PH, suggesting that IFNAR1 is a potential therapeutic target (George et al., 2014). Circulating levels of Interleukin-1 (IL-1) and Interleukin-6 (IL-6) are elevated (Humbert et al., 1995) and predict outcomes in patients PAH (Soon et al., 2010). IL-1 is an apical inflammatory cytokine that is required for development of PAH in the Paigen diet ApoE-/- mouse model (Lawrie et al., 2011). Inhibition of IL-1 with a receptor antagonist has been shown to prevent the development of PAH in the monocrotaline model of PAH (Voelkel and Tuder, 1994). Despite good pre-clinical evidence and the availability of a clinically approved drug with demonstrated efficacy in cardiovascular disease (Morton et al., 2014), the effect of IL-1 receptor antagonist therapy is yet to be examined in patients with PAH.
IL-6 is a downstream mediator of IL-1 signalling which, during the development of hypoxic induced PH acts via IL-17 and IL-21 to drive pulmonary vascular remodeling. Anti-IL-6 antibody therapy prevents pulmonary vascular remodeling and the development of hypoxic induced PH (Hashimoto-Kataoka et al., 2015). The potential clinical benefit of IL-6 blockade was highlighted by the dramatic hemodynamic and functional improvements achieved in a patient with mixed connective tissue disease and severe PAH treated with tocilizumab (Furuya, Satoh and Kuwana, 2010). Early clinical trials of IL-6 blockade are planned.
Growth Factors
Several growth factors have been implicated in the pathogenesis of PAH. BMPRII signalling negatively regulates PDGF (Hansmann et al., 2008) and the loss of Apelin leads to increased expression of Fibroblast Growth Factor 2 (FGF2) and its receptor, Fibroblast Growth Factor Receptor 1 (FGFR1) in PAH (Kim et al., 2013). Apelin is expressed in PAEC in response to BMPRII signalling in a Peroxisome proliferator-activated receptor gamma (PPARγ) /β-Catenin dependent manner (Alastalo et al., 2011) and is reduced in patients with PAH and animal models where Apelin-/- mice show exaggerated PH in response to hypoxia (Chandra et al. 2011). Recent findings suggest that loss of Apelin results in increased FGF2 expression and causes apoptosis of PAEC and proliferation of PASMC (Kim et al., 2013).
Increased expression of PDGF receptors has been shown in human PAH and both the monocrotaline and hypoxic rat models of PAH. Imatinib, a PDGF inhibitor treats established disease in the monocrotaline and hypoxia-induced rat models of PAH reversing vascular remodelling and improving pulmonary haemodynamics (Schermuly et al., 2005). These findings combined with a case of compassionate use of Imatinib (Ghofrani, Seeger and Grimminger, 2005) led to the recently reported phase III trial. The Imatinib Mesylate as Add-on Therapy for Pulmonary Arterial Hypertension (IMPRES) study showed significant improvements in exercise capacity and haemodynamic measurements, (Hoeper et al., 2013).
2.5.4 [bookmark: _Toc9][bookmark: _Toc297818226][bookmark: _Toc313135322]Vasoactive Factors: Endothelin-1, Nitric Oxide and Serotonin
Pulmonary arterial vascular tone is regulated by vasoactive factors present in the circulation and released from cells in the arterial wall. The balance of vasodilators and vasoconstrictors is critical to maintaining pulmonary artery pressure. Increased levels of vasoconstrictors such as thromboxane, coupled with reduced levels of vasodilators NO and cGMP favours contraction of PASMCs and leads to the vasoconstriction present in disease (Rabinovitch, 2012). Vasodilator drugs have long been used in the treatment of PAH (Rubin et al., 1982) and the physiological effects of the prostacyclin, NO and endothelin pathways are exploited by current clinical therapies (Rubin et al., 2002; Galiè et al., 2005b).
Prostacyclin: Reduced levels of PGI2 and PGI2 synthase and an excess of thromboxane are found in PAH implicating the pathway in human disease pathology (Christman et al., 1992). In vitro prostacyclin stimulates the formation of cyclic adenosine monophosphate (cAMP) which inhibits the proliferation of SMCs and decreases platelet aggregation. In hypoxia-induced murine models genetic deletion of the PGI2-receptor leads to the development of severe PH (Hoshikawa et al., 2001) and overexpression of PGI2 overexpressing provides protection from disease development (Geraci et al., 1999). Prostacyclin is unstable in the circulation therefore use in patients has been limited to continuous i.v delivery, however the formulation of the oral IP receptor antagonist Selexipag has the potential to alter clinical practice significantly (1.6). 
Nitric Oxide: Nitric Oxide (NO) is a vasodilator and suppressor of PASMC proliferation which is produced from L-arginine by endothelial Nitric Oxide Synthetase (eNOS) mediating its cellular effects via the cyclic guanosine monophosphate (cGMP) pathway. Levels of NO are reduced in PAECs from patients with PAH (Xu et al., 2004) and the pathway is exploited clinically for both diagnosis and therapeutic benefit.
In a sub-group of patients with IPAH respond inhalation of NO precipitates a reduction in PAP and an increase in CO. During the process of clinical diagnosis of PAH RHC is used to identify patients who respond to NO challenge. While clinical trials of long-term inhaled NO failed to show benefit, the group identified as having a positive haemodynamic response to NO derive clinical benefit from long-term treatments with calcium channel antagonists (Rich and Brundage, 1987). Cellular signalling down-stream of NO is mediated by cGMP, degradation of which is predominantly mediated by phosphodiesterase-5. Small molecule inhibition of PDE5 leads to PASMC relaxation in vitro (Tantini et al., 2005) and the prevention of experimental PAH (Schermuly et al., 2004). Translation of these findings has led to routine clinical use of PDE5 inhibitors and cGMP stimulators for the treatment of PAH (Galiè et al., 2015b) (1.6).
Endothelin-1: Endothelin-1 (ET-1) is a locally active vasoconstrictor produced by endothelial cells, levels of which are raised in patients with PAH (Farber and Loscalzo, 2004; McLaughlin et al., 2009). ET-1 causes contraction and proliferation of PASMC by binding ET-A and ET-B receptors and by binding ET-B receptors on PAEC via the release of thromboxane. ET-A and dual ET-A/B antagonists have shown significant clinical benefit in the treatment of PAH (1.6).
Serotonin: Serotonin (5HT) is a circulating vasoconstrictor (Rabinovitch, 2012) synthesised from tryptophan and secreted from PACEs to act on a range of 5HT receptors  including those on PASMCs (MacLean, 2007). The link between 5HT and PAH became apparent in the 1960‘s when patients taking Aminorex developed the disease. Reduced re-uptake of 5HT from plasma by platelets led to increased circulating levels and vasoconstriction (Farber and Loscalzo, 2004). However, the role of this group of drugs in PAH pathology remains controversial; dexfenfluramine has been shown to prevent development of PAH in animal models by increasing intracellular calcium levels in PASMCs. Of the seven families of 5HT receptors, only 5HT1B, 2A, 2B have been identified in PAH and one reason for the differential effects of drugs on PAH pathology may be their varied effects on members of the 5-HT receptor family (MacLean, 2007). Further cellular effects of 5-HT are mediated by inhibition of Kv1.5 channels and the resultant depolarisation and contraction of PASMCs (Farber and Loscalzo, 2004). Kv channels are down regulated in patients with PAH and animal models of PAH (Michelakis, Wilkins and Rabinovitch, 2008). Down regulation of Kv channels results in reduced potassium efflux and elevated intracellular potassium levels which in turn inhibit caspases and apoptosis.
PAH pathology is underpinned by the interaction of multiple cellular processes and signalling pathways in a range of cell types, a proposed unifying theory of PAH pathology is represented in Figure 1‑5. The exploitation of NO and ET pathways has derived significant clinical benefit in the treatment of PAH (1.6) demonstrating the utility of examination of clinical samples and in vivo/in vitro investigation in the identification of novel therapeutic targets.
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[bookmark: _Ref245971076][bookmark: _Toc246745686][bookmark: _Toc297813557][bookmark: _Toc298513058][bookmark: _Toc313048817]Figure 1‑5: Proposed unifying theory of PAH pathology.
[bookmark: _Toc10][bookmark: _Toc246745616]External or genetic trigger (Inflammation, drugs and BMPRII loss) leads to endothelial dysfunction, PASMC constriction and cellular proliferation. Adapted from (Michelakis, Wilkins and Rabinovitch, 2008).


2.6 [bookmark: _Toc297817817][bookmark: _Toc297818228][bookmark: _Toc297818551][bookmark: _Ref311816877][bookmark: _Toc313135323]Clinical Therapies
Clinical therapies for the treatment of PAH are limited and lung transplantation remains the only curative strategy (Galiè et al., 2013). A number of targeted pharmacological therapies are licenced for the treatment of PAH. Prostaglandin therapy (iloprost) (Olschewski et al., 2002), phosphodiesterase inhibiters (sildenafil) (Galiè et al., 2005b), endothelin-1 antagonists (bosentan, ambricentan) (Rubin et al., 2002; Pulido et al., 2013; Galiè et al., 2005a) and most recently cGMP stimulator (riociguat) (Ghofrani et al., 2013) all act as vasodilators altering the balance of vasoactive compounds at the arterial wall. Vasodilation results in a reduction in pulmonary artery pressure which in turn leads to reduced right ventricular afterload and a symptomatic and functional improvement (Galiè et al., 2005b; Olschewski et al., 2002; Rubin et al., 2002). Meta-analysis demonstrates that their use leads to a small but significant reduction in mortality (Macchia et al., 2007; Galie et al., 2008) a finding corroborated by the SERAPHIN study in which the ET-1 antagonist macitentan provided a survival benefit over standard therapy (Pulido et al. 2013). Although clear clinical benefits are derived from prostaglandin therapy their resent clinical use has been limited to that of a third line therapy by circulatory instability and the necessity for i.v. delivery (Galiè et al., 2015b). The development of the oral IP receptor antagonist selexipag offers the potential to alter clinical practise significantly (Sitbon et al., 2015).
The availability of three classes of specific PAH therapies have led to the clinical practise of combination therapy. Diagnosis of PAH is followed by treatment with PDE5i and ERA either in quick succession (sequential combination) or as an up-front treatment strategy (combination) (HSCIC, 2015). The recently published AMBITION study demonstrated that combination therapy with ambrisentan and tadalafil increased time to first event of clinical failure (first occurrence of a composite of death, hospitalisation for worsening pulmonary arterial hypertension, disease progression, or unsatisfactory long-term clinical response) in previously untreated patients with WHO Class II or III PAH (Galiè et al., 2015a). The use of a composite primary end-point is common in clinical trials of rare diseases such as PAH; however, it is of note that the primary driver of the positive outcome in this study was patient hospitalisation. The AMBITION study provides a specific indication for the use of combination ambrisentan and tadalifil. However, COMPASS-2 failed to demonstrate the efficacy of sequential bosentan plus sildenafil (Ghofrani and Humbert, 2014). The recently revised ESC/ERS guidelines recommend the use of combination (unspecified) in patients with clinical indicators of severe disease (Galiè et al., 2015b). 
Despite recent advances, outcomes remain poor and novel therapeutic agents to target the proliferative process driving disease are clearly needed.
2.6.1 [bookmark: _Toc11][bookmark: _Toc297818229][bookmark: _Toc313135324]Novel Clinical Therapies
Advances in the understanding of disease pathogenesis have led to the development of a host of promising novel therapeutic agents for the treatment of PAH. Positive pre-clinical findings have progressed to early clinical trials of dichloroacetate (McMurtry, 2004) and clinically approved drugs that non-specifically enhance BMP signalling such as FK-506 (Spiekerkoetter et al., 2013), chloroquine (Long et al., 2013) and paclitaxel (Savai et al., 2014), and the specific BMPRII specific agonist BMP9  (non-approved) (Long et al., 2015) have shown positive effects in experimental models of PAH. These studies, and the positive clinical effect of FK506 demonstrated during compassionate use (Spiekerkoetter et al., 2015), highlight the potential benefits of enhanced BMP signalling in the treatment of PAH. 
The promise shown by many drugs in a pre-clinical setting is tempered by difficulties translating results into patient populations. Recent therapeutic interest in receptor tyrosine kinase inhibitors (RTK) was stimulated by positive effects identified in experimental PAH (Schermuly et al., 2005) and a case of compassionate use of the Platelet Derived Growth Factor inhibitor Imatinib (Ghofrani, Seeger and Grimminger, 2005). The recently reported phase III trial Imatinib Mesylate as Add-on Therapy for Pulmonary Arterial Hypertension (IMPRES) showed significant improvements in exercise capacity and haemodynamic measurements, however there were associated adverse side effects and discontinuations were common (Hoeper et al., 2013). The difficulties highlighted in this study demonstrate the challenges of bringing novel therapies to clinical use.
Resent high profile failures of cardiovascular therapeutics in clinical trials (Hoeper et al., 2013) have led to intense interest in improved target identification and prioritization (Khera and Rader, 2009). One target prioritisation strategy is the use of Mendelian genetics to determine lifelong vascular consequences of altered molecule or pathway activity (Khera and Rader, 2009; Interleukin-6 Receptor Mendelian Randomisation Analysis (IL6R MR) Consortium, 2012; Interleukin 1 Genetics Consortium, 2015). Mutations of BMPRII and genes related to TGFβ signalling are the predominate cause of HPAH. Additionally, reduced BMPRII signalling is observed in patients with PAH in the absence of genetic mutation. As such, human Mendelian genetics suggest that augmentation of BMPRII signalling is a high priority therapeutic target for the treatment of PAH.
Recent studies have demonstrated a number of means by which BMP signalling may be augmented for physiological benefit in experimental models of PAH. Chloroquine increased trafficking of BMPRII to the cell surface, increased BMP signalling and reduced right ventricular systolic pressure (RVSP) in the monocrotaline rat (Long et al., 2013). Other clinically approved drugs, such as FK-506 (Spiekerkoetter et al., 2013) and paclitaxel (Savai et al., 2014), non-specifically enhance BMP signalling and the BMPRII specific agonist BMP9 (non-approved) (Long et al., 2015) have shown positive effects in experimental models of PAH. These studies, and the positive clinical effect of FK506 demonstrated during compassionate use (Spiekerkoetter et al., 2015) highlight the potential benefits of enhanced BMP signalling for the treatment of PAH.
Multiple cellular factors influence the levels of functional protein and activity in a signalling pathway beyond specific genetic mutation. Promoter methylation, post-transcriptional regulation, phosphorylation and protein ubiquitination are all key processes in in the maintenance of cellular health, dysregulation of which have been shown to lead to cellular pathology. The investigation of previously un-investigated regulators of cellular function and signalling pathway activity is a potential mechanism to identify and prioritise novel therapeutic targets.
2.7 [bookmark: _Toc313135325]Post-transcriptional Regulation of Gene Expression
RNA is a unique informational molecule. Linear base sequences encode genetic information, while intricate secondary and tertiary structures allow RNA to influence cellular processes including: transcription, translation, splicing, cellular localisation and mRNA degradation. Since the early 1990s new light has been shed on the regulatory functions of non-coding RNA. The discovery that the short non-coding RNA product of the LIN-4 gene showed sequence complementarity to regions in the 3’UTR of LIN-14, and that expression of LIN-4 and LIN-14 were inversely related lead to the hypothesis (now confirmed) that non-coding RNAs regulate gene expression through Watson-Crick base pairing interactions (Lee, Feinbaum and Ambros, 1993; Wightman, Ha and Ruvkun, 1993). Over 1800 human miR have been identified (Griffiths-Jones et al., 2006) and sequence complementarity based target predictions suggest as many as 60% of human proteins may be regulated by miR binding (Miyaki et al., 2009; Pasquinelli, 2012). miR regulate expression of multiple mRNA transcripts providing a mechanism by which small changes in expression of a single miR influence multiple cellular signalling pathways simultaneously providing higher-level regulation of cellular function.
The first association between miR and human disease was the observation that miR-15 and miR-16 expression was reduced in patients with B-cell leukaemia (Calin et al., 2002). Significant advances have since been made in understanding the role of miR in health and disease. miR regulate cardiac development, modulate established cardiovascular risk factors such as hypercholesterolemia (Rayner et al., 2011a; b) and are implicated in cardiovascular diseases such as atherosclerosis (Hergenreider et al., 2012; Fichtlscherer et al., 2010), heart failure (van Rooij et al., 2009; Montgomery et al., 2011) and pulmonary hypertension (Caruso et al., 2012; Courboulin et al., 2011; Kim et al., 2013; Bertero et al., 2014). The area of miR-based therapeutics has also shown great potential. Exciting pre-clinical studies have shown improvement of disease phenotype employing different strategies to increase (Courboulin et al., 2011) or decrease levels of miR (Courboulin et al., 2011; Caruso et al., 2012; Montgomery et al., 2011). These promising results have led to the first human trial of a miR targeting therapy in which patients with Hepatitis C were treated with a locked nucleic acid antagomir to miR-122 successfully reducing levels of the virus (Janssen et al., 2013).
2.7.1 [bookmark: _Toc13][bookmark: _Toc297818231][bookmark: _Toc313135326]MicroRNA Biogenesis and Function
Mature miR are formed from the processing of precursor molecules (pri-miR). Pri-miR are transcribed in an RNA polymerase II dependent manner from miR genes or from introns of protein coding regions. Full-length pri-miR transcripts form hairpin loop structures that interact with Drosha and Dicer, two members of the RNase III family. In the nucleus Drosha cleavage produces a ~70 nucleotide pre-miR which is exported to the cytoplasm where further processing by Dicer forms a ~20 nucleotide miR-miR* duplex. One strand of this duplex, the mature miR, is preferentially incorporated into the mRNA silencing complex (RISC), the other is termed the passenger or miR* strand. Complementary base pairing between the RISC incorporated miR and target mRNA sequences induces transcriptional repression. At the core of the RISC are Argonaute (AGO) proteins which bind both the target determining miR and the accessory factors that mediate downstream effects (Figure 1‑6) (Esteller, 2011). Both miR and miR* strands may be biologically active (Yang et al., 2013b). In situations where the copy number of mature miR resulting from a pre-miR hairpin is imbalanced the mature miR are termed miR and miR* (passenger), however for clarity when both strands are abundant the -3p/-5p nomenclature is used. This terminology refers to the relative -3p/-5p proximity of the mature miR sequence in the pre-miR hairpin loop (Figure 1‑6) (http://miRbase.org).
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[bookmark: _Ref245971314][bookmark: _Toc246745688][bookmark: _Toc297813559][bookmark: _Toc298513060][bookmark: _Toc313048818]Figure 1‑6: Biogenesis and effector machinery of miR.
miR are transcribed from miR genes as primary miR (pri-miR) or from mirtrons located between exons of protein coding genes as part a pre-mRNA. The precursor-miR (pre-miR) is formed by processing of the pri-miR by the Drosha complex or by cleavage of the pre-mRNA by the lariat-debranching enzyme. In association with Exportin 5 the pre-miR is exported from the nucleus to the cytoplasm where further processing by Dicer generates a mature miR – miR* duplex. The single stranded miR is loaded into the RNA-induced silencing complex (RISC). Binding of the RISC incorporated miR to a target mRNA silences gene expression by translational repression or degradation (Rothman, Chico and Lawrie, 2014).

2.7.2 [bookmark: _Toc251497087][bookmark: _Toc251497203][bookmark: _Toc252732461][bookmark: _Toc297818232][bookmark: _Toc313135327]MicroRNA/mRNA Interaction and Target Prediction
Interactions between miR and target mRNA are primarily mediated through the formation of partial duplexes between nucleotides 2 and 7 of the 5’ end of the miR (the seed region) and complimentary sequences in the 3‘UTR of the target mRNA (Pasquinelli, 2012). Secondary and tertiary structures formed by linear RNA sequences leads to flexible imperfect base paring and factors beyond sequence analogy determine functional target interactions in vivo. Conserved AU-rich regions flanking the miR target binding site, proximity of the binding site to other sites for co-expressed miR (which leads to cooperative action), proximity of the site to residues pairing to miR nucleotides 13–16 (increasing binding stability), positioning within the 3′UTR at least 15 nucleotides from the stop codon, and positioning toward the end of long 3’UTRs (Lewis, Burge and Bartel, 2005; Grimson et al., 2007) are all employed in addition to simple sequence analogy in algorithms used to predict the targets of individual miR. The specificity and sensitivity of target prediction remains imperfect and in vitro and in vivo testing is required to characterise miR - mRNA interactions and functional effects (Baek et al., 2008; Witkos, Koscianska and Krzyzosiak, 2011).
2.7.3 [bookmark: _Toc15][bookmark: _Toc297818233][bookmark: _Toc313135328]Regulation of Cellular miR Levels
Promoter regions of miR genes and protein coding regions share many common features. Therefore the expression of miR varies with time and cell type, dependent on transcription factor binding and epigenetic regulation of the miR promoter (Corcoran, Pandit, Gordon and Bhattacharjee, 2009). Approximately 50% of miR genes are located within non-coding regions of the genome with their transcription regulated by activation and repression of their own promoter. Transcriptional regulation of the ~40% of miR encoded by mirtrons is more complex. These miR are often co-expressed with the mRNA transcript in which they reside; however, the presence of a miR gene within a host gene does not imply co-regulation. As many as 33% of intronic miR are expressed from promoters distinct to those regulating the gene within which they are located (Ozsolak et al., 2008). miR regulated in this manner are located farther from the host gene transcription start site than those using the host gene promoter, a factor that may have evolved to increase speed of pri-miR transcription (Ozsolak et al., 2008). 
Transcription of a single miR gene gives rise to a single mature miR, however miR encoding genes are also arranged in groups or clusters. Transcription of a miR cluster forms a single pri-miR containing several hairpin loops, each of which may be processed to form a mature miR (Heale et al., 2009). The expression of individual miR from this cluster may be altered by transcription initiated at independent promoters (Song and Wang, 2008) or by differential processing of the pri-miR transcript (Newman and Hammond, 2010).
Activation and repression of promoters is the primary factor dictating miR transcription, however other regulatory mechanisms also affect cellular levels and function. Figure 1‑7 illustrates the effects of miR networks, processing, stability and RNA binding proteins on miR function.
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[bookmark: _Ref297805026][bookmark: _Toc297813560][bookmark: _Toc298513061][bookmark: _Toc313048819]Figure 1‑7: Mechanisms of regulation of miR expression and function.
1. Regulation of miR transcription is similar to that of protein coding sequences. Transcription factors bind the miR promoter activating (green) or repressing (red) miR transcription. The abundance of transcription factors is both tissue and stimulus specific. 2. Feedback loops are central to the regulation of key cellular processes. miR are able to directly target mRNA sequences encoding transcription factors regulating their expression. miR inhibition of a positive transcription factor (green) forms a negative feedback loop. miR inhibition of a negative transcription factor (red) creates a reciprocal negative feedback loop. More complex regulatory networks exist, but are not depicted. 3. Cleavage by Drosha and Dicer are required for production of a mature miR. Drosha and Dicer operate in complexes with RNA binding proteins (RBP). The levels and activity of these proteins and of accessory proteins influences miR processing. 4. RBP binding to target mRNA facilitates or inhibits binding of the RISC incorporated miR thereby altering transcriptional inhibition or degradation (Rothman, Chico and Lawrie, 2014).
2.7.4 [bookmark: _Toc16][bookmark: _Toc297818234][bookmark: _Toc313135329]Cellular Localisation and Inter-cellular Communication
The interaction between a miR and a target mRNA may only take place when both molecules are located in the same place at the same time. Thus, the cellular compartmentalisation of miR can have a significant effect on function. The mechanisms determining the cellular localisation of miR are yet to be fully elucidated (Boon and Vickers, 2013), however, miR have been identified within the nucleus and cytoplasm and in the circulation bound within microvesicles, microparticles and apoptotic bodies or bound to proteins and lipids (Figure 1‑8) (Creemers, Tijsen and Pinto, 2012). Microvesicles shed from endothelial cells in response to sheer stress have recently been shown to contain altered levels of miR-143 and miR-145 and altered the expression levels of miR-143 and miR-145 targets in vascular smooth muscle cells in co-culture (Hergenreider et al., 2012).
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[bookmark: _Ref245971385][bookmark: _Toc246745689][bookmark: _Toc297813561][bookmark: _Toc298513062][bookmark: _Toc313048820]Figure 1‑8: Cellular release mechanisms and extracllular transportation systems of miR.
1) RISC mediated post-translational repression of gene expression. 2) Incorporation into exosomes. 3). Microvesicle release from the plasma membrane 4). Microparticle-free circulating miR associated with high-density lipo- proteins or RNA-binding proteins (Creemers, Tijsen and Pinto, 2012).

2.8 [bookmark: _Toc17][bookmark: _Toc246745618][bookmark: _Toc297817820][bookmark: _Toc297818236][bookmark: _Toc297818554][bookmark: _Toc313135330]MicroRNA in Pulmonary Hypertension
A number of approaches have been used to identify miR related to the pathology of PAH including examination of clinical samples, cell lines in culture and experimental models and the use of bioinformatic techniques. Table 1‑2 summarises miR implicated in PAH listing potential disease relevant targets and human sample numbers.
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[bookmark: _Ref297805212][bookmark: _Toc297813489][bookmark: _Toc313048793]Table 1‑2: Summary of miR linked to PAH pathogenesis in animal models and/or tissue samples from patients with PAH. 
	miR
	Model/Patient tissue
	N (Human Studies)
	Change
	Stimulus
	PAH Targets
	Reference

	miR-22
	MCT, Hx
	
	
	
	KCN56, NFAT5, PPP2R5E, TNRC6A, ADARB, TGFBR1, TGFBRAP
	(Caruso et al., 2010)

	miR-30c
	MCT, Hx
	
	
	
	KCN56, NFAT5, TACC1, YWHAZ
	(Caruso et al., 2010)

	Let-7f
	MCT, Hx
	
	
	
	
	(Caruso et al., 2010)

	miR-322
	MCT, Hx
	
	
	
	
	(Caruso et al., 2010)

	miR-451
	MCT, Hx
	
	
	
	
	(Caruso et al., 2010)

	miR-21
	MCT, human lung and serum
	19
	
	
	TACC1, PPP2R5E, RBPSUH
	(Caruso et al., 2010)

	Let7a
	MCT
	
	
	
	
	(Caruso et al., 2010)

	miR-143
	Formalin fixed human lung
	12
	(PL)(CL)
	BMP-4
	KLF4, smMHC
	(Bockmeyer et al., 2012)

	miR-145
	Formalin fixed human lung
	12
	(PL)(CL)
	BMP-4
	KLF4, smMHC
	(Bockmeyer et al., 2012)

	miR-21
	Formalin fixed human lung
	12
	
	
	
	(Bockmeyer et al., 2012)

	miR-204
	Formalin fixed human lung
	12
	(PL)(CL)
	
	
	(Bockmeyer et al., 2012)

	miR-126
	Formalin fixed human lung
	12
	
	
	VEGFA
	(Bockmeyer et al., 2012)

	miR-19a/b
	Formalin fixed human lung
	12
	
	
	
	(Bockmeyer et al., 2012)

	miR-92a
	Formalin fixed human lung
	12
	
	
	
	(Bockmeyer et al., 2012)

	miR-204
	Human PASMC – explanted
	8
	
	STAT3
	SHP2
	(Courboulin et al., 2011)

	miR-150
	Human plasma
	175
	
	KLF2
	
	(Rhodes et al., 2012)

	miR-424, miR-503
	Human PAEC
	?
	
	Apelin
	FGF2, FGFR1
	(Kim et al., 2013)

	miR-210
	Human PASMC
	
	
	HIF1α
	E2F3
	(Gou et al., 2012)

	miR-17
	Promoter analysis
	
	
	IL-6, STAT3
	BMPRII
	(Brock et al., 2009)

	miR20a
	Promoter analysis
	
	
	IL-6, STAT3
	BMPRII
	(Brock et al., 2009)

	
	SuHx, MCT mouse
	
	
	BMPRII
	RhoB, BMPRII
	(Parikh et al., 2012)

	miR-17
	
	
	
	
	P21
	(Pullamsetti et al., 2012)

	miR-145
	Hypoxic mouse PASMC
	
	
	
	SMAD4, SMAD5, KLF-4
	(Caruso et al., 2012)

	miR-130
	Explanted lung and serum
	6 – lung
14 - serum
	
	
	
	(Bertero et al., 2014)


PL = Plexiform lesion, CL = Concentric lesion.

[bookmark: _Toc297818239][bookmark: _Toc251497090][bookmark: _Toc252732464][bookmark: _Toc297818237]
2.8.1 [bookmark: _Toc313135331]Dysregulated miR in Experimental Models of PAH
The hypoxic rat and the monocrotaline treated rat are two common models of PAH thought to replicate different aspects of its pathology. A longitudinal study of miR expression during PAH development, identifying both model specific, time dependent changes in a number of miR (Caruso et al., 2010). Consistent with in vivo observation levels of let-7f, miR-21, miR-22, and miR-30c appropriately altered in hypoxic rat PASMC and PAF in vitro. Levels of miR-21 were reduced in lung samples and serum from patients with PAH.
Differences highlighted between miR levels during the development of PH in the hypoxic and monocrotaline rat perhaps reflect the different disease stimulus in these models. Another potential explanation for the differences between models may be the varied expression of miR in different cell types. Whole lung samples contain a mixture of cells including endothelial cells, smooth muscle and fibroblasts. 
Animal models of PAH provide an excellent platform for the investigation of disease however no one model faithfully replicates human disease (Stenmark et al., 2009). The analysis of miR expression cells derived from patients with PAH potentially offers more direct relevance and a more reliable means of identifying biomarkers of human disease.
2.8.2 [bookmark: _Toc251497093][bookmark: _Toc252732467][bookmark: _Toc297818240][bookmark: _Toc313135332]Identification of miR via Pathway Based Investigation
A number of signalling pathways are thought to underpin the cellular proliferation characteristic of PAH. Identifying miR related to these pathways is another strategy to identify miR that contribute to, or regulate, the disease. This approach provides insight into the specific role of miR related directly to the signalling pathways investigated.
Apelin Signalling
Recent studies have described an emerging role for the Apelin-Apelin receptor signalling axis in PAH (Chandra et al., 2011) and Apelin expression is reduced in serum and pulmonary microvascular endothelium of patients with PAH (Alastalo et al., 2011)
Augmentation of Apelin in healthy human PAEC leads to a pro-proliferative response; however, in PAEC from patients with PAH, increased Apelin levels inhibits proliferation (Kim et al., 2013). This finding has led to the hypothesis that reduced Apelin in PAH triggers a secondary signalling cascade that increases proliferation of human PAEC.
A range of angiogenic growth factors has been investigated as potential downstream signalling targets of Apelin, including FGF2. Examination of Apelin and FGF2 signalling revealed a functional role of miR-424 and miR-503 in PAEC/PASMC communication and PAH pathology (Kim et al., 2013).
Expression of Apelin, miR-424 and miR-503 was decreased and FGF2 and FGFR1 increased in lung and lung endothelial cells compared to control in the MCT and SuHx rat models of PAH. Intranasal delivery of a lentiviral vector expressing miR-424 and miR-503 resulted in reduced RVSP and RVH; a reduction in cellular proliferation and arterial obliteration; and reduced expression of FGF2 and FGFR1 in MCT and SuHx models (Kim et al., 2013).
[bookmark: _Toc23][bookmark: _Toc251497095][bookmark: _Toc252732469][bookmark: _Toc297818242]Hypoxic Signalling
[bookmark: _Toc251497096][bookmark: _Toc252732470]Hypoxia is both a driving factor in, and a consequence of, PAH. Hypoxia led to up-regulation of miR-210 in PASMCs, a finding replicated in lung tissue from hypoxic mice (Gou et al., 2012). Human PASMC exposed to hypoxic conditions were used to identify drivers and downstream targets of miR-210. HIF1α was shown to up-regulate miR-210 expression and led to apoptosis of human PASMC via the transcription factor E2F3, a direct target of miR-210.
[bookmark: _Toc26][bookmark: _Toc246745619]These data highlight the critical role of miR in signalling pathways related to PAH and the potential of focused investigation of miR related to specific signalling pathways to provide novel insight into disease.
2.8.3 [bookmark: _Toc313135333]Dysregulated miR in Samples from Patients with PAH
miR in Human Plasma miR-204, miR-17 and miR-92a
miR are present in a range of tissues and blood fractions and have been tested as diagnostic biomarkers in a variety of diseases (Courboulin et al., 2011; Fichtlscherer et al., 2010; Hausler et al., 2010; Rhodes et al., 2012). Rhodes and colleagues examined expression of miR in plasma identifying down-regulation of miR-150, however dysregulation of miR-204, miR-17 and miR-92a were not present. Reduced expression of miR-150 predicted 2-year survival and correlated with disease severity demonstrating the feasibility and potenitial utility of circulating biomarkers of PAH.
[bookmark: _Toc297818238]Ex-vivo Human Pulmonary Artery Smooth Muscle Cells
Courboulin and colleagues used qPCR arrays to examine miR expression in PAMSC from explanted lungs of patients with PAH (Courboulin et al., 2011). Down-regulation of miR-204 both correlated with histological severity of disease, and performed as a circulating biomarker of PAH when measured in buffy coat cells. The down-regulation of miR-204 was shown to reduce the direct inhibition of SHP2 thus activating Src kinase and nuclear factor of activated T cells (NFAT) to reduce apoptosis and increase proliferation of PASMC in culture. Administration of synthetic miR-204 by intra-tracheal nebulisation normalised levels of miR-204, SHP2 and STAT3 and reduced mPAP and right ventricular hypertrophy. This study was the first to suggest a single miR may be a viable therapeutic target for treatment of PAH.
Human Histological Samples
The examination of tissue from the explanted lungs of patients with PAH provides insight into the pathological process present in advanced disease. The contribution of miR expression in different cell types present in pulmonary vascular lesions is variable (Bockmeyer et al., 2012). Plexiform and concentric lesions from formalin sections of patients with PAH and controls were stained in situ to quantify expression of miR-143/145 (smooth muscle cell specific), and miR-126 (endothelial cell specific). Levels of miR-143/145 and miR-204 levels were higher in concentric lesions and miR-21 and miR-126 higher in plexiform lesions. These findings suggest that plexiform lesions form from a prominent angiogenic phenotype of cells (Bockmeyer et al., 2012). The varied and relative contribution of each cell type may explain the disparity in the regulation of miR-21 identified in studies in both rodents and humans (Yang et al., 2012b; Drake et al., 2011). 


2.9 [bookmark: _Toc313135334]Bioinformatic Prediction
Promoter Analysis
The miR-17~92 cluster was implicated in a range of cardiovascular diseases (Humbert et al., 1995; Bonauer A and Dimmeler S, 2009; Fichtlscherer et al., 2010; Pullamsetti et al., 2012) prior to investigation of its role in PAH. Brock and colleagues identified the miR-17~92 cluster as potential modulators of BMPRII signalling by analysing the sequence of the BMPRII promoter and matching this to known miR sequences (Brock et al., 2009). Using a BMPRII reporter in HEK293 cells it was shown that increased miR-17 and miR-20a markedly reduced BMPRII levels and that the miR-17~92 cluster is induced by IL-6 signalling via STAT3 (Brock et al., 2009). Anti-miR-20a transfection restored functional BMPRII signalling in human PASMCs and intra-peritoneal administration of anti miR-20a increased BMPRII levels and reduced vascular remodelling in lung tissue of hypoxic mice, but had no effect on hemodynamic parameters of PH (Brock et al., 2012).
Network Analysis
Parikh and colleagues undertook a network biology study to identify miR implicated in PAH (Parikh et al., 2012). Using a list of PH implicated genes and sequence based target prediction algorithms they identified miR-21 as a potential PAH related miR with targets in the BMPRII and Rho/Rho kinase signalling pathways as well as targets related to hypoxia and inflammation. miR-21 was up regulated by both hypoxia and BMPRII signalling in human PASMC. Targets validated by qPCR included RhoB and Rho-kinase targets, which would be consistent with decreased angiogenesis, and BMPRII; a finding which indicates that miR-21 may form a reciprocal feedback loop with BMPRII signalling. miR-21 itself was up-regulated in experimental PAH and lung samples from patients with PAH. Finally, miR-21 null mice were found to have increased RhoB and Rho-kinase expression and an exaggerated PH response to hypoxia.
The previously published PH related gene network was enriched with known interactions from consolidated protein-protein, transcription factor and miR databases. Network analysis identify miR-130 as a ‘master regulator’ of PAH pathology (Bertero et al., 2014). Levels of miR-130 were increased in experimental and patient PAH, inhibition of which provided therapeutic benefit.
The combination of patient samples and bioinformatics offers the opportunity to gain insight human disease and identify key regulators of the pathological processes driving PAH.
2.10 [bookmark: _Toc297817819][bookmark: _Toc297818235][bookmark: _Toc297818553][bookmark: _Toc313135335]MicroRNA therapies
Locked-nucleic acid structures are deliverable and stable in the circulation providing an effective means of anti-miR or antagomiR therapy. The studies detailed in this chapter demonstrate the efficacy of this strategy in experimental models of PAH and the first human trial of anti-miR-122 in the treatment of Hepatitis C (Janssen, 2011; Janssen et al., 2013) shows the translational potential of miR based therapies.
2.11 [bookmark: _Toc297817822][bookmark: _Toc297818244][bookmark: _Toc297818556][bookmark: _Toc313135336]Hypotheses and Aims
The direct relationship between human disease pathology and dis-regulated miR identified in studies of clinical samples provides a theoretical advantage over cell culture and animal model means of miR identification. The expression of miR in patients with PAH has been undertaken in a number of tissue types. It is known, however, that miR vary both with the tissue type examined (Rothman, Chico and Lawrie, 2014) and the point in progression of disease at which the sample is taken (Schlosser et al., 2015). Additionally, PAH specific therapies alter disease relevant signalling pathways (Yang et al., 2012a). The expression of whole blood miR in patients with PAH remains unexplored. To exclude the effect of PAH specific drug therapy on cell signalling and to minimise variation in progression of disease I propose to examine whole blood miR expression in patients at the time of diagnosis with PAH, prior to initiation of drug therapy.
Hypotheses:
1. miR dis-regulated in human whole blood and key cellular targets are important to the pathology of PAH
2. Investigation of key targets will identify novel therapeutic targets
3. Individual whole blood miR are biomarkers of PAH
The aims of this thesis are:
1. Determine whole blood expression of miR in patients with PAH
2. Determine the feasibility and utility of single miR as a biomarker of PAH
3. Identify key cellular targets of identified miR through bioinformatic analysis
4. Determine the phenotypic effect of altered miR levles in vitro and in vivo
5. Identify key cellular targets of miR that may represent novel therapeutic targets




3 [bookmark: _Toc27][bookmark: _Toc246745620][bookmark: _Toc297817823][bookmark: _Toc297818245][bookmark: _Toc297818557][bookmark: _Toc313135337]Materials and Methods
This chapter documents the materials and methods used throughout this thesis.
3.1 [bookmark: _Toc246745621][bookmark: _Toc297817824][bookmark: _Toc297818246][bookmark: _Toc297818558][bookmark: _Ref300241945][bookmark: _Ref300241986][bookmark: _Toc313135338]Ethics, Patient Cohorts and Whole Blood Processing
3.1.1 [bookmark: _Toc297818247][bookmark: _Toc313135339]Ethical Approval
The Sheffield Pulmonary Hypertension Biobank provided access to clinical data and whole blood samples from healthy volunteers and patients with pulmonary hypertension under the local Sheffield Teaching Hospitals Foundation Trust Observational Cardiovascular Biobank Ethics (08/H1308/193 and STH15222). Sample release was approved by the PH scientific advisory board.
3.1.2 [bookmark: _Toc297818248][bookmark: _Toc313135340]Patient Cohorts
Samples were taken from patients at the time of diagnostic investigation for PH or form healthy volunteers at time of enrolment in the Observational Cardiovascular Biobank. Clinical characteristics of individual patients in the derivation and validation cohort are listed in Appendix  A and B respectively. 
3.1.3 [bookmark: _Toc297818249][bookmark: _Toc313135341]Extraction and Quantification of mRNA and miR: Whole blood total RNA extraction, Nanodrop and Bioanalyser
mRNA and miR were extracted from Tempus whole blood tubes (Applied Biosystems, UK) using the Preserved Blood RNA Purification Kit I (Norgen Biotek Corp, Canada). The contents of a single Tempus blood RNA tube were place in a 50 mL Falcon tube and mixed by vortex for 30 seconds prior to centrifugation (4°C at 3000 rpm, 30 min). Supernatant was discarded and 600 µL of lysis solution and 300 µL of 100% ethanol added before re-suspension by vortex. 600 µL of lysate was loaded into the Preserved Blood RNA Purification Kit column and RNA bound to the membrane by centrifugation (3000 rpm, 1 min). The flow-through was discarded and the process repeated until all the lysate was processed. The column was washed twice with 400 µL of wash solution and centrifuged (3000 rpm, 1 min). The flow-through was discarded and membrane dried by centrifugation (3000 rpm, 2 min). RNA elution was performed by adding 50 µL of elution solution directly onto the membrane prior to centrifugation (2000 rpm for 2 min followed 14,000 rpm for 1 min). Total mRNA was quantified by Spectrophotometry (Nanodrop 1000, Thermo Scientific, UK). A 260/280 ratio of ~ 2.0 was accepted as indicative of ‘pure’ RNA and a 260/230 ratio of 2.0-2.2 suggestive of a non-contaminated sample (nockengost, 2009; Beringer, 2012), Example trace and table data are shown in Figure 2‑1 and Table 2‑1. Samples were stored at -80oC.
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[bookmark: _Ref297886570][bookmark: _Toc298513063][bookmark: _Toc313048821]Figure 2‑1: Single sample mRNA spectrophotometry trace.

[bookmark: _Ref297927287][bookmark: _Ref297886582][bookmark: _Toc313048794][bookmark: _Ref297927230]Table 2‑1: Example mRNA spectrophotometry data. 
	Sample
	ng/ul
	A260
	A280
	260/280
	260/230
	Constant

	983
	184.23
	4.606
	2.205
	2.09
	2.11
	40

	984
	358.54
	8.964
	4.224
	2.12
	2.02
	40

	985
	352.48
	8.812
	4.159
	2.12
	2.08
	40



The presence of miR in extracted total RNA was confirmed by electropherogram (Bioanalyser, Agilent Technologies, UK). Sample ladder and extracted whole blood miR analysis are depicted in Figure 2‑2.
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[bookmark: _Ref297890318][bookmark: _Toc298513064][bookmark: _Toc313048822]Figure 2‑2: Sample electropherogram data demonstrating the presence of miR in extracted total RNA on the Bioanalyser platform.
A) Ladder. B) Sample with miR peak and quantification.

3.2 [bookmark: _Toc246745622][bookmark: _Toc297817825][bookmark: _Toc297818250][bookmark: _Toc297818559][bookmark: _Ref300242003][bookmark: _Toc313135342]Arrays, Bioinformatics, Target Identification and Validation
Several methods are available for quantification of miR levels. Oligonucleotide array based platforms offer the ability to examine a large number of miR simultaneously, however the low dynamic range and large number of probes (comprising high throughput sequencing reads yet to be validated as function miR in humans) introduce noise making data analysis challenging. qPCR based arrays offer determination of validated human miR with a broad dynamic range and greater accuracy than oligonucleotide based arrays.
3.2.1 [bookmark: _Toc297818251][bookmark: _Ref300242093][bookmark: _Toc313135343]TaqMan Low Density Array
Reverse transcription of miR to single stranded cDNA was performed using the TaqMan microRNA Reverse Transcription kit (Invitrogen, UK). RT Master Mix was prepared on ice (per reaction: 0.8 µL x10 Megaplex RT primers; 0.2 µL dNTPs with dTTP; 1.5 µL multi-scribe reverse transcriptase (50 U/µL); 0.8 µL x10  RT Buffer;  0.9 µL MgCl2; 0.1 µL RNase inhibitor (20 U/ µL); 0.2 µL nuclease free water). A volume containing 1000 ng of total RNA was made to 3 µl with nuclease-free water and added to 4.5 µl of RT Master Mix prior to thermal cycling (Veriti Thermal Cycler, Life technologies, UK: 40x (Step 1: 16oC, 2 min; Step 2: 42oC, 1 min; Step 3: 50oC, 1 sec); Step 4: 85oC, 5 min; Step 6: 4oC, ∞).
Reverse transcription product was used for miR quantification using TaqMan Human MicroRNA V2.0 A array (Invitrogen, UK). The PCR Reaction Mix (per array: 450 µL 2x TaqMan Universal PCR Master Mix, No AmpErase UNG; 6 µL RT product; 444 µL nuclease free water) was prepared on ice and 100 µL loaded into each port of the TaqMan MicroRNA Array prior to centrifugation (1200 rpm, 10 min).  qPCR was performed in duplicate using a 7900HT Fast Real-Time PCR System (Invitrogen, UK). Array data were examined using the NormFinder package in R (Andersen, Jensen and Ørntoft, 2004) to identify a appropriate reference gene. The calculated stability values of miR in whole blood are listed in Table 2‑2. Stability score indicates that U6 was the most stable probe and therefore appropriate for sample normalisation. To refine raw array data samples with CT values consistently > 38 were deemed undetectable and excluded from further analysis. Delta CT was calculated to U6 and data normalised by scale rank between arrays. Relative expression was calculated between mean expression of target miR in control and PH groups and differential expression determined by an adjusted p value in LIMMA on the open source platform Bioconductor (Appendix G).
[bookmark: _Ref297887011][bookmark: _Toc313048795]Table 2‑2: Probe stability in whole blood samples from the derivation cohort.
	TILDA Probe
	Stability Value

	MammU6-4395470
	0.004

	hsa-miR-330-3p-4373047
	0.007

	hsa-miR-326-4373050
	0.008

	hsa-miR-125a-5p-4395309
	0.009

	hsa-miR-183-4395380
	0.009

	hsa-miR-29c-4395171
	0.010

	hsa-miR-598-4395179
	0.010

	hsa-miR-886-5p-4395304
	0.010

	MammU6-4395470
	0.010

	hsa-miR-340-4395369
	0.010


Whole blood miR expression was analysed in the NormFinder package to identify stable reference miR for normalisation of other probes. 


3.2.2 [bookmark: _Toc297818252][bookmark: _Ref300242116][bookmark: _Toc313135344]Agilent microRNA Array 
miR expression analysis was performed using the miR Microarray (Agilent Technologies, UK) according to the manufacturer’s instructions. RNA samples (200 ng) from each patient were labelled and hybridised and sample array matrices scanned on an Agilent Technologies Scanner G2505C using Feature Extraction Software (Agilent Technologies, UK). Data were Lowes normalised and analysis was performed using the AgimicroRNA package in the Linear Models for Microarray Data (LIMMA) package (Ritchie et al., 2015) on the open source statistical programing package R (http://www.r-project.org/). MA plot and p value histogram are represented in Figure 2‑3. Array processing was performed by James Iremonger and data analysis by Dr A Rothman (Appendix H)
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[bookmark: _Ref297995475][bookmark: _Toc298513065][bookmark: _Toc313048823]Figure 2‑3: Distribution of whole blood miR Agilent microRNA array post normalisation.
A) p value histogram showing low number of significant miR. B) MA plot showing expression (A) and change between group (M).
3.2.3 [bookmark: _Toc297818253][bookmark: _Ref300243260][bookmark: _Toc313135345]Identification of PH Relevant mRNA Targets
miRBase ID of identified miR were analysed using TargetScan to generate a list of predicted mRNA targets (Appendix C).  A curated list of PH related genes was created by a PubMed literature search for ‘pulmonary hypertension’ related pathways up to and including September 2014 (Appendix D) as previously described (Parikh et al., 2012). The miR target list was crossed with the PH gene list to identify potential PH related targets of identified miR. Interactions between network genes were annotated according to a list of protein-protein interactions (Rual et al., 2005; Aranda et al., 2009; Licata et al., 2012), protein-DNA interactions (Matys, 2003), kinase-substrate interactions (Diella et al., 2007), drawn from consolidated databases and data represented as nodes and edges in Cytoscape (Shannon et al., 2003). Functional annotation was performed in DAVID (Huang, Sherman and Lempicki, 2008) and pathway analysis in KEGG (Kanehisa et al., 2013; Kanehisa and Goto, 2000).
3.2.4 [bookmark: _Toc297818254][bookmark: _Ref300243630][bookmark: _Ref300245648][bookmark: _Toc313135346]Quantitative PCR: MicroRNA
Reverse transcription of miR to single stranded cDNA was performed using the TaqMan microRNA Reverse Transcription kit (Invitrogen, UK). The RT Master Mix (per 15 µl reaction: 0.15 µl 100mM dNTP, 1 µl 50 U/µl MultiScribe Reverse Transcriptase, 1.5 µl 10x RT buffer, 0.19 µl 20 U/µl RNase Inhibitor, 4.16 µl Nuclease free water) was prepared on ice. A volume containing 10ng of total RNA was made to 5 µl with nuclease-free water and added to 7 µl of Master Mix and 3 µl of 5x RT primer prior to thermal cycling (Veriti Thermal Cycler, Life technologies, UK: Step 1: 16oC, 30 min; Step 2: 42oC, 30 min; Step 3: 85oC, 5 min Step 4: 4oC, ∞). Quantitative PCR was performed using the TaqMan microRNA Assays for U6 and miR-140-5p (Invitrogen, UK). The qPCR reaction mixed (per single reaction: 0.5 µl 20x TaqMan Small RNA Assay, 0.66 µl RT product, 5 µl 2x TaqMan Universal PCR Master Mix II (no UNG), 3.84 µl nuclease-free water) and loaded in duplicate onto a 384-well plate and centrifuged at 1000 rpm for 1 min. qPCR was performed in duplicate using a 7900HT Fast Real-Time PCR System (Invitrogen, UK). PCR primers are listed in Table 2‑3. Assay efficiency (Ex) was calculated using the Ct slope method as shown in Figure 2‑4 (Livak and Schmittgen, 2001; Liu and Saint, 2002).
[bookmark: _Ref297894948][bookmark: _Toc313048796]Table 2‑3: miR assay qPCR primers.
	Gene 
	Primer

	U6
	001973

	miR-140-5p
	001187



[image: ]
[bookmark: _Ref297895693][bookmark: _Toc298513066][bookmark: _Toc313048824]Figure 2‑4: Determination of miR assay efficiency.
 Assay efficiency was determined for U6 (A) and miR-140-5p (B) using the Ct slope method with 4 concentrations covering a 3-log range. The calculated efficiency for U6 is 99.11% and miR-140-5p is 99.53%.

Relative expression was determined by comparison of the target gene with U6 and comparing the ratio between samples from patients and healthy volunteers. Statistical analysis of RQ data was performed on log-transformed data.
3.2.5 [bookmark: _Toc297818255][bookmark: _Ref300243644][bookmark: _Ref300245649][bookmark: _Toc313135347]Quantitative PCR: mRNA
Reverse transcription of mRNA to single stranded cDNA was performed using the High Capacity RNA-to-cDNA Kit (Life technologies, UK). The RT reaction mix was prepared on ice. A volume containing 2ug of total RNA isolated from whole blood was made to 10µl with nuclease-free H2O and added to 10 µl of 2x RT Buffer and 1 µl of 20x RT Enzyme Mix prior to thermal cycling (Life technologies, UK: Step 1: 37oC, 60 min; Step 2: 95oC, 5 min; Step 3: 4oC, ∞). cDNA was stored at -80oC for later use. A volume containing 50 ng of cDNA was diluted to a volume of 4.5 µl using nuclease-free H2O. 5 µl of 2x TaqMan gene expression master mix (Life technologies, UK) along with 0.5µl of the target gene primer (10X) (TaqMan, Life technologies, UK) were added to the cDNA in the well of a 384-well plate. Duplicate samples for each gene were loaded on the same plate. The plate was centrifuged at 1000rpm for 1 min and the reaction run on a 7900HT fast real time PCR system (Applied Biosystems, UK). PCR primers are listed in Table 2‑4. Assay efficiency (Ex) was calculated using the Ct slope method Figure 2‑5 (Livak and Schmittgen, 2001; Liu and Saint, 2002).



[bookmark: _Ref297896149][bookmark: _Toc313048797]Table 2‑4: mRNA qPCR assay primers.
	Gene
	Primers (Life Technologies, UK)

	18s
	HS03003631_g1

	ALK5
	Hs00610320_m1/Rn00688966_m1 

	PDGFRA
	HS009998018_m1/Rn01417537_m1 

	SMURF1
	Hs00410929_m1/Rn01412801_m1 



[image: ]
[bookmark: _Ref297896186][bookmark: _Toc298513067][bookmark: _Toc313048825]Figure 2‑5: Determination of mRNA assay efficiency.
Assay efficiency was determined for 18S (A), ALK5 (B), PDGFRA (C) and SMURF1 (D) using the Ct slope method with 4 concentrations covering a 3-log range. Calculated efficiencies are: 18S – 93.68%, ALK5 – 98.98%, PDGFRA – 98.3% and SMURF1 – 98.91%.

Relative expression was determined by comparison of the target gene with 18S (control gene) and comparing the ratio between samples from patients and healthy volunteers, Statistical analysis of RQ data was performed on log-transformed data.
3.3 [bookmark: _Toc246745623][bookmark: _Toc297817826][bookmark: _Toc297818256][bookmark: _Toc297818560][bookmark: _Ref300243603][bookmark: _Ref300245699][bookmark: _Toc313135348]Cell Culture, Transfection, Phenotype and Signalling Assays
3.3.1 [bookmark: _Toc297818257][bookmark: _Ref299007536][bookmark: _Ref299007860][bookmark: _Ref299008588][bookmark: _Ref299008627][bookmark: _Toc313135349]Cell Culture
PASMC were purchased from Lonza (Basel, Switzerland) and cultured in SmBM (Smooth Muscle Basal Medium) with 10% v/v FBS, 0.1% w/v insulin, 0.2% v/v hFGF-β, gentamicin (30 μg/ml), amphotericin (15 ng/ml) (Lonza, Basel, Switzerland), and penicillin and streptomycin at 37oC in 5% CO2 in T75 or T25 flasks (Corning Costar, UK) as appropriate. Growth arrest was performed in DMEM (Dulbecco's Modified Eagle Medium, Lonza, Basel, Switzerland) with 0.2% v/v FBS, penicillin and streptomycin prior to experimentation.
3.3.2 [bookmark: _Toc297818258][bookmark: _Toc313135350]Transfection
PASMC were grown to 80% confluence prior to transfection with miR (negative control 1 (SCR), miR-140-5p mimic or inhibitor, 0-100 nM, Invitrogen, UK) or siRNA (SMURF1, PDGFRA, TGFBR1: Thermo Scientific, UK) using HappyFect RNAi (Tecrea Ltd, London, UK). DMEM and HappyFect were warmed to 37oC. A transfection mixture (per 16 wells: 0.7 μL 50 nM miR or siRNA; 7 μL miR; 90 μL DMEM) was prepared and incubated for 20 min prior to mixing with 1.6 mL of full growth media and dropped onto PASMC at 4 x104 cells/ml in 96 well plates (Corning Costar, UK). Effective transfection was demonstrated by mir-140-5p assay qPCR (Figure 2‑6).


[image: ]
[bookmark: _Ref297896728][bookmark: _Toc298513068][bookmark: _Toc313048826]Figure 2‑6: Example qPCR amplification data.
miR-140-5p assay of PASMC lysate 72 hours after transfection with miR-140-5p mimic (Mimic), inhibitor (Inhibitor) or scramble control (SCR).

3.3.3 [bookmark: _Toc297818259][bookmark: _Ref299008635][bookmark: _Ref300245877][bookmark: _Toc313135351]PASMC Proliferation Assay
PASMC (P5-P8) were plated onto 96 well plates at a density of 4 x104 cells/well in full growth media. After 24 hours cells were transfected with 0-30 nM SCR, miR-140-5p mimic or inhibitor and growth arrested in 0.2% v/v FBS for 48 hours. Cells were then stimulated with: PDGF (20 ng/ml); BMP4 (10 ng/ml); TGFβ (10 ng/ml); IL-1b (10 ng/mL) (Peprotech, London, UK); along side cells in 0.2% v/v FBS (negative control) and cells in full growth (positive control, fully supplemented SMBM as described in 2.3.1). After 72 hours, cells were fixed with 3.7% w/v formaldehyde for 20 minutes at room temperature and permeabilised with 0.1% v/v Triton X-100 (5 washes of 5 min) prior to nuclear staining with DRAC5 (1 hour at room temperature, 1: 10,000 dilution: Biostatus, UK) and Sapphire 700 (1:1000 dilution: LI-COR, Germany) in LI-COR blocking buffer (30% v/v LI-COR blocking buffer in 1x PBS). Cells were washed 5 times with 0.1% v/v Tween-20 in 1xPBS and plates analysed on the LI-COR Odyssey Sa system (LI-COR, Germany). DNA staining signal was quantified by subtracting background in the 700 nm channel (Biosciences, 2011).
3.3.4 [bookmark: _Toc297818260][bookmark: _Toc313135352]PASMC Migration Assay
PASMC were cultured to 80% confluence in T25 flasks and transfected with 30 nM SCR, pre-miR-140-5p or anti-miR-140-5p in full growth media as described in 2.3.1. Cells were washed 3 times in PBS and placed in 0.2% v/v FBS for 48 hours. PET (polyethylene terephthalate) Cell Culture Inserts (8 μm pore size, Falcon, UK) were coated with fibronectin for 60 mins at room temperature by filling wells of a 24 well plate (Corning Costar, UK) with 750 μL of fibronectin solution (74 ml of PBS and 1 mg (1 ml) fibronectin, Sigma, UK), placing the insert in the well and covering with a further 100uL of fibronectin solution. Transfected PASMC were washed in 1x PBS and incubated for 3 min in 1 ml of 1x trypsin (Invitrogen, UK) at 37oC. 1 ml of defined trypsin inhibitor (Cascade Biologics, UK) was added to each flask and cells re-suspended at 12 x 104 in 0.2% v/v FBS. Inserts were cleaned of fibronectin and placed in wells of a 24 well plate with each well containing 750 μL of 0.2% v/v FBS media and a single insert. 250 μL of cell suspension was placed on the insert and plates incubated at 37oC for 6 hours in 5% CO2. After 6 hours the inserts were washed in PBS and the inner surface of the membrane was cleaned of cells. Inserts were stained with haematoxylin and eosin, dried overnight. Cells were counted in 10 random fields for each insert on an inverted light microscope (Evos XL Core, Life Technologies) and averaged between experimental duplicates.
3.3.5 [bookmark: _Toc313135353]Plasmid Preparation
Chemically competent cells (E.Coli - STK200-101, GeneCopoeia, USA) were transformed with plasmid prior to preparation (Table 2‑5 and Appendix F). Cells were allowed to thaw on ice and mixed prior to addition of 100-200 ng plasmid DNA. The transfection mix was incubated on ice for 30 min and heat shocked at 42°C for 45 sec in a pre-heated water bath. Cells and plasmid DNA were then placed on ice for 2-5 min following which 500 ml of SOC media (warmed to 42°C) was added and cells inverted to suspend and incubated at 37°C for 1 hour at 200rpm. The mixture was plated on (200 μL) onto agar and kanamycin (KAN agar, Invitrogen, UK) and incubated for 12-16 hours at 37°C.


[bookmark: _Ref297902599][bookmark: _Toc313048798]Table 2‑5: Luciferase plasmids.
	Plasmid
	CAT number
	Manufacture
	Assay Media

	pGL4[luc2P/hID1/Hygro]
	CS177202
	Promega, UK
	0.2% v/v FBS
+ BMP4 100 ng/mL

	pRL-TK
	TB240
	Promega, UK
	0.2% v/v FBS
+ BMP4 100 ng/mL

	SMURF1 3’UTR Luc
	HmiT055054-MT01
	GeneCopoeia, USA
	0.2% v/v FBS



A single colony was taken in 100ml of LB broth for overnight culture at (37°C at 200 rpm in 1:50 dilution of Kanamycin 50 mg/ml). Glycerol stock was prepared from 500 μL LB broth and 500 μL of 50% v/v glycerol and stored at -80°C. Plasmid DNA was purified using the MaxiPrep Kit (Qiagen, UK). Briefly, the remaining culture was centrifuged at 6000g for 15 min at 4°C and re-suspend in 10 ml P1 buffer then 10 ml of P2 buffer was added and the mixture invert 4-6 times before incubation at room temperature for 5 min. The filter was prepared by screwing the QIAfilter Cartridge cap into the outlet nozzle of the QIAfilter Cartridge and 10 ml of chilled P3 buffer added and the mixture inverted 4-6 times. The culture lysate was poured into the barrel and incubated at room temperature for 10 min. The filter cap was removed and plunger inserted to filter the cell lysate into falcon tube. 2.5 ml ER buffer was added to the filtered lysate and the mix invert 10 times and incubated on ice for 30 min. QBT buffer (10 mL) was added to Qiagen-tip 500 and allowed to empty under gravity flow. The filtered lysate was washed with 2 x 30ml QC buffer and DNA eluted with 15ml QN buffer into 30 ml endotoxin-free or pyrogen-free tube. DNA was precipitated with 10.5 ml isopropanol at room temperature and centrifuged at 15,000 g for 30 min at 4°C. The pellet was washed with 5 ml of endotoxin free ethanol 70% at room temperature and centrifuged at 15,000g for 10 min. The supernatant was decanted and air-dried for 5-10 min. The DNA was re-dissolved in TE buffer and purity and concentration assed by Nanodrop (Thermo Scientific, UK).
3.3.6 [bookmark: _Ref300245716][bookmark: _Toc313135354]Luciferase Assays
PASMC were seeded in a white 96 well assay plate at 4 x104 as described in 2.3.1. DNA, serum free media and transfection reagent (EndoFectin Plus, EFP1003-01/02, GeneCopia, USA) were warmed to room temperature. Lipid-DNA complexes were prepared with 100 ng DNA, 20 ng miR/siRNA, EndoFectin Plus 0.45 μL in 5 μL serum free media per well and incubated at room temperature for 10-15 min. DNA-Lipid complex was added directly to cells and cells cultured overnight.  Media was replaced with 90 μL /well assay media (Table 2‑5) and cells cultured overnight. One-Glo Reagent (Promega, UK) was reconstituted and combined One-Glo Substrate and Buffer (Promega, UK).  Cells were removed from the incubator and allowed to equilibrate at room temperature for 10-15  minutes. One-Glo Reagent (100 μL/well) was added to each well using a multichannel pipette and cells incubate at room temperature for 10 minutes. Luminescence was measured using as previously described.
3.3.7 [bookmark: _Toc297818262][bookmark: _Ref300232869][bookmark: _Ref300243667][bookmark: _Ref300245665][bookmark: _Toc313135355]Protein Analysis
PASMC were plated into T25 flasks (Corning Costar, UK) cultured transfected and growth arrested as described in 2.3.1 and 2.3.3. After 72 hours protein was isolated in lysis buffer (78% ddH2O, 1% 1M Tris HCL, 1% 100 mM SDS (sodium dodecyl sulfate)) with complete protease/phosphatase inhibitor (Holt, UK) and separated by SDS-Polyacrylamide gel electrophoresis using the NuPAGE Kit (Invitrogen, UK). Purified cell lysate from SCR, miR-140-5p mimic and inhibitor transfected PASMC was mixed with loading buffer (24 µl, LI-COR Biosciences, UK) and reducing agent (3.2 μL, Invitrogen, UK) and heated to 70oC for 10 min. Samples and a pre-stained ladder were loaded into 10 well pre-cast SDS polyacrylamide gels (NuPAGE 4-12% Bis-Tris Mini gels, Invitrogen, UK) and run at 200 V for 45 min in an electrophoresis cell (XCell SureLock Mini cell, Invitrogen, UK) containing running buffer (25 ml 20x running buffer and 500 µL antioxidant (Invitrogen, UK) in 500 ml distilled water). Gels were transferred onto a nitrocellulose membrane in transfer buffer (25 ml 20x transfer buffer, 1 ml antioxidant and 50 ml methanol in 50 ml distilled water) and run at 30 V for 60 min. Protein transfer was confirmed with Ponceau S staining and membranes were blocked for 90 mins in 30% v/v LI-COR buffer at room temperature on a shaking platform. Following blockade membranes were incubated with primary antibody in 30% v/v LI-COR buffer overnight at 4oC on a tilting platform (Cell culture: Rabbit anti-human SMURF1 1:1000, #2174; PDGFRα 1:1000, #3164; ALK5/TGFBR1 1:1000, #3712; GAPDH 1:1000, #14C10; Phosph-SMAD1/5 1:1000, #41D10: Cell Signaling Technology, USA, rabbit anti-human SMAD1/5/8, 1:1000, #ab66737, Abcam, UK and rabbit anti-human ID1, 1:2000, #Clone 5-3, Cal Bioreagents, USA; Animal tissue: mouse anti-human SMURF1 Ab57573 1:250, ALK5 AB31013, Abcam, UK 1:250, PDGFRA AB61219 1:500, Abcam, UK, GAPDH 14C10 1:1000: Cell Signaling Technology, USA). Blots were washed three times for 10 min in 0.1% PBS Tween-20 before incubating overnight at 4°C with QuickWestern IRDye (LI-COR Biosciences, UK). Blots were washed three times for 10 min in 0.1% v/v PBS Tween-20 before scanning and signal detection using the LI-COR Odyssey Sa system (LI-COR Biosciences, UK). Blots were stripped (Reblot Plus Mild Chemicon solution, Millipore, UK) and re-probed as described above.
Western bands relating to proteins of interest (GAPDH, ALK5, PDGFRA and SMURF1) were identified in relation to ladder following incubation with appropriate primary antibody (Figure 2‑7 and Figure 2‑8). Comparison of experimental conditions was made by signal intensity following normalisation to GAPDH.
[image: ]
[bookmark: _Ref298107719][bookmark: _Toc298513069][bookmark: _Toc313048827]Figure 2‑7: Sample Western blot of PASMC lysate demonstrating GAPDH, ALK5 and PDGFRA bands.
[image: ]
[bookmark: _Ref298107722][bookmark: _Toc298513070][bookmark: _Toc313048828]Figure 2‑8: Sample Western blot of PASMC lysate demonstrating SMURF1 band.


3.4 [bookmark: _Toc246745624][bookmark: _Toc297817827][bookmark: _Toc297818263][bookmark: _Toc297818561][bookmark: _Ref300244508][bookmark: _Ref300245573][bookmark: _Ref300245633][bookmark: _Toc313135356]Animals Models, Experimental Treatments, Disease Phenotyping and Tissue Processing
3.4.1 [bookmark: _Toc297818264][bookmark: _Toc313135357]Home Office Licence
Experiments were performed under the Home Office Project License of Dr A. Lawrie (40/3517) in compliance with the Animal (Scientific Procedures) Act 1986.
3.4.2 [bookmark: _Toc297818265][bookmark: _Toc313135358]Monocrotaline Rat Model of PAH
Experiments used outbred male, albino Sprague Dawley (SD) rats (Charles River, UK) (starting weight 280-300 g). 200 mg of monocrotaline (Sigma Aldrich, UK) was dissolved in 0.6 ml of 1 M HCL and vortexed for 40 min. Sterile water was added to make the volume to 5 ml and the pH adjusted to 7.0 with sterile NaOH. A final solution was made to 10 ml with sterile water. A single subcutaneous injection of 60 mg/kg monocrotaline (MCT) into the right thigh was used to induce pulmonary arterial hypertension.
3.4.3 [bookmark: _Toc297818266][bookmark: _Toc313135359]Monocrotaline Time Course Experiments
miR expression during the development of PAH was quantified from historic samples of lung total RNA (mRNA and miR). Rats (200-260 g) underwent haemodynamic study and sacrifice either 2, 7, 14, 21 or 28 days after injection with MCT (60 mg/kg) or saline control. Lung samples were processed as described below. Time course experiments were performed by Dr A.Lawrie’s lab prior to my involvement.
3.4.4 [bookmark: _Toc297818267][bookmark: _Toc313135360]Monoctrotaline Prevention Study
To investigate whether loss of miR-140-5p was required for, or if an increase of miR-140-5p was protective from, the development of disease in the MCT model SD rats (weight 280-300 g, n = 8 per group) were treated with weekly doses of 20 μM SCR or miR-140-5p mimic by intra tracheal nebulisation at day, 0 7 and day 14 post injection with MCT (Figure 2‑9). Disease phenotyping and tissue harvest was undertaken 21 days post MCT injection.
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[bookmark: _Ref297905278][bookmark: _Toc298513071][bookmark: _Toc313048829]Figure 2‑9: The monocrotaline prevention model of PAH.
SD rats were injected with MCT at day 0 and 20 μM of miR (scramble or miR-140-5p mimic) administered by intra-tracheal nebulization on day 0, 7 and day 14. Effect on disease development was determined by echocardiogram and cardiac catheterisation at day 21 and tissues harvested for further analysis.

3.4.5 [bookmark: _Toc297818268][bookmark: _Toc313135361]Monoctrotaline Therapeutic Study
To investigate the effect on established disease miR-140-5p was delivered by intra-tracheal nebulisation to SD rats at 21 days post MCT (Figure 2‑10). Monocrotaline was injected into the right thigh of SD rats as described at day 0 (weight 280-300 g). Confirmation of disease development was made by echocardiogram at day 21. Two, weekly doses of 20 μM SCR or miR-140-5p mimic were administered by intra tracheal nebulisation at day 21 and day 28 and disease phenotyping and tissue harvest was undertaken at 35 days post MCT injection.



[image: ]
[bookmark: _Ref297905233][bookmark: _Toc298513072][bookmark: _Toc313048830]Figure 2‑10: The monocrotaline theraputic model of PAH.
SD rats were injected with MCT at day 0 and confirmation of disease development made by echocardiogram at day 21. 20 μM of miR (scramble or miR-140-5p mimic) administered by intra-tracheal nebulization on day 21 and day 28. Effect on disease phenotype was determined by echocardiogram and cardiac catheterisation at day 35 and tissues harvested for further analysis.

3.4.6 [bookmark: _Toc297818269][bookmark: _Toc313135362]Sugen-5416 Hypoxic Rat Model of PAH
Experiments used outbred male, albino Wistar-Kyoto (WK) rats (Harlan Laboratories, UK) (starting weight 200-250 g). Vehicle was prepared by adding 0.5 g CMC (0.5% (wt/vol) carboxyl methylcellulose sodium, Sigma Aldrich, UK), 400 µL Tween 80 (0.4% (vol/vol) polysorbate 80, Sigma Aldrich, UK) and 900µl benzyl alcohol to 98.7 ml of 0.9% (wt/vol) Sodium chloride (Sigma Aldrich, UK) and stirring on a warming plate until clear. 5 mg/mL Sugen was prepared by adding 2 mL of vehicle to 10 mg of Sugen 5416 (Tocris, UK) and sonicating in a water bath for 15 min. 0.6 ml of Sugen 5416 (20 mg/kg) was administered to each rat (200-250 g) by subcutaneous injection. Rats were housed in hypoxic chambers at 10% O2 and 5% CO2 for 3 weeks and in normoxia for 5 weeks for experimentation.
3.4.7 Sugen-5416 Hypoxic Rat Time Course Experiments
miR expression during the development of PAH was quantified from historic samples of Tempus whole blood RNA (mRNA and miR). Experiments used outbred male, WK rats (starting weight 200-250 g). A single subcutaneous injection of 20 mg/kg of Sugen-5416 into the right thigh at day 0. A three week period of hypoxic exposure and 11 weeks of normoxia induced pulmonary arterial hypertension with characteristic histological lesions (Abe et al., 2010). Tempus blood samples and haemodynamic data from the Sugen Hypoxic (SuHx) time course was provided by Dr D Rowlands, Novartis, UK.
3.4.8 Sugen-5416 Hypoxic Therapeutic Study
To investigate the effect on established disease miR-140-5p was delivered by intra-tracheal nebulisation to SD rats 8 weeks post Sugen-5416 injection (Figure 2‑11). Sugen was injected into the right thigh of SD rats as described at day 0 (weight 200-250 g) and animals housed in hypoxic chambers for 3 weeks as described above. Confirmation of disease development was made by echocardiogram at week 8. Three, weekly doses of 20 μM SCR or miR-140-5p mimic were administered by intra-tracheal nebulisation at week 8, 9 and 10 and disease phenotyping and tissue harvest was undertaken at week 11 post injection.
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[bookmark: _Ref297905306][bookmark: _Toc298513073][bookmark: _Toc313048831]Figure 2‑11: The sugen therapeutic model of PAH.
Wistar Kyoto rats were injected with Sugen at day 0, housed in 10% O2 and 5% CO2 for 3 week and normoxia for 5 weeks. Confirmation of PAH was made by echocardiogram at week 8 and 20 μM of miR (scramble or miR-140-5p mimic) administered by intra-tracheal nebulization at week 8, 9 and 10. Effect on disease phenotype was determined by echocardiogram and cardiac catheterisation at week 11 and tissues harvested for further analysis.


3.4.9 [bookmark: _Toc297818270][bookmark: _Toc313135363]Preparation of In Vivo Transfection Mixture
3 mg/L (200 M) stock was prepared by re-suspending 250 nmol of HPLC miR/SCR (Invitrogen, UK) in 1.25 mL of DNase RNase free water (Ambion, UK). Using the stock miR/SCR an in vivo transfection mixture (10 doses of 20 nM in 100uL) was prepared by mixing two transfection reagents tubes (Tube 1: Mix 100 μL of 200 μM miR/SCR stock with 100 μL of Complexation Buffer (Invivofectamine, Invitrogen, UK); Tube 2: 200 μL of Invivofectamine (Invitrogen, UK) at room temperature) then vortexing for 2-3 seconds prior to incubation for 30 min at 50oc. During transfection mixture incubation a Float-A-Lyzer dialysis filter (Spectrum Medical  Laboratories, UK) was prepared by filling the filter with 10% v/v isopropranol and submerging in 10% v/v isopropranol for 10 min. Alcohol was removed by aspiration and the Float-A-Lyzer flushed, filled and soaked in deionised water for 15-20 min. Deionised water was then aspirated and the Float-A-Lyzer loaded with transfection mixture by pipetting to the bottom of the membrane slowly withdrawing pipet as dispensing. The Float-A-Lyzer (with ring float) was placed vertically in 1 L of PBS and incubated for 2 hours with gentle agitation. The sample was collected by aspirating while moving pipette toward bottom of membrane and made up to 2 mL with PBS in sterile tube.
3.4.10 [bookmark: _Toc297818271][bookmark: _Toc313135364]Nebulised Intra-Tracheal Delivery of In Vivo Transfection Mixture
Rodents were anaesthetised with isoflurane (5%) via oxygen (2 L/min) in an induction chamber (Harvard Apparatus, UK) and placed supine on a heated platform at 45oC with the head orientated towards the operator. Animals were covered to minimise heat loss and maintenance isoflurane (0.5-1.5%) delivered with oxygen (1 L/min) via a nose cone. Continuous heart rate monitoring was used to monitor depth of anaesthesia. The nose cone was removed to allow delivery of transfection reagent. The vocal cords were visualised with a small animal laryngoscope (Model LS-2, Penn-Century, USA) and the animal intubated with a MicroSprayer Aerosolizer (Model LA-1B, Penn-Century, USA). 20 μM of miR/SCR was delivered in 100 μL of transfection mixture via a 250 μL high-pressure syringe (FMJ-250, Penn-Century, USA).
3.4.11 [bookmark: _Toc297818272][bookmark: _Ref300244588][bookmark: _Toc313135365]Echocardiography 
Transthoracic echocardiography was performed with the Vevo 770 preclinical high frequency ultrasound system (Visual Sonics, Canada) using the RMV710B probe. Rats were anaesthetised as previously described. Heart rate, respiratory rate and rectal temperature were monitored continuously and maintenance anaesthetic delivered via a nose cone and titrated to achieve maximal heart rate (350 bpm). The chest of the rat was depilated and preheated ultrasound gel was applied (Aquasonics 100 Gel, Parker Labs Inc, USA) for image acquisition. Study protocols were developed by Dr A. Lawrie, Dr A. Hameed and Ms N. Arnold (Hameed et al., 2012), and echocardiography performed and analysed by Dr A. Rothman and Ms N. Arnold.
Standard parameters of the left ventricle were measured in the short axis view at the mid-papillary muscle level. Ejection fraction (EF%), fractional shortening (FS%) and corrected LV mass were determined from M-Mode measurements of the LV wall and cavity dimensions (LVIDd) (Figure 2‑12). Stroke volume was derived from the Velocity Timed integral (VTi) of flow and diameter at the level of aortic valve annulus and multiplied by heart rate to obtain the cardiac output. The right parasternal long axis view was used to measure right ventricle free wall dimensions in M-Mode (Figure 2‑13). From the short axis view, Pulse Wave Doppler was used to measure flow in the proximal pulmonary artery and to calculate PA acceleration time (PAAT) (Figure 2‑14), PA ejection time (PAET) and stroke work (PA VTI). Analysis was performed offline using the Vevo 770, V3.0 software. Measurements were taken during the relevant phase of the cardiac cycle that did not coincide with inspiration artefact. To minimise inter-observer variability all image acquisition and analyses were performed by a single, experienced operator blind to the status experimental subjects. 
[image: ]
[bookmark: _Ref305703635][bookmark: _Toc298513074][bookmark: _Toc313048832]Figure 2‑12: Echocardiogram: Parasternal short axis view at the level of the papillary muscles.
A) B-mode echocardiogram at of the rat at baseline. B) B-mode echocardiogram at three weeks in the MCT rat model of PAH. Increased internal dimensions of the RV, the displaced IVS and reduced LV internal dimensions demonstrate the development of PAH. C) M-Mode echocardiogram at of the rat at baseline. Used for measurement of wall and cavity dimentions. (LVASW- LV anterior-septal wall, LV – left ventricle, PM – papillary muscle, IVS – interventricular septum, LV posterior wall, LVID – LV interial diameter, d - diastole, s – systole)
[image: ]
[bookmark: _Ref305703661][bookmark: _Toc298513075][bookmark: _Toc313048833]Figure 2‑13: Echocardiogram: Right parasternal long axis view.
A) B-mode echocardiogram at three weeks in the MCT rat model of PAH. B) M-mode echocardiogram at three weeks in the MCT rat model of PAH. Thickening of the RV free wall and enlargement of internal dimensions in M-mode and B-mode demonstrate the development of PAH (RVFW – RV free wall, RV – right ventricle, RVOT – RV outflow tract, PV – pulmonary valve, IVS – interventricular septum, LV – left venricle, d - diastole, s – systole).



[image: ]
[bookmark: _Ref305703685][bookmark: _Toc298513076][bookmark: _Toc313048834]Figure 2‑14: Echocardiogram: Right parasternal long axis view of at the level of the pulmonary valve with pulse wave Doppler.
A) Measurements: PV – peak velocity, PAAT - pulmonary artery acceleration time, PAET, pulmonary artery ejection time, PV VTI pulmonary valve velocity time integral. B) PAAT at baseline in the rat. C) PAAT at three weeks in the MCT rat model of PAH. Shortening of the PAAT and the notching of the pulse wave Doppler envelope demonstrate the development of PAH.
3.4.12 [bookmark: _Toc297818273][bookmark: _Ref300232638][bookmark: _Ref300244605][bookmark: _Toc313135366]Cardiac Catheterisation
Catheterisation of the right and left circulation was performed using a closed chest method via the right external jugular vein and right internal carotid artery using a pre-soaked high fidelity micromanometer catheters (Millar, USA) connected to a Millar MPVS 300 and a PowerLab 8/30 data acquisition system (AD Instruments, UK). Pressure tracings were recorded when tracings had stabilised and reached a steady state using Chart v7 software (AD Instruments, UK). Right Ventricular Systolic Pressure (RVSP) is equivalent to PAP in the absence of obstruction at the level of the pulmonary valve and was used to define pulmonary hypertension. Pressure volume analysis was performed using PVAN v2.3. Study protocols were developed by Dr A. Lawrie, Dr A. Hameed and Ms N. Arnold (Miyaki et al., 2009; Hameed et al., 2012). Cardiac catheterisation performed by Dr. A. Lawrie and Dr A. Rothman.
Right Heart Catheterisation: A small neck incision was made to the right of the midline the right external jugular vein (RJV) was identified by blunt dissection using a dissecting microscope. Curved forceps were used to free the vein and the distal right jugular vein was tightly tied off with 5-0 non-absorbable silk suture (Silkam, B-Braun, Sheffield, UK). Proximal to the insertion point of right subclavian vein, a loose silk suture was attached to a mosquito clip and traction applied to the right jugular vein. Under direct visualisation the vein was cleaned of fatty tissue. Using a 25 G needle (tip bent to 90o and the bevel pointing downwards) the vein was punctured and the anterior wall of the vein lifted upwards to allow insertion of the catheter (pre-soaked for 30min in NaCl). The appropriate catheter was advanced forwards and the proximal sling was tightened to avoid blood loss. Real time visualisation of pressure recording allowed identification of for the right atrial and ventricular pressure tracing. Once stable pressure volume recordings were taken for subsequent analysis. Averaged readings taken from a 10-20 heart beat recording were used for measurement of right ventricular systolic pressure, maximum and minimum derivatives of pressure (max and min dp/dt). Once the catheter was removed the proximal right jugular vein was tightly secured.
Left Heart Catheterisation: Following right heart catheterisation the right carotid artery was identified, deep and lateral to the trachea. It was freed and cleaned of fatty tissue using curved forceps and tight distal, loose mid and proximal segment ties (5-0 silk suture) were applied. The proximal segment tie was attached to a mosquito clip and traction applied. Arteriotomy was performed in a manner similar to veinotomy (2.4.12) and the catheter advanced into the aorta and left ventricle. Once stable, left ventricular pressure and volume tracings were recorded for subsequent analysis (by averaging reading over a 10-20 beat cycle) and an aortic pressure measurement taken by catheter pullback from the left ventricle.
3.4.13 [bookmark: _Toc297818274][bookmark: _Toc313135367]Tissue Harvest
Blood: Coagulated blood was centrifuged at 1200 rpm for 15 min. Serum was collected and frozen at -80oC for subsequent analyses. Tubes containing whole blood for RNA (Tempus, Applied Biosystems, UK) were mixed vigorously and frozen at -80oC for isolation of RNA.
Lung Tissue: The liver was exposed via an upper abdominal wall incision. Upward traction was applied to the xiphoid process and the diaphragm cut with fine scissors. The sternum and chest wall were removed and the abdominal aorta cut. Lungs were flushed with PBS until pale using a 25 G orange inserted into the right ventricle. The trachea was freed between the medial heads of the clavicles and, whilst applying upward traction on the trachea, the heart and lungs were removed en-bloc from the posterior wall of thoracic cavity. 
The right lung was sutured at the hilum with 5-0 silk and separated from the heart and airways. The right lung was divided along the oblique fissure. The upper segment was snap frozen in liquid nitrogen for isolation of whole lung protein. The lower segment was stored overnight at +4oC in 0.5 mL of RNAlater (Sigma-Aldrich, UK), then snap frozen in liquid nitrogen and stored at -80oC for the isolation of RNA.
The left lung was gently inflated with 10% phosphate buffered formalin (0.4% w/v NaH2PO4 (H2O), 0.65% w/v Na2HPO4 (H2O) and 4% v/v formaldehyde in water at a pressure of 20 cm H2O) via polyethylene tubing inserted into the trachea and secured with a suture. The heart and left lung were fixed in formalin for 24 hours before transfer into PBS. The left lung was separated from the heart for histology.
The kidney, liver and spleen were dissected and stored for later analysis.
3.4.14 [bookmark: _Toc297818275][bookmark: _Ref300244688][bookmark: _Toc313135368]Tissue Processing
RNA Extraction: RNAlater infused lung tissues were ground to a fine powder using a pestle and mortar under liquid nitrogen. RNase contamination was minimised by cleaning utensils with RNaseZap (Ambion, UK). Total RNA was isolated using an experimental total RNA extraction kit (micro and mRNA extraction kit, Promega, UK) on the Maxwell 16 Instrument automated extraction platform (Promega, UK). Briefly, 30 mg of ground lung tissue powder was passed through a 19 G needle in 200 µL of 1-Thioglycerol/Homogenisation Solution. The sample was then placed on ice and 200 µL of Lysis Buffer and 15 µL of Proteinase K added prior to re-suspension by vortex (20 sec) and incubation at room temperature (10 min). During the incubation cartridges, plungers and elution tubes were placed in the loading tray of the Maxwell extraction system. The cartridge was prepared by adding 400 µL of lysate to the first well and 10 µL of DNase I solution to the fourth well. miR and mRNA was extracted using a custom experimental 2 pass protocol (underdevelopment with Promega, UK) and total RNA eluted into 80 µL of nuclease-free water for storage at -80 oc.
Protein extraction: For extraction of protein snap frozen lung tissues were ground to a fine powder using a pestle and mortar under liquid nitrogen. A sample of 50 µg was re-suspended in tissue protein extraction buffer (270 µL T-PER, Peirce, USA with 30 µL protease/phosphatase inhibitor, Holt, UK) and centrifuged at 10,000 g for 5 min to remove tissue debris. The supernatant was stored at -80°C for analysis.  For Western blotting protein concentration was quantified by 660 nm Protein Assay. A standard curve (50-2000 µg/µL) was prepared from Bovine serum albumin as per manufacturers instructions (BSA, Peirce, USA). Sample (diluted 1:2 and 1:10) and the standard curve (10 µL) were loaded into a clear 96 well plate with 150 µL of protein assay reagent (Peirce, USA). Samples on the loaded plate were mixed for 1 min at medium speed and incubated for 5 min at room temperature prior to quantification (Varioskan Flash, Thermo Scientific, UK). Western blotting was performed as previously described with 40 µg of protein per sample (2.3.7).
Heart weights and right ventricular hypertrophy (RVH): Using fine scissors, fat, tissue and great vessels were removed from the heart. The atria were excised and the right ventricle separated from the left ventricle and septum. Thrombi were removed then tissue dried and weighed. An incision following the atrio-ventricular groove separated the atria from the ventricles. The right ventricle was dissected from the left ventricle and septum using anatomical landmarks. Incisions were made at the septal margin of the right ventricular outflow tract (RVOT) and from the RVOT adjacent to the aortic root towards the medial tricuspid valve annulus. The tissue of the right ventricle was separated from the left ventricle and septum by an incision from the lateral tricuspid annulus toward the apex and back up-towards the RVOT.
Right ventricular weight was described as the weight of the right ventricle divided by the weight of the left ventricle and septum (RV/LV+S) (Hameed et al., 2012).
3.4.15 [bookmark: _Ref300244667][bookmark: _Toc313135369]Histology
The left lung was divided in the sagittal plane. Lungs were processed by dehydration in graded alcohols (50%, 70%, 90%, 100%, 100% then Xylene) prior to embedding in molten paraffin wax overnight.  Blocks were trimmed and 5 μm sections were cut and mounted onto glass slides for histological analysis. For histological staining slides were dewaxed in Xylene for 10 min then rehydrated in graded alcohols (100%, 100%, 90%, 70%, 50%) to water. Following staining slides were dehydrated in graded alcohols (50%, 70%, 90%, 100%, 100% then Xylene) and mounted in DPX (Dibutyl Phthalate Xylene).
Lung tissue was harvested, processed and stained. Paraffin-embedded sections (5 μm) were stained for Alcian Blue Elastin van Gieson (ABEVG), immunohistochemical staining used antibodies against SMA (monoclonal mouse anti-human SMA M0851; Dako) to visualise SMC and von Willebrand Factor (polyclonal rabbit anti-human vWF; A0082, Dako) to visualise endothelial cells. SMURF1 (monoclonal mouse anti-human SMURF1; ab57573, Abcam) were used to localise protein expression within pulmonary vascular lesions. PCNA antibody (monoclonal mouse anti-rat; M0879; Dako) was used to assess proliferation. Species appropriate biotinylated secondary antibody (1:200) with Avidin Biotin enzyme Complex (Vectastain kit, Vector Laboratories) or florescent (Alexa Fluor 488 dye).
Alcian Blue Elastic Van Gieson (ABEVG)
Slides were oxidised in 0.25% w/v potassium permanganate for 3 min and rinsed in water prior to bleaching in 1% w/v Oxalic acid for 3 min. Slides were rinsed in cold tap water, stained in Carazzi’s Haematoxylin for 2 min and differentiated with acid alcohol (1% v/v HCl in 70% IMS) for a few seconds prior to rinsing in hot water for 5 min. Slides were stained in Alcian Blue (1% w/v in 3% aqueous acetic acid, pH2.5) for 5 min, rinsed in water, dipped in 95% IMS and stained with Miller’s elastin for 30 min. Slides were then rinsed, placed in 95% IMS for a few seconds and rinsed in water again. Slides were stained with Curtis’ modified Van Gieson reagent for 6 min then dehydrated and mounted using DPX.
Immunohistochemistry
Immunohistochemical staining was performed for α-SMA (vascular smooth muscle cells), vWF (endothelial cells) and PCNA (proliferating cells).  Immunostaining for SMURF1 was performed to identify expression within pulmonary vascular lesions. 
After dewaxing and rehydration endogenous tissue peroxidases were blocked by incubating slides in 3% v/v hydrogen peroxide for 10 min before rinsing in tap water. As appropriate, antigen retrieval was performed with citrate buffer (pH 6.0 at 95°C for 20 min). Tissue was then permeabilised by incubation in 0.5% v/v tritonX100 for 10mins at room temperature.
Slides were blocked in 1% w/v skimmed milk/PBS for 30 min at room temperature. Milk was removed by blotting and appropriate primary antibody diluted in PBS was added and incubated as per Table 2‑6.



[bookmark: _Ref297925668][bookmark: _Toc313048799]Table 2‑6: Antibodies for immunohistochemistry.
	Antibody
	Antigen Retreival
	Dilution
	Details
	Incubation

	aSMA (Monoclonal mouse-anti human)
	None
	1:150
	M081, Dako
	1 hr at RT

	vWF (polyclonal rabbit-anti human)
	Trypsin
	1:300
	A0082, Dako
	1 hr at RT

	SMURF1 (monoclonal mouse anti-human)
	Citrate
	1:200
	Ab57573, Abcam
	Overnight at 4°C

	PCNA (monoclonal mouse anti-rat)
	Citrate
	1:125
	M0879, Dako
	Overnight at 4°C



Slides were washed three times in PBS for 5 min prior to incubation with a species-specific biotinylated secondary antibody (1:200 dilution in PBS 30 min at room temperature). Following incubation slides were washed and an avidin biotinylated enzyme complex added (Vectastain ABC Kit, Vector laboratories Inc. CA, US). Slides were washed then diaminobenzidine (DAB) substrate added until point of optimum development at which point. The colour reaction was then stopped by washing in water. Slides were counterstained with Carazzi’s haematoxylin for 1 min before washing in water. Slides were dehydrated and mounted in DPX.
3.4.16 [bookmark: _Ref300245613][bookmark: _Toc313135370]Light and Florescence Microscopy
Light and florescence microscopy performed on the Axiocam 506 Color system (Zeiss, Germany) and analysis undertaken in Zen 2 Blue Edition (Zeiss, Germany).
Confocal microscopy was performed on the Zeiss LSM 510 system with a Coherent Chameleon laser and a 63/1.4 Ph3 oil immersion lens (Zeiss, Germany).
3.4.17 [bookmark: _Ref300244711][bookmark: _Toc313135371]Morphometric Analysis of Pulmonary Vascular Remodelling
Pulmonary vascular remodelling was determined blinded to experimental group by quantification of media to cross sectional area and musculerisation and categorised according to vessel size (20-50 µm, 50-100 µm and >100 µm) (Schermuly et al., 2005). 
Medial to Cross Sectional Area (Media/CSA) ratio
Six vessels of each size group were analysed at a 40X objective on SMA stained sections. Cross sectional area was the total vessel area defined by the outer circumference and media the area between the internal and external elastic lamina.
Percentage of vessels thickened
Four random fields of view were obtained using a 10x Objective from ABEVG stained sections. The number of vessels that were fully, partly musculerised and non-musculerised per size group were counted and expressed as a percentage of the total number of vessels in each view (Schermuly et al., 2005).
3.5 [bookmark: _Toc246745625][bookmark: _Toc297817828][bookmark: _Toc297818276][bookmark: _Toc297818562][bookmark: _Toc313135372]Statistical analysis
3.5.1 [bookmark: _Toc297818277][bookmark: _Ref300242157][bookmark: _Toc313135373]TaqMan Low Density Array
Delta CT was calculated to U6 and data normalised by scale rank between arrays. Relative expression was calculated between mean expression of target miR in control and PH groups and differential expression determined by an adjusted p value (false discovery rate) in Linear Models for Microarray Data (LIMMA) (Appendix G).
3.5.2 [bookmark: _Ref300242179][bookmark: _Toc313135374]Agilent miR Array
Data were Lowes normalised and analysis performed in the AgimicroRNA package in LIMMA package. Statistical significance was between HV and IPAH groups was determined by FDR adjusted p value.
3.5.3 [bookmark: _Toc313135375]Statistics 
[bookmark: _Toc297817829][bookmark: _Toc297818280][bookmark: _Toc297818563][bookmark: _Toc246745627]Data were expressed as mean +/- S.E.M. Normality of data distribution was determined by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lille for p value. Statistical significance testing was performed by Student’s t test or ANOVA with post-test as appropriate and correlation of factors determined by Pearson’s or Spearman’s correlation coefficient in Prism v6.0 (Graphpad, USA).
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4 [bookmark: _Toc313135376]Identification of Differentially Expressed Whole Blood MicroRNA in Pulmonary Hypertension
4.1 [bookmark: _Toc297817830][bookmark: _Toc297818281][bookmark: _Toc297818564][bookmark: _Toc313135377]Introduction
MicroRNA (miR) mediate higher-level regulation of cellular function through post-transcriptional regulation of multiple mRNA targets and have been implicated in the pathology of PAH (Bertero et al., 2014; Kim et al., 2013). miR are stable in multiple blood fractions and plasma miR have utility as biomarkers of disease in PAH (Rhodes et al., 2012; Rothman, Chico and Lawrie, 2014; Courboulin et al., 2011). However, the cellular origin and biological significance of plasma miR is unclear and the utility of whole blood miR as biomarkers of PAH has not been investigated.
This chapter details the patient groups, experiments and analysis performed to identify whole blood miR differentially expressed between patients with PH and control groups. A separate cohort is used to determine the diagnostic and prognostic capacity of whole blood miR-140-5p and examine correlations with known markers of disease severity.
4.2 [bookmark: _Toc297817831][bookmark: _Toc297818282][bookmark: _Toc297818565][bookmark: _Toc313135378]Methods
4.2.1 [bookmark: _Toc297818283][bookmark: _Toc313135379]Patient Samples and Data
The Sheffield Pulmonary Hypertension Biobank provided access to clinical data and whole blood samples from healthy volunteers and patients with pulmonary hypertension. Consenting patients enrolled in the study were incident cases of PH and clinical samples were taken at the time of diagnosis as described in section 2.1.
4.2.2 [bookmark: _Toc297818284][bookmark: _Toc313135380]MicroRNA Extraction, TaqMan Low Density Array and qPCR
miR were extracted from whole blood samples and TaqMan Low Density Array and individual sample qPCR performed as previously described in section 2.1 and section 2.2.1.
4.2.3 [bookmark: _Toc297818285][bookmark: _Toc313135381]Agilent microRNA Array
miR were extracted from whole blood samples and Agilent microRNA array performed as described in section 2.2.2.
4.2.4 [bookmark: _Toc313135382]Statistical Analysis
TILDA array data were normalised to mean expression of U6 as described in section 2.5.1 and Appendix G. Agilent microRNA array data was Lowes normalised and analysed by fold change and false discovery rate adjusted p value as described in section 2.5.2 and Appendix H. Normality of data distribution was determined by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lille for p value. Individual patient miR levels were normalised to U6 for relative quantification. Differences between groups were identified by significance testing by Students’ t-test, Mann–Whitney test or ANOVA with appropriate post-test correction.



4.3 [bookmark: _Toc297817832][bookmark: _Toc297818287][bookmark: _Toc297818566][bookmark: _Toc313135383]Result
4.3.1 [bookmark: _Toc297818288][bookmark: _Toc313135384]Patient Cohort - Derivation
To identify changes in whole blood, miR expression was quantified in three patient groups (idiopathic PAH; connective tissue diseases associated PAH; and Chronic Thromboembolic Pulmonary Hypertension, n = 4 per group) and two control groups (healthy volunteers and patients with Connective Tissue Diseases without associated PAH, n = 4 per group). Peripheral whole blood samples were taken at the time of diagnosis. Patient and control groups were matched for age, sex and ethnicity (Table 3‑1 and Appendix A). Haemodynamic parameters including mPAP, PVR and CO demonstrate that patients had severe pulmonary hypertension.




[bookmark: _Ref297284318][bookmark: _Toc313048800][bookmark: _Toc245232392][bookmark: _Toc246736906]Table 3‑1: Summary demographics of patient and control groups in the derivation cohort.

	
	Patient Groups
	Control Groups
	p value

	
	IPAH
	Connective tissue disease with PAH
	CTEPH
	Healthy volunteers
	Connective tissue disease without PAH
	

	Age
	58.2 (9.1)
	60.4 (1.6)
	54.5 (8.9)
	45.5 (9.11)
	68.98 (3.33)
	NS

	Sex
(% Female)
	100
	100
	75
	100
	100
	NS

	Ethnicity
White Caucasian
	100%
	100%
	100%
	100%
	100%

	NS

	mPAP (mmHg)
	54.5 (2.6)
	54.8 (6.2)
	61.75 (4.2)
	-
	19 (0.9)
	<0.05

	dPAP (mmHg)
	38 (3)
	31.3 (5.2)
	34.8 (2.6)
	
	10.7 (0.7)
	<0.05

	sPAP (mmHg)
	93 (3)
	92.3 (14.3)
	95.5 (1.5)
	
	33.7 (1.9)
	<0.05

	PVR(Dynes.s/cm5)
	983.5 (231.6)

	775.8 (191.6)
	619.5 (203.3)
	-
	146.5 (6.2)
	<0.05

	RAP (mmHg)
	7.3 (1.7)
	9.5 (2.8)
	15.5 (1.8)
	-
	5.5 (2.5)
	<0.05

	Cardiac Output
(L/min)
	4.5 (1.2)
	4.7 (0.5)
	4.3 (0.5)
	-
	5.1 (1.0)
	<0.05

	PA Wedge Pressure (mmHg)
	8.5 (0.9)
	10.3 (2.4)
	11.25 (3.2)
	-
	8.25 (1.3)
	NS


N = 4 per group, mean (S.E.M.) Statistical comparisons made as Student’s t-test between control group (HV and CTD without PH) and PH group (IPAH, CTD with PH and CTEPH),

4.3.2 Analysis of Whole Blood miR in the Derivation Cohort – Target Identification
Whole blood miR expression in control and patient groups was quantified on the Taqman Low Density Array platform. The expression of seven miR were significantly decreased (miR-34a, -135a, -140-5p, -200c, -452-5p, -548-5p and -758-3p) and one (miR-708-5p) significantly increased in patients with PH. Expression levels and sample statistics are reported in Table 3‑2 and represented as a heatmap in Figure 3‑1.

[bookmark: _Ref297284630][bookmark: _Toc313048801]Table 3‑2: Sample statistics of whole blood miR differentially expressed in the derivation cohort.
	microRNA
	p.value
	adj.p.value
	ddCt
	PH Group
(mean dCT)
	Control Group
(mean dCT)

	miR-135a
	0.00
	0.02
	3.19
	20.50
	17.31

	miR-140-5p
	0.00
	0.04
	3.18
	9.14
	6.96

	miR-200c
	0.01
	0.29
	1.12
	11.41
	10.28

	miR-34a
	0.00
	0.02
	4.70
	20.50
	15.80

	miR-452
	0.00
	0.01
	5.21
	20.50
	15.29

	miR-548b-5p
	0.00
	0.02
	3.65
	20.50
	16.85

	hsa-miR-708
	0.00
	0.01
	-3.88
	16.42
	20.31

	hsa-miR-758
	0.00
	0.02
	3.73
	20.50
	16.77



[image: ]
[bookmark: _Ref245207992][bookmark: _Toc245232347][bookmark: _Toc246745690][bookmark: _Toc298513078][bookmark: _Toc313048835]Figure 3‑1: Whole blood miR differentially expressed in the derivation cohort.
miR-34a, -140-5p, 200c, -452-5p, -548-5p and 758-3p are decreased and miR-708 increased in patients with PH (IPAH - idiopathic pulmonary arterial hypertension, CTD.PH - connective tissue diseases associated pulmonary arterial hypertension, CTEPH - chronic thromboembolic pulmonary hypertension, HV - healthy volunteers, CTD.No.PH - connective tissue diseases without associated pulmonary arterial hypertension, n = 4 per group).


To identify miR consistently present and stable in whole blood those with a CT of greater than 35 and those not expressed in either the control or the PH group were excluded. miR-140-5p was consistently expressed in both control and PH groups. Expression of miR-140-5p was reduced in all patient groups suggesting that it was a consistent pathological finding in distinct forms of PH.


4.3.3 PASMC Proliferation Screen
To identify miR with roles in the pathology of PAH the altered conditions identified in whole blood were replicated in PASMC. Transfection with miR-135a inhibitor resulted in cell death however, miR-140-5p and miR-34a inhibitor resulted in proliferation of PASMC (Figure 3‑2). 
[image: ]
[bookmark: _Ref298105064][bookmark: _Toc298513079][bookmark: _Toc313048836]Figure 3‑2: Effect of whole blood miR on PASMC proliferation in vitro.
PASMC were transfected with miR mimic, inhibitor or scramble control (SCR) prior to culture in 0.2% FBS and proliferation assessed at 72 hours. Inhibition of miR-135a led to cell death and inhibition of miR-140-5p lead to increased proliferation over SCR (n = 5, *P<0.05, One-way ANOVA with Dunnett post-test correction, mean +/- S.E.M.). 

4.3.4 Patient Cohort - Validation
The TILDA array identified a reduction in miR-140-5p in whole blood samples from patients with PH compared to control groups. To increase confidence in these findings, validation was undertaken by two methods in an independent cohort of patients with IPAH and healthy volunteers. IPAH and HV groups are acceptably matched for age, ethnicity and sex (Table 3‑3 and Appendix B) and haemodynamic measurements indicate that patients had severe PAH (Table 3‑3 and Appendix B).
[bookmark: _Ref245208115][bookmark: _Toc245232393][bookmark: _Toc246736907][bookmark: _Toc313048802]Table 3‑3: Summary demographics of IPAH and HV groups in the validation cohort.
	
	IPAH
N = 20
	Healthy Volunteers
N = 16

	Age
	53.8 (3.2)
	45.5 (9.11)

	Sex (% Female)

	82
	44

	mPAP (mmHg)
	56.9 (2.4)
	-

	dPAP (mmHg)

	36.0 (2.0)
	-

	sPAP (mmHg)

	85.1 (3.8)
	-

	PVR (Dynes.s/cm5)

	798 (86)
	-

	RAP (mmHg)

	10.7 (1.2)
	-

	Cardiac Output (L/min)

	5.1 (0.3)
	-

	PA Wedge Pressure (mmHg)
	10.8 (0.8)
	-


Mean (S.E.M.). 



[bookmark: _Ref298103231]There were no differences in baseline blood results, specifically their full blood count and differential were well matched (Table 3‑4).
[bookmark: _Toc313048803]Table 3‑4: Full blood count results of IPAH and HV groups in the validation cohort.
	
	IPAH
N = 19
	Healthy Volunteers
N = 16
	p value

	Hb (g/dL)
	14.8 (0.5)
	14.4 (0.6)
	NS

	WBC (x109/L)
	8.2 (0.5)
	7.9 (0.8)
	NS

	Neutrophils (x109/L)
(mmHg)
	5.7 (0.4)
	4.9 (0.7)
	NS

	Hct (L/L)
(mmHg)
	0.44 (0.1)
	0.40 (0.3)
	NS

	Platelets (x109/L)
(mmHg)
	212 (13)
	230 (18)
	NS




Mean (S.E.M.).


4.3.5 [bookmark: _Toc297818289][bookmark: _Toc313135385]Analysis of Whole Blood miR-140-5p in the Validation Cohort – Target Validation
Whole blood miR expression in the validation cohort was determined from post-normalisation data derived on the Agilent microRNA platform. Mean signal intensity of miR-140-5p is reduced in patients with PAH (Figure 3‑3 and Table 3‑5) increasing confidence in the qPCR array findings in the derivation cohort (Table 3‑2 and Figure 3‑1). However, significant overlap exists between the two groups.
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[bookmark: _Ref297285984][bookmark: _Toc298513080][bookmark: _Toc313048837]Figure 3‑3: Agilent microRNA array derived whole blood miR-140-5p expression in the validation cohort.
[bookmark: _Ref297288440]Levels of miR-140-5p are reduced in patients with IPAH (HV = Healthy Volunteers, IPAH = Idiopathic Pulmonary Arterial Hypertension, mean +/- S.E.M, * p < 0.05, FDR adjusted p value).

[bookmark: _Ref298494033][bookmark: _Toc313048804]Table 3‑5: Summary statistics of whole blood miR-140-5p expression in the validation cohort.
	M
	A
	t statistic
	p value
	FDR Adj. p Val.

	-0.543
	4.823
	-3.218
	0.00291
	 0.01591



Levels of miR-140-5p are reduced in whole blood samples from patients with PAH on two distinct array platforms in two patient cohorts suggesting that the identified reduction is consistent and reproducible. Despite statistical adjustments to compensate during data analysis microarray platforms suffer multiple testing biases. To provide technical validation of array findings and to allow individual patient findings to be related to clinical parameters relative quantification of whole blood miR-140-5p was performed by single assay qPCR. 
Consistent with prior findings levels of miR-140-5p were reduced in patients with IPAH when compared to healthy volunteers (Figure 3‑4). Additionally, Low levels of miR-140-5p were also associated with indicators of disease severity used in clinical practise for risk stratification and optimisation of patient treatment (Galiè et al., 2015b) (Figure 3‑5).



[image: ]
[bookmark: _Ref245208727][bookmark: _Toc245232348][bookmark: _Toc246745691][bookmark: _Toc298513081][bookmark: _Toc313048838]Figure 3‑4: Single assay qPCR whole blood miR-140-5p expression in the validation cohort.
Lower whole blood levels of miR-140-5p were observed in patients with IPAH when compared to healthy volunteers (IPAH n = 20, HV n = 16, **P < 0.01, unpaired two-tailed Student’s t test, mean +/- S.E.M.).

[image: ]
[bookmark: _Ref304647698][bookmark: _Toc313048839]Figure 3‑5: Reduced levels of miR-140-5p are present in patients with increasing clinical severity of PAH.
WHO class (A), incremental shuttle walk test distance (ISWT) (B), right atrial pressure (RAP) (C) and cardiac index (D) (*P < 0.05, one-way ANOVA with Dunnett post-test correction, mean +/- S.E.M.).


4.3.6 [bookmark: _Toc297818290][bookmark: _Toc313135386]miR-140-5p as a Biomarker of PAH
miR-140-5p levels are reduced in patients with IPAH and correlate with known indicators of disease severity. To determine utility of miR-140-5p in discriminating patients with IPAH from HV receiver operating characteristic (ROC) curve analysis was performed. Area under the ROC curve determined a test performance of 0.0171 (
Figure 3‑6).

[image: ]
[bookmark: _Ref297452608][bookmark: _Toc298513082]
[bookmark: _Toc313048840]Figure 3‑6: Receiver operating characteristic curve of whole blood miR-140-5p in the validation cohort. 
Receiver operating characteristic curve showing sensitivity and specificity of whole blood miR-140-5p levels for discriminating patients with PAH from HV at time of diagnosis (Area under ROC curve = 0.74, P = 0.0171).

[bookmark: _Ref297450205][bookmark: _Toc313048805]Table 3‑6: Optimum sensitivity and specificity of whole blood miR-140-5p as a biomarker of IPAH.
	RQ
	Sensitivity%
	95% CI
	Specificity%
	95% CI
	Likelihood ratio

	< 0.5807
	68.42
	43.5-87.4
	62.5
	35.4-84.8
	1.825





The ROC curve data was used to determine the optimum miR-140-5p cut-off level (Table 3‑6) and the validation cohort classified into high or low miR-140-5p. Survival analysis demonstrated that those with high levels of miR-140-5p survived longer than those with low levels of miR-140-5p (Figure 3‑7).

[image: ]
[bookmark: _Ref297287681][bookmark: _Toc298513083][bookmark: _Toc313048841]Figure 3‑7: Kaplan-Meier survival analysis of validation cohort stratified by ROC derived miR-140-5p cut-off.
Kaplan-Meier analysis of survival, stratified by ROC derived miR-140-5p cut-off. Survival in patients with miR-140-5p levels above the cut-off is indicated by the solid line, and in patients with levels below by the dashed line. Table indicates numbers at risk over time in years (*P < 0.05, Log rank (Mantel-Cox) test).


4.4 [bookmark: _Toc297817833][bookmark: _Toc297818291][bookmark: _Toc297818567][bookmark: _Toc313135387]Discussion
This chapter presents data that demonstrates reduced whole blood levels of miR-140-5p is a consistent finding in patients with distinct forms of PAH. This finding is validated in a separate cohort of healthy volunteers and patients with IPAH by two methods: an unbiased microRNA array and single miR qPCR assay. qPCR derived miR-140-5p levels decrease with indicators clinical disease severity and low miR-140-5p levels at the time of diagnosis identify those with an adverse prognosis. These findings suggest that miR-140-5p, like mir-206 (Courboulin et al., 2011) and miR-150 (Rhodes et al., 2012), may be a much-needed biomarker for the diagnosis of PAH. However, in this cohort, the sensitivity and specificity of whole blood miR-140-5p levels for the discrimination of patients with IPAH and HV is less than might be expected of a reliable clinical test.
Clear differences exist in miR-140-5p levels in two patient cohorts when assessed by multiple methods. Therefore, a number of possibilities must be considered to understand, and potentially improve, the sub-optimal clinical biomarker performance of whole blood miR-140-5p. Test performance (sensitivity and specificity) may be influenced by multiple variables including stability of normalising and test assays, small dynamic range (fold difference), variability of cell types or blood fraction contributing to whole blood signal, differences between study groups in the cohort, variability in disease severity or disease progression within the cohort and the bioinformatic and technical methods used to measure miR levels.
Studies have suggested that U6 may not be a stable, reliable normalizing gene for miR in circulating samples (Benz et al., 2013). However, TILDA data analysed for probe stability identified U6 as the most reliable normalizing probe in whole blood in this cohort. The relative contribution of cell type or blood fraction to whole blood miR-140-5p signal is unknown. There was little variation in differential cell count between HV and IPAH patients in the validation cohort suggesting that this may not be a major source of the biological variation of miR-140-5p levels observed. It is likely that normalization of miR-140-5p signal to multiple genes may provide better test performance, and it is also likely that the combined signal of a number of miR may outperform miR-140-5p as a circulating biomarker of PAH. PAH is a rare disease with insidious onset. One of the major challenges facing researchers in the field and doctors in the clinic is early diagnosis of patients. By the time a patient presents with disease pathology is often advanced or well established. Thus, variability in the stage of disease development at which diagnosis of PAH was made (and blood samples taken) may be reflected in the large variation of markers of disease severity. miR-140-5p levels correlate with markers of disease severity and it is therefore likely that this is a potential confounding variable. Finally, since its development qPCR has been the gold standard tool for the measurement of RNA levels. Recently, digital PCR has shown improved performance over qPCR through absolute quantification and greater sensitivity at low copy number. The application of this technology to measurement of miR-140-5p levels may reduce technical variability and improve biomarker performance.
It is clear from the data presented that reduced whole blood miR-140-5p is a consistent finding in patients with IPAH. As such, investigation of its role in cellular pathology is warranted. An individual miR regulates the expression of over a thousand predicted mRNA targets and investigation of the cellular consequences of reduced miR-140-5p in cell types relevant to disease pathology may provide insight into the cellular mechanisms of disease pathology and identify targets critical to the development of PAH.

5 [bookmark: _Toc297817834][bookmark: _Toc297818292][bookmark: _Toc297818568][bookmark: _Toc246745628][bookmark: _Toc313135388]Identification of miR-140-5p Targets and Determination of Biological and Phenotypic Effect in Disease Relevant Cells 
5.1 [bookmark: _Toc297817835][bookmark: _Toc297818293][bookmark: _Toc297818569][bookmark: _Toc313135389]Introduction
miR-140-5p is reduced in patients with PAH (Chapter 3). However, miR mediate higher-order regulation of cell function through simultaneous regulation of multiple gene targets (Griffiths-Jones et al., 2006). This chapter details the bioinformatic analysis undertaken to identify key miR-140-5p targets and the experiments performed to validate predictions and determine effect on cellular phenotype of disease relevant cell types.
5.2 [bookmark: _Toc297817836][bookmark: _Toc297818294][bookmark: _Toc297818570][bookmark: _Toc313135390]Methods
5.2.1 [bookmark: _Toc297818295][bookmark: _Toc313135391]Target Prediction, PH-Relevant Gene List and Network and Pathway Analysis
miR target prediction was performed using TargetScan 6.2 (Conserved) algorithm (Friedman, Farh, Burge and Bartel, 2008), functional annotation was performed in DAVID (Huang, Sherman and Lempicki, 2008) and pathway analysis in KEGG (Kanehisa et al., 2013; Kanehisa and Goto, 2000) as described in section 2.2.3.
PH related miR-140-5p targets were identified using a curated set of PH-relevant genes (Appendix D) and network interactions drawn from consolidated databases of protein-protein interactions (Rual et al., 2005; Aranda et al., 2009; Licata et al., 2012), protein-DNA interactions (Matys, 2003), kinase-substrate interactions (Diella et al., 2007) and data represented as nodes and edges in Cytoscape. 


5.2.2 [bookmark: _Toc297818296][bookmark: _Toc313135392]Cell Culture, Transient Transfection and Phenotypic Assays
Human PASMC were maintained as described in Chapter 2. Cell proliferation was quantified by DNA staining and migration by Boyden chamber assay. Where stated, cells were transfected with miR-140-5p mimic, inhibitor or scramble control as described in section 2.3.
5.2.3 [bookmark: _Toc297818297][bookmark: _Toc313135393]qPCR
Expression of miR and mRNA was determined by qPCR and normalised to U6 and 18S respectively for quantification using the ΔΔCT method as described in section 2.2.4 and section 2.2.5. 
5.2.4 [bookmark: _Toc297818298][bookmark: _Toc313135394]Western Immunoblotting
Cell lysate was prepared and analysed by Western blot as described in section 2.3.7. Membranes were blocked and probed with appropriate primary antibody and visualised on the LI-COR Odyssey System.
5.2.5 [bookmark: _Toc297818299][bookmark: _Toc313135395]Statistical Analysis
Normality of data distribution was determined by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lille for p value. Differences between groups were identified by significance testing using ANOVA with an appropriate post-test correction.


5.3 [bookmark: _Toc297818301][bookmark: _Toc313135396]Results
5.3.1 [bookmark: _Toc313135397]Target Prediction
To identify predicted mRNA targets of miR-140-5p and determine those with key roles in the pathology of PAH a range of bioinformatic techniques were employed. Base pairing analogy alone suggests that a single miR may have over a thousand mRNA targets (Griffiths-Jones et al., 2006). When optimised by sequence context in TargetScan, the number of predicted miR-140-5p target mRNAs is 346 (Appendix C). Functional annotation and pathway analysis of miR-140-5p targets identified key regulators of pathways related to PAH pathology such as TGF-β and BMP signalling and pathways related to cellular migration and proliferation (Table 4‑1).


	Pathway
	Count
	P Value
	Fold Enrichment

	hsa04720:Long-term potentiation
	7
	0.003
	4.71

	hsa04144:Endocytosis
	11
	0.006
	2.74

	hsa04810:Regulation of actin cytoskeleton
	11
	0.017
	2.34

	hsa04330:Notch signalling pathway
	5
	0.018
	4.87

	hsa05200:Pathways in cancer
	14
	0.024
	1.96

	hsa04520:Adherens junction
	6
	0.025
	3.57

	hsa04010:MAPK signalling pathway
	12
	0.029
	2.06

	hsa04350:TGF-beta signalling pathway
	6
	0.040
	3.16


[bookmark: _Ref297290167][bookmark: _Toc313048806]Table 4‑1: Pathway analysis of all predicted miR-140-5p targets.


Pathway analysis of all predicated miR-140-5p targets. Target prediction was performed in TargetScan and pathway analysis in DAVID.

To identify key regulators related to the pathology PAH miR-140-5p targets were refined using a curated set of PH-relevant genes (Appendix D). The refined miR-140-5p-PH network is shown in Figure 4‑1 and includes targets with known, and undetermined, roles in disease pathology. Pathway analysis of miR-140-5p-PH network identified an over-representation of TGF-β, BMP and inflammatory signalling pathways and pathways related to cellular migration and proliferation (Table 4‑1).
[image: ]
[bookmark: _Ref297290430][bookmark: _Toc298513084][bookmark: _Toc313048842]Figure 4‑1: Predicted PH related predicted targets of miR-140-5p.
miR-140-5p targets were identified in TargetScan and refined using a curated PH-related genes. Interactions between network genes were annotated according to a list of protein-protein interactions, protein-DNA interaction, kinase-substrate interactions, drawn from consolidated databases.



	[bookmark: _Ref298017195]Term
	Count
	P Value
	Fold Enrichment

	hsa04350:TGF-beta signalling pathway
	6
	3.08E-07
	31.88

	hsa05200:Pathways in cancer
	7
	1.16E-05
	9.87

	hsa04520:Adherens junction
	4
	3.71E-04
	24.01

	hsa04510:Focal adhesion
	5
	4.13E-04
	11.50

	hsa05210:Colorectal cancer
	4
	4.80E-04
	22.01

	hsa04060:Cytokine-cytokine receptor interaction
	5
	0.001
	8.82

	hsa04144:Endocytosis
	4
	0.005
	10.05

	hsa05214:Glioma
	3
	0.006
	22.01

	hsa05218:Melanoma
	3
	0.008
	19.53

	hsa05212:Pancreatic cancer
	3
	0.008
	19.26

	hsa05215:Prostate cancer
	3
	0.012
	15.58

	hsa04010:MAPK signalling pathway
	4
	0.013
	6.93

	hsa04270:Vascular smooth muscle contraction
	3
	0.019
	12.38

	hsa04360:Axon guidance
	3
	0.025
	10.75


[bookmark: _Toc313048807]Table 4‑2: Pathway analysis of miR-140-5p-PH network.
Pathway analysis of PH-related predicated miR-140-5p targets. Target prediction was performed in TargetScan and rationalised using a curated PH-related gene list. Subsequent pathway analysis was performed in DAVID.



ALK5/TGFBR1 and PDGFRA are targets that have known roles in disease pathology and biologically validated binding sites with miR-140-5p (Eberhart et al., 2008; Yang, Fang, Chang and Yang, 2013a). Both were chosen for further investigation to demonstrate proof-of-concept for target interaction and regulation of key mediators of disease pathology by miR-140-5p. SMURF1 was the target with the most conserved miR-140-5p binding site (Table 4‑3, Appendix C and Appendix E) and is the most connected target within the miR-140-5p-PH network (Figure 4‑1). SMURF1 was therefore determined to be central to the effects of miR-140-5p and identified for further investigation.
5.3.2 [bookmark: _Toc297818302][bookmark: _Toc313135398]Regulation of Selected mRNA Targets by miR-140-5p in PASMC
Pulmonary artery endothelial cells, smooth muscle cells, fibroblasts and a range of circulating cells have been implicated in the pathology of PAH (Morrell et al., 2009; Rabinovitch, 2012). Altered PAEC function is thought to be an early initiating factor in the development of PAH and both the PAEC and PASMC are considered central to on-going proliferation driving disease progression (Rabinovitch, 2012).
Regulation of a target mRNA by a miR requires temporal and spatial co-expression. Network and pathway analysis of miR-140-5p targets identified key regulators of TGF-β, BMP and PDGF pathways via binding sites in the 3’UTR of ALK5, PDGFRA and SMURF1 (Table 4‑3 and Appendix E). 


[bookmark: _Ref297301136][bookmark: _Toc313048808]Table 4‑3: Position, sequence and context score of miR-140-5p binding sites in ALK5/TGFBR1, PDGFRA and SMURF1 3‘UTR.
	Gene Name
	Position
(3‘UTR)
	Target Sequence
(3‘UTR)
	Aggregate PCT
	Context Score (%)
	Gene Reference

	ALK5
	426-433
	AACCACUA
	0.66
	91
	NM_001130916

	PDGFRA
	59-65
	AACCACU
	0.68
	84
	NM_006206 

	SMURF1
	2863-2869
	AACCACU
	0.70
	82
	NM_001199847


Key PH-relevant predicated miR-140-5p targets. Target prediction was performed in TargetScan and rationalised using a curated PH-related gene list. ALK5 and PDGFRA are known validated miR-140-5p targets with known roles in PAH pathology. SMURF1 is a previously unvalidated target with an unknown role in disease pathology.

To demonstrate that identified targets were present in disease relevant cell types, investigation of target modulation by miR-140-5p was undertaken in PASMC. The effect of transient transfection with miR-140-5p mimic on the protein levels of the previously validated target PDGFRA (Eberhart et al., 2008) in PASMC is shown in Figure 4‑2. Maximal inhibition is at 24 hours, however effects on protein levels persist to 72 hours, before returning to baseline by 96 hours.
[image: ]
[bookmark: _Ref297302920][bookmark: _Toc298513085][bookmark: _Toc313048843]Figure 4‑2: Time course of effect of miR-140-5p on target protein.
The effect of miR-140-5p transfection on protein levels of the validated target PDGFRA in PASMC. PASMC were transfected with miR-140-5p and cultured in 10% FBS. Expression of PDGFRA was determined by Western blot and expressed as a ratio to expression at day 0 (mean +/- S.E.M, n = 4).

Based on time course experiments (Figure 4‑2) the effect of altered miR-140-5p levels on known and predicted (unknown) PH-relevant targets was determined in PASMC at 72 hours. Transfection with miR-140-5p mimic decreased, and transfection with an inhibitor increased, both mRNA (Figure 4‑3) and protein expression (Figure 4‑4) of ALK5, PDGFRA and SMURF1. These data therefore validate bioinformatic predictions in a disease relevant cell type. miR-140-5p mimic and inhibitor both modulate expression of identified targets compared with SCR indicating that miR-140-5p is present and biologically active under normal cellular conditions.

[image: ]
[bookmark: _Ref297316752][bookmark: _Toc298513086][bookmark: _Toc313048844]Figure 4‑3: The effect of miR-140-5p on identified target mRNA.
Quantitative PCR showing expression of miR-140-5p targets ALK5, PDGFRA and SMURF1 in PASMCs at 72 hours following transfection with miR-140-5p mimic (M), miR-140-5p inhibitor (I) or scramble control (S) (n = 5, *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA with a Tukey post-test correction, mean +/- S.E.M.).




[image: ]
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[bookmark: _Ref298108244][bookmark: _Toc298513087][bookmark: _Toc313048845]Figure 4‑4: The effect of miR-140-5p on identified target protein.
Representative Western blot and fluorescence quantification showing expression of miR-140-5p targets ALK5, PDGFRA and SMURF1 in PASMCs at 72 hours following transfection with miR-140-5p mimic (M), miR-140-5p inhibitor (I) or scramble control (S) (n = 5, *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA with a Tukey post-test correction, mean +/- S.E.M.).

The identified regulation of TGF-β, BMP and PDGF signalling related targets suggests that loss of miR-140-5p and derepression of these targets may be a key pathological event in the development of PAH.

5.3.3 [bookmark: _Toc313135399]Regulation of PASMC Proliferation and Migration
Validation of ALK5, PDGFRA and SMURF1 as targets of miR-140-5p suggests that reduced levels of miR-140-5p in disease may lead to derepression of identified targets and altered cellular signalling in a manner consistent with disease pathology. To determine effect on cell phenotype, PASMC proliferation and migration was examined following transient transfection with miR-140-5p mimic, inhibitor or scramble control. Transfection of PASMC with miR-140-5p inhibitor led to increased proliferation (Figure 4‑5) and migration (Figure 4‑6) compared to scrambled (SCR) and miR-140-5p mimic. 
[image: ]
[bookmark: _Ref297391851][bookmark: _Toc298513088][bookmark: _Toc313048846]Figure 4‑5: PASMC proliferation following miR-140-5p mimic and inhibitor transfection at 72 hours.
PASMC were transfected with SCR, miR-140-5p mimic or inhibitor and cultured in 0.2% FBS. Proliferation was assessed at 72 hours on the Li-Core Odyssey System and is represented as a ratio of DNA staining to SCR (n = 5, *P < 0.05, **P < 0.01, ANOVA with a Tukey post-test correction, mean +/- S.E.M).



[image: ]
[bookmark: _Ref298108570][bookmark: _Toc298513089][bookmark: _Toc313048847]Figure 4‑6: PASMC migration following miR-140-5p mimic and inhibitor transfection at 72 hours.
PASMC were transfected with SCR, miR-140-5p mimic or inhibitor. Migration was assessed at 6 hours in a Boyden Transwell system and is represented as a ratio migrated cells per high power field to SCR (n = 4, *P < 0.05, **P < 0.01, ANOVA with a Tukey post-test correction, mean +/- S.E.M).

PASMC proliferation and migration are processes central to the development and on-going pathology of PAH. The effect of anti-proliferative strategies for the treatment of established PAH have been demonstrated in pre-clinical models and clinical trials suggesting that modulation of miR-140-5p may modulate disease phenotype in vivo.


5.4 [bookmark: _Toc313135400]Discussion
miR are powerful higher-order regulators of cellular function and dysregulation has been implicated in the pathology of a range of disease including PAH (Courboulin et al., 2011; Kim et al., 2013; Bertero et al., 2014). Reduced whole blood levels of miR-140-5p is a consistent and reproducible finding in patients with PAH (Chapter 3). The data presented in this chapter employs a range of biased and unbiased bioinformatic techniques to identify key miR-140-5p targets that regulate pathways central to the cellular pathology of PAH. ALK5 and PDGFRA are molecules with known roles in PAH pathology (Thomas et al., 2009; Schermuly et al., 2005) and are represented within the PH-miR-140-5p network. Reduced levels of miR-140-5p lead to derepression of ALK5 and PDGFRA mRNA and protein in PASMC providing proof-of-concept that bioinformaitc methods can identify regulators of PAH pathology. The previously un-validated miR-140-5p target SMURF1 is the most connected molecule in the PH-miR-140-5p network and has the most conserved predicted binding site. Levels of SMURF1 mRNA and protein are also regulated by miR-140-5p. Although this implies regulation of SMURF1 by miR-140-5p, these data fall short of definitive proof of a direct interaction of miR-140-5p with the 3’UTR of SMURF1.
These data demonstrate that the clinical findings identified in Chapter 3 and the bioinformatic techniques detailed in Chapter 4 may be used to identify novel regulators of pathways central to the pathology of PAH. The subsequent demonstration of biological effect on cell phenotype validates the approach taken to target identification. These data also demonstrate that the reduced levels miR-140-5p apparent in disease lead to derepression of key cellular targets and a pro-proliferative and pro-migratory PASMC phenotype consistent with disease pathology. Suppression of PASMC proliferation with miR-140-5p mimic suggests that this therapy may be beneficial in disease.
 
6 [bookmark: _Toc297817837][bookmark: _Toc297818305][bookmark: _Toc297818571][bookmark: _Toc313135401]miR-140-5p Modulates Disease Phenotype in Animal Models of PAH
6.1 [bookmark: _Toc297817838][bookmark: _Toc297818306][bookmark: _Toc297818572][bookmark: _Toc313135402]Introduction
Although imperfect in their replication of human disease experimental models are essential tools for the investigation of cellular pathology, identification of therapeutic targets and the testing of new therapeutic agents for the treatment of PAH. A range of models are used to examine different characteristics of disease pathology and increase confidence in translation.
This chapter details the investigations undertaken to determine expression of miR-140-5p in experimental PAH and the experiments performed to demonstrate modulation of disease phenotype by administration of miR-140-5p mimic.
6.2 [bookmark: _Toc297817839][bookmark: _Toc297818307][bookmark: _Toc297818573][bookmark: _Toc313135403]Methods
6.2.1 [bookmark: _Toc297818308][bookmark: _Toc313135404]Animal models of PAH
Monocrotaline: PAH was induced in male Sprague-Dawley rats by subcutaneous injection of MCT (60 mg/kg) and tissue harvest performed as described in section 2.4. 
Sugen Hypoxia: PAH was induced in male Wystar-Kyoto rats by subcutaneous injection of Sugen 5416 and housing in hypoxic conditions for 3 weeks and tissue harvest performed as described in section 2.4.
In vivo transfection reagent and miR were prepared and delivered by nebulisation as described in section 2.4.
6.2.2 [bookmark: _Toc297818309][bookmark: _Toc313135405]Echocardiography
Non-invasive assessment of disease phenotype was performed by echocardiography. Under anaesthesia, standard parameters of left and right heart circulatory function were measured by transthoracic echocardiography as described in section 2.4.11.
6.2.3 [bookmark: _Toc297818310][bookmark: _Toc313135406]Cardiac Catheterisation
Under anaesthesia, closed chest pressure-volume measurement of right and heart left circulatory function was performed by direct cardiac catheterisation via the right external jugular vein and right internal carotid artery as described in section 2.4.12.
6.2.4 [bookmark: _Toc297818311][bookmark: _Toc304821889][bookmark: _Toc313135407]Histological Analysis
Standard laboratory procedure was used to process, fix, mount and stain harvested tissue as described in section 2.4.15. RVH was quantified and pulmonary artery remodelling scored as described in section 2.4.14.
6.2.5 [bookmark: _Toc297818312][bookmark: _Toc313135408]Microscopy
Confocal microscopy images were acquired on a Zeiss LSM 510 system, and light and fluorescence images on a Zeiss Axiocam 506 Colour scanning microscope with analysis performed in Zen 2 Blue Edition as described in section 2.4.17.
6.2.6 [bookmark: _Toc297818313][bookmark: _Toc304821891][bookmark: _Toc313135409]Statistical Analysis
[bookmark: _GoBack]Normality of data distribution was determined by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lille for p value. Differences between groups were identified by significance testing using Student’s t test or ANOVA with an appropriate post-test correction in Prism 6 for Mac OS X (Graphpad).


6.3 [bookmark: _Toc297818315][bookmark: _Toc304821893][bookmark: _Toc313135410]Results
6.3.1 [bookmark: _Toc313135411]miR-140-5p Expression During the Development of Experimental PAH
In order to determine the efficacy of miR-140-5p mimic as a treatment for PAH, it is first necessary to identify an animal model that replicates the loss of miR-140-5p identified in patients (Chapter 3). Expression of miR-140-5p during the development of PAH was examined in whole lung tissue from MCT rats and tempus whole blood from SuHx rats. Levels of miR-140-5p were reduced at week 3, 5, 8 and 14 in tempus whole blood samples from the SuHx time course (Figure 5‑1A and B) and at 7 and 21 in the whole lung tissue from the MCT time course (Figure 5‑1C and D). The consistent reduction of miR-140-5p identified in the MCT and SuHx rat models established both as platforms for the investigation of therapeutic manipulation of miR-140-5p for the treatment of PAH. 


[bookmark: _Ref273702305][bookmark: _Toc298513090][image: ]
[bookmark: _Ref305879238][bookmark: _Toc313048848]Figure 5‑1: Time course of miR-140-5p expression in the MCT and SuHx rat models of PAH.
A-B) miR-140-5p is reduced during development of PAH in the MCT rat model. RVSP (A) is increased and miR-140-5p (B) decreased at day 28 following injection of 60 mg/kg MCT in the SD rat (n= 5-8 per group, *P < 0.05, 2-way ANOVA with Tukey post-test correction, mean +/- S.E.M.). C-D) miR-140-5p is reduced during the development of PAH in the SuHx rat model. RVSP is increased (C) and miR-140-5p decreased (D) at week 14 following injection with 20 mg/kg Su5416 and 3 weeks 10% O2 in the WK rat (n = 8 per group, *P < 0.05, 2-way ANOVA with Tukey post-test correction, mean +/- S.E.M.).

6.3.2 [bookmark: _Toc297818316][bookmark: _Toc304821894][bookmark: _Toc313135412]Nebulised miR Results in Delivery to the Pulmonary Vasculature 
To test therapeutic manipulation of miR-140-5p on disease phenotype and on predicted targets in vivo, it is necessary to establish a method of miR delivery to the target tissue in the appropriate animal model. Nebulised delivery of miR mimic and in vivo transfection reagent resulted in delivery of Cy3 labelled miR to the vessel wall in the SuHx rat model of PAH (Figure 5‑2). 
[bookmark: _Ref273705632][image: Macintosh HD:Users:alexanderrothman:Dropbox:mac:research:PH:miR-140:writing:Thesis:alex_thesis_figs:JCI_draft:re_sub_work:cy3_composite_JCI.tiff]
[bookmark: _Ref297459254][bookmark: _Toc298513091][bookmark: _Toc313048849]Figure 5‑2: Delivery of miR to pulmonary vasculature in the SuHx rat model of PAH.
A and B) Florescence microscopy of lung cryosections following two weekly nebulised doses of non-cy3 labelled control miR (A: DAPI –blue, autofluorescence - orange) or Cy3 labelled miR (B: DAPI –blue, Cy3 and autofluorescence - orange). C and D) Confocal microscopy demonstrating delivery of Cy3 labelled miR to the pulmonary vasculature. C) non-cy3 labelled control miR. D) Cy3 labelled miR (Cy3 – green, DAPI –blue). Scale bar 50 μm.


6.3.3 [bookmark: _Toc297818317][bookmark: _Toc313135413]miR-140-5p Prevents the Development of Disease in the Monocrotaline Rat Model of PAH
miR-140-5p is reduced in the MCT rat model of PAH and nebulised treatment results in delivery of  miR to the pulmonary vasculature. To determine the effect on the development of PAH, disease was induced by the administration of a single subcutaneous dose of MCT in male Sprague-Dawley rats and animals randomised to weekly, nebulised administration of miR-140-5p mimic or scramble control (Figure 5‑3A). At day 21, levels of miR-140-5p were increased in animals treated with miR-140-5p mimic (Figure 5‑3B).
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[bookmark: _Ref297466944][bookmark: _Toc298513092][bookmark: _Toc313048850]Figure 5‑3: Nebulised delivery of miR-140-5p mimic increases whole lung miR-140-5p levels in the MCT rat model.
A) Experimental timeline. B) Quantitative PCR showing whole lung miR-140-5p levels at day 21 (n = 7-8 per group, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).



Administration of miR-140-5p mimic prevented disease development in the MCT rat model as demonstrated by increased PAAT and decreased RVSP (Figure 5‑4 and Table 5‑1). Increased CO and reduced PVR also demonstrate disease prevention in miR-140-5p mimic treated animals (Table 5‑1). A limited reduction in LVSP is also noted (Table 5‑1).
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[bookmark: _Ref297468046][bookmark: _Toc298513093][bookmark: _Toc313048851]Figure 5‑4: Nebulised delivery of miR-140-5p mimic prevents the development of disease in the MCT rat model.
A) PAAT at day 0 and day 21. B) Right ventricular systolic pressure at day 21 (n = 7-8 per group, *P < 0.05, *** P < 0.001, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).



[bookmark: _Ref297468596][bookmark: _Toc313048809]Table 5‑1: Nebulised delivery of miR-140-5p mimic prevents the development of disease in the MCT rat model.
	Phenotype parameter
	Monocrotaline Prevention Study
	P Value

	
	Scramble miR
	miR-140-5p mimic
	

	Heart rate (BPM) 
	346 (15)
	311 (13)
	NS

	Cardiac Output (μl/min) 
	60.8 (4.6)
	79.8 (3.6)
	<0.01

	RVSP (mm Hg) 
	62 (4)
	35 (3)
	<0.001

	RVEDP (mm Hg)
	4 (1)
	4 (1)
	NS

	 RV dP/dtmax (mm Hg/s) 
	3038 (307)
	2790 (512)
	NS

	RV dP/dtmin (mm Hg/s) 
	-3112 (15)
	- 2078 (209)
	<0.001

	LVESP (mm Hg) 
	102 (5)
	98 (4)
	NS

	LVEDP (mm Hg) 
	6 (1)
	7 (1)
	NS

	LV dP/dtmax (mm Hg/s) 
	6946 (503)
	6037 (475)
	NS

	LV dP/dtmin (mm Hg/s)
	-6272 (780)
	-5361 (598)
	NS

	Mean Aortic pressure (mm Hg)
	90 (4)
	82 (4)
	NS

	ePVRi (mm Hg/ml/min/g) 
	270 (40)
	143 (11)
	<0.01

	PAAT (ms) 
	18.6 (1.4)
	22.7 (1.2)
	<0.05

	RV/LV & Septum
	0.37 (0.02)
	0.34 (0.01)
	NS


Mean (S.E.M.). Statistical comparisons made by Students t-test, n = 6-8 per group, RV/ LV & septum, right ventricle/left ventricle including septum.


Echocardiography is used as a screening tool to identify and monitor patients with PAH and direct cardiac catheterisation is used to definitively diagnose disease (Simonneau et al., 2009), however the pathological process is driven by remodelling of the small vessels of the pulmonary vasculature (Morrell et al., 2009; Rabinovitch, 2012). To investigate effect on pulmonary vascular remodelling histological staining with ABEVG, SMA and vWF was used to identify pulmonary arteries (Figure 5‑5). Both the number of vessels remodelled (Figure 5‑6A) and the severity of remodelling (Figure 5‑6A) was reduced in animals treated with miR-140-5p mimic. 
[image: ]
[bookmark: _Ref297469243][bookmark: _Toc298513094][bookmark: _Toc313048852]Figure 5‑5: Representative photomicrographs of lung sections from SCR and miR-140-5p mimic treated animals at day 21.
Sections stained with Alcian Blue Elastic van Gieson (ABEVG), Von Willebrand Factor (vWF), alpha smooth muscle actin (α-SMA) and PCNA (Scale bar 50 μm).

[image: ]
[bookmark: _Ref297469444][bookmark: _Toc298513095][bookmark: _Toc313048853]Figure 5‑6: Pulmonary vascular remodelling in the MCT rat prevention model.
Musculerised vessels (A) and medial wall thickness as a ratio of media to cross sectional area (B) in SCR and miR-140-5p treated animals at day 21 (n = 7-8 per group, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).


6.3.4 [bookmark: _Toc313135414]miR-140-5p Attenuates the Progression of Established PAH in the MCT Rat Model of PAH
Data presented thus far offer evidence that miR-140-5p prevents disease development in the MCT rat model. To determine whether miR-140-5p mimic would alter the progression of established disease, animals were injected with MCT and allowed to develop PAH over 21 days (Figure 5‑7A). Effective delivery of miR-140-5p mimic was confirmed by whole lung miR-140-5p qPCR in both models (Figure 5‑7B). The presence of disease was confirmed by echocardiography (Figure 5‑8A) and animals randomly assigned to blinded treatment groups receiving nebulised delivery of miR-140-5p mimic or scramble control miR.
Hemodynamic and echocardiographic parameters in all groups indicated development of PAH. A progressive decline in PAAT (Figure 5‑8A) and increase in RVSP (Figure 5‑8B) is observed from Day 0 to Day 21 and to Day 35 in the MCT rat model.  At Day 35, following administration of two weekly doses of miR, of Animals treated with miR-140-5p mimic had an increased PAAT (Figure 5‑8A) and reduced RVSP (Figure 5‑8B) compared to SCR treated animals indicating therapeutic effect on established experimental PAH. There were no changes in left ventricular haemodynamics (Table 5‑2).




[image: ]
[bookmark: _Ref297470400][bookmark: _Ref297470352][bookmark: _Toc298513096][bookmark: _Toc313048854]Figure 5‑7: Nebulised delivery of miR-140-5p mimic increases whole lung miR-140-5p levels in the MCT and SuHx rat model.
A) Experimental timeline of MCT therapeutic study. B) Quantitative PCR showing whole lung miR-140-5p levels at day 35 (n = 7-8 per group, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).


[image: ]
[bookmark: _Ref297470845][bookmark: _Toc298513097][bookmark: _Toc313048855]Figure 5‑8: Nebulised delivery of miR-140-5p mimic attenuates the progression of established disease in the MCT model of PAH.
PAAT (A) decreases and RVSP (B) increases with the development of PAH in the MCT rat model. Nebulised delivery of miR-140-5p mimic attenuates the progression of PAH compared to SCR (n = 7-8 per group, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).



[bookmark: _Ref297471741][bookmark: _Toc313048810]Table 5‑2: Nebulised delivery of miR-140-5p mimic attenuates the progression of established disease in the MCT rat model of PAH.
	Phenotype parameter
	MCT Therapeutic Study
	P Value

	
	SCR
	Mimic
	

	Heart rate (BPM) 
	281 (17)
	262 (18)
	NS

	Cardiac Output (μl/min) 
	58.47 (5.8)
	76.18 (4.4)
	<0.05

	RVSP (mm Hg) 
	63 (6)
	46 (7)
	<0.05

	RVEDP (mm Hg)
	6 (1)
	5 (1)
	NS

	 RV dP/dtmax (mm Hg/s) 
	2441 (159)
	1941 (163)
	<0.05

	RV dP/dtmin (mm Hg/s) 
	-2511 (192)
	-2028 (241)
	NS

	LVESP (mm Hg) 
	77 (4)
	83 (5)
	NS

	LVEDP (mm Hg) 
	7 (1)
	7 (1)
	NS

	LV dP/dtmax (mm Hg/s) 
	4372 (669)
	4146 (580)
	NS

	LV dP/dtmin (mm Hg/s)
	-3204 (1337)
	-4109 (59)
	NS

	Mean Aortic (mm Hg)
	58 (6)
	68 (6)
	NS

	PAAT (ms) 
	17.9 (1.0)
	22.0 (1.5)
	<0.05

	RV/LV & Septum
	0.59 (0.02)
	0.50 (0.04)
	<0.05


Mean (S.E.M.). Statistical comparisons made by Students t-test, n = 5-8 per group, RV/ LV & septum, right ventricle/left ventricle including septum.



As in the MCT prevention study, histological staining with EVG, SMA and vWF was used to identify vessels in animals with MCT induced PAH (Figure 5‑9). The severity of remodelling (Figure 5‑10B) was reduced in animals treated with miR-140-5p mimic. miR-140-5p mimic also reduced right heart remodelling as demonstrated by a reduction in RVH (Figure 5‑10C). 
[image: ]
[bookmark: _Ref297472549][bookmark: _Toc298513098][bookmark: _Toc313048856]Figure 5‑9: Representative photomicrographs of lung sections from SCR and miR-140-5p mimic treated animals in the MCT therapeutic study.
Sections stained with Alcian Blue Elastic van Gieson (ABEVG), alpha smooth muscle actin (SMA) and PCNA (Scale bar 50 μm, arrow indicate PCNA stained cells).

[image: ]
[bookmark: _Ref297472559][bookmark: _Toc298513099][bookmark: _Toc313048857]Figure 5‑10: Pulmonary vascular and cardiac remodelling in the MCT therapeutic study.
Musculerised vessels (A), medial wall thickness as a ratio of total vessel size (A) and RVH (C) in SCR and miR-140-5p treated animals in the MCT therapeutic study (n = 7-8 per group, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).

6.3.5 [bookmark: _Toc304821897][bookmark: _Toc313135415]miR-140-5p Attenuates the Progression of Established PAH in the SuHx Rat Model of PAH
Experimental models of PAH do not faithfully represent human disease and to increase confidence in translational findings a number of models are frequently examined. MCT induced PAH is a rapidly progressive, terminal, inflammatory based model, however the vascular remodelling present does not result in the formation of plexiform lesions that characterise human disease. Administration of Sugen-5416 in the rat results in a slowly progressive model of PAH and the development of plexiform lesions. To determine whether miR-140-5p mimic would alter the progression of established disease WK rats were treated with Su5416 and 3 weeks hypoxic exposure followed by a further 5 weeks under normoxic conditions prior to experimentation (Figure 5‑11A). Effective delivery of miR-140-5p mimic was confirmed by whole lung miR-140-5p qPCR in both models (Figure 5‑11B).
[image: ]
[bookmark: _Ref304541832][bookmark: _Toc313048858]Figure 5‑11: Nebulised delivery of miR-140-5p mimic increases whole lung miR-140-5p levels in the SuHx rat model.
A) Experimental timeline of SuHx therapeutic study. B) Quantitative PCR showing whole lung miR-140-5p levels at week 11 (n = 5-7 per group, *P < 0.05, unpaired two-tailed Student’s t-test. Mean +/- S.E.M.).

The presence of disease was confirmed by echocardiography (Figure 5‑8A) and animals randomly assigned to blinded treatment groups receiving nebulised delivery of miR-140-5p mimic or scramble control miR.
Hemodynamic and echocardiographic parameters in all groups indicated development of PAH. A progressive decline in PAAT (Figure 5‑12A) and increase in RVSP (Figure 5‑12B) is observed through the progression of disease in the SuHx rat model.  At week 11, following administration of three weekly doses of miR. Animals treated with miR-140-5p mimic had an increased PAAT (Figure 5‑12A) and reduced RVSP (Figure 5‑12B) compared to SCR treated animals indicating therapeutic effect on established experimental PAH. There were no changes in left ventricular haemodynamics (Table 5‑3).




[image: ]
[bookmark: _Ref304542123][bookmark: _Toc313048859]Figure 5‑12: Nebulised delivery of miR-140-5p mimic attenuates the progression of established disease in the SuHx model of PAH.
PAAT (A) decreases and RVSP (B) increases with the development of PAH in the SuHx rat model. Nebulised delivery of miR-140-5p mimic attenuates the progression of PAH compared to SCR (n = 5-7 per group, *P < 0.05, unpaired two-tailed Student’s t-test. Mean +/- S.E.M.).

[bookmark: _Ref304542269]

[bookmark: _Ref305879409][bookmark: _Toc313048811]Table 5‑3: Nebulised delivery of miR-140-5p mimic attenuates the progression of established disease in the SuHx rat model of PAH.
	Phenotype parameter
	SuHx Therapeutic Study
	P value

	
	SCR
	Mimic
	

	Heart rate (BPM) 
	315 (17)
	386 (21)
	<0.05

	Cardiac Output (μl/min) 
	68.9 (7.9)
	90.1 (6.8)
	NS

	RVSP (mm Hg) 
	120 (6)
	80 (9)
	<0.05

	RVEDP (mm Hg)
	10 (1)
	7 (1)
	NS

	 RV dP/dtmax (mm Hg/s) 
	4792 (407)
	4750 (425)
	NS

	RV dP/dtmin (mm Hg/s) 
	-4242 (404)
	-5221 (452)
	NS

	LVESP (mm Hg) 
	93 (6)
	118 (17)
	NS

	LVEDP (mm Hg) 
	7 (1)
	6 (1)
	NS

	LV dP/dtmax (mm Hg/s) 
	5729 (464)
	8047 (1667)
	NS

	LV dP/dtmin (mm Hg/s)
	-4339 (352)
	-7321 (703)
	<0.05

	Mean Aortic (mm Hg)
	77 (4)
	96 (12)
	NS

	PAAT (ms) 
	15.81 (1.1)
	20.61 (1.2)
	<0.05

	RV/LV & Septum
	0.55 (0.03)
	0.32 (0.05)
	<0.01


Mean (S.E.M.). Statistical comparisons made by Students t-test, n = 5-8 per group, RV/ LV & septum, right ventricle/left ventricle including septum.


As in the MCT studies, histological staining with ABEVG, SMA and vWF was used to identify vessels in animals with SuHx induced PAH (Figure 5‑13). The number of remodelled vessels (Figure 5‑14A) and the severity of remodelling (Figure 5‑14B) was reduced in animals treated with miR-140-5p mimic. miR-140-5p mimic also reduced right heart remodelling as demonstrated by a reduction in RVH (Figure 5‑14C). 
[image: ]
[bookmark: _Ref304542495][bookmark: _Toc313048860]Figure 5‑13: Representative photomicrographs of lung sections from SCR and miR-140-5p mimic treated animals in the MCT therapeutic study.
Sections stained with Alcian Blue Elastic van Gieson (ABEVG), alpha smooth muscle actin (SMA) and PCNA (Scale bar 50 μm, arrows indicate PCNA stained cells).

[image: ]
[bookmark: _Ref304542717][bookmark: _Toc313048861]Figure 5‑14: Pulmonary vascular and cardiac remodelling in the MCT therapeutic study.
Musculerised vessels (A), medial wall thickness as a ratio of total vessel size (A) and RVH (C) in SCR and miR-140-5p treated animals in the MCT therapeutic study (n = 5-7 per group, *P < 0.05, unpaired two-tailed Student’s t-test. Mean +/- S.E.M.).


6.4 [bookmark: _Toc313135416]Discussion
The reduction in levels of miR-140-5p identified in both MCT and SuHx treated rats replicates the loss identified in patients with PAH (Chapter 3) and establishes a platform in which to examine the effect of manipulation of miR-140-5p levels on disease phenotype. Both studies identified a similar expression of miR-140-5p in control animals. Levels early in disease development are variable, however, with the development of severe disease at day 28 in the MCT rat and week 14 in the SuHx rat, levels of miR-140-5p were reduced.
Multiple parameters, measured non-invasively via transthoracic echocardiography and invasively by direct cardiac catheterisation, demonstrate that the administration of miR-140-5p mimic prevents the development of disease in the MCT rat model. This finding was also reflected in the reduced pulmonary vascular remodelling identified in animals treated with miR-140-5p mimic.
Distinct animal models of PAH reflect different aspects of disease pathology and to increase confidence in translation it is necessary to test potential therapies in a range of models. It is also important to consider that disease initiation and progression may be distinct pathological processes and that clinical disease is often well established at the point a patient present with symptoms of PAH. To investigate the therapeutic potential of administration of miR-140-5p mimic studies were conducted in the MCT and SuHx rat models with treatment commencing after the development PAH. Although administration of miR-140-5p did not fully reverse disease, multiple parameters demonstrate that administration of miR-140-5p mimic attenuated the progression of established PAH. The altered pulmonary vascular remodelling identified in animals treated with miR-140-5p mimic is consistent with these findings. The prolonged presence of disease in therapeutic studies allowed for examination of effect on right heart remodelling; consistent with echocardiographic, haemodynamic and histological findings, administration of miR-140-5p reduced RVH in both the MCT and SuHx therapeutic studies.
Locked-nucleic acid structures are deliverable and stable in the circulation providing an effective means of anti-miR or antagomiR therapy to lower expression of target miR. The early clinical application of anti-miR-122 for the treatment of Hepatitis C has shown positive effects offering significant promise for wider application in other disease areas (Janssen, 2011; Janssen et al., 2013). The data presented demonstrates the therapeutic benefit of increasing miR-140-5p on disease phenotype in three experimental models of PAH. However, the development of pre-miR or miR mimic technology has lagged behind that of anti-miR therapy (van Rooij, Purcell and Levin, 2012). For this reason investigation of the mechanisms by which beneficial effects are mediated is critical to understand and translate the benefits demonstrated.

7 [bookmark: _Toc297817841][bookmark: _Toc297818319][bookmark: _Toc297818575][bookmark: _Toc304821899][bookmark: _Toc313135417]miR-140-5p Mimic Modulates Target Expression in Experimental Models of PAH
7.1 [bookmark: _Toc297817842][bookmark: _Toc297818320][bookmark: _Toc297818576][bookmark: _Toc313135418]Introduction
Reduced levels of miR-140-5p are a consistent finding in patients with PAH (Chapter 3). An early, sustained reduction of miR-140-5p is observed in multiple experimental models of PAH and nebulised delivery of miR-140-5p mimic prevents the development of disease and attenuates the progression of established experimental PAH (Chapter 5). Consistent with these findings, reduced levels of miR-140-5p drives a pro-proliferative, pro-migratory PASMC phenotype in vitro through regulation of key mediators of disease relevant cellular pathways (Chapter 4). 
This chapter details the experiments performed to demonstrate modulation of key miR-140-5p targets by administration of miR-140-5p in vivo, the subsequent biological validation of predicted interactions, effects on downstream signalling and relevance to pathology relevant cell phenotype.


7.2 [bookmark: _Toc297817843][bookmark: _Toc297818321][bookmark: _Toc297818577][bookmark: _Toc313135419]Methods
7.2.1 [bookmark: _Toc297818322][bookmark: _Toc313135420]Histology
Standard laboratory procedure was used to process, fix, mount and stain harvested tissue as described in section 2.4.
7.2.2 [bookmark: _Toc297818323][bookmark: _Toc313135421]Microscopy and Analysis
Light and fluorescence microscopy images were acquired on a Zeiss Axiocam 506 Color scanning microscope and analysis performed in Zen 2 Blue Edition as described in section 2.4.16.
7.2.3 [bookmark: _Toc297818324][bookmark: _Toc313135422]Sample Extraction
Whole lung total RNA (mRNA and miR) and protein were prepared from RNAlater stored samples using the mRNA/miR extraction kit on the Maxwell 16 or snap frozen samples using the T-PER tissue protein extraction reagent as described in section 2.4.
7.2.4 [bookmark: _Toc297818325][bookmark: _Toc313135423]TaqMan PCR
Expression of miR and mRNA was determined by qPCR and normalised to U6 and 18S respectively for quantification using the ΔΔCT comparative quantification method as described in section 2.2.4 and section 2.2.5. 
7.2.5 [bookmark: _Toc297818326][bookmark: _Toc313135424]Western Immunoblotting
Tissue protein was prepared, electrophoresed, transferred, blocked, probed with appropriate primary antibody and visualised on the LI-COR Odyssey System as described in section 2.3.7.
7.2.6 [bookmark: _Toc297818327][bookmark: _Toc313135425]Cell Culture
Human PASMCs were maintained and cell proliferation measured by quantification of DNA staining using the LI-COR Odyssey System as described in 2.3.3. Where stated, cells were transfected with miR-140-5p mimic, inhibitor, scramble control and/or luciferase plasmid and stimulated with 10 ng/mL BMP-4 as described in section 2.3.
7.2.7 [bookmark: _Toc297818328][bookmark: _Toc313135426]Luciferase Assays
SMURF1 3’UTR, BRE and pRL-TK luciferase plasmids were prepared and assays performed in PASMC with luminescence quantified on the Varioskan Flash platform as described in section 2.3.6.
7.2.8 [bookmark: _Toc297818329][bookmark: _Toc313135427]Statistical Analysis
Differences between groups were identified by significance testing by Students’ t-test or ANOVA with an appropriate post-test correction and correlation between variables determined by Pearson or Spearman correlation coefficient as appropriate in Prism 6 for Mac OS X (Graphpad).


7.3 [bookmark: _Toc297818331][bookmark: _Toc313135428]Results
7.3.1 [bookmark: _Toc313135429]Nebulised Delivery of miR-140-5p Mimic Modulates Predicted Targets in Experimental models of PAH
Bioinformatic predictions and network analysis suggest that miR-140-5p acts to suppress cellular proliferation and migration through negative regulation of key mRNA targets (Chapter 4). In PASMC, manipulation of miR-140-5p resulted in regulation of ALK5, PDGFRA and SMURF1 mRNA and protein levels and altered cell phenotype (Chapter 4). To identify interactions important to disease pathology the effect miR-140-5p mimic administration on identified targets was undertaken in experimental models of PAH where delivery provided phenotypic improvement (Chapter 5).
Levels of mRNA targets are altered by the administration of miR-140-5p mimic in all experimental models (Figure 6‑1). In the MCT disease prevention study these changes are small and not statistically significant. However, in both the MCT and SuHx therapeutic studies the magnitude of induced changes in ALK5, PDGFRA and SMURF1 are greater and statistically significant reductions are apparent (Figure 6‑1). 
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[bookmark: _Ref297539158][bookmark: _Toc298513100][bookmark: _Toc313048862]Figure 6‑1: Expression of identified miR-140-5p targets ALK5, PDGFRA and SMURF1 mRNA in whole lung samples.
MCT prevention (A) and therapeutic (B) and the SuHx therapeutic studies (C) (n = 5-8, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.). 

Protein levels of ALK5, PDGFRA and SMURF1 are also altered by the administration of miR-140-5p mimic in all experimental models (Figure 6‑2). Administration of miR-140-5p mimic results in statistically significant reduction of SMURF1 in the MCT model when employed in preventative and therapeutic strategies. Non-significant reductions in ALK5, PDGFRA and SMURF1 are also apparent in the MCT and SuHx therapeutic models of PAH (Figure 6‑2). 
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[bookmark: _Ref297539518][bookmark: _Toc298513101][bookmark: _Toc313048863]Figure 6‑2: Expression of identified miR-140-5p targets ALK5, PDGFRA and SMURF1 protein.
MCT prevention (A) and therapeutic (B) and the SuHx therapeutic (C) studies (n = 5-8, *P < 0.05, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).

To determine the relationship in vivo, levels of miR-140-5p and predicted target proteins were examined from whole lung extract. Grouped target protein levels (ALK5, PDGFRA and SMURF1 combined) correlated inversely with levels of miR-140-5p (Figure 6‑3). 
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[bookmark: _Ref298443971][bookmark: _Toc298513102][bookmark: _Toc313048864]Figure 6‑3: Whole lung target (ALK5, PDGFRA and SMURF1) protein levels correlate inversely with miR-140-5p.

Individually, whole lung protein levels of ALK5 and PDGFRA do not appear to correlate with miR-140-5p levels in vivo (Figure 6‑4A and B). However, expression of SMURF1 correlated inversely with whole lung levels of miR-140-5p with a p value of <0.05 and r2 = -0.36 (Figure 6‑4C).
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[bookmark: _Ref297557334][bookmark: _Toc298513103][bookmark: _Toc313048865]Figure 6‑4: Relationship of individual target whole lung protein expression to miR-140-5p levels.
Expression of ALK5 (A) and PDGFRA (B) do not correlate with miR-140-5p, however SMURF1 expression is inversely correlated with whole lung miR-140-5p (C).

Manipulation of miR-140-5p levels results in modulation of SMURF1 in vitro and levels correlate inversely in vivo implying interaction, however correlation is not biological proof and further evidence of co-expression and binding site interaction is required to definitively demonstrate regulation.

7.3.2 [bookmark: _Toc313135430]SMURF1 is Expressed in the Pulmonary Artery Wall and Expression is Modulated by Nebulised Delivery of miR-140-5p Mimic 
Nebulised delivery of miR-140-5p mimic resulted in delivery to the pulmonary vasculature of nebulised animals (Chapter 5) and modulation of SMURF1 protein levels. To localise the expression of SMURF1, lung sections were examined immunohistochemicaly. SMURF1 was expressed in endothelial and smooth muscles cells of the pulmonary artery (Figure 6‑5).
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[bookmark: _Ref297557106][bookmark: _Toc298513104][bookmark: _Toc313048866]Figure 6‑5: SMURF1 is expressed in the pulmonary arterial wall in experimental models of PAH and is modulated by administration of nebulised miR-140-5p.
Immunohistochemistry was performed to localise expression of SMURF1 within the pulmonary vasculature (MCT P – SMURF1 brown, MCT T and SuHx – SMURF1 – Orange, DAPI – Blue). Representative photomicrographs of small pulmonary arterioles demonstrates that SMURF1 expression in the pulmonary artery endothelium and smooth muscle layers of animals with experimental PAH induced by MCT and SuHx.


7.3.3 [bookmark: _Toc313135431]SMURF1 is a Direct miR-140-5p Target
SMURF1 is expressed in the pulmonary artery vessel wall of animals with experimental PAH and delivery of miR-140-5p alters protein levels. However, correlation (Figure 6‑4) and modulation of expression (Figure 6‑1 and Figure 6‑2) fall short of proof of direct interaction between miR-140-5p and the 3’UTR of SMURF1. To demonstrate the direct interaction the 3’UTR of SMURF1 was cloned downstream of a Firefly luciferase gene driven by a CMV promoter (Figure 6‑6A, Apppendix E and Appendix F). Luciferase activity in PASMC was increased and decreased by transfection with miR-140-5p inhibitor (Figure 6‑6B) and mimic (Figure 6‑6C) respectively, demonstrating a direct interaction of miR-140-5p with the 3’UTR of SMURF1.
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[bookmark: _Ref297557724][bookmark: _Toc298513105][bookmark: _Toc313048867]Figure 6‑6: miR-140-5p targets SMURF1 via a direct binding of the 3’UTR.
A) Location of putative miR-140-5p binding site in the 3’UTR of SMURF1. B-C) Transfection of PASMC with miR-140-5p inhibitor (B) and mimic (C) alters luciferase activity of SMURF1 3’UTR construct at 24 hours. (**P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t test, mean +/- S.E.M.).

7.3.4 [bookmark: _Toc313135432]SMURF1 and miR-140-5p modulate BMP Signalling and Cell Phenotype in PASMC
SMURF1 is homologous to the E6-AP Carboxyl Terminus (HECT) type ubiquitin ligase which acts as a negative regulator of BMP signalling via ubiquitination and subsequent proteasomal degradation of SMAD1, SMAD5 (Zhu et al., 1999) and BMPRII (Murakami et al., 2010). To determine the effect of SMURF1 and miR-140-5p on BMP signalling, a BMP responsive promoter (ID1) was cloned upstream of a Firefly luciferase enzyme to form a BMP response element (BRE) (Appendix F). When stimulated with BMP4, luciferase activity was increased by transfection with miR-140-5p mimic (Figure 6‑7A and B) ans SMURF1 siRNA (Figure 6‑7A and C).
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[bookmark: _Ref297558393][bookmark: _Toc298513106][bookmark: _Toc313048868]Figure 6‑7: miR-140-5p and SMURF1 modulate BMP signalling in PASMC.
 A) Western blot and fluorescence quantification of BMP signalling pathway at 72 hours post stimulation with 100 ng/μL in PASMC transfected with SCR/miR-140-5p or NTSI/SMURF1 siRNA. B-C) BMP response element (BRE) luciferase construct activity at 24 hours post stimulation with 100 ng/μL in PASMC transfected with SCR/miR-140-5p or NTSI (**P < 0.01, ****P < 0.0001, unpaired two-tailed Student’s t-test, mean +/- S.E.M.).


These findings demonstrate that miR-140-5p interacts directly with the 3’UTR of SMURF1 and that both SMURF1 and miR-140-5p modulate BMP signalling in a disease relevant cell type. To demonstrate that the miR-140-5p/SMURF1 interaction is important to a disease relevant cell phenotype the effect SMURF1 siRNA on miR-140-5p mediated cell proliferation was examined. In the presence of BMP4 a significant difference was apparent between miR-140-5p mimic and inhibitor, however this effect was abrogated by co-transfection with SMURF1 siRNA (Figure 6‑8).
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[bookmark: _Ref297559099][bookmark: _Toc298513107][bookmark: _Toc313048869]Figure 6‑8: SMURF1 is critical to miR-140-5p mediated proliferation in PASMC.
Proliferation following at 72 hours post stimulation with 100 ng/μL in PASMC transfected with SCR, miR-140-5p mimc or inhibitor +/- SMURF1 siRNA (*P < 0.05, ANOVA with Tukey post-test correction, mean +/- S.E.M.).

7.3.5 [bookmark: _Toc313135433]Whole Blood SMURF1 is Increased in Patients with PAH
These data demonstrate that miR-140-5p is decreased in disease and validate miR-140-5p as a biologically important target functioning, at least in part, via SMURF1 to modulate BMP signalling. As miR-140-5p is reduced in PAH whole blood samples were examined to determine expression of SMURF1. Levels of whole blood SMURF1 mRNA are increased in patients with IPAH in the validation cohort (Figure 6‑9).
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[bookmark: _Ref297559303][bookmark: _Toc298513108][bookmark: _Toc313048870]Figure 6‑9: Whole blood expression of SMURF1 mRNA in the validation cohort.
Increased whole blood levels of SMURF1 mRNA were observed in patients with IPAH when compared to healthy volunteers (IPAH n = 20, HV n = 16, **P < 0.01, unpaired two-tailed Student’s t test, mean +/- S.E.M.).


7.4 [bookmark: _Toc297817844][bookmark: _Toc297818332][bookmark: _Toc297818578][bookmark: _Toc313135434]Discussion
These data validate predicted miR-140-5p interactions with disease relevant targets in experimental models of PAH. Delivery of miR-140-5p mimic reduces whole lung mRNA and protein levels of ALK5, PDGFRA and SMURF1 to a varying extent. Several factors may confound the analysis of miR-target interactions in vivo. Previous studies have demonstrated that molecules central to disease development, including SMURF1, are altered during the development of disease in experimental models of PAH (Murakami et al., 2010). Thus, changing levels may influence differences in the regulation of targets in prevention and therapeutic studies at different stages of disease development. SMURF1 is known to target itself for proteosomal degradation (Xie et al., 2013). Thus, altered target levels may influence cellular processes and internal feedback loops as consequence of disease development and a knock-on effect of miR-140-5p mimic administration.
To overcome diminished statistical power in a single experimental model brought about by low animal numbers, whole lung protein levels of identified targets in all experimental models were grouped to demonstrate their negative correlation with miR-140-5p. Once established, the relationship to miR-140-5p was investigated for individual targets. As predicted by the highly conserved (unvalidated) binding site, a stronger negative correlation was identified between SMURF1 and miR-140-5p than either ALK5 or PDGFRA. This binding site was subsequently validated by 3’UTR luciferase assay and the effect of miR-140-5p mimic and SMURF1 siRNA on BMP signalling determined by BRE luciferase assay. BMP signalling is critical to suppression of proliferation and migration in PASMC. In the in the presence of BMP4 a significant difference in PASMC proliferation was apparent between miR-140-5p mimic and inhibitor, however this effect was abrogated by co-transfection with SMURF1 siRNA, demonstrating the importance of the miR-140-5p/SMURF1 to a disease relevant pathological cellular process in a disease relevant cell type.
These data suggest that SMURF1 is an important mediator of disease in PAH. Expression is increased in animal models of PAH (Murakami et al., 2010) and, as demonstrated in this thesis, SMURF1 regulates BMP signalling and cell phenotype in PASMC. As miR-140-5p is reduced, SMURF1 may be derepressed in patients with PAH. SMURF1 whole blood mRNA was increased in patients with PAH in the validation cohort.
Further investigation of SMURF1 as a novel therapeutic target for the treatment of PAH is justified by the presented data. Small molecule inhibitors of SMURF1 have been developed and efficacy demonstrated in vitro (Cao et al., 2014).  Two key translational questions remain: is SMURF1 expressed in the pulmonary vasculature of patients with PAH and is SMURF1 critical to the development of experimental PAH?


8 [bookmark: _Toc297817845][bookmark: _Toc297818333][bookmark: _Toc297818579][bookmark: _Toc313135435]Discussion
8.1 [bookmark: _Toc297817846][bookmark: _Toc297818334][bookmark: _Toc297818580][bookmark: _Toc313135436]Summary of Novel Findings
The work in this thesis has detailed for the first time the down-regulation of miR-140-5p in patients with, and experimental models of, PAH and demonstrates regulatory control of key mediators of PAH pathology and disease phenotype in vitro and in vivo. The network analysis and in vitro validation undertaken identified SMURF1 as a key PH-related miR-140-5p target and regulator of TGFβ and BMP signalling. The novel interaction demonstrated between miR-140-5p and SMURF1 provides a new mechanism by which miR-140-5p modulates BMP signalling. Consistent with derepression by loss of miR-140-5p, levels of whole blood SMURF1 were shown to be increased in whole blood from patients with PAH.
Further Evidence of SMURF1 Involvement in the Pathology of PAH
To supplement my own work I have collaborated with Prof Morrell and Dr Southwood (University of Cambridge, UK) to examine expression of SMURF1 in human PAH, and with Dr Rowlands (Novartis, MA, USA) to determine the effect of SMURF1 knock-out on experimental PAH.
Remodelled pulmonary vessels present in histological samples from patients with heritable and associated PAH show increased PAEC and PASMC SMURF1 staining (Figure 7‑1) over control samples, thereby increasing confidence that SMURF1 is altered in human disease.
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[bookmark: _Ref304798314][bookmark: _Toc313048871]Figure 7‑1: Expression of SMURF1 in human PAH. 
Representative photomicrography showing SMURF1 stained sections from patients without PAH (A) and a patient with hereditary PAH secondary to a mutation of the BMPRII gene (B) and a patient with associated PAH. Images courtesy of Dr Southwood and Prof Morrell, University of Cambridge (scale bar 50 μm).

SMURF1 acts as a negative regulator of BMP signalling in PASMC; however, its role in disease is unknown. To investigate whether SMURF1 is required for the development of experimental PAH, SMURF1 knockout, heterozygous SMURF1 and wild type C57BL6 mice were injected with Sugen-5416 and housed in hypoxic conditions. Genetic deletion of SMURF1 provided allele dependent protection from experimental PAH (Figure 7‑2) demonstrating that SMURF1 is critical for disease development.
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[bookmark: _Ref304799790][bookmark: _Toc313048872]Figure 7‑2: Genetic ablation of SMURF1 confers protection from SuHx induced PAH in C57BL6 mice.
RVSP (A), RVH (B), and vessel musculerisation (C) (n = 11-13 per group, *P < 0.05, **P < 0.01, ***P < 0.0001 one-way ANOVA with Tukey post-test correction, mean +/- S.E.M.). Data curtisy of Dr David Rowlands (Novartis, MA, USA)

8.2 [bookmark: _Toc313135437]miR-140-5p, SMURF1 and BMP Signalling in the Context of PAH
Impaired BMP signalling, through gene mutation or environmental insult, is a consistent finding in human (Deng et al., 2000; Thomson et al., 2000; Aldred et al., 2010; Atkinson et al., 2002) and experimental PAH (Takahashi, 2005; Morty et al., 2007). BMPRII mutation results in haploinsufficiency of the receptor and reduced pathway activity, however penetrance is incomplete and not all patients with mutation have disease. It has been proposed that in the presence of a BMPRII mutation, further pathway suppression is required for disease development. In the absence of BMPRII mutation, the mechanism by which signalling is reduced remains unclear.
Genetic restoration of BMPRII attenuates both chronic hypoxia and monocrotaline induced PAH (Reynolds et al., 2007; Reynolds, Holmes, Danilov and Reynolds, 2012) and drugs that non-specifically enhance BMP signalling such as FK506 (Spiekerkoetter et al., 2013), chloroquine (Long et al., 2013) and Paclitaxel (Savai et al., 2014) have shown beneficial effects in pre-clinical models and FK506 has shown clinical effect during compassionate use in patients with PAH (Spiekerkoetter et al., 2015). An alternative approach to enhance BMP signalling may be achieved through inhibition of negative regulators of the pathway (Long et al., 2013). The SMAD-specific E3 ubiquitin ligase SMURF1 negatively regulates BMP signalling through ubiquitination and proteasomal degradation of BMPRII (Murakami et al., 2010), type I BMP receptors and downstream signalling mediators (Zhu et al., 1999).
miR-140-5p is considered a tumour suppressor, down-regulation of which has been identified in a number of neoplastic conditions (Yang et al., 2013a; Yuan, Shen, Xue and Fan, 2013; Li et al., 2013; Zhang et al., 2012). Loss of miR-140-5p leads to increased cellular proliferation and migration through derepression of previously validated targets including PDGFRA (Eberhart et al., 2008), IGF1R (Yuan et al., 2013), ALK5 and FGF2 (Yang et al., 2013a). miR-140-5p is known to play a critical role in bone and skeletal development mediating downstream effects of Interleukin-1β and TGF-β through interactions with ADAMTS5 (Miyaki et al., 2009) and SP1 (Yang et al., 2011). Furthermore, the rs7205289 SNP is associated with non-syndromic cleft palate and alters processing of pre-miR-140, resulting in reduced expression of miR-140-5p.
Locked-nucleic acid structures are deliverable and stable in the circulation providing an effective means of anti-miR or antagomiR therapy. The clinical application of such miR based therapies has shown significant promise (Janssen, 2011; Janssen et al., 2013). In three experimental models of PAH I have demonstrated the therapeutic benefit of increasing miR-140-5p on disease phenotype, however, the development of pre-miR or miR mimic technology has lagged behind that of anti-miR therapy (van Rooij, Purcell and Levin, 2012) and for this reason I sought to identify molecules downstream of miR-140-5p as novel therapeutic targets. I demonstrate that miR-140-5p regulates expression of SMURF1 through direct 3’UTR interactions and that miR-140-5p modulates BMPRII signalling and PASMC proliferation through SMURF1.
SMURF1 is homologous to the E6-AP Carboxyl Terminus (HECT) type ubiquitin ligase which acts as a negative regulator of BMPRII signalling via ubiquitination and subsequent proteasomal degradation of SMAD1 and SMAD5 (Zhu et al., 1999) and BMPRII (Murakami et al., 2010). SMURF1 regulates cell migration and adhesion, modulating signalling downstream of BMP (Zhu et al., 1999; Murakami et al., 2010), TGF-β and IFN-γ (Cao and Zhang, 2012). Amplification of SMURF1 has been observed, and implicated in, human pancreatic cancer (Kwei et al., 2011). Expression of SMURF1 is increased in animal models of PAH, making it an attractive potential therapeutic target for the treatment of PAH (Murakami et al., 2010). Consistent with my clinical findings and bioinformatics predictions, in vitro experiments demonstrate that reduced levels of miR-140-5p leads to derepression of SMURF1. Both miR-140-5p mimic and inhibitor alter expression of SMURF1 (mRNA, protein and 3’UTR reporter construct) in PASMC, suggesting that the interaction is present under normal conditions in a disease relevant cell. SMURF1 is a key negative regulator of the BMP pathway and the effect of small alterations in cellular levels has an amplified effect on downstream signalling and cell phenotype. I have also demonstrated that expression of SMURF1 is increased in human disease by whole blood mRNA and in collaboration with others show increased SMURF1 protein immunoreactivity within pulmonary vascular lesions from patients with PAH. Finally, in collaboration we demonstrate the critical importance of SMURF1 to the development of experimental PAH by the allele dependent protection provided by genetic deletion in the SuHx model. As such, both miR-140-5p and SMURF1 represent means, by which BMP signalling may be reduced in patients without identifiable mutation of BMPRII, and a second hit to BMP signalling in patients with BMPRII mutation.
8.3 [bookmark: _Toc297817848][bookmark: _Toc297818336][bookmark: _Toc297818582][bookmark: _Toc313135438]Future Directions
Diagnostic Biomarkers
The data presented in this thesis demonstrate that reduced miR-140-5p is a consistent finding in patients with PAH, however, function as a diagnostic biomarker is limited by the small fold changes observed in whole blood and significant overlap between disease and control groups. Fold changes of miR, by their nature, are often low. Thus, use of a single miR as a biomarker of disease may well be impractical. The use of multiple miR to form expression panels may offer greater accuracy differentiation and increase diagnostic accuracy.
Modulation of BMP signalling
It has been proposed that, in the presence of a BMPRII mutation, further pathway suppression is required for disease development. In the absence of BMPRII mutation, the mechanism by which signalling is reduced in disease remains unclear. Both miR-140-5p and SMURF1 are altered in patients with PAH and modulate BMP signalling in vitro. As such, dysregulation of either may provide the insult required for disease development. The miR-140-5p knock-out mouse has been described (‘MicroRNAs-140-5p/140-3p Modulate Leydig Cell Numbers in the Developing Mouse Testis’, 2013). A number of experiments may be conducted to determine whether loss of miR-140-5p leads directly to the development of PAH or increases propensity to the development of PAH. Firstly, wild type and miR-140-5p heterozygous and null mice may be investigated to determine whether loss of miR-140-5p leads to the development of spontaneous PAH. Secondly, cross breeding may be used to determine whether loss of miR-140-5p increases propensity to the development of PAH in BMPRII+/R899X mice. Similarly, overexpression of SMURF1 on a wild type background would determine whether SMURF1 overexpression is sufficient for the development of PAH and overexpression of SMURF1 on a BMPRII+/R899X background determine whether SMURF1 increases propensity to the development of PAH.
Therapeutic Agents
Despite resent advances in treatments available to patients with PAH clinical outcomes remain poor. Modulation of the proliferative processes driving disease is an attractive concept reinforced by positive pre-clinical data and the haemodynamic benefit demonstrated of such a strategy in the Phase IV IMPRES trial (Hoeper et al., 2013).
The presence of multiple genetic mutations related to BMP signalling that predispose to the development of PAH, highlights augmentation of this pathway as a potential therapeutic strategy. The data presented demonstrate that miR-140-5p is reduced in PAH resulting in derepression of SMURF1, a negative regulator of BMP signalling. Both miR-140-5p mimic and SMURF1 siRNA augment BMP signalling and miR-140-5p mimic and SMURF1 knockout modulate disease phenotype in vivo.
miR-140-5p is reduced in PAH and results in regulation of known regulators of PAH pathology. These are in part attributable to regulation of BMP signalling via SMURF1, however it is clear from the large increase in BRE activity with miR-140-5p mimic transfection that other targets also regulate BMP signalling. Investigation of addition miR-140-5p targets as modulators of PAH pathology is clearly warranted. The data presented in this thesis exploit target prediction and network analysis to identify key mediators of miR-140-5p cellular effects. Both the target predication and network analysis methods used suffer publication bias. miR-140-5p modulation in cell culture combined with array based bioinformatics may aid understanding of other potential mechanisms of action.
The development of miR mimic therapies has lagged behind the exciting clinical data generated with anti-miR based therapies. miR-140-5p is reduced in patients with PAH leading to derepression of cellular targets. Therefore, the most direct route to clinical benefit is identification of key cellular targets for small molecule inhibition. 
SMURF1 is an E3 ubiquitin ligase known to regulate BMP signalling via degradation of the BMPRII receptor and downstream signalling molecules. However, the relatively mild increase in BMP signalling demonstrated in vitro and the complete prevention of experimental PAH of genetic knock out in the SuHx model suggest that this may not be the only mechanism of action. Further investigation is required to determine how the positive effects of SMURF1 are mediated. Determination of the effect of SMURF1 knock out in PAEC, PASMC and bone marrow derived cells would aid understanding of the relative importance of SMURF1 in each cell line and guide further investigation of mechanism of action. Inhibition of SMURF1 in cell culture combined with array-based bioinformatics may aid understanding of other potential mechanisms of action.
Small molecule inhibitors of SMURF1 have recently been developed and efficacy demonstrated in vitro (Cao et al., 2014). The investigation of these, and other molecules reducing SMURF1 activity, for the treatment of PAH is of particular interest.
8.4 [bookmark: _Toc313135439]Concluding Remarks
Despite recent therapeutic advances clinical outcomes for patients with PAH remain poor. The data presented in this thesis suggest that further investigation of miR140-5p targets, in particular SMURF1, as therapeutic targets for the treatment of PAH are clearly warranted.
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[bookmark: _Toc313135444]A - Derivation Cohort: Clinical Characteristics.
	Diagnosis
	Gender
	Age (years)
	mPAP (mmHg)
	RV CO (L/min)

	No PH
	Female
	74
	18
	6.8

	No PH
	Female
	60
	17
	2.5

	No PH
	Female
	74
	20
	4.1

	No PH
	Female
	67
	21
	4.4

	HV
	Female
	58
	NA
	NA

	HV
	Female
	53
	NA
	NA

	HV
	Female
	45
	NA
	NA

	HV
	Female
	26
	NA
	NA

	CTD PH
	Female
	55
	44
	5.1

	CTD PH
	Female
	61
	44
	5.3

	CTD PH
	Female
	60
	65
	5.2

	CTD PH
	Female
	63
	66
	3.3

	CTEPH
	Male
	61
	54
	4.0

	CTEPH
	Female
	72
	55
	3.2

	CTEPH
	Female
	49
	44
	6.2

	CTEPH
	Female
	53
	70
	5.5

	IPAH
	Female
	73
	53
	3.9

	IPAH
	Female
	34
	50
	7.8

	IPAH
	Female
	71
	53
	2.7

	IPAH
	Female
	53
	62
	3.2





[bookmark: _Toc313135445]B - Validation Cohort: Clinical Characteristics.
	Diagnosis
	Gender
	Age (Years)
	mPAP (mmHg)
	RV CO (L/min)

	IPAH
	Female
	48
	73
	6.1

	IPAH
	Female
	44
	64
	5.1

	IPAH
	Female
	34
	49
	7.8

	IPAH
	Male
	68
	48
	3.3

	IPAH
	Male
	64
	59
	5.5

	IPAH
	Female
	64
	42
	7.2

	IPAH
	Female
	34
	53
	3.3

	IPAH
	Female
	65
	53
	4.7

	IPAH
	Female
	65
	46
	3.2

	IPAH
	Female
	27
	58
	2.5

	IPAH
	Female
	75
	60
	5.3

	IPAH
	Female
	56
	72
	6.9

	IPAH
	Male
	52
	62
	NA

	IPAH
	Male
	66
	56
	4.9

	IPAH
	Male
	68
	47
	5.8

	IPAH
	Male
	54
	44
	5.1

	IPAH
	Female
	52
	75
	3.2

	IPAH
	Male
	37
	71
	4.6

	IPAH
	Male
	68
	41
	5.7

	IPAH
	Male
	34
	65
	6.1

	HV
	Female
	34
	NA
	NA

	HV
	Female
	35
	NA
	NA

	HV
	Male
	29
	NA
	NA

	HV
	Female
	47
	NA
	NA

	HV
	Male
	46
	NA
	NA

	HV
	Female
	32
	NA
	NA

	HV
	Male
	45
	NA
	NA

	HV
	Male
	57
	NA
	NA

	HV
	Male
	74
	NA
	NA

	HV
	Male
	57
	NA
	NA

	HV
	Female
	31
	NA
	NA

	HV
	Female
	48
	NA
	NA

	HV
	Female
	62
	NA
	NA

	HV
	Female
	73
	NA
	NA

	HV
	Male
	60
	NA
	NA

	HV
	Female
	43
	NA
	NA




[bookmark: _Toc313135446]C – Predicted miR-140-5p Targets (http://www.targetscan.org)

	Target gene
	Gene name
	Conserved sites
	Poorly conserved sites
	Total context+ score
	Aggregate PCT

	
	
	total
	8mer
	7mer-m8
	7mer-1A
	total
	8mer
	7mer-m8
	7mer-1A
	
	

	ZNF800
	zinc finger protein 800
	2
	1
	1
	0
	1
	0
	1
	0
	-0.71
	0.62

	YOD1
	YOD1 OTU deubiquinating enzyme 1 homolog (S. cerevisiae)
	1
	1
	0
	0
	2
	0
	1
	1
	-0.61
	0.37

	FGF9
	fibroblast growth factor 9 (glia-activating factor)
	1
	1
	0
	0
	1
	0
	1
	0
	-0.58
	0.71

	Sept2
	septin 2
	1
	1
	0
	0
	1
	1
	0
	0
	-0.57
	0.63

	MMD
	monocyte to macrophage differentiation-associated
	1
	1
	0
	0
	1
	0
	1
	0
	-0.56
	0.61

	C15orf29
	chromosome 15 open reading frame 29
	1
	1
	0
	0
	1
	0
	0
	1
	-0.51
	0.72

	SNX16
	sorting nexin 16
	1
	1
	0
	0
	0
	0
	0
	0
	-0.51
	0.11

	CMTM6
	CKLF-like MARVEL transmembrane domain containing 6
	1
	0
	1
	0
	2
	0
	1
	1
	-0.5
	0.6

	SNX2
	sorting nexin 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.5
	0.62

	TSSK2
	testis-specific serine kinase 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.45
	0.36

	LCOR
	ligand dependent nuclear receptor corepressor
	1
	1
	0
	0
	0
	0
	0
	0
	-0.44
	0.59

	SEL1L
	sel-1 suppressor of lin-12-like (C. elegans)
	1
	1
	0
	0
	1
	0
	0
	1
	-0.43
	0.55

	SCRN1
	secernin 1
	1
	0
	1
	0
	2
	1
	0
	1
	-0.42
	0.62

	GPR161
	G protein-coupled receptor 161
	1
	1
	0
	0
	0
	0
	0
	0
	-0.42
	0.69

	GALC
	galactosylceramidase
	1
	0
	1
	0
	1
	1
	0
	0
	-0.42
	0.55

	EPB41L2
	erythrocyte membrane protein band 4.1-like 2
	1
	0
	1
	0
	1
	0
	0
	1
	-0.42
	0.74

	BACH1
	BTB and CNC homology 1, basic leucine zipper transcription factor 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.41
	0.66

	LAMP2
	lysosomal-associated membrane protein 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.41
	0.47

	ZNF652
	zinc finger protein 652
	1
	0
	1
	0
	1
	0
	1
	0
	-0.41
	0.7

	RBBP4
	retinoblastoma binding protein 4
	1
	0
	0
	1
	1
	1
	0
	0
	-0.41
	0.65

	C1R
	complement component 1, r subcomponent
	1
	1
	0
	0
	0
	0
	0
	0
	-0.41
	0.17

	SHROOM3
	shroom family member 3
	1
	0
	1
	0
	2
	0
	1
	1
	-0.41
	0.66

	EGR2
	early growth response 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.41
	0.72

	NFE2L2
	nuclear factor (erythroid-derived 2)-like 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.4
	0.19

	LRP4
	low density lipoprotein receptor-related protein 4
	1
	1
	0
	0
	0
	0
	0
	0
	-0.4
	0.7

	NLK
	nemo-like kinase
	1
	1
	0
	0
	0
	0
	0
	0
	-0.39
	0.68

	ADAM10
	ADAM metallopeptidase domain 10
	1
	1
	0
	0
	0
	0
	0
	0
	-0.38
	0.55

	STK3
	serine/threonine kinase 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.38
	0.21

	WASF1
	WAS protein family, member 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.38
	0.54

	SLC2A1
	solute carrier family 2 (facilitated glucose transporter), member 1
	1
	0
	1
	0
	2
	1
	1
	0
	-0.38
	0.63

	CORO2A
	coronin, actin binding protein, 2A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.37
	0.39

	FAM123A
	family with sequence similarity 123A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.37
	0.39

	DOK4
	docking protein 4
	1
	1
	0
	0
	0
	0
	0
	0
	-0.37
	0.5

	TFRC
	transferrin receptor (p90, CD71)
	1
	0
	1
	0
	1
	0
	1
	0
	-0.37
	0.46

	FBN1
	fibrillin 1
	1
	0
	1
	0
	1
	1
	0
	0
	-0.37
	0.71

	RALA
	v-ral simian leukemia viral oncogene homolog A (ras related)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.37
	0.67

	DCLRE1C
	DNA cross-link repair 1C
	1
	1
	0
	0
	0
	0
	0
	0
	-0.37
	0.4

	ANKRD12
	ankyrin repeat domain 12
	1
	1
	0
	0
	0
	0
	0
	0
	-0.36
	0.65

	TSPAN12
	tetraspanin 12
	1
	1
	0
	0
	0
	0
	0
	0
	-0.36
	0.41

	CTSL2
	cathepsin L2
	1
	0
	0
	1
	1
	0
	0
	1
	-0.36
	0.62

	ABCB10
	ATP-binding cassette, sub-family B (MDR/TAP), member 10
	1
	1
	0
	0
	0
	0
	0
	0
	-0.35
	0.19

	PLOD1
	procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1
	1
	0
	1
	0
	1
	0
	1
	0
	-0.35
	0.59

	RNF19A
	ring finger protein 19A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.35
	0.41

	TM7SF3
	transmembrane 7 superfamily member 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.35
	0.57

	ZNF827
	zinc finger protein 827
	1
	1
	0
	0
	1
	0
	1
	0
	-0.34
	0.55

	ARHGAP19
	Rho GTPase activating protein 19
	1
	1
	0
	0
	0
	0
	0
	0
	-0.34
	0.64

	MSMP
	microseminoprotein, prostate associated
	1
	1
	0
	0
	0
	0
	0
	0
	-0.34
	0.43

	GYS1
	glycogen synthase 1 (muscle)
	1
	1
	0
	0
	1
	0
	1
	0
	-0.33
	0.8

	SRCAP
	Snf2-related CREBBP activator protein
	1
	1
	0
	0
	0
	0
	0
	0
	-0.33
	0.67

	KAT2B
	K(lysine) acetyltransferase 2B
	1
	1
	0
	0
	0
	0
	0
	0
	-0.33
	0.29

	NCSTN
	nicastrin
	1
	1
	0
	0
	0
	0
	0
	0
	-0.32
	0.34

	TNN
	tenascin N
	1
	0
	1
	0
	0
	0
	0
	0
	-0.32
	0.6

	HEY1
	hairy/enhancer-of-split related with YRPW motif 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.32
	0.12

	SLC44A2
	solute carrier family 44, member 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.32
	0.52

	FOXP2
	forkhead box P2
	1
	0
	1
	0
	1
	0
	0
	1
	-0.32
	0.8

	FAM199X
	family with sequence similarity 199, X-linked
	1
	1
	0
	0
	0
	0
	0
	0
	-0.32
	0.43

	TRAK1
	trafficking protein, kinesin binding 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.31
	0.45

	SLC30A5
	solute carrier family 30 (zinc transporter), member 5
	1
	0
	1
	0
	1
	0
	1
	0
	-0.31
	0.76

	FNDC5
	fibronectin type III domain containing 5
	1
	0
	1
	0
	0
	0
	0
	0
	-0.31
	0.55

	C14orf101
	chromosome 14 open reading frame 101
	1
	1
	0
	0
	0
	0
	0
	0
	-0.31
	0.64

	LAMC1
	laminin, gamma 1 (formerly LAMB2)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.3
	0.59

	PPP1R9A
	protein phosphatase 1, regulatory (inhibitor) subunit 9A
	1
	0
	1
	0
	1
	0
	1
	0
	-0.3
	0.48

	SBDS
	Shwachman-Bodian-Diamond syndrome
	1
	0
	1
	0
	0
	0
	0
	0
	-0.3
	0.47

	KLHL5
	kelch-like 5 (Drosophila)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.3
	0.23

	FBXO45
	F-box protein 45
	1
	1
	0
	0
	1
	0
	1
	0
	-0.3
	0.75

	BAG2
	BCL2-associated athanogene 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.3
	0.63

	TLR4
	toll-like receptor 4
	1
	1
	0
	0
	0
	0
	0
	0
	-0.3
	0.18

	CAPN1
	calpain 1, (mu/I) large subunit
	1
	1
	0
	0
	0
	0
	0
	0
	-0.29
	0.68

	LYSMD3
	LysM, putative peptidoglycan-binding, domain containing 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.29
	< 0.1

	UBE2V1
	ubiquitin-conjugating enzyme E2 variant 1
	1
	0
	1
	0
	1
	0
	0
	1
	-0.29
	0.73

	TMEM189-UBE2V1
	TMEM189-UBE2V1 readthrough
	1
	0
	1
	0
	1
	0
	0
	1
	-0.29
	0.73

	SNTB2
	syntrophin, beta 2 (dystrophin-associated protein A1, 59kDa, basic component 2)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.29
	0.72

	MARS2
	methionyl-tRNA synthetase 2, mitochondrial
	1
	1
	0
	0
	0
	0
	0
	0
	-0.29
	0.49

	DTD1
	D-tyrosyl-tRNA deacylase 1 homolog (S. cerevisiae)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.29
	0.41

	PPTC7
	PTC7 protein phosphatase homolog (S. cerevisiae)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.29
	0.58

	BMP2
	bone morphogenetic protein 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.29
	0.62

	WDFY3
	WD repeat and FYVE domain containing 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.28
	0.5

	NCKAP1
	NCK-associated protein 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.28
	0.57

	PSEN1
	presenilin 1
	1
	1
	0
	0
	1
	0
	1
	0
	-0.28
	< 0.1

	FCHO2
	FCH domain only 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.28
	0.56

	WNK4
	WNK lysine deficient protein kinase 4
	1
	1
	0
	0
	0
	0
	0
	0
	-0.28
	0.63

	RGMB
	RGM domain family, member B
	1
	1
	0
	0
	0
	0
	0
	0
	-0.28
	0.66

	AASS
	aminoadipate-semialdehyde synthase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.28
	0.46

	AKAP2
	A kinase (PRKA) anchor protein 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.27
	0.7

	PALM2-AKAP2
	PALM2-AKAP2 readthrough
	1
	0
	1
	0
	0
	0
	0
	0
	-0.27
	0.7

	MICAL3
	microtubule associated monoxygenase, calponin and LIM domain containing 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.27
	0.62

	BCL2L1
	BCL2-like 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.27
	0.56

	NCEH1
	neutral cholesterol ester hydrolase 1
	1
	0
	1
	0
	1
	0
	0
	1
	-0.27
	0.68

	HAND2
	heart and neural crest derivatives expressed 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.26
	0.64

	TTYH2
	tweety homolog 2 (Drosophila)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.26
	0.54

	HNRNPH3
	heterogeneous nuclear ribonucleoprotein H3 (2H9)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.26
	0.52

	ANO6
	anoctamin 6
	1
	1
	0
	0
	0
	0
	0
	0
	-0.26
	0.64

	ERC2
	ELKS/RAB6-interacting/CAST family member 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.26
	0.13

	TGFBR1
	transforming growth factor, beta receptor 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.26
	0.6

	KLF9
	Kruppel-like factor 9
	2
	1
	1
	0
	1
	0
	0
	1
	-0.25
	0.66

	FAM105A
	family with sequence similarity 105, member A
	1
	1
	0
	0
	1
	0
	0
	1
	-0.25
	0.46

	TMEM123
	transmembrane protein 123
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.63

	ELAVL2
	ELAV (embryonic lethal, abnormal vision, Drosophila)-like 2 (Hu antigen B)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.25
	0.26

	GALNTL1
	UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase-like 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.68

	PSMF1
	proteasome (prosome, macropain) inhibitor subunit 1 (PI31)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.25
	0.18

	CELF1
	CUGBP, Elav-like family member 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.63

	NFYA
	nuclear transcription factor Y, alpha
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.62

	SIAH1
	seven in absentia homolog 1 (Drosophila)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.62

	TTYH3
	tweety homolog 3 (Drosophila)
	1
	1
	0
	0
	1
	0
	1
	0
	-0.25
	0.54

	CEP63
	centrosomal protein 63kDa
	1
	0
	1
	0
	0
	0
	0
	0
	-0.25
	0.47

	SNX27
	sorting nexin family member 27
	1
	0
	1
	0
	0
	0
	0
	0
	-0.24
	0.69

	LPHN2
	latrophilin 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.24
	0.67

	NUMBL
	numb homolog (Drosophila)-like
	1
	1
	0
	0
	0
	0
	0
	0
	-0.24
	0.62

	IGF2BP1
	insulin-like growth factor 2 mRNA binding protein 1
	1
	0
	1
	0
	1
	0
	1
	0
	-0.24
	0.38

	ZKSCAN5
	zinc finger with KRAB and SCAN domains 5
	1
	1
	0
	0
	0
	0
	0
	0
	-0.24
	0.12

	EAF1
	ELL associated factor 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.24
	0.45

	MED13
	mediator complex subunit 13
	1
	1
	0
	0
	0
	0
	0
	0
	-0.24
	0.47

	YES1
	v-yes-1 Yamaguchi sarcoma viral oncogene homolog 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.23
	0.64

	IGFBP5
	insulin-like growth factor binding protein 5
	1
	1
	0
	0
	0
	0
	0
	0
	-0.23
	0.72

	PTP4A2
	protein tyrosine phosphatase type IVA, member 2
	1
	0
	1
	0
	1
	0
	1
	0
	-0.23
	0.68

	KBTBD2
	kelch repeat and BTB (POZ) domain containing 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.23
	0.66

	LDLR
	low density lipoprotein receptor
	1
	0
	1
	0
	0
	0
	0
	0
	-0.23
	0.62

	TANC2
	tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2
	1
	0
	0
	1
	1
	1
	0
	0
	-0.23
	0.6

	HDAC7
	histone deacetylase 7
	1
	1
	0
	0
	0
	0
	0
	0
	-0.23
	0.66

	BCL11A
	B-cell CLL/lymphoma 11A (zinc finger protein)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.23
	0.6

	RBM39
	RNA binding motif protein 39
	1
	0
	1
	0
	0
	0
	0
	0
	-0.23
	0.45

	MIPOL1
	mirror-image polydactyly 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.68

	RLIM
	ring finger protein, LIM domain interacting
	1
	1
	0
	0
	1
	0
	1
	0
	-0.22
	0.62

	TMEM115
	transmembrane protein 115
	1
	1
	0
	0
	0
	0
	0
	0
	-0.22
	0.41

	RAB10
	RAB10, member RAS oncogene family
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.39

	PAX9
	paired box 9
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.51

	PITX2
	paired-like homeodomain 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.45

	DPYSL2
	dihydropyrimidinase-like 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.66

	OGT
	O-linked N-acetylglucosamine (GlcNAc) transferase (UDP-N-acetylglucosamine:polypeptide-N-acetylglucosaminyl transferase)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.65

	UBR5
	ubiquitin protein ligase E3 component n-recognin 5
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.45

	KIF1B
	kinesin family member 1B
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.39

	PDGFRA
	platelet-derived growth factor receptor, alpha polypeptide
	1
	0
	1
	0
	0
	0
	0
	0
	-0.22
	0.68

	ACSL6
	acyl-CoA synthetase long-chain family member 6
	1
	0
	0
	1
	1
	1
	0
	0
	-0.21
	0.52

	SMURF1
	SMAD specific E3 ubiquitin protein ligase 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.21
	0.71

	RHOU
	ras homolog gene family, member U
	1
	1
	0
	0
	0
	0
	0
	0
	-0.21
	0.13

	GNG12
	guanine nucleotide binding protein (G protein), gamma 12
	1
	0
	1
	0
	0
	0
	0
	0
	-0.21
	0.61

	TTK
	TTK protein kinase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.21
	0.47

	STRADB
	STE20-related kinase adaptor beta
	1
	0
	1
	0
	0
	0
	0
	0
	-0.21
	0.44

	CYTH2
	cytohesin 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.21
	0.68

	SLC41A2
	solute carrier family 41, member 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.65

	BEND4
	BEN domain containing 4
	1
	0
	1
	0
	2
	0
	2
	0
	-0.2
	0.57

	ATP11A
	ATPase, class VI, type 11A
	2
	0
	2
	0
	0
	0
	0
	0
	-0.2
	0.74

	C10orf26
	chromosome 10 open reading frame 26
	1
	0
	1
	0
	1
	0
	1
	0
	-0.2
	0.49

	TSC22D2
	TSC22 domain family, member 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.63

	ACACA
	acetyl-CoA carboxylase alpha
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.53

	ERBB2IP
	erbb2 interacting protein
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.63

	NUCKS1
	nuclear casein kinase and cyclin-dependent kinase substrate 1
	2
	1
	1
	0
	0
	0
	0
	0
	-0.2
	0.85

	FAM102A
	family with sequence similarity 102, member A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.2
	0.7

	PLEKHG3
	pleckstrin homology domain containing, family G (with RhoGef domain) member 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.7

	BAZ2B
	bromodomain adjacent to zinc finger domain, 2B
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.57

	GLI3
	GLI family zinc finger 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.71

	SBNO1
	strawberry notch homolog 1 (Drosophila)
	1
	0
	1
	0
	1
	0
	1
	0
	-0.2
	0.7

	SATB2
	SATB homeobox 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.2
	0.43

	NPR3
	natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic peptide receptor C)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.19
	0.73

	BCL9
	B-cell CLL/lymphoma 9
	1
	0
	1
	0
	0
	0
	0
	0
	-0.19
	0.4

	CELF2
	CUGBP, Elav-like family member 2
	2
	0
	2
	0
	1
	0
	1
	0
	-0.19
	0.83

	CCNYL1
	cyclin Y-like 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.19
	0.44

	ERLEC1
	endoplasmic reticulum lectin 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.19
	0.69

	NID1
	nidogen 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.19
	0.41

	PRRG1
	proline rich Gla (G-carboxyglutamic acid) 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.19
	0.55

	FEN1
	flap structure-specific endonuclease 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.19
	0.47

	FLRT2
	fibronectin leucine rich transmembrane protein 2
	1
	0
	1
	0
	1
	0
	1
	0
	-0.18
	0.6

	LRAT
	lecithin retinol acyltransferase (phosphatidylcholine--retinol O-acyltransferase)
	1
	0
	1
	0
	3
	1
	1
	1
	-0.18
	0.55

	HSPA13
	heat shock protein 70kDa family, member 13
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.55

	SMOC2
	SPARC related modular calcium binding 2
	1
	1
	0
	0
	0
	0
	0
	0
	-0.18
	0.69

	DNM3
	dynamin 3
	1
	0
	1
	0
	1
	0
	1
	0
	-0.18
	0.6

	MARK1
	MAP/microtubule affinity-regulating kinase 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.18
	0.54

	RFX7
	regulatory factor X, 7
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.6

	PRR14L
	proline rich 14-like
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.58

	PPP1CC
	protein phosphatase 1, catalytic subunit, gamma isozyme
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.56

	C6orf47
	chromosome 6 open reading frame 47
	1
	0
	0
	1
	0
	0
	0
	0
	-0.18
	0.59

	EIF4G2
	eukaryotic translation initiation factor 4 gamma, 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.61

	OSBPL6
	oxysterol binding protein-like 6
	1
	0
	1
	0
	0
	0
	0
	0
	-0.18
	0.54

	NAALADL2
	N-acetylated alpha-linked acidic dipeptidase-like 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.54

	ATG14
	ATG14 autophagy related 14 homolog (S. cerevisiae)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.68

	UBXN7
	UBX domain protein 7
	1
	1
	0
	0
	0
	0
	0
	0
	-0.17
	0.39

	TEAD1
	TEA domain family member 1 (SV40 transcriptional enhancer factor)
	1
	0
	1
	0
	2
	0
	1
	1
	-0.17
	0.58

	ADCY6
	adenylate cyclase 6
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.63

	BIRC6
	baculoviral IAP repeat containing 6
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.63

	GLRX5
	glutaredoxin 5
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.58

	AFTPH
	aftiphilin
	1
	0
	0
	1
	0
	0
	0
	0
	-0.17
	0.59

	VEZF1
	vascular endothelial zinc finger 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.17
	0.62

	LSM14B
	LSM14B, SCD6 homolog B (S. cerevisiae)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.56

	PPEF2
	protein phosphatase, EF-hand calcium binding domain 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.53

	C12orf34
	chromosome 12 open reading frame 34
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.49

	METTL8
	methyltransferase like 8
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.66

	ADAM9
	ADAM metallopeptidase domain 9
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.57

	MAGI2
	membrane associated guanylate kinase, WW and PDZ domain containing 2
	1
	0
	0
	1
	0
	0
	0
	0
	-0.17
	0.57

	STC2
	stanniocalcin 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.71

	MOBKL2A
	MOB1, Mps One Binder kinase activator-like 2A (yeast)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.53

	SYS1
	SYS1 Golgi-localized integral membrane protein homolog (S. cerevisiae)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.51

	CLIC2
	chloride intracellular channel 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.17
	0.48

	MNS1
	meiosis-specific nuclear structural 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.16
	0.64

	FSHB
	follicle stimulating hormone, beta polypeptide
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.5

	OSTM1
	osteopetrosis associated transmembrane protein 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.6

	NDRG3
	NDRG family member 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.42

	ABCA1
	ATP-binding cassette, sub-family A (ABC1), member 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.67

	ARL15
	ADP-ribosylation factor-like 15
	1
	0
	0
	1
	0
	0
	0
	0
	-0.16
	0.6

	FADS1
	fatty acid desaturase 1
	1
	0
	1
	0
	2
	0
	2
	0
	-0.16
	0.59

	CERCAM
	cerebral endothelial cell adhesion molecule
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.55

	CADM3
	cell adhesion molecule 3
	2
	0
	2
	0
	0
	0
	0
	0
	-0.16
	0.82

	RAP1B
	RAP1B, member of RAS oncogene family
	1
	0
	0
	1
	0
	0
	0
	0
	-0.16
	0.57

	GIT1
	G protein-coupled receptor kinase interacting ArfGAP 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.5

	RC3H1
	ring finger and CCCH-type domains 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.16
	0.61

	JAG1
	jagged 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.16
	0.53

	DAG1
	dystroglycan 1 (dystrophin-associated glycoprotein 1)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.45

	AP2B1
	adaptor-related protein complex 2, beta 1 subunit
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.61

	PHACTR2
	phosphatase and actin regulator 2
	1
	0
	1
	0
	1
	0
	1
	0
	-0.15
	0.72

	IPPK
	inositol 1,3,4,5,6-pentakisphosphate 2-kinase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.51

	SLC38A2
	solute carrier family 38, member 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.49

	TPCN1
	two pore segment channel 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.7

	PURB
	purine-rich element binding protein B
	1
	0
	0
	1
	0
	0
	0
	0
	-0.15
	0.63

	FOXN2
	forkhead box N2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.15
	0.54

	RALGPS1
	Ral GEF with PH domain and SH3 binding motif 1
	1
	0
	1
	0
	1
	0
	1
	0
	-0.15
	0.7

	B3GNT1
	UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.15
	0.56

	HIAT1
	hippocampus abundant transcript 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.15
	0.51

	PAFAH1B2
	platelet-activating factor acetylhydrolase 1b, catalytic subunit 2 (30kDa)
	1
	1
	0
	0
	0
	0
	0
	0
	-0.15
	0.58

	ADAMTS6
	ADAM metallopeptidase with thrombospondin type 1 motif, 6
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.61

	MYH9
	myosin, heavy chain 9, non-muscle
	1
	0
	0
	1
	0
	0
	0
	0
	-0.14
	0.53

	TMEM98
	transmembrane protein 98
	1
	0
	0
	1
	0
	0
	0
	0
	-0.14
	0.52

	NFAT5
	nuclear factor of activated T-cells 5, tonicity-responsive
	1
	0
	1
	0
	1
	0
	1
	0
	-0.14
	0.67

	FECH
	ferrochelatase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.52

	MID2
	midline 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.47

	DUOX2
	dual oxidase 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.43

	GLUL
	glutamate-ammonia ligase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.71

	GPR85
	G protein-coupled receptor 85
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.64

	VEGFA
	vascular endothelial growth factor A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.14
	0.6

	PALM2
	paralemmin 2
	1
	0
	0
	1
	0
	0
	0
	0
	-0.14
	0.57

	NEK7
	NIMA (never in mitosis gene a)-related kinase 7
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.49

	FKBP4
	FK506 binding protein 4, 59kDa
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.47

	RALGPS2
	Ral GEF with PH domain and SH3 binding motif 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.71

	FAM178A
	family with sequence similarity 178, member A
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.68

	PARD6B
	par-6 partitioning defective 6 homolog beta (C. elegans)
	1
	0
	0
	1
	1
	0
	1
	0
	-0.14
	0.56

	PTP4A3
	protein tyrosine phosphatase type IVA, member 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.14
	0.44

	ZC3HAV1
	zinc finger CCCH-type, antiviral 1
	1
	0
	1
	0
	1
	0
	0
	1
	-0.14
	0.54

	ZHX1
	zinc fingers and homeoboxes 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.14
	0.55

	HDAC4
	histone deacetylase 4
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.67

	SOX4
	SRY (sex determining region Y)-box 4
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.6

	TAF9B
	TAF9B RNA polymerase II, TATA box binding protein (TBP)-associated factor, 31kDa
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.52

	CREB3L1
	cAMP responsive element binding protein 3-like 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.45

	LHFPL2
	lipoma HMGIC fusion partner-like 2
	3
	1
	1
	1
	0
	0
	0
	0
	-0.13
	0.9

	SULF2
	sulfatase 2
	1
	0
	0
	1
	0
	0
	0
	0
	-0.13
	0.59

	ITIH5
	inter-alpha (globulin) inhibitor H5
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.41

	CROT
	carnitine O-octanoyltransferase
	1
	0
	0
	1
	0
	0
	0
	0
	-0.13
	0.59

	CTCF
	CCCTC-binding factor (zinc finger protein)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.47

	KIAA0247
	KIAA0247
	1
	0
	0
	1
	0
	0
	0
	0
	-0.13
	0.62

	MGAT1
	mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.13
	0.59

	ZBTB41
	zinc finger and BTB domain containing 41
	1
	1
	0
	0
	0
	0
	0
	0
	-0.13
	0.18

	KLF6
	Kruppel-like factor 6
	1
	1
	0
	0
	0
	0
	0
	0
	-0.13
	0.55

	MYO10
	myosin X
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.68

	C18orf10
	chromosome 18 open reading frame 10
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.45

	FXR1
	fragile X mental retardation, autosomal homolog 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.71

	LIFR
	leukemia inhibitory factor receptor alpha
	1
	0
	0
	1
	0
	0
	0
	0
	-0.12
	0.57

	KIAA0754
	KIAA0754
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.56

	ARFIP2
	ADP-ribosylation factor interacting protein 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.41

	CDK17
	cyclin-dependent kinase 17
	1
	0
	0
	1
	0
	0
	0
	0
	-0.12
	0.54

	CDYL
	chromodomain protein, Y-like
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.45

	TMEM200B
	transmembrane protein 200B
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.4

	AKIRIN2
	akirin 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.59

	PABPC1L2B
	poly(A) binding protein, cytoplasmic 1-like 2B
	1
	0
	1
	0
	0
	0
	0
	0
	-0.12
	0.39

	PGP
	phosphoglycolate phosphatase
	1
	0
	1
	0
	0
	0
	0
	0
	-0.11
	0.61

	ZNF710
	zinc finger protein 710
	1
	0
	0
	1
	0
	0
	0
	0
	-0.11
	0.59

	IPO7
	importin 7
	1
	1
	0
	0
	1
	0
	0
	1
	-0.11
	0.49

	ST3GAL1
	ST3 beta-galactoside alpha-2,3-sialyltransferase 1
	1
	0
	1
	0
	1
	0
	1
	0
	-0.11
	0.39

	ST5
	suppression of tumorigenicity 5
	1
	0
	1
	0
	0
	0
	0
	0
	-0.11
	0.67

	HS2ST1
	heparan sulfate 2-O-sulfotransferase 1
	2
	0
	2
	0
	0
	0
	0
	0
	-0.11
	0.81

	NAA20
	N(alpha)-acetyltransferase 20, NatB catalytic subunit
	1
	0
	1
	0
	0
	0
	0
	0
	-0.11
	0.42

	PIN1
	peptidylprolyl cis/trans isomerase, NIMA-interacting 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.11
	0.64

	KLK10
	kallikrein-related peptidase 10
	1
	0
	1
	0
	0
	0
	0
	0
	-0.1
	0.4

	OLIG2
	oligodendrocyte lineage transcription factor 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.1
	0.42

	ANKFY1
	ankyrin repeat and FYVE domain containing 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.1
	0.71

	CCDC85C
	coiled-coil domain containing 85C
	1
	0
	1
	0
	1
	0
	0
	1
	-0.1
	0.71

	IGSF3
	immunoglobulin superfamily, member 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.1
	0.62

	TMEM50A
	transmembrane protein 50A
	1
	1
	0
	0
	0
	0
	0
	0
	-0.1
	0.13

	PPP2R3A
	protein phosphatase 2, regulatory subunit B', alpha
	1
	0
	1
	0
	0
	0
	0
	0
	-0.1
	0.67

	FAM123B
	family with sequence similarity 123B
	1
	0
	1
	0
	1
	0
	0
	1
	-0.1
	0.56

	ROD1
	ROD1 regulator of differentiation 1 (S. pombe)
	1
	0
	0
	1
	0
	0
	0
	0
	-0.1
	0.57

	WNT1
	wingless-type MMTV integration site family, member 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.1
	0.51

	DCUN1D3
	DCN1, defective in cullin neddylation 1, domain containing 3 (S. cerevisiae)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.66

	BCL2L2
	BCL2-like 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.62

	GDAP1
	ganglioside-induced differentiation-associated protein 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.09
	0.51

	SYNJ1
	synaptojanin 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.09
	0.62

	GNA13
	guanine nucleotide binding protein (G protein), alpha 13
	1
	0
	0
	1
	1
	0
	0
	1
	-0.09
	0.68

	RIC8B
	resistance to inhibitors of cholinesterase 8 homolog B (C. elegans)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.66

	IFFO2
	intermediate filament family orphan 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.58

	GPD1L
	glycerol-3-phosphate dehydrogenase 1-like
	1
	1
	0
	0
	0
	0
	0
	0
	-0.09
	0.54

	KIAA1199
	KIAA1199
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.54

	SULF1
	sulfatase 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.09
	0.68

	DUSP16
	dual specificity phosphatase 16
	1
	0
	0
	1
	0
	0
	0
	0
	-0.08
	0.61

	PPP1R12A
	protein phosphatase 1, regulatory (inhibitor) subunit 12A
	1
	0
	1
	0
	0
	0
	0
	0
	-0.08
	0.51

	CUL3
	cullin 3
	1
	1
	0
	0
	0
	0
	0
	0
	-0.08
	0.72

	RFFL
	ring finger and FYVE-like domain containing 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.08
	0.53

	NCS1
	neuronal calcium sensor 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.08
	0.49

	C20orf134
	chromosome 20 open reading frame 134
	1
	0
	1
	0
	0
	0
	0
	0
	-0.08
	0.41

	PRSS23
	protease, serine, 23
	1
	0
	1
	0
	0
	0
	0
	0
	-0.07
	0.47

	BBC3
	BCL2 binding component 3
	1
	0
	0
	1
	0
	0
	0
	0
	-0.07
	0.54

	ADAMTS5
	ADAM metallopeptidase with thrombospondin type 1 motif, 5
	1
	1
	0
	0
	1
	0
	1
	0
	-0.07
	0.45

	MIER3
	mesoderm induction early response 1, family member 3
	1
	0
	0
	1
	0
	0
	0
	0
	-0.07
	0.57

	MTPN
	myotrophin
	1
	0
	1
	0
	0
	0
	0
	0
	-0.07
	0.41

	CRTC3
	CREB regulated transcription coactivator 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.07
	0.55

	PGAP3
	post-GPI attachment to proteins 3
	1
	0
	0
	1
	0
	0
	0
	0
	-0.07
	0.59

	EXTL1
	exostoses (multiple)-like 1
	1
	0
	0
	1
	0
	0
	0
	0
	-0.07
	0.54

	DLGAP1
	discs, large (Drosophila) homolog-associated protein 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.07
	0.54

	TBC1D22B
	TBC1 domain family, member 22B
	1
	0
	1
	0
	0
	0
	0
	0
	-0.06
	0.54

	FBN2
	fibrillin 2
	1
	0
	1
	0
	0
	0
	0
	0
	-0.06
	0.4

	RNF169
	ring finger protein 169
	1
	1
	0
	0
	0
	0
	0
	0
	-0.06
	0.22

	NDST1
	N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 1
	1
	0
	1
	0
	1
	0
	1
	0
	-0.06
	0.64

	VCPIP1
	valosin containing protein (p97)/p47 complex interacting protein 1
	1
	1
	0
	0
	0
	0
	0
	0
	-0.06
	0.53

	SLC6A6
	solute carrier family 6 (neurotransmitter transporter, taurine), member 6
	1
	0
	1
	0
	1
	0
	1
	0
	-0.05
	0.6

	RPS6KA6
	ribosomal protein S6 kinase, 90kDa, polypeptide 6
	1
	0
	1
	0
	0
	0
	0
	0
	-0.05
	0.56

	RPS6KA3
	ribosomal protein S6 kinase, 90kDa, polypeptide 3
	1
	0
	1
	0
	0
	0
	0
	0
	-0.05
	0.68

	SAP30L
	SAP30-like
	1
	1
	0
	0
	1
	0
	1
	0
	> -0.05
	0.42

	MEF2D
	myocyte enhancer factor 2D
	1
	0
	1
	0
	0
	0
	0
	0
	-0.05
	0.57

	IGF1R
	insulin-like growth factor 1 receptor
	1
	0
	1
	0
	1
	0
	1
	0
	-0.05
	0.6

	SPRED1
	sprouty-related, EVH1 domain containing 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.04
	0.69

	PBRM1
	polybromo 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.04
	0.55

	SGSM1
	small G protein signaling modulator 1
	1
	0
	1
	0
	0
	0
	0
	0
	-0.04
	0.49

	FKBP5
	FK506 binding protein 5
	1
	0
	1
	0
	1
	0
	0
	1
	-0.04
	0.54

	CALU
	calumenin
	1
	0
	1
	0
	0
	0
	0
	0
	-0.03
	0.69

	ZYG11B
	zyg-11 homolog B (C. elegans)
	1
	0
	1
	0
	0
	0
	0
	0
	-0.03
	0.65

	C22orf13
	chromosome 22 open reading frame 13
	1
	1
	0
	0
	0
	0
	0
	0
	> -0.03
	0.54

	PAX6
	paired box 6
	1
	1
	0
	0
	0
	0
	0
	0
	> -0.03
	0.3

	MAPK1
	mitogen-activated protein kinase 1
	1
	1
	0
	0
	0
	0
	0
	0
	> -0.03
	0.14

	SLC39A9
	solute carrier family 39 (zinc transporter), member 9
	1
	0
	1
	0
	0
	0
	0
	0
	-0.03
	0.62

	STRN
	striatin, calmodulin binding protein
	1
	0
	1
	0
	0
	0
	0
	0
	-0.03
	0.6

	SOCS7
	suppressor of cytokine signaling 7
	1
	0
	1
	0
	0
	0
	0
	0
	-0.03
	0.6

	CACNA1C
	calcium channel, voltage-dependent, L type, alpha 1C subunit
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.7

	MPP2
	membrane protein, palmitoylated 2 (MAGUK p55 subfamily member 2)
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.69

	SPRY4
	sprouty homolog 4 (Drosophila)
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.67

	NUFIP2
	nuclear fragile X mental retardation protein interacting protein 2
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.62

	ANKRD52
	ankyrin repeat domain 52
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.62

	CREB1
	cAMP responsive element binding protein 1
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.58

	GPR107
	G protein-coupled receptor 107
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.51

	TP53INP1
	tumor protein p53 inducible nuclear protein 1
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.47

	BTBD7
	BTB (POZ) domain containing 7
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.45

	DLG2
	discs, large homolog 2 (Drosophila)
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.43

	ERBB4
	v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian)
	1
	0
	1
	0
	0
	0
	0
	0
	> -0.02
	0.41

	CDKN2B
	cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4)
	1
	0
	0
	1
	0
	0
	0
	0
	-0.02
	0.55

	DCAF17
	DDB1 and CUL4 associated factor 17
	1
	0
	0
	1
	0
	0
	0
	0
	-0.01
	0.52

	FAM46A
	family with sequence similarity 46, member A
	1
	0
	0
	1
	0
	0
	0
	0
	-0.01
	0.57

	ORC4
	origin recognition complex, subunit 4
	1
	0
	0
	1
	0
	0
	0
	0
	> -0.01
	0.53

	ACP2
	acid phosphatase 2, lysosomal
	1
	0
	1
	0
	0
	0
	0
	0
	N/A
	0.51

	PLOD3
	procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3
	1
	0
	1
	0
	0
	0
	0
	0
	N/A
	0.44

	PSRC1
	proline/serine-rich coiled-coil 1
	1
	1
	0
	0
	0
	0
	0
	0
	N/A
	0.31

	ZNF770
	zinc finger protein 770
	1
	1
	0
	0
	0
	0
	0
	0
	N/A
	< 0.1


[bookmark: _Toc297817851][bookmark: _Toc297818339][bookmark: _Toc297818585]
[bookmark: _Toc313135447]D – PH Relevant Gene List
	

TGF-β (Superfamily) Signaling
	Bone Morphogenetic Protein Receptor, type II (Deng et al., 2000; Perkett et al., 1990; Machado et al., 2001)
Transforming Growth Factor-β, type 1 (Deng et al., 2000; Perkett et al., 1990; Machado et al., 2001)
Transforming Growth Factor-β Receptor type 1 (Deng et al., 2000; Perkett et al., 1990; Machado et al., 2001)
Transforming Growth Factor-β Receptor type 2 (Perkett et al., 1990)
Transforming Growth Factor-β, induced (Richter et al., 2004)
SMAD 1 (Morrell, 2010)
SMAD 2 (Morrell, 2010)
SMAD 3 (Morrell, 2010)
SMAD 4 (Morrell, 2010)
SMAD 5 (Morrell, 2010)
SMAD 6 (Morrell, 2010)
 SMAD 7 (Morrell, 2010) 
SMAD 8 (Morrell, 2010) 
SMAD 9 (Morrell, 2010) 
Bone Morphogenetic Protein-2 (Humbert et al., 2004; Archer, Weir and Wilkins, 2010) 
Bone Morphogenetic Protein-4 (Humbert et al., 2004; Archer, Weir and Wilkins, 2010)
Bone Morphogenetic Protein-6 (Archer, Weir and Wilkins, 2010)  
Bone Morphogenetic Protein-7 (Archer, Weir and Wilkins, 2010)
Bone Morphogenetic Protein-9 (Archer, Weir and Wilkins, 2010)
Bone Morphogenetic Protein-10 (Archer, Weir and Wilkins, 2010)
LIM motif containing Protein Kinase 1 (Foletta et al., 2003)
Cofilin-1 (non-muscle) (Foletta et al., 2003)
Cofilin-2 (muscle) (Foletta et al., 2003)
Activin A Receptor type II-like 1 (Richter et al., 2004)
Bone Morphogenetic Protein Receptor, type IA (Richter et al., 2004)
Bone Morphogenetic Protein Receptor, type 1B (Richter et al., 2004; Simonneau et al., 2009) 
Endoglin (Simonneau et al., 2009; Chaouat et al., 2004)
X-linked Inhibitor of Apoptosis (Liu et al., 2009) 
Guanine Nucleotide Binding Protein, beta Polypeptide 2-Like 1 (RACK1) (Zakrzewicz et al., 2007) 
Dynein, Light Chain, Tctex-type 1 (TCTEX) (Machado et al., 2003)
Gremlin(Cahill et al., 2012)
Tumor necrosis factor (ligand) superfamily, member 10(Hameed et al., 2012)
Tumor necrosis factor receptor superfamily, member 11B(Lawrie et al., 2008)
Tumor necrosis factor receptor superfamily, member 11A(Lawrie et al., 2008)
Tumor necrosis factor superfamily, member (Lawrie et al., 2008)
SMAD specific E3 ubiquitin protein ligase 1(Murakami et al., 2010)
	BMPRII
TGFB1
TGFBR1
TGFBR2
TGFBI
SMAD1
SMAD2
SMAD3
SMAD4
SMAD5
SMAD6
SMAD7
SMAD8
SMAD9
BMP2
BMP4
BMP6
BMP7
BMP9
BMP10
LIMK1
CFL1
CFL2
ACVRL1
BMPR1A
BMPR1B
ENG
XIAP
GNB2L1
DYNLT1
GREM1
TNFSF10
TNFRSF11B
TNFRSF11A 
TNFSF11
SMURF1

	Serotonin Signaling
	Serotonin Transporter 4 (MacLean and Dempsie, 2010)
Serotonin Receptor 1B (Keegan et al., 2001)
Serotonin Receptor 2B (Launay et al., 2002)
	SLC6A4
HTR1B 
HTR2B

	Angiopoietin Signaling
	Angiopoietin-1  (Kugathasan et al., 2005)
Angiopoietin-2 (Gill and Brindle, 2005)
Angiopoietin-3 
Angiopoietin-4 
Endothelium-Specific Receptor Tyrosine Kinase, type 2 (Yamamoto et al., 2008)
	ANGPT1 
ANGPT2 
ANGPT3 
ANGPT4 
TEK/TIE2

	Endothelin Signaling
	Endothelin-1 (Stelzner et al., 1992)
Endothelin-2
Endothelin-3 
Endothelin Receptor A (Trow and Taichman, 2009)
Endothelin Receptor B (Trow and Taichman, 2009)
	EDN1 
EDN2 
EDN3 
EDNRA 
ENDRB

	Nitric Oxide Signaling 
	Nitric Oxide Synthase 1 
Nitric Oxide Synthase 2 (Kawaguchi et al., 2006) 
Nitric Oxide Synthase 3 (Giaid and Saleh, 1995) 
Phosphodiesterase 1A (Schermuly et al., 2007)
Phosphodiesterase 1C (Schermuly et al., 2007)
Phosphodiesterase 3A (Murray, MacLean and Pyne, 2002) 
Phosphodiesterase 5A (Murray, MacLean and Pyne, 2002) 
Guanosine triphosphate cyclohydrolase 1 (Fagan, McMurtry and Rodman, 2000) 
Soluble Guanylate Cyclase 1, beta 3 subunit (Schermuly et al., 2008) 
Soluble Guanylate Cyclase 1, beta 2 subunit (Schermuly et al., 2008)  
Soluble Guanylate Cyclase 1, alpha 3 subunit 
Soluble Guanylate Cyclase 1, alpha 2 subunit
	NOS1 
NOS2 
NOS3 
PDE1A 
PDE1C 
PDE3A 
PDE5A 
GCH1 
GUCY1B3 
GUCY1B2 
GUCY1A3 
GUCY1A2

	Vascular Endothelial Growth Factor (VEGF) Signaling
	Vascular Endothelial Growth Factor A (Schermuly et al., 2008; Tuder et al., 2001)
Kinase Insert Domain Receptor (Mata-Greenwood et al., 2003)
Cyclin-Dependent Kinase Inhibitor-1B (Yu, Quinn, Garg and Hales, 2005)
Src (Tuder et al., 2001)
	VEGFA 
KDR 
CDKN1B 
SRC

	Rho/Rho kinase Signaling (McMurtry et al., 2010)
	Ras Homologue Gene Family member A 
Ras Homologue Gene Family member B 
Rho-associated, Coiled-Coil containing Protein Kinase 1 
Rho-associated, Coiled-Coil containing Protein Kinase 2 
Rho Guanine Nucleotide Exchange Factor 12
	RHOA 
RHOB 
ROCK1 
ROCK2 
ARHGEF12

	Cation Channel Activity (Archer, Weir and Wilkins, 2010)
	Kv Channel Interacting Protein 2 
K+ Voltage-Gated Channel, Shaker-related Subfamily, member 2 (Kv1.5) (Bonnet et al., 2006)
CACNA1C calcium channel, voltage-dependent, L type, alpha 1C subunit (Sitbon et al., 2005) 
Transient Receptor Potential Cation Channel, Subfamily C, member 1 (Zhang et al., 2007)
Transient Receptor Potential Cation Channel, Subfamily C, member 3 (Zhang et al., 2007)
Transient Receptor Potential Cation Channel, Subfamily C, member 6 (Hamid and Newman, 2009)
Potassium Channel, Subfamily K, Member 3(Ma et al., 2013)
	KCNIP2
KCNA5
CACNA1c
TRPC1
TRPC3
TRPC6
KCNK3

	Heme Oxygenase Activity
	Heme Oxygenase (decycling) 1 (Achcar et al., 2006)
	HMOX1

	Mitochondrial Metabolism (Archer, Weir and Wilkins, 2010)
	Pyruvate Dehydrogenate Kinase 1  
Pyruvate Dehydrogenate Kinase 2  
Pyruvate Dehydrogenate Kinase 3  
Pyruvate Dehydrogenate Kinase 4  
Superoxide Dismutase 2 
B-cell Lymphoma 2 
	PDK1 
PDK2 
PDK3 
PDK4 
SOD2 
BCL2

	Hypoxia Inducible Factor (HIF) Activity
	HIF-1alpha (Fijalkowska et al., 2010)
HIF-2alpha  (Brusselmans et al., 2003)
Von Hippel Lindau (Hickey et al., 2010)
	HIF1A
EPAS1
VHL

	NFAT Signaling
	Nuclear Factor of Activated T-cells, Cytoplasmic, Calcineurin-Dependent 2 (Bonnet et al., 2006) 
Nuclear Factor of Activated T-cells, Cytoplasmic, Calcineurin-Dependent 3 (de Frutos, Spangler, Alò and Bosc, 2007)
	NFATC2 
NFATc3

	Phosphatase and Tensin Homolog Activity
	
Phosphatase and Tensin Homolog (Nemenoff et al., 2008)
	PTEN

	Hypoxia Inducible Mitogenic Factor (HIMF) Activity
	Resistin-like beta (Angelini et al., 2009)
	RETNLB

	Thromboxane A2 Signaling
	Thromboxane A2 Receptor (Christman et al., 1992)
	TBXA2R

	Prostacyclin Signaling
	Prostacyclin Synthase (Christman et al., 1992)
Prostacyclin Receptor (Christman et al., 1992)
	PTGIS 
PRGIR

	5-lipoxygenase (5-LO) Activity
	Arachidonate 5-lipoxygenase (Song et al., 2008)
	ALOX5

	PPAR-γ Signaling (Hansmann et al., 2008)
	Peroxisome Proliferator-activated Receptor-γ (Sutliff, Kang and Hart, 2010)  
PTGIR Low Density Lipoprotein Receptor-related Protein 1 
Apolipoprotein E
3-Hydroxy-3- Methylglutaryl-Coa Reductase (Girgis et al., 2007)
Apelin(Alastalo et al., 2011; Kim et al., 2013)
Apelin Receptor(Alastalo et al., 2011; Kim et al., 2013)
	PPARG 
LRP1 
APOE 
HMGCR
APLN
APLNR

	Vascular Inflammation (Hassoun et al., 2009)
	Chemokine (C-C motif) Ligand 3
Interleukin-1β (Itoh et al., 2003)
Interleukin-1(Beasley and Cooper, 1999)
Interleukin-6  (Furuya, Satoh and Kuwana, 2010)
Interleukin-13 (Hecker et al., 2010)
Interleukin-18(Soon et al., 2010)
Selectin P (Sakamaki et al., 2000)
 Chemokine (C-X3-C motif) Ligand 1  (Perros et al., 2007a)
Chemokine (C-X3-C motif) Receptor 1 (Perros et al., 2007a)
Chemokine (C-C motif) Ligand 5 (RANTES) (Dorfmüller et al., 2002)
Chemokine (C-C motif) Ligand 2 (Ikeda et al., 2002)
Nuclear Factor of Light Polypeptide Gene Enhancer in B-cells 1 (Sawada et al., 2007)
Nuclear Factor of Light Polypeptide Gene Enhancer in B-cells 2 (Sawada et al., 2007)
Vascular Cell Adhesion Molecule 1 (Pendergrass et al., 2010)
Intracellular Adhesion Molecule 1 (Pendergrass et al., 2010)
Stromal Cell Derived Factor -1 (Nemenoff et al., 2008)
Osteopontin (Lorenzen et al., 2011)
	CCL3 
IL1B 
IL1A 
IL6 
IL13 
IL18
SELP 
CX3CL1 
CX3CR1 
CCL5 
CCL2
NFKB1
NFKB2
VCAM1 
ICAM1 
CXCL12 
OPN

	PDGF Signaling (Grimminger and Schermuly, 2010)
	Platelet-derived Growth Factor alpha 
Platelet-derived Growth Factor beta 
Platelet-derived Growth Factor Receptor, alpha 
Platelet-derived Growth Factor Receptor, beta
	PDGFA 
PDGFB 
PDGFRA 
PDGFRB

	EGF Signaling (Dahal et al., 2010)
	Epidermal Growth Factor
Epidermal Growth Factor Receptor
	EGF 
EGFR

	Virus-Associated Pathways (Cool, Voelkel and Bull, 2011)
	Hepatitis C Virus* 
Human Herpes Virus-8* 
Trans-activator of Transcription (HIV) * 
Negative Regulatory Factor (HIV) * 
Signal Transducer and Activator of Transcription
	HCV 
HHV8 
Tat 
Nef 
STAT1

	Scleroderma-Associated Signaling (Johnson, Swiston, Swinton and Granton, 2008)
	Major Histocompatibility Complex, class I, B Major 
Histocompatibility Complex, class II, DRβ5
	HLA-B 
HLA-DRB5

	Vasoactive Intestinal Peptide Activity (Said, 2008)
	Vasoactive Intestinal Peptide
Vasoactive Intestinal Peptide Receptor 1 
Vasoactive Intestinal Peptide Receptor 2
	VIP
VPAC1 
VPAC2

	Caveolae Activity (Achcar et al., 2006)
	Caveolin 1
	CAV1

	Modulation of Vascular Elastase and Extracellular Matrix (Hassoun, 2005)
	Tenascin-C (Jones, Cowan and Rabinovitch, 1997)
Matrix Metallopeptidase 1 
Matrix Metallopeptidase 2 
Matrix Metallopeptidase 3 
Matrix Metallopeptidase 9 
Integrin alphaVbeta3 (Vitronectin Receptor)
	TNC
MMP1 
MMP2 
MMP3 
MMP9 
VTNR

	
	
	



[bookmark: _Toc313135448]E – Target Binding Sites and 3’UTR Sequences
[bookmark: _Toc298536023]Human ALK5-miR-140-5p Binding Site
NM_001130916 ALK5: AACCACUA: 8mer
	
	seed match
	site-type contri- bution
	3' pairing contri- bution
	local AU contri- bution
	position contri- bution
	TA contribution
	SPS contribution
	context+ score
	context+ score percentile
	conserved branch length
	PCT

	Position 426-433 of TGFBR1 3' UTR
	8mer
	-0.247
	-0.018
	0.036
	-0.007
	-0.021
	0.001
	-0.26
	91
	1.827
	0.66



[bookmark: _Toc298536024]Human ALK5 3’UTR Sequence
ttctacagctttgcctgaactctccttttttcttcagatctgctcctgggttttaatttgggaggtcaattgttctacctcactgagagggaacagaaggatattgcttccttttgcagcagtgtaataaagtcaattaaaaacttcccaggatttctttggacccaggaaacagccatgtgggtcctttctgtgcactatgaacgcttctttcccaggacagaaaatgtgtagtctacctttattttttattaacaaaacttgttttttaaaaagatgattgctggtcttaactttaggtaactctgctgtgctggagatcatctttaagggcaaaggagttggattgctgaattacaatgaaacatgtcttattactaaagaaagtgatttactcctggttagtacattctcagagga
ttctgaaccactagagtttccttgattcagactttgaatgtactgttctatagtttttcaggatcttaaaactaacacttataaaactcttatcttgagtctaaaaatgacctcatatagtagtgaggaacataattcatgcaattgtattttgtatactattattgttctttcacttattcagaacattacatgccttcaaaatgggattgtactataccagtaagtgccacttctgtgtctttctaatggaaatgagtagaattgctgaaagtctctatgttaaaacctatagtgtttgaattcaaaaagcttatttatctgggtaacccaaactttttctgttttgtttttggaagggtttttgtggtatgtcatttggtattctattctgaaaatgcctttctcctaccaaaatgt
gcttaagccactaaagaaatgaagtggcattaattagtaaattattagcatggtcatgtttgaatattctcacatcaagcttttgcattttaattgtgttgtctaagtatacttttaaaaaatcaagtggcactctagatgcttatagtactttaatatttgtagcatacagactaatttttctaaaagggaaagtctgtctagctgcttgtgaaaagttatgtggtattctgtaagccatttttttctttatctgttcaaagacttattttttaagacatgaattacatttaaaattagaatatggttaatattaaataataggcctttttctaggaaggcgaaggtagttaataatttgaatagataacagatgtgcaagaaagtcacatttgttatgtatgtaggagtaaacgttcg
gtggatcctctgtctttgtaactgaggttagagctagtgtggttttgaggtctcactacactttgaggaaggcagcttttaattcagtgtttccttatgtgtgcgtacattgcaactgcttacatgtaatttatgtaatgcattcagtgcacccttgttacttgggagaggtggtagctaaagaacattctgagtataggtttttctccatttacagatgtctttggtcaaatattgaaagcaaacttgtcatggtcttcttacattaagttgaaactagcttataataactggtttttacttccaatgctatgaagtctctgcagggcttttacagttttcgaagtccttttatcactgtgatcttattctgaggggagaaaaaactatcatagctctgaggcaagacttcgactttat
agtgctatcagttccccgatacagggtcagagtaacccatacagtattttggtcaggaagagaaagtggccatttacactgaatgagttgcattctgataatgtcttatctcttatacgtagaataaatttgaaagactatttgatcttaaaaccaaagtaattttagaatgagtgacatattacataggaatttagtgtcaatttcatgtgtttaaaaacatcatgggaaaaatgcttagaggttactattttgactacaaagttgagtttttttctgtagttaccataatttcattgaagcaaatgaatgagtttgagaggtttgtttttatagttgtgttgtattacttgtttaataataatctctaattctgtgatcaggtactttttttgtgggggttttttttttgtttttttt
tttttgttgttgtttttgggccatttctaagcctaccagatctgctttatgaaatccaggggaccaatgcattttatcactaaaactatttttatataattttaagaatataccaaaagttgtctgatttaaagttgtaatacatgatttctcactttcatgtaaggttatccacttttgctgaagatattttttattgaatcaaagattgagttacaattatacttttcttacctaagtggataaaatgtacttttgatgaatcagggaatttttttaaagttggagtttagttctaaattgactttacgtattactgcagttaattccttttttggctagggatggtttgataaaccacaattggctgatattgaaaatgaaagaaacttaaaaggtgggatggatcatgattactgt
cgataactgcagataaatttgattagagtaataattttgtcatttaaaaacacagttgtttatactgcccatcctaggatgctcaccttccaagattcaacgtggctaaaacatcttctggtaaattgtgcgtccatattcattttgtcagtagccaggagaaatggggatgggggaaatacgacttagtgaggcatagacatccctggtccatcctttctgtctccagctgtttcttggaacctgctctcctgcttgctggtccctgacgcagagaccgttgcctcccccacagccgtttgactgaaggctgctctggagacctagagtaaaacggctgatggaagttgtgggacccacttccatttccttcagtcattagaggtggaagggaggggtctccaagtttggagattgagc
agatgaggcttgggatgcccctgctttgacttcagccatggatgaggagtgggatggcagcaaggtggctcctgtggcagtggagttgtgccagaaacagtggccagttgtatcgcctataagacagggtaaggtctgaagagctgagcctgtaattctgctgtaataatgatagtgctcaagaagtgccttgagttggtgtacagtgccatggccatcaagaatcccagatttcaggttttattacaaaatgtaagtggtcacttggcgattttgtagtacatgcatgagttaccttttttctctatgtctgagaactgtcagattaaaacaagatggcaaagagatcgttagagtgcacaacaaaatcactatcccattagacacatcatcaaaagcttatttttattcttgcactgg
aagaatcgtaagtcaactgtttcttgaccatggcagtgttctggctccaaatggtagtgattccaaataatggttctgttaacactttggcagaaaatgccagctcagatattttgagatactaaggattatctttggacatgtactgcagcttcttgtctctgttttggattactggaatacccatgggccctctcaagagtgctggacttctaggacattaagatgattgtcagtacattaaacttttcaatcccattatgcaatcttgtttgtaaatgtaaacttctaaaaatatggttaataacattcaacctgtttattacaacttaaaaggaacttcagtgaatttgtttttattttttaacaagatttgtgaactgaatatcatgaaccatgttttgatacccctttttcacg
ttgtgccaacggaatagggtgtttgatatttcttcatatgttaaggagatgcttcaaaatgtcaattgctttaaacttaaattacctctcaagagaccaaggtacatttacctcattgtgtatataatgtttaatatttgtcagagcattctccaggtttgcagttttatttctataaagtatgggtattatgttgctcagttactcaaatggtactgtattgtttatatttgtaccccaaataacatcgtctgtactttctgttttctgtattgtatttgtgcaggattctttaggctttatcagtgtaatctctgccttttaagatatgtacagaaaatgtccatataaatttccattgaagtcgaatgatactgagaagcctgtaaagaggagaaaaaaacataagctgtgtttccc
cataagtttttttaaattgtatattgtatttgtagtaatattccaaaagaatgtaaataggaaatagaagagtgatgcttatgttaagtcctaacactacagtagaagaatggaagcagtgcaaataaattacatttttcccaagtgccagtggcatattttaaaataaagtgtatacgttggaatgagtcatgccatatgtagttgctgtagatggcaactagaacctttgagttacaagagtctttagaagttttctaaccctgcctagtgcaagttacaatattatagcgtgttcggggagtgccctcctgtctgcaggtgtgtctctgtgcctgggggcttttctccacatgcttaggggtgtgggtcttccattggggcatgatggacctgtctacaggtgatctctgttgcctt
tgggtcagcacatttgttagtctcctgggggtgaaaacttggcttacaagagaactggaaaaatgatgagatgtggtccccaaacccttgattgactctggggaggggctttgtgaataggattgctctcacattaaagatagttacttcaatttgaaggctggatttagggatttttttttttccttataacaaagacatcaccaggatatgaagcttttgttgaaagttggaaaaaaagtgaaattaaagacattcccagacaaa


[bookmark: _Toc298536025]Human PDGFRA 3’UTR Binding Site
NM_006206 PDGFRA: AACCACU 7mer
	
	seed match
	site-type contri- bution
	3' pairing contri- bution
	local AU contri- bution
	position contri- bution
	TA contribution
	SPS contribution
	context+ score
	context+ score percentile
	conserved branch length
	PCT

	Position 59-65 of PDGFRA 3' UTR

	7mer-m8
	-0.12
	0.012
	-0.048
	-0.053
	-0.014
	0.004
	-0.22
	84
	2.519
	0.68



[bookmark: _Toc298536026]Human PDGRFA 3’UTR Sequence
CTCTTCAGACCTGGTGGAAGACAGCTTCCTGTAACTGGCGGATTCGAGGGGTTCCTTCCACTTCTGGGGCCACCTCTGGATCCCGTTCAGAAAACCACTTTATTGCAATGCAGAGGTTGAGAGGAGGACTTGGTTGATGTTTAAAGAGAAGTTCCCAGCCAAGGGCCTCGGGGAGCGTTCTAAATATGAATGAATGGGATATTTTGAAAT
GAACTTTGTCAGTGTTGCCTCTTGCAATGCCTCAGTAGCATCTCAGTGGTGTGTGAAGTTTGGAGATAGATGGATAAGGGAATAATAGGCCACAGAAGGTGAACTTTGTGCTTCAAGGACATTGGTGAGAGTCCAACAGACACAATTTATACTGCGACAGAACTTCAGCATTGTAATTATGTAAATAACTCTAACCAAGGCTGTGTTTAG
ATTGTATTAACTATCTTCTTTGGACTTCTGAAGAGACCACTCAATCCATCCATGTACTTCCCTCTTGAAACCTGATGTCAGCTGCTGTTGAACTTTTTAAAGAAGTGCATGAAAAACCATTTTTGAACCTTAAAAGGTACTGGTACTATAGCATTTTGCTATCTTTTTTAGTGTTAAAGAGATAAAGAATAATAATTAACCAACCTTGTT
TAATAGATTTGGGTCATTTAGAAGCCTGACAACTCATTTTCATATTGTAATCTATGTTTATAATACTACTACTGTTATCAGTAATGCTAAATGTGTAATAATGTAACATGATTTCCCTCCAGAGAAAGCACAATTTAAAACAATCCTTACTAAGTAGGTGATGAGTTTGACAGTTTTTGACATTTATATTAAATAACATGTTTCTCTATA
AAGTATGGTAATAGCTTTAGTGAATTAAATTTAGTTGAGCATAGAGAACAAAGTAAAAGTAGTGTTGTCCAGGAAGTCAGAATTTTTAACTGTACTGAATAGGTTCCCCAATCCATCGTATTAAAAAACAATTAACTGCCCTCTGAAATAATGGGATTAGAAACAAACAAAACTCTTAAGTCCTAAAAGTTCTCAATGTAGAGGCATAAA
CCTGTGCTGAACATAACTTCTCATGTATATTACCCAATGGAAAATATAATGATCAGCAAAAAGACTGGATTTGCAGAAGTTTTTTTTTTTTTTTTCTTCATGCCTGATGAAAGCTTTGGCGACCCCAATATATGTATTTTTTGAATCTATGAACCTGAAAAGGGTCAGAAGGATGCCCAGACATCAGCCTCCTTCTTTCACCCCTTACCC
CAAAGAGAAAGAGTTTGAAACTCGAGACCATAAAGATATTCTTTAGTGGAGGCTGGATGTGCATTAGCCTGGATCCTCAGTTCTCAAATGTGTGTGGCAGCCAGGATGACTAGATCCTGGGTTTCCATCCTTGAGATTCTGAAGTATGAAGTCTGAGGGAAACCAGAGTCTGTATTTTTCTAAACTCCCTGGCTGTTCTGATCGGCCAGT
TTTCGGAAACACTGACTTAGGTTTCAGGAAGTTGCCATGGGAAACAAATAATTTGAACTTTGGAACAGGGTTGGCATTCAACCACGCAGGAAGCCTACTATTTAAATCCTTGGCTTCAGGTTAGTGACATTTAATGCCATCTAGCTAGCAATTGCGACCTTAATTTAACTTTCCAGTCTTAGCTGAGGCTGAGAAAGCTAAAGTTTGGTT
TTGACAGGTTTTCCAAAAGTAAAGATGCTACTTCCCACTGTATGGGGGAGATTGAACTTTCCCCGTCTCCCGTCTTCTGCCTCCCACTCCATACCCCGCCAAGGAAAGGCATGTACAAAAATTATGCAATTCAGTGTTCCAAGTCTCTGTGTAACCAGCTCAGTGTTTTGGTGGAAAAAACATTTTAAGTTTTACTGATAATTTGAGGTT
AGATGGGAGGATGAATTGTCACATCTATCCACACTGTCAAACAGGTTGGTGTGGGTTCATTGGCATTCTTTGCAATACTGCTTAATTGCTGATACCATATGAATGAAACATGGGCTGTGATTACTGCAATCACTGTGCTATCGGCAGATGATGCTTTGGAAGATGCAGAAGCAATAATAAAGTACTTGACTACCTACTGGTGTAATCTCA
ATGCAAGCCCCAACTTTCTTATCCAACTTTTTCATAGTAAGTGCGAAGACTGAGCCAGATTGGCCAATTAAAAACGAAAACCTGACTAGGTTCTGTAGAGCCAATTAGACTTGAAATACGTTTGTGTTTCTAGAATCACAGCTCAAGCATTCTGTTTATCGCTCACTCTCCCTTGTACAGCCTTATTTTGTTGGTGCTTTGCATTTTGAT
ATTGCTGTGAGCCTTGCATGACATCATGAGGCCGGATGAAACTTCTCAGTCCAGCAGTTTCCAGTCCTAACAAATGCTCCCACCTGAATTTGTATATGACTGCATTTGTGTGTGTGTGTGTGTTTTCAGCAAATTCCAGATTTGTTTCCTTTTGGCCTCCTGCAAAGTCTCCAGAAGAAAATTTGCCAATCTTTCCTACTTTCTATTTTT
ATGATGACAATCAAAGCCGGCCTGAGAAACACTATTTGTGACTTTTTAAACGATTAGTGATGTCCTTAAAATGTGGTCTGCCAATCTGTACAAAATGGTCCTATTTTTGTGAAGAGGGACATAAGATAAAATGATGTTATACATCAATATGTATATATGTATTTCTATATAGACTTGGAGAATACTGCCAAAACATTTATGACAAGCTGT
ATCACTGCCTTCGTTTATATTTTTTTAACTGTGATAATCCCCACAGGCACATTAACTGTTGCACTTTTGAATGTCCAAAATTTATATTTTAGAAATAATAAAAAGAAAGATACTTACATGTTCCCAAAACAATGGTGTGGTGAATGTGTGAGAAAAACTAACTTGATAGGGTCTACCAATACAAAATGTATTACGAATGCCCCTGTTCAT
GTTTTTGTTTTAAAACGTGTAAATGAAGATCTTTATATTTCAATAAATGATAACGCGTAAGCGGCCGCGGCATCTAGATTCGAAGAAAATGACCG


[bookmark: _Toc298536027]Human SMURF1-miR-140-5p Binding Site
NM_001199847: SMURF1 binding site: AACCACT 7mer-8
	
	seed match
	site-type contri- bution
	3' pairing contri- bution
	local AU contri- bution
	position contri- bution
	TA contribution
	SPS contribution
	context+ score
	context+ score percentile
	conserved branch length
	PCT

	Position 2863-2869 of SMURF1 3' UTR


	7mer-m8
	-0.12
	0.021
	-0.081
	-0.022
	-0.014
	0.004
	-0.21
	82
	3.979
	0.7



[bookmark: _Toc298536028]Human SMURF1 3’UTR Sequence
aaagcaaccaaaggcaacagagtctagctcatggccaccagaccaaaagcatccagcttctgtgcacctcctgcaaagctggcagaggccctggaattccagatcacctgaggggaaagggttgtctctctcctttctgttgggggagggggatgggggacttttgttggtggctcccacccatatatccctcctttaccatagtactcccacccacttccatcacccatccaataaaatgcagccaggtttagcctttggctttggtcacacaggatattctgctgtgttgcaacccatgtggtgataaggctcacagccctgagctctttacgggagcatcaactcacagttaggggactgggcgtggctgattgagggtttggaactggtggctatgccagctattccatctcaaaa
cagccttgaggccccttttcaatttgagcagctgctagatatcttatcagagctcagattccagatttcacatcccagcagccggttctgggtagcagatcaatttccaactggaaaataactatataatgtatgcttattggaattctgccacagcaggaagcttgagtcaaaatgtgtttcccctttgaaaggagaaggaattggagcagcttttcctggaggcccaggatatttcttttctgggtatcttggctgaaaattttgttttacatagagaaaaacgatcttttaagggtcccttttgctgcattatctgtccagtttgacttttttttcagtgaaaacaccatgtcatggagtgtaggaaagagcagaccaaaatcagccctagagccaaccagtcagtcccaaagctgt
gacctctgtgccactgttgtccatagaagagcatcgactgtgtcacttaaaatattagtaaaccatgatgcagcaactgctaagagctaaactaacaaaattgtgtcatcatagctgctggcttggtgtgaactcgcttaaaagcaatggtgaaaggataacctcgatgatgtaaatccacccaaagatactgttctacaaaaagtagggtgtggacgcaaacctgtgacagcagagggggacgacttcacactcactgcctcatgtggcccctttcccagtggcagctggtgacactaacgattgctactcggttcacttgcccagatgtcttcatatgatgagcaaggccagaagcaaggctagattcgaagtttctgacaccatttccagtttgcacaaaagtcagtattttatctt
aaagtggcttgatttccaatagctgaacttgggcagaaaacagcaggccaatgttcctatgtggtttctttgttgttgtttttgtttggggtgggggcaagtacagggtaattcatgagcaagacatttcactgctgtcgaagtctctgggatcccgctgtgggtctgagatggcctgggaaggaccttgtggacaatggttttatctgttctttttgtcactgttaatttctgggctgctgaggttctagaatagaagggctgccaaatgaggtttgctgcaggaggaaagtttaatcccccattccaaaagtccaggccaaatggtgggcttagcctctttgaaaagttctgccttgcccccacaggtgggcacatcctgtgtctcattcaccatgatgcttcctgagggtgttctag
aagcccgttccccagtggctgtatccagcctttccttgcatcatcttcctcttgaaggtgaggaagtgaaaactacagacctcccccggacagcccactctctatcacgagcctaacccgcgggaggcggaagagacatccattcgagaactgaagcggcctccgggatgaggtcagaggccccacctgattttcctggtggtggtatccaaaatcttcagtaactaggaaggaaaccagggtctcatggtttaaaagactttgaagcaggaatgttgcatttgacgcctttaaaactacctttttgctgttgggaggagtcgggggcgagccttagcagctgcaccgccatccccatgctggttggtgctgccctgcctctcgtgccgggtgttgcttcagcccagagccagagggctg
ggtcccgggtcctccacaggtgaccccggtggacacacgcgttcccatcctggcctccgtctctgcttttccacttctacctgcgtgtgggtttgccgccttgtcatcggttgtgtgagtgtcgcagacctttccagagctccggttcactctttccaaacaggcctccctgtcggtggcactgcactcctagaaccttcagtttctacgatggtttgtttggtccttttgaaccaccccaaagaactcaacatggcaaagcaaatggtaaaagcttcccgactgttctactttgggtccgcgcgaagcccactcacgtgtgatctgtgttgcccctctcggtggtcccaggcgatccagccatgccccctgcccctctgcccagatgcttcaggggcccggcttttcaggcttgccctc
accagcggccgtcagccgacactcagggatgtagctaacaccactccgccagtgctttcagtaggaagagctgaggctgcctgggaggcccggggcgaccggaaaagggctctctcaagttctgaaaagagaatctgccaccagatcgaatttcgacccctgagcttgttcggacgtatggtccaaattcagattaaggtggtcacccaacccgagatgtcaggaaaggccttctgcagagaaaatgtccccccacccgccatctgcagccaggtgtgtgccacacggcagccttcccgaaacatagtatggattttaaaaatgtgtttatttttgtttctcaaccactttataacgtattttttaatttattttgtaatgtcttgttttgaagtattgctgctatccttgttatccttc
ccactgtttttatcactgatttattttgtgaaagttgtacactaatgttctatgtcaaaatcaaaagtatttaatgaaatactagttctatttaatgtggttatggaaccagctggaaacacaaaacaaacagtgattgtacagcaggctgggcccaggaggtcaggttcattttgttacatatgcaataaactcacgactttacatttaaaaaaaaaaaaaaaaaa


[bookmark: _Toc298536029]Rat SMURF1 3’UTR Binding Site (Thadani and Tammi, 2006)
	miR
	Mature miR
	Database
	Accession
	3’UTR
	Site
	Score
	Normalised Score
	Energy

	miR-140-5p
	rno-miR-140-5p
	Microtar
	ENSRNOT00000031901
	1489-1494
	7mer-m8
	0.240493
	0.050
	-2.66



[bookmark: _Toc313135449]F – Plasmid Maps
[bookmark: _Toc298536031]BMP Response Element - pGL4[luc2P/hID1/Hygro]
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[bookmark: _Toc298536032]Renilla Luciferase (co-transfected with BRE)
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[bookmark: _Toc298536033]SMURF1 3’UTR - HmiT055054-MT01
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[bookmark: _Ref298067437]

[bookmark: _Toc313135450]G – TILDA Analysis Script
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[bookmark: _Toc313135451]H – Agilent microRNA Array Analysis Scrip
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