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Rationale: Bone morphogenetic protein receptor type 2 (BMPR2) mutations are present in up to 70% of patients with heritable and up to 25% with idiopathic pulmonary arterial hypertension, however penetrance within families with the same mutation is low implying the necessity for a ‘second hit’.  Inflammatory cytokines are raised in patients with PAH, and in animal models have been shown to play a modulating role in disease pathogenesis.  
Objective: To determine whether there is a pulmonary specific interplay between BMPR2 deficiency and inflammatory Interleukin 1ß (IL-1ß) signalling that may explain the local manifestation of PAH in the lung. 
Methods and Results: mRNA microarray analysis of RNA isolated from pulmonary artery (PASMC) and aortic (AoSMC) smooth muscle cells demonstrated reduced inflammatory pathway activation in response to IL-1ß in PASMC compared with AoSMCs. However, further microarray analysis of PASMCs analysis demonstrated an exaggerated inflammatory response to IL-1ß upon loss of BMPR2 signalling. To determine whether IL-1ß supplementation would exacerbate disease phenotype on the background of a BMPR2 mutation, R899X+/- BMPR2 transgenic mice fed western diet for six weeks were given daily injections of IL-1ß.  IL-1ß treated mice had higher white blood cell counts, demonstrating effective administration of IL-1ß.  Raised serum protein levels of Interleukin-6 and Osteoprotegerin recapitulating in vitro PASMC data.  Phenotypically, IL-1ß treated mice demonstrated a significant increase in pulmonary vascular remodelling.  
Conclusion: IL-1ß induces a pulmonary artery-specific transcriptome that is altered by suppression of BMPR2 signalling in vitro.  In vivo and in vitro IL-1ß drives an exaggerated inflammatory response under conditions where BMPR2 signalling is reduced. 
1 [bookmark: _Toc247956036][bookmark: _Toc251178910][bookmark: _Toc260251896][bookmark: _Toc494749294]
General Introduction

Pulmonary arterial hypertension (PAH) is characterised by a raised pulmonary artery pressure, caused by vascular re-modelling.  This is due to a combination of sustained vasoconstriction and hypertrophy of the medial smooth muscle layer of the vessel wall causing a reduction in lumen size and therefore increase in pressure.  

Increased pulmonary artery pressure (PAP) leads to an increased load on the right heart and patient death by right heart failure. It is widely accepted that changes in the vascular morphology are brought about by genetic mutations in conjunction with vessel wall damage, inflammatory activation, shear stress and other environmental stimuli (Conway et al. 2001).

An interesting feature of PAH, is that the systemic blood pressure is unaffected by the increased pulmonary vascular pressure (Paulin et al. 2011).  This leads us to the theory that differences in vascular bed responses to a variety of stimuli, particularly inflammation, could be key to understanding the disease more thoroughly.

Pulmonary and systemic vascular fields are distinct by the nature of the vessel beds. This is unsurprising when considering that each develops from a separate embryonic tube source. The right heart develops from atrial and venous pole of the embryonic heart tube, called the second heart field whilst those making up the left heart derive from the linear heart tube, or first heart field (Buckingham et al., 2005, Dyer and Kirby, 2009, Zaffran and Kelly, 2012).

The pulmonary vasculature length is 8-10 times greater than that of the systemic at around 126m (Yuan et al., 2011). Systemic vessels have a diastolic blood pressure of around 60-90 mmHg whereas pulmonary distal vessels have single cell walls and therefore the pressure in the pulmonary artery must remain around 3mmHg to prevent fluid leakage into the alveolar space.  Pulmonary vasculature is a high flow/low-pressure system preventing damage in delicate arterioles.  

This low-pressure system means that the right ventricle walls are thin as they do not need to generate power to push blood at the high pressures seen in the left side.  In some patients, the thin walled nature of the right ventricle of the heart cannot adapt to changes in vascular pressure culminating in right ventricular hypertrophy (RVH), dilatation and eventual right heart failure. This is the most common cause of death in PAH patients; this does vary with some patients able to cope with prolonged increases in right ventricular systolic pressures and others less able to do so and thus progressing more quickly to right heart failure. 
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Pulmonary hypertension is considered to be a group of conditions with a common haemodynamic diagnostic of a mean pulmonary artery pressure (mPAP) of 25mmHg or above at rest (Simonneau et al., 2013, Rabinovitch 2008; Archer et al. 2010).

Pulmonary hypertension is now divided into 5 classification groups by the World Health Organisation, this was last revised during the 2013 5th World Symposium on Pulmonary Hypertension (WSPH) in Nice, France. 

Group 1; pulmonary arterial hypertension
Group 2; pulmonary hypertension due to left heart disease
Group 3; pulmonary hypertension due to lung disease or hypoxia
Group 4; chronic thromboembolic pulmonary hypertension
Group 5; pulmonary hypertension of unknown causes
(Channick, 2010, Simonneau et al., 2009, Simonneau et al., 2013)

As a common complication of systemic vascular problems, such as left heart failure or chronic hypoxaemic lung diseases, pulmonary vascular disease leading to pulmonary hypertension is the third most common cardiovascular condition (Peacock and Rubin, 2004). However, the work in this thesis discusses Group 1 -  PAH which is a rare disease, defined as orphan by the US Food and Drug Administration (FDA).

In the normal pulmonary vasculature, small vessels have no muscularisation therefore mPAP is not affected by cardiac output. In PAH the distal vessels become muscularised, lose their compliance thus linking cardiac output to mPAP due to the consequent lack of vessel flexibility due to medial thickening. (Peacock and Rubin, 2004).  
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PAH is a rare disease that is caused by progressive vascular remodelling with 2-47 cases per million people per year, with 1-3.3 cases per million people per year being idiopathic incidences in the UK (NHS, 2011, Peacock et al., 2007, Humbert et al., 2006). Raised mPAP of 25mmHg or above gives a diagnosis of pulmonary hypertension, for the diagnosis or pulmonary arterial hypertension there must also be a capillary wedge pressure of 15mmHg or less and PVR of greater than 3 wood units (Hoeper et al., 2013b). 

In this project, the focus will be on Nice WSPH Group 1: PAH.  This group can be further sub-categorised into: 
i. 	Idiopathic PAH
ii.	Heritable disease with mutation in the genes encoding for;
		BMPR2
		ALK-1, ENG, SMAD9, CAV1, KCNK3
		Unknown genetic mutation
iii.	Drug or toxin induced PAH
iv.	PAH associated with
 connective tissue disease
Human Immunodeficiency Virus (HIV)
portal hypertension 
chronic heart disease
schistosomiasis
(Channick, 2010)

The work presented in this thesis are mostly relevant to Groups 1.i and 1.ii idiopathic and heritable PAH.
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Symptoms of the different forms of PAH are indistinguishable from each other and include breathlessness, fatigue, decrease in exercise tolerance and general malaise and syncope (Mainguy et al., 2011).  It is the non-descript nature of these symptoms that is one of the reasons why patients often present with advanced disease, and the hitherto irreversible remodelling of the vessels makes the disease difficult to treat.  First reported by Dr Ernst von Romberg in 1891 (Fishman, 2004) and later the symptoms of pulmonary arterial hypertension were described in Sheffield in 1956 by Donald Heath in a number of patients presenting at the cardiac ward with unexplained illness (Heath and Whitaker, 1956).  

There are very high morbidity and mortality rates and the disease is invariably fatal.  A median survival of 2.8 years without targeted treatment means that this is a devastating disease with a great-unmet medical need.  The prognosis has been improved with modern targeted therapy yet most patients still die within 5 years without transplant (currently the only curative treatment). 

[bookmark: _Toc494749299]Pathogenesis of Pulmonary Arterial Hypertension
PAH pathogenesis is a combination of many factors including but not limited to; vasoconstriction, unregulated cell cycle leading to changes in cellular proliferation, apoptosis and migration of endothelial and smooth muscle cells (SMC) within the pulmonary vasculature (Morrell et al., 2009).  

Vasoconstriction is thought to be involved early in disease and pathways linked to vasoconstriction are known to be chronically dysregulated in disease with potassium channel changes and increases in Endothelin-1 (an active vasoconstrictor)(Humbert et al., 2004).  Prolonged vasoconstriction may go on to trigger changes we discuss in endothelial and SMC dysfunction.

One dogma is that endothelial dysfunction leads to the initial loss of endothelial integrity allowing circulating growth factors access to the smooth muscle layer. A concurrent loss of cell cycle regulation leads to remodelling of the vasculature and muscularisation of the distal pulmonary vessels producing vascular lesions, that can completely or partially occlude the vessel.  Lesions caused therein can be plexiform (irregular) or concentric (onion skin like) in their histopathology as illustrated in Figure 1‑1 and lead to narrowing and eventual occlusion of these vessels (Rabinovitch, 2007).
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Figure 1‑1 shows the progression of PAH from a normal vessel to the plexiform lesion through smooth muscle cell proliferation, initial apoptosis followed by apoptosis resistance of endothelial cells resulting in reduction of lumen size and eventual vessel occlusion. 

Concentric lesions form through endothelial barrier function changes with the loss of elastic lamina leaving the smooth muscle cells exposed to circulating growth factors.  This causes smooth muscle cell proliferation and a narrowing the vessel lumen, thus raising the internal pressure. Surviving endothelial cells can become apoptosis resistant and form disorganised tubules. As cells continue to proliferate the vessel becomes totally occluded and an angiogenic plexiform lesion is formed (Rabinovitch, 2008).
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Figure 1‑1 - A representation of the progressive vascular remodelling that occurs during PAH progression. 

Figure 1‑1 shows the progression of PAH from a normal vessel to the plexiform lesion through smooth muscle cell proliferation, initial apoptosis followed by apoptosis resistance of endothelial cells resulting in reduction of lumen size and eventual vessel occlusion. 

Due to the relationship between pulmonary vascular resistance (PVR) and PAP (shown below) an increase in PVR causes a rise in Right Ventricular Systolic Pressure (RVSP), this in turn leads to Right Ventricular Hypertrophy (RVH) as the heart tries to compensate for the increased pulmonary vascular resistance by adding muscle mass to the heart to adapt to the extra strain.  

PVR	= 	mPAP - left atrial pressure 
                                  	Cardiac output 


The added load on the heart ultimately leads to patient death due to Right Heart Failure (RHF). These clinical markers are routinely taken in patients with PAH as well as cardiac output measurements and other indicators of stress or failure of the heart (Peacock and Rubin, 2004).

Dysfunction of proliferative and migratory patterns of vascular cells is widely regarded to be multifactorial and are discussed further in the following sections.
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The molecular pathogenesis of PAH is multifactorial and involves a wide variety of pathways as can be seen in Figure 1‑2 Diagrammatic representation of the complex of pathways involved in PAH.  The level of involvement of each of these pathways and how they interact will vary, thus making the investigation of the disease pathogenesis more complicated to understand and treat. 
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Figure 1‑2 shows the molecular mechanisms thought to be involved in the progression of PAH reported in the literature including serotonin (5HT) transport, endothelial growth factor receptor (EGFR) activation, matrix metalloproteinases (MMP) and Tenascin C (TNC). This also shows the cross talk between smooth muscle and endothelial cells in the early stages of pathogenesis. 

[bookmark: _Toc494749301]Genetic mutations in Pulmonary Arterial Hypertension
Research has shown there to be a significant genetic element to PAH.  In addition to the presence of mutations in the familial, heritable forms of PAH there are also mutations present in many idiopathic patients.  Whilst around 75% of familial and 25% of sporadic cases are in patients carrying a BMPR2 mutation (Soubrier et al., 2013, Graf and Morrell, 2016) there are thought to be many mutations in other genes that confer predisposition to PAH including mutations in the genes associated with ACVRL1, type III endoglin receptor, SMAD9, CAV-1 and KCNK3.  These are all explored below.

[bookmark: _Toc248475379][bookmark: _Toc251178918][bookmark: _Toc260251904]Bone Morphogenetic Protein Receptor type 2 
Many molecular mechanisms are known to play a role in pathogenesis of PAH.   Genetic mutations in the gene BMPR2 encoding the protein BMPR-II have been shown to be a primary genetic risk factor for the development of PAH (Machado et al., 2009). 

BMPR-II is a constitutively active member of the Transforming Growth Factor  (TGF superfamily of trans-membrane serine/threonine kinase receptors. As shown in figure 1-3 it has an extracellular – ligand binding N-terminal domain, a short and single stranded trans-membrane domain, an intracellular kinase domain and a long C-terminal cytoplasmic tail. 
[image: ] 
Figure 1-3 the molecular structure of the BMPR-II protein with its 4 domains and how it sits within the cell surface membrane.

It is this long tail region that makes BMPR-II unique from other type 2 receptors Inin the TGFß receptor superfamily, including transforming growth factor beta receptor II (TGFR2), Activin receptor type 2 (ACVR2 A and B) and Anti Mullerian Hormone Receptor type 2 (AMHR2); this difference comes from the tail region, which allows direct binding with LIMK-1, is encoded on exon 12 and has 2 isoforms, one of which is found ubiquitously at the mRNA level and as yet has an unknown function (Machado et al., 2009).

BMPR-II forms a homo or hetero-dimeric complex with a type 1 receptor (either ALK-1, BMPR1a or BMPR1b) upon stimulation with its ligand BMP.  It then phosphorylates and thus activates an intracellular domain on the type 1 receptor (Miyazono et al., 2010).  Upon activation, the type 1 receptor phophorylates downstream regulatory SMAD proteins 1/5 and 8 (Urist, 1965, Kotzsch et al., 2008).

SMAD 1/5/8 are BMP-specific signal transducing proteins which, by forming a complex with Co-SMAD 4, translocate to the nucleus where they regulate gene transcription. They do this in several different ways including direct DNA binding, recruitment of co-activators or repressors of gene transcription or by interacting with DNA binding proteins (Nasim et al., 2011).  As shown in Figure 1‑3.

Upon ligand binding BMPR-II activates the SMAD pathway along with other more recently outlined cellular pathways including p38MAPK, c-src, Tctex-1, RACK-1 (Machado et al., 2003, Wong et al., 2005).  The unique long C-terminal tail region is also believed to interact directly with LIMK-1; a protein involved in regulating actin through the phosphorylation of cofilin (Miyazono et al., 2010).  The actin levels in a cell have a large influence on its morphology and cellular structure and could be implicated in many of the vascular changes seen in pulmonary hypertension.  
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[bookmark: _Ref493075905][bookmark: _Toc494749385][bookmark: _Toc192580946][bookmark: _Toc192660500][bookmark: _Toc183847416]Figure 1‑3 Schematic representation of BMPRII signalling pathway



Genetic mutation in the gene encoding BMPR2 has been implicated in over 70% of familial cases and 25% of sporadic cases of PAH (West et al., 2014) where heterozygous germ-line mutations lead to a haploinsufficiency in these patients giving rise to a loss of function in the BMPR-II protein (Miyazono et al., 2010).  The Morrell group have described that BMPR-II protein levels are lowered in lungs of PAH patients, regardless of their mutation status (Atkinson, 2002). 

This has also been demonstrated in several animal models, where, mutations within the 5’ untranslated regions of the gene have been found to be linked to disease (Wang et al., 2016), In monocrotoline (MCT) treated rat model of PAH decreased BMPR-II expression occurs (McMurtry et al., 2007, Nogueira-Ferreira et al., 2015).  This is also true of many other models of disease including the mouse  TβRIIΔk-fib model (kinase deficient Type II TGF receptor) with Sugen  (SU5416, VEGFR inhibitor), a model of systemic sclerosis (SSc), which also develops lung remodelling consistent with a preclinical model of PAH (Gilbane et al., 2015) and a chronic murine hypoxia model (Long et al., 2009).  There have also been models developed with specific BMPR2 knock down in mice and these result in a PAH with varied penetrance (Spiekerkoetter et al., 2013, Long et al., 2015), 

Pulmonary BMPR2 mRNA expression is also decreased in the porcine model of pulmonary hypertension induced by over-circulation using anastomosis surgery between the left innominate artery and pulmonary artery (Rondelet et al., 2004).  Further animal studies have shown that reduced expression of the BMPR-II protein through turnover, and degradation can lead to a predisposition for PAH (Murakami et al., 2010, Davies et al., 2012).  These animal models confirm that even though there may be varied penetrance of genetic alterations BMPR2 is important in PH pathogenesis as alterations in its expression through a variety of mechanisms can lead to PAH or predisposition to PAH. 

There are a wide range of BMPR2 mutations implicated in disease with over 300 mutations identified thus far (Soubrier et al., 2013). They are present in the cytoplasmic, kinase and extracellular domains of the protein with differing profile of function depending on the region of mutation (Lane et al., 2011, Machado et al., 2015).

[bookmark: _Toc192660502]Mutations in the tail region of BMPR2, particularly deletion of the tail region, still lead to PAH but do not affect the associated SMAD signalling of the transcribed BMPR-II protein (Lane et al., 2011).  This demonstrates that not just SMAD signalling in the BMPR-II pathway is important in understanding the pathogenesis of this disease.

Whilst BMPR2 mutations are undoubtedly very important these are not the only important factor in the disease and whilst their involvement is a huge component of disease pathogenesis the pathobiology of this disease is extremely complicated. 

It has been shown that haploinsufficient mice for BMPR2 gene (BMPR2+/-) do not spontaneously develop PAH unless given an inflammatory insult (Song et al., 2005).  In human disease, the autosomal dominant BMPR2 mutation is an important factor as I stated earlier in this chapter, however it should be noted that the mutation displays incomplete penetrance of only 15% in affected family members of patients with PAH and BMPR2 mutation (Sztrymf et al., 2007). Furthermore, a recent paper from the Morrell group reports that BMPR-II deficiency can lead to increased inflammatory mediator levels in patients and animal models of BMPR2 dysfunction (Soon et al., 2015). These findings provide support for the “second hit” hypothesis that PAH is not a single cause disease and is instead a mixture of background genetic predisposition coupled with an environmental occurrence(s) which can spark disease through a variety of mechanisms and these will vary between patients and disease models.  

[bookmark: _Toc251178926][bookmark: _Toc260251913]Other genetic mutations implicated in Pulmonary Arterial Hypertension
New targets are regularly discovered, however so far, no single genetic factor can be found to totally explain the development of PAH.  Firstly, the discovery of genetic variation in the BMPR2 gene was implicated in disease (Machado et al., 2009) and remains the single biggest genetic risk factor discovered to date. Following this, mutations in the pathway were discovered in ALK-1 (Harrison et al., 2003) and SMAD9, (Shintani et al., 2009) along with other members of the SMAD family 4 and 1 (Machado et al., 2015). Caveolin-1 (Austin et al., 2012), EIF2AK4 (Eichstaedt et al., 2016) and BMP9 (Wang et al., 2016) being all recently discovered. These studies have highlighted the complexity of the genetic component of PAH.

These discoveries have been followed by many genetic mutations being demonstrated to be involved in disease pathogenesis through vascular tone and contractility pathways including mutations in the voltage gated potassium channel KCNK3 involved in cell membrane potential and therefore contractility (Ma et al., 2013), Endoglin (Gore et al., 2014) and VIP a known member of the vasoconstrictive pathway was shown to be a valid target for therapy (Petkov et al., 2003). Apelin mutations have been implicated in disease and this HIF-1a and BMPR2 responsive gene is involved in vascular development and vasodilation pathways and CAV1 mutations (Austin et al., 2012) have been linked with disease through whole exome sequencing.  Research in recent years has also focused on the possibility of epigenetic regulation of disease including mircoRNA (miRNA) and histone involvement (Kim et al., 2015).

Epigenetics 
Epigenetic regulation of the genome has been studied in depth in recent years and is defined as the regulation of the genome without altering the actual DNA sequence (Goldberg et al., 2007).  It is an interesting field and has many possible routes for gene expression regulation, some of which are outlined below.

Deoxyribonucleic acid methylation 
DNA methylation is the addition of a methyl group to cytosine bases (next to guanosine bases (CpG islands)) in a promoter region suppressing gene expression. It has already been shown to be important in disease with methylation alterations being proved to be implicated in PAH in the genes coding for SOD2 (Archer et al., 2010) and the granulysin (GNLY) loci (Perros et al., 2013) amongst others being discovered.

Histone deacetylases 
Several Histone deacetylase (HDAC) inhibitors are already in use as cancer therapeutics and therefore have been explored in the PAH field, due to its similarities in uncontrolled cell proliferation and apoptotic pathogenesis. A number of preclinical studies show promising results (Kim et al., 2015, Zhao et al., 2012, Cavasin et al., 2012).  Recent work into mechanistic studies involving HDACs has found that SOD3 is reduced in patients but could be selectively increased using HDAC inhibition (Nozik-Grayck et al., 2016).

MicroRNA and other short non-coding ribonucleic acids
Investigating short hairpin RNA molecules has been an area of recent discoveries in the disease field. MicroRNA (miR) are non-coding 21-25bp strands of single mRNA which form hairpin–like structures and go through several post translational steps to form an active miR which can regulate gene expression through homology with sections of the genome and can bind to halt translation of its target genes.  

Many miRs are implicated in PAH including miR 124, 21, 145, 204, 210 and cluster 17-92 all having been recently implicated in disease (reviewed in the paper by Leopold and Maron, (Leopold and Maron, 2016) and in the book chapter by Rothman, Chico and Lawrie (Rothman et al., 2014)).  Some miRs directly target the BMP pathway and so influence pathogenesis in this way such as miR125a (Huber et al., 2015).  Additionally, IL-6 lowers BMPR2 expression through miR17/92 (Brock et al., 2009).  Recent work in our group has shown that miR 140-5p is implicated in disease pathogenesis through SMAD signalling and that by treatment of rat models with inhaled miR therapeutic disease progression could be arrested (Rothman et al., 2016). 

 Long non-coding Ribonucleic Acids
As with short non-coding RNA there has been success recently in the investigation of long non-coding sections of RNA with particular interest in the discovery of smooth muscle enriched long noncoding RNA (SMILR) which was shown to regulate cell proliferation in models of PAH (Ballantyne et al., 2016).  

[bookmark: _Toc195169474][bookmark: _Toc222822942][bookmark: _Toc226016362][bookmark: _Toc247956039][bookmark: _Toc251178919][bookmark: _Toc260251905][bookmark: _Toc494749302]Inflammation 
PAH is a disease that is closely associated with a wide variety of inflammatory diseases such as Systemic Lupus Erythematosus, and other autoimmune diseases.  PAH is also a major killer of patients with connective tissue diseases such as systemic sclerosis (SSc).  12-15% 0f SSc patients go on to develop PAH as a complication of that disease (Calderone et al., 2016) and PAH is the cause of 30-40% of deaths in SSc (Tyndall et al., 2010, Nikpour and Baron, 2014).  These patients’ prognosis is worse than other sub-groups of PAH patients with the mortality rate worsened when compared to that of idiopathic patients at 3 years (Hurdman et al., 2012).

Inflammation has been shown to be present in patients and animal models of PAH demonstrated by increased levels of inflammatory cytokines and growth factors.  Interleukin-1 (IL-1) and IL-6 have been shown to be raised in PAH patient serum and animal models of disease (Soon et al., 2010). It has also been shown that IL-6 lung specific overexpression alone is enough to bring about a rise in RVSP and RVH due to remodelling of the pulmonary vessels (Steiner et al., 2009). Inflammatory cell infiltrate is also seen in disease lesions with dendritic cells, macrophages, B cells and T cells along with bone marrow derived progenitor cells are all apparent in lesions (Tuder et al., 1994, Dorfmuller et al., 2007, Perros et al., 2008, Savai et al., 2012, Montani et al., 2011).  There is also a more pronounced inflammatory phenotype in PAH associated with systemic sclerosis (Hassoun et al., 2009).

To build on this work, as well as systemic inflammation being linked with developing PAH it should also be noted that in IPAH, a condition not considered an inflammatory disease, it has been demonstrated that there is local inflammation in areas containing lesions, this can be seen by macrophage and lymphocyte infiltrates along with local expression of a number of inflammatory mediators CCL2 RANTES and Fraktalkine (Montani et al., 2011, Price et al., 2012). Work has shown that proliferating cells produce inflammatory stimuli and this inflammation precedes the pulmonary hypertension (Vergadi et al., 2011).

Inflammatory microenvironments are becoming more relevant in research as it emerges that they are common and compartmentalisation of disease state is widespread.  It no longer is the case that the body is considered as one entity and that cytokine stimulation of the microvasculature will not necessarily be linked to global increases or decreases in inflammation but is involved in disease progression.

This is further backed up by the findings that a hypoxia-induced model of PAH leads to recruitment of neutrophils to the pulmonary vessel wall and an accumulation of monocyte, lymphocyte and leukocyte markers in the pulmonary artery adventitia following 7 to 21 days of hypoxia. The monocytic influx precedes a rise in growth factors and cytokines and this inflammatory response is abolished by return of the animal to normoxic conditions (Burke et al., 2009). It has even been shown that this may precede remodelling in hypoxia induced PH (Vergadi et al., 2011).

[bookmark: _Toc247956040][bookmark: _Toc251178920][bookmark: _Toc260251906]Interleukin-1
IL-1 is an important early inflammatory mediator that has been implicated in many cardiovascular diseases including atherosclerosis.

IL-1 is a cytokine involved in regulation of inflammatory response. There are three forms of IL-1; IL-1 and IL-1ß are both signalling ligands, have a similar -sheet structure and are capable of binding to the same receptors.  The third form is IL-1 receptor antagonist (IL-1ra), a non-signalling “decoy ligand”. IL-1 ß will be the main inflammatory focus of this project and it is formed as an inactive pro-IL1ß which has been thought to be cleaved and activated by Caspase 1 activity and released by cells to act through its binding to IL-1 receptors.  It has been recently shown that this release can also be caused by neutrophil elastase in a caspase 1-independent manner (Alfaidi et al., 2015).

There are two types of the IL-1 receptor and both can bind all three forms of the cytokine but have differing pharmacological characteristics and there is little sequence homology (28%) between the two receptors. 

IL-1 receptor 1 (IL1R1) is the membrane bound signalling receptor, when IL-1 ß or bind to IL-1R1 this couples with IL-1 Receptor accessory protein (IL1RacP) and signals through myD88, IRAK1, TRAF6 and follows the cascade down to the production of the transcription factor NF-b along with activation of ERK and MAPK pro-inflammatory signalling. 

IL-1 receptor 2 (IL1R2) can be membrane bound or soluble and is so far thought to be non-signalling upon binding of IL-1ß and therefore is considered a decoy receptor for mopping up unwanted signalling and a mechanism of controlling IL-1ß activity, as it does not have a cytosolic region to signal.

IL-1 receptor accessory protein (IL-1RacP) is necessary for binding to be able to occur between ligand and the type 1 receptor. This is not its only function however as it is known to be necessary for IL-1 signal transduction by activating Nuclear Factor-B (NF-B) through IL-1R associated Kinase (IRAK). IRAK1 co-precipitates with IL-1RacP but not with IL1R whereas IRAK2 and p85 subunit of P13 Kinase do not co-precipitate with IL-1RacP but do pull down with IL-1 receptors (Singh et al., 1999).  As shown in Figure 1‑4.
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[bookmark: _Ref493078836][bookmark: _Toc494749386]Figure 1‑4 Schematic representation of IL-1 signalling pathway

In this project, I am interested in the effects of IL-1ß and its signalling cascade in relation to PAH. Much has been published on the role of IL-1ß in the systemic circulation and its role in atherosclerosis but there seems to be little known about it in the pulmonary circulation apart from the work previously outlined by Lawrie et al. in 2011.   

It has been shown that IL-1ß can activate NF-B in human atherosclerotic lesions where it can regulate cell cycle and survival pathways (Brand et al., 1996). This activation comes through the extra-cellular signal Related Kinase (ERK) pathway that is also involved in Nitric Oxide Synthase (NOS) expression, this having been also implicated in PAH.  It has been shown that IL-1 can produce an increase in levels of cGMP in vascular smooth muscle cells and that this can be used as a surrogate for NOS generation (Marczin et al., 1993). 

It has been shown that IL-1 is involved in cell morphology changes in that IL-1 receptors can gather at focal adhesion points (Qwarnstrom et al., 1988) and that IL-1 can activate Ras homolog family member A (Rho A) and other small GTPases that control cell actin organisation by direct association. IL-1 activated a complex signalling network and uses cell matrix interaction to regulate cellular function because specific actin cytoskeletal organisation and cell matrix adhesion assembly is required for IL-1 activated signalling. In fact, a dominant negative Rho A completely removes IL-1 dependent expression of IL-6 (Singh et al., 1999).

Rho A is linked to PAH disease development through activation of Rho kinases.  These induce stress-fibre formation, cell contraction and cell permeability through the phosphorylation and de-phosphorylation of myosin light chain using myosin light chain kinase and Myosin phosphatase target subunit 1 (Mypt1).  The Rho A-GTPs can be inhibited by statins and protein kinase A and G (Morrell et al., 2009). This could then be used to prevent conformational changes that occur in disease.  Statins have been shown to be effective against animal models of PAH however human trials have shown little efficacy (Rysz-Gorzynska et al., 2016). 

[bookmark: _Toc260251907]IL-1; role in pulmonary arterial hypertension 
Previous research includes a number of animal studies.  One of which was a study in 1994 showing that MCT induced PAH could be inhibited using IL-1ra.  This did not, however, reduce PAH induced by hypoxia in the same study (Voelkel and Tuder, 1994).  Furthermore, our group has shown that in a model of atherosclerosis using Apolipoprotein E-knockout (Apo E -/-) mice fed a high fat, high cholate (Paigen) diet to induce systemic atherosclerosis the mice concurrently develop PAH.  IL-1 involvement in PAH pathogenesis has been further investigated using an IL-1 receptor 1 knockout mouse.  This showed that PAH disease development in ApoE-/- mice is IL-1 dependent (Lawrie et al., 2011). 

When the IL-1 receptor 1 (IL-1R1) gene was also knocked out in these Paigen fed animals they became partially protected from the development of atherosclerosis, with atherosclerotic lesions reduced by 50% compared to Paigen fed ApoE-/- control mice. It was hypothesised that these mice should also be protected from PAH, however this was not the case and indeed the animals fared worse than their ApoE-/- Paigen-fed littermates with higher RVSP and RVH, worsened pulmonary vasculopathy, greater lesion development and increased muscularisation of vessels.  This was in conjunction with raised levels of IL-1, IL-6, Osteoprotegerin (OPG) and TNF-Related Apoptosis-Inducing Ligand (TRAIL).

On further examination, these animals were found to be expressing a putative alternative IL-1R1 transcript in the lungs not seen in the aortae and this could be responsible for the worsened disease development in this model.  Prevention of these symptoms was achieved by treatment with IL-1RA adding further credence to the idea that IL-1 plays a vital role in PAH pathogenesis.  

Further evidence for involvement IL-1 in disease was the rapid recovery of a patient with PAH as a complication of adult onset still’s disease (AOSD) who was  given the recombinant IL-1 receptor antagonist treatment Anakinra(Campos and Schiopu, 2012).  Whilst interesting this is a one-off in the case of PAH as a complication of a different disease but it still encouraging and gives evidence for possible future impact of this work.

The heterogeneity of disease pathobiology can be seen in the wide variety of treatments that can give some level of symptom reduction and in the fact that treatment must be tailored to individual patients before the best combination can be found in each case.  

[bookmark: _Toc494749303][bookmark: _Toc195169473][bookmark: _Toc222822941][bookmark: _Toc226016361][bookmark: _Toc248475380]Other Molecular Mechanisms in pulmonary arterial hypertension
[bookmark: _Toc251178923][bookmark: _Toc260251910]Serotonin 
Serotonin concentration (5-hydroxytryptamine – 5HT) is raised in the circulation of IPAH patients (Morrell et al., 2009) and overexpression of its transporter (SERT) is sufficient to cause spontaneous PAH in mice (MacLean et al., 2004). Increased SERT is linked to a more severe PAH phenotype and knockout of the SERT gene protects animal models from monocrotaline (MCT) induced PAH. These findings all suggests that serotonin is involved in PAH pathobiology (Guignabert et al., 2005).

[bookmark: _Toc251178922][bookmark: _Toc260251909]Osteoprotegerin and TNF Related Apoptosis Inducing Ligand (TRAIL)
[bookmark: _GoBack]Another pathway implicated in the literature is that of Osteoprotegerin (OPG).  This secreted glycoprotein, with an unknown receptor, has been shown to be raised in the plasma of PAH patients (Condliffe et al., 2011) and is expressed in vessel lesions in humans and animal models of disease (Lawrie et al., 2008). 

Previous investigation within our group has shown TNF related apoptosis inducing ligand (TRAIL) to be influential in disease progression.  TRAIL has been demonstrated to be raised in PAH lesions and is influential in increasing migration and proliferation in PASMCs.  It is also known that TRAIL is required for development of PAH in animal models of disease and has been shown that blocking this pathway can lead to prevention and reversal of the disease in animal models (Hameed et al., 2012b). This pathway links into cell cycle, apoptosis and cell migration pathways as outlined in Figure 1‑5. 
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[bookmark: _Ref493267992][bookmark: _Toc494749387]Figure 1‑5 diagrammatic representation of the OPG TRAIL pathway axis



[bookmark: _Toc251178924][bookmark: _Toc260251911]Growth Factors
Platelet derived growth factor (PDGF) has been shown to be raised in PAH models (Balasubramaniam et al., 2013).  It is also a potent mitogen of PASMC and is IL-1 responsive (Hu and Huang, 2015, Thomas et al., 2009).  It has been demonstrated that a PDGF Receptor antagonist ST1571 (Imatinib) reverses pulmonary hypertension in animal models (Pankey et al., 2013, Schermuly et al., 2005).  A phase III trial was conducted in patients; however, this study was stopped early due to toxicity issues (Frost et al., 2015, Hoeper et al., 2013a).

Voltage Gated Ion Channel Signalling 
Another process, downstream of the serotonin pathway and important in PAH due to its regulation of muscle tone, is that of voltage-gated potassium channels (Kv).  They are important for maintaining the polarisation of the cell to prevent calcium influx from outside the cell wall or from internal calcium stores in the sarcoplasmic reticulum. If Kv1.5 channels are dysfunctional or down regulated as in PAH (Yuan et al., 1998) then the redox oxygen sensing mechanism found in the lung would be disrupted.

In 2013 this pathway was further linked with PAH by the discovery of a mutation in the KCNK3 gene that encodes for potassium channel subfamily K member 3. 6.  Mutations have been identified in a study that showed a loss of channel current leading to loss of function Through pharmacological treatment the KCNK3 mutations could be overcome and treated successfully giving one of the biggest advances in the field in recent years (Ma et al., 2013). 

[bookmark: _Toc251178925][bookmark: _Toc260251912]Role of Endothelin in pulmonary arterial hypertension
Endothelin-1 (ET-1) signalling is a further pathway implicated in disease and is raised significantly in the lungs of PAH patients (Wort et al., 2001). ET-1 is involved in angiogenesis as a chemo-attractant for neural crest cells and aids transformation of the neural crest cells to SMCs (Conway et al., 2001).  Its main role, however, is in the regulation of vascular tone by expression from the vessel endothelium (Morrell et al., 2009). 

Following a wide range of research into ET-1, the antagonism of its receptors is now considered one of the first lines of drug therapy in the treatment of PAH with the development of drugs including Bosentan (Opitz et al., 2008) and more recently Macitentan in the SERAPHIN study (Channick et al., 2015, Pulido et al., 2013). Although reducing vasoconstriction associated with PAH, there is no evidence to suggest endothelin antagonism addresses the underlying pathophysiological vascular remodelling. 

Cell metabolism 
In the cancer field it has long been established that switching from oxidative phosphorylation to glycolysis in their glucose metabolism, a cell can force itself down a pro-proliferative path as described by Warburg in the 1930s.  Since then cellular metabolism and mitochondrial function has emerged as an interesting field in PAH research.  Reactive oxygen species, oxidative stress, glucose metabolism and the switch from aerobic to anaerobic cellular respiration are all being investigated.

Lane et al., showed in 2011 that cellular metabolism changes could be seen in disease models of PAH and indeed that BMPR2 mutation was associated with alterations in cellular metabolism in vitro and in vivo.  They demonstrated that a mutant mouse displayed increased oxidative stress and suggested that mutation could lead to a change in the way these animals metabolise their energy (Lane et al., 2011).

Later it was shown that alterations in mitochondrial metabolism can influence disease-specific gene VEGF (Al-Mehdi et al., 2012) introducing the involvement of cellular metabolism and post-transcriptional regulation of HIF-1a, a molecule also involved in the “Warburg effect”. 

Relationships between all the aberrant signalling pathways are shown in Figure 1‑2. It is understood that each patient has a differing profile in respect to the level of involvement of each element of molecular dysfunction and that this will alter their disease phenotype, prognosis and potentially beneficial treatment options.

[bookmark: _Toc251178927][bookmark: _Toc260251914][bookmark: _Toc494749304]Current treatments and therapies for PAH
Currently available treatments are aimed at reducing symptoms and complications helping to improve quality of life in patients.  These include supplementary oxygen, diuretics, anticoagulation, and vasodilation along with more recent pathway-targeted therapies including prostacyclin, endothelin-1 inhibitors and the phosphodiesterase-5 inhibitor sildenafil to increase the bioavailability of nitric oxide (Broto and Torres, 2009).   

Patients will be referred to specialist centres in the UK where they will be put on one of the treatments accredited for use in PAH and these will differ between patients in their efficacy and most patients will go through several treatment changes in the process of assessing which medication works best for their needs.  These treatments are all in essence vasodilators with effects on the constriction of the vessels and not on the underlying remodelling. 

Treatments currently target four individual pathways; these are:

1. Agonism of adenylate cyclase by prostaglandin mimics - Whilst prostacyclin is a potent activator of vasodilation it does show some signs of being an interesting molecule in the treatment of PAH due to its effects other than vasodilation, including anti- proliferative (Kothapalli et al., 2003, Wharton et al., 2000), anti-mitogenic and pro-apoptotic (Li et al., 2004)  and anti-thrombotic (Vane and Corin, 2003) all of which could be useful in the setting of PAH lesions. 

2. [bookmark: _Toc251178929][bookmark: _Toc260251918]Endothelin receptor blockade using inhibitors - Endothelin receptors are important for vasoconstriction when expressed in the smooth muscle layer where endothelin receptor type A (ETaR) is activated by ET-1 and acts as a potent mediator of vasoconstriction (Seo et al., 1993) therefore being the receptor thought to be mostly involved in the vasoconstriction seen in PAH. 

3. Inhibition of phosphodiesterase-5 (Humbert and Ghofrani, 2016).  The treatments (Sildenafil and Tadalafil) in this class are both orally administered and approved for use in functional class II and III patients in the US and Europe.

4. [bookmark: _Toc260251922]Recently a new class of drugs was approved for use in PAH which acts on a different target to the PDE5 inhibitors in the NO pathway working to stimulate the production of soluble guanylate cyclase (sGC) and cGMP and therefore activate vasodilation. Riociguat is the only approved medication in this class for use in the US and Europe in patients in functional class II and III as well as CTEPH patients who are inoperable or who have residual PH following endarterectomy.  

[bookmark: _Toc251178932][bookmark: _Toc260251927]Treatments are administered in line with CHEST (USA) (Taichman et al., 2014), ERS/ESC (European) and WHO guidelines (Galie et al., 2016).  Due to the complexity and patient specific nature of this disease it has become necessary to use combination therapies in the treatment of patients but these vary patient to patient and are administered based on individual patient responses to their current therapy regimes.

Transplant currently remains the only curative treatment for patients with PAH, worldwide patients are given double lung transplants and heart and lung for those patients whose heart condition necessitates a heart lung transplant (Provencher and Granton, 2015).

To my mind although all these treatments have been approved for use in PAH it is telling that not one of them has shown evidence of impacting on the underlying pathobiology of this disease.  This therefore highlights the unmet medical need in this area and the urgent requirement for further research to gain insights into the complexities of interacting pathways in this field.  Systematic research will hopefully bring clarity and ultimately the eventual development of more effective treatments for patients.


[bookmark: _Toc247956041][bookmark: _Toc251178933][bookmark: _Toc260251928][bookmark: _Toc494749305]Hypothesis, Aims and Objectives

The first project hypothesis is that the pulmonary vasculature has an altered response to inflammatory activation by the cytokine IL-1ß compared to the systemic vasculature.  In turn, I hypothesise that IL-1ß driven signalling in the pulmonary vasculature interacts with dysfunctional BMPR2 signalling in PAH patients and that this interaction is important for disease pathogenesis.  This will be tested in several in vitro and in vivo models to determine interplay between the two pathways that may be important in disease.

Project aims are:
1.  To elucidate differences in IL-1ß driven inflammatory signalling between the systemic and pulmonary vasculatures at transcriptome and mRNA level and the effect of dysfunctional BMPR2 including changes in the sensitivity of the pulmonary vascular smooth muscle cells to IL-1ß stimulation under conditions of normal and reduced BMPR2 function.

2.  To analyse the impact of IL-1ß signalling in a murine model of PAH driven by BMPR2 dysfunction in vitro and in vivo.

3.  To assess PAH patient cytokine profile focusing on IL-1ß and its effector pathways. 

2 [bookmark: _Toc247956042][bookmark: _Toc251178934][bookmark: _Toc260251929][bookmark: _Toc494749306][bookmark: _Toc222822943][bookmark: _Toc226016365]Materials and Methods

2. [bookmark: _Toc247956043][bookmark: _Toc251178935][bookmark: _Toc260251930][bookmark: _Toc494749307][bookmark: _Toc221603036][bookmark: _Toc221686188][bookmark: _Toc222327652][bookmark: _Toc222822944][bookmark: _Toc224441671][bookmark: _Toc224442174][bookmark: _Toc225826785][bookmark: _Toc225924478]Cell culture
[bookmark: _Toc248475386][bookmark: _Toc248911284][bookmark: _Toc249435567][bookmark: _Toc249435660][bookmark: _Toc250625410][bookmark: _Toc250798765][bookmark: _Toc250899321][bookmark: _Toc250900021][bookmark: _Toc250900165][bookmark: _Toc250900731][bookmark: _Toc250904365][bookmark: _Toc250904512][bookmark: _Toc250985824][bookmark: _Toc250989822][bookmark: _Toc250989996][bookmark: _Toc251175012][bookmark: _Toc251178936][bookmark: _Toc251179085][bookmark: _Toc251181660][bookmark: _Toc251182625][bookmark: _Toc251245709][bookmark: _Toc251246031][bookmark: _Toc254512992][bookmark: _Toc254613146][bookmark: _Toc254954142][bookmark: _Toc226016366]To best model the human disease in vitro; cells with relevance to PAH were needed and to this end human primary pulmonary artery smooth muscle cells were cultured due to the pathogenic proliferation of the smooth muscle layer of the pulmonary arterioles.  As a comparison to this pulmonary vascular cell, aortic smooth muscle cells were used as a model of the systemic vasculature.  

[bookmark: _Toc251178937][bookmark: _Toc260251931][bookmark: _Toc494749308]Smooth muscle cell culture and passage
[bookmark: _Toc248475387][bookmark: _Toc248911285][bookmark: _Toc249435568][bookmark: _Toc249435661][bookmark: _Toc250625411][bookmark: _Toc250798766][bookmark: _Toc250899322][bookmark: _Toc250900022][bookmark: _Toc250900166][bookmark: _Toc250900732][bookmark: _Toc250904366][bookmark: _Toc250904513][bookmark: _Toc250985826][bookmark: _Toc250989824][bookmark: _Toc250989998][bookmark: _Toc251175014][bookmark: _Toc251178938][bookmark: _Toc251179087][bookmark: _Toc251181662][bookmark: _Toc251182627][bookmark: _Toc251245711][bookmark: _Toc251246033][bookmark: _Toc254512994][bookmark: _Toc254613148][bookmark: _Toc254954144][bookmark: _Toc221603037][bookmark: _Toc221686189][bookmark: _Toc222327653][bookmark: _Toc222822945][bookmark: _Toc224441672][bookmark: _Toc224442175][bookmark: _Toc225826786][bookmark: _Toc225924479][bookmark: _Toc226016367]Human pulmonary artery smooth muscle cells (hPASMC) (Lonza CC-2581) and human aortic smooth muscle cells (hAoSMC) (Lonza CC-2571) were grown from cryopreserved vials in smooth muscle cell media SmGM-2 including bullet kit supplements (Lonza CC-3182). These cell stocks were grown in T75 cm2 flasks with fresh media applied twice a week including splitting one flask into three when confluent. All experiments were performed on cells between passages 4 and 8. 
[bookmark: _Toc222822946][bookmark: _Toc226016368]
[bookmark: _Toc247956044][bookmark: _Toc251178942][bookmark: _Toc260251934][bookmark: _Toc494749309]Smooth muscle cell transfection
Transfections were carried out to introduce silencing RNA (siRNA) into the cells using lipid-based transfection methods detailed below, these created lipid capsules containing the RNA which upon contact with the cell create pores allow the capsule contents (siRNA) into the cell to halt the transcription of its target gene.  

[bookmark: _Toc225924481][bookmark: _Toc226016369]3 x T25 cm2 flasks were prepared for transfection; 30 µl Dharmafect 2 (Thermofisher T-2002-003) was added to 1170 µl Serum free medium (Lonza 12-604). In a separate tube 60 l of 5 µM siRNA was added to 1140µl serum free medium (Lonza 12-604).  These tubes were incubated for 5 mins at room temperature before the two tubes were mixed together and incubated at room temperature for a further 20 mins.  This mixture was added to 9.6 ml full growth medium without antibiotics and 3 ml added to each flask.

[bookmark: _Toc222822947][bookmark: _Toc226016370]Following overnight incubation at 37 °C full growth medium was removed and replaced with quiescent media for 48 hours to arrest proliferation and growth.  Following quiescence, the cells were given fresh quiescent media with a variety of stimulants for 6 hours for isolation of RNA.

[bookmark: _Toc494749310][bookmark: _Toc225924483][bookmark: _Toc226016371]Cell stimulation and ribonucleic acid extraction
Cellular RNAses must be combatted to protect extracted RNA for future downstream assays. Therefore, tri-reagent was used to lyse cells whilst protecting the RNA content of the cells from digestion. 

Firstly, cells were plated at 5 x 104 cells per ml and incubated overnight at 37 °C into T25 cm2 flasks for RNA.  Full growth medium was removed and replaced with quiescent media (Dulbecco’s modified eagles medium (Lonza 12-604) to 0.2% (v/v) FBS (Lonza 14-401)) for 48 h to arrest proliferation and growth.  

Following quiescence, the cells were stimulated for 6 hours with fresh quiescent media containing either no stimulation or IL-1ß at 10 ng/ml.

To collect the RNA, media was removed from the cells and the cell monolayer was washed gently with phosphate buffered saline (PBS) prior to addition of 500 l trizol reagent (Invitrogen 15596-026) to each flask, which was then placed in the -80 °C freezer for 1 h or more.  

Spin column purification was used to purify RNA for array or real time PCR. Upon removal, the trizol reagent lysate was transferred to the Direct-zol RNA mini prep kit (Zymo research R2050) for purification. This was done by the addition of an equal volume of 95% ethanol and vortex mixing. This mixture was then transferred to a Zymospin column and centrifuged for 1 min to bind RNA to the column.  The columns were then washed by spinning once with 400 l RNA Prewash and 3 x 700 l of RNA wash buffer.  Columns were dried by spinning for 2 mins without buffer prior to addition of 40 l DNase/RNase free water to elute the RNA and freeze at -80 °C for future use.

[bookmark: _Toc222822948][bookmark: _Toc226016372][bookmark: _Toc247956047][bookmark: _Toc251178954]RNA quality was assessed prior to use in arrays using the Agilent Bioanalyzer 2100.  This analyses the RNA quality and produces an electropherogram and RNA integrity number (RIN).  This provides an assessment of the sample RNA to ensure it was of sufficient quantity and quality to give reliable results. 
[image: ] [image: ]
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[bookmark: _Ref471381840][bookmark: _Toc494749388]Figure 2‑1 Representative image of Bioanalyser data for samples used for array
As can be seen in Figure 2‑1 the RIN for each of the pooled samples was excellent and well within the limits to expect reliable results from a microarray analysis. The number generated is a ratio of 18S to 28S ribosomal RNA subunits with a perfect score of 10 would be given to a totally intact RNA sample and decreasing number in line with RNA degradation to 1 being completely degraded RNA (Aglient publication and Schroeder et al., 2005)
[bookmark: _Toc247956050]
[bookmark: _Toc251178971][bookmark: _Toc260251971][bookmark: _Toc494749311]Smooth muscle cell stimulation, ribonucleic acid extraction and microarray
[bookmark: _Toc251179121][bookmark: _Toc251181696][bookmark: _Toc251182666][bookmark: _Toc251245750][bookmark: _Toc251246072][bookmark: _Toc254513033][bookmark: _Toc254613187][bookmark: _Toc254954186]Microarrays were carried out to assess the transcriptome response as a whole to various conditions.  This method detects mRNA changes in extracted mRNA following 6 h of exposure to stimulation conditions.  Extracted RNA samples were amplified and labelled with dyes that when incubated with the chip will bind specifically to the sixty thousand probes of complimentary sequences for detection of a scanning imager.  Two conditions were then compared and whole transcriptome changes can be investigated.

Microarray was performed using the reagents (Low input Quick Amp Labelling kit, one colour Agilent 5190-2305, RNA spike-in kit, One colour Agilent 5188-5282, Gene expression hybridization kit Agilent 5188-5242, Gene expression wash buffer, Agilent 5188-5327, RNeasy mini kit, Qiagen 74104) following the One colour Microarray-Based Gene Expression Analysis, Low input Quick Amp Labelling protocol (version 6.6, September 2012 Agilent technologies, G4140-90040) as outlined in Figure 2‑2 .

[bookmark: _Toc251179123][bookmark: _Toc251181698][bookmark: _Toc251182668][bookmark: _Toc251245752][bookmark: _Toc251246074][bookmark: _Toc254513035][bookmark: _Toc254613189][bookmark: _Toc254954188]Cells were plated, stimulated and RNA extracted as described previously.  Pools of RNA from three individual sample flasks were run per sub-array with three sub-arrays performed for each condition in the format displayed in
 Figure 2‑3. This gives 9 individual flasks of cells used per condition.  RNA was assessed for quality using the bioanalyzer as detailed above.  

Microarray was performed using the reagents (Low input Quick Amp Labelling kit, one colour Agilent 5190-2305, RNA spike-in kit, One colour Agilent 5188-5282, Gene expression hybridization kit Agilent 5188-5242, Gene expression wash buffer, Agilent 5188-5327, RNeasy mini kit, Qiagen 74104) following the One colour Microarray-Based Gene Expression Analysis, Low input Quick Amp Labelling protocol (version 6.6, September 2012 Agilent technologies, G4140-90040) as outlined in Figure 2‑2 .
 [image: ]
[bookmark: _Ref492993222][bookmark: _Toc494749389]Figure 2‑2 flow diagram of basic steps in array protocol
[bookmark: _Ref247188398][bookmark: _Toc247948634]
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[bookmark: _Ref253063336][bookmark: _Toc494749390][bookmark: _Toc247956051]Figure 2‑3 Layout of a microarray showing sub-array orientation for sample load.
A [image: ]	B [image: ]
[bookmark: _Ref255030377][bookmark: _Toc494749391]Figure 2‑4 Representative image of a microarray single sub-array
Figure 2‑4 is the captured image of a whole array. Figure 2‑4 shows a zoomed in representation of a single sub-array image detailing the 80,000 probes per sub-array.

[bookmark: _Toc251178979][bookmark: _Toc260251979][bookmark: _Toc494749312]Microarray analysis
[bookmark: _Toc250985868][bookmark: _Toc250989866][bookmark: _Toc250990040][bookmark: _Toc251178980][bookmark: _Toc251181707][bookmark: _Toc251182677][bookmark: _Toc251245761][bookmark: _Toc251246083][bookmark: _Toc254513044][bookmark: _Toc254613198][bookmark: _Toc254954197][bookmark: _Toc247187236][bookmark: _Toc247956052][bookmark: _Toc248475397][bookmark: _Toc248911295][bookmark: _Toc249435578][bookmark: _Toc249435671][bookmark: _Toc250625421][bookmark: _Toc250798776][bookmark: _Toc250899332][bookmark: _Toc250900032][bookmark: _Toc250900176][bookmark: _Toc250900742][bookmark: _Toc250904376][bookmark: _Toc250904523]To assess such large quantities of data manual analysis cannot be performed and data handling must be carried out by computer programs designed for the accurate detection of changes between probes.

[bookmark: _Toc250985870][bookmark: _Toc250989868][bookmark: _Toc250990042][bookmark: _Toc251178982][bookmark: _Toc251181709][bookmark: _Toc251182679][bookmark: _Toc251245763][bookmark: _Toc251246085][bookmark: _Toc254513046][bookmark: _Toc254613200][bookmark: _Toc254954199]Analysis of the data was performed using Limma and Bioconductor packages in the programing language “R”.  Targets files were created containing Agilent G2565BA microarray scanner output files for use in each comparison.  For program script see appendix 1-5. (Smyth et al. 2005)

Analysis was performed in R software using scripts for background correction, cyclic loess normalisation, this is a spread based normalisation technique for bringing means together whilst maintaining spread of data by cycling normalisation of array pairs, by comparing all possible array pairs in the data set until all pairs have been normalised against each other.  

A matrix was built for linear modelling and then this was fitted to a linear model and the desired contrasts were then created to compare sets of data to each other, for example; all PASMC samples treated with IL-1ß compared to all PASMC samples not stimulated with IL-1ß.

Visualisation at every stage of analysis was performed to assess the validity of the analysis. Diagrams of normalisation boxplots, a histogram of significance and volcano plots of log2 fold changes for all analyses performed on PA lysates can be seen in the appendix 6.  

The final output file consisted of a “top table” of the genes on the array and their probe name, gene symbol, gene name, accession code, description of place on array, probe sequence, Log2 fold change, average expression level, t (t-statistic), p value, false discovery rate (FDR) adjusted p value and B number (log odds).

Gene lists were filtered so that results were discarded if they were not altered by IL-1 stimulation in the order of a log2 fold change of >1 and for an adjusted p value of <0.05.  Log2 fold change of >1 was chosen as this was a doubling of mRNA and this was considered as a big enough change to make the sample size manageable whilst keeping data that would be of biological relevance.  Using a FDR adjusted p-value of 0.05 gives me only 5% false positive rate for the data. These are in line with current significance standards in the literature (Draghici et al., 2002).

Pathway analysis was carried out using raw data files input into R scripts using Signalling Pathway Impact Analysis (SPIA) for functional output. SPIA package took all gene information from the array output file and cross referenced it against all annotated pathways in the Kyoto Encyclopaedia of Genes and Genomes (KEGG) registry to determine which genes in a particular pathway were altered and how much effect that would have on the pathway giving a plot of the level of perturbation in the pathway.  

SPIA also determined the number of genes altered in each pathway to give an indication of the individual pathway enrichment and plot these against each other to give an overall determination of how much that pathway is altered by conditions and in which direction those changes have altered the pathway, either inhibiting it or activating it.

On a SPIA plot, the y and x axes show accumulation of evidence that each pathway is altered under the conditions being assessed.  Therefore, the total accumulated pathway perturbation is shown by a dot of the graph.  

The red solid line on the graph denotes the cut off for those pathways altered with 95% confidence after correction using Bonferroni, the blue solid line is for those pathways altered with 95% confidence after false discovery rate (FDR) correction. The hashed lines are threshold using the same method but for each individual axis data (Tarca et al., 2009).

The pathways perturbed are then listed with their corresponding numbers.  Pathways written in blue are those considered significantly (95% confidence) altered after FDR correction and those in red are those considered by the same confidence to be altered following Bonferroni correction.

[bookmark: _Toc222822951][bookmark: _Toc226016375][bookmark: _Toc247956053][bookmark: _Toc250899333][bookmark: _Toc251178988][bookmark: _Toc260251986][bookmark: _Toc494749313]Real-Time Polymerase Chain Reaction of Cellular mRNA samples
Real time PCR was used to assess changes in mRNA at a single gene level by amplification using primers and probes to label and amplify specific regions of mRNA.  The labels were then detected and the amplification cycle that these labels became detectable is used to quantify the original mRNA levels.
 
RNA was reverse transcribed to cDNA from samples extracted previously using the high capacity RNA to cDNA kit (Applied Biosystems) to convert 2 g of RNA to cDNA.  2 g of RNA was diluted into 9l of sample which was added to 10l 2 x RT buffer and 1 l of 20X RT enzyme giving 20 l cDNA at a concentration of 100 g/ml.  Samples were placed in a PCR machine for 1 run comprising three steps of 37 °C for 60 mins, followed by 95 °C for 5 mins and finally a 4 °C hold step.

cDNA was then used to perform real time PCR in 384 plates. Using a 10l reaction per well 0.5 l primer probe mix (20X) was mixed with 5l gene expression mastermix (Applied Biosystems 4369016) and 4.5 l cDNA diluted in water to a concentration of 10 ng/l.  
[bookmark: _Toc251178991][bookmark: _Toc260251989]
These were then run on the Applied Biosystems ABI7900 real-time PCR machine for one cycle of 50 °C for 2 mins then 90 °C for 10 mins, this was followed by 45 cycles of 95 °C for 15 secs and 60 °C for 1 min.  

[bookmark: _Toc222822952]Number of polymerase chain reaction cycles to detection of probe was taken from the ABI7900 machine (counts).  Duplicates were averaged and the difference between the target probe and the control probe (18S) was calculated by subtraction of 18S from target probe in each sample (ct).  

Taking the ct from each sample and calculating the difference between that and the ct of a representative sample of the un-stimulated PASMCs calculated the difference between two separate conditions. This was then turned to relative quantity by calculating a 2 power ct. This gave a relative quantity to a control condition and gave directional change in the correct direction for ease of demonstrating alterations. 
[bookmark: _Toc284165177][bookmark: _Toc247956055]
[bookmark: _Toc494749314]R n D Duoset™ ELISA
Duoset ELISAs are a sandwich ELISA based on the binding of a capture antibody to the plastic of a Maxisorp™ 94 well assay plate followed by blocking and capture of the analyte of choice from the serum this is then detected using a conjugated antibody and HRP substrate for detection on the varioskan colourimeter.

[bookmark: _Toc264115183][bookmark: _Toc284071186][bookmark: _Toc284165179][bookmark: _Toc288991702][bookmark: _Toc298672723][bookmark: _Toc299623271][bookmark: _Toc299796521][bookmark: _Toc299796839][bookmark: _Toc300221680]Mouse serum samples were run using in assay DY805 (OPG) and DY206 (IL-6) as detailed below.

Firstly, the lyophilized antibody was reconstituted in 1 ml of PBS and diluted to 2 µg/ml in PBS.  100 µl per well was added to the Maxisorp™ plate and incubated at room temperature overnight on the bench. Following incubations, the plate was washed by removal of contents and filling of wells with PBS 0.05% Tween20 three times to wash out any contents not bound from the previous steps.

Following antibody binding then non-specific binding was blocked by the addition of 200 µl of PBS 1% BSA and incubation at room temperature for 2 h.  Plate was then washed again as above.  

The lyophilized standard recombinant protein was reconstituted in 0.5 ml of PBS 1% BSA (giving a concentration of 105 ng/ml and then diluted to 4000 pg/ml in PBS 1% BSA (19 µl standard plus 481 µl PBS 1% BSA) for OPG and 600 pg/ml for IL-6.   Following 15 mins agitation to reconstitute a 7 point 2-fold serial dilution curve by mixing 250 µl of top standard with 250 µl PBS 1% BSA and repeating with each standard down the curve.  Following completion of the blocking step the samples can be added to the plate.

100 µl sample or standard (diluted to the appropriate concentration for each assay) was added to the appropriate wells following a detailed plate map.  Plate was then incubated at room temperature for 2 h on the bench.  Following this the plate was washed as above.

To detect the protein of interest a biotinylated detection antibody was used to detect the protein and HRP conjugated avidin was added to bind to the biotinylated antibody.  Firstly, the lyophilized antibody was reconstituted in 1 ml of PBS and diluted to 200 ng/ml in PBS 1% BSA 2% heat inactivated normal goat serum.  100 µl per well was added to the plate and incubated at room temperature for 2 h.  The plate was then washed as above.

[bookmark: _Toc300313388]To detect the bound antibody 100 µl of 1:200 dilution of the HRP-streptavidin was added to each well and incubated at room temperature for 20 minutes in the dark followed by repeating the washing step.   100 µl substrate solution (DY999) was then added and incubate at room temperature for 20 mins in the dark.  Wells should go blue if protein is detected.

To stop the reaction, 50 µl 2 M sulphuric acid (H2SO4) was added, this will stop the development and convert the blue colour to yellow for reading at 450 nm.  Plate was then scanned on Varioskan reader set to 450 nm wavelength reading.

Using Graphpad prism software a 4-parameter logistic (4-PL) curve fit was created with the average of the standard readings.  Unknowns were then interpolated from standard curve to give results per sample in pg/ml.   Figure 2‑5 shows a representative standard curve data set from a Duoset ELISA.
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[bookmark: _Ref300313179][bookmark: _Toc494749392]Figure 2‑5  A representative standard curve from OPG ELISA

[bookmark: _Toc494749315]Immunohistochemistry
To analyse lung remodelling effectively it was essential to be able to visualize the lung vasculature to assess the level of changes in the cellular make-up of the pulmonary vessels through a series of stains and immunological visualisation techniques.  For looking at the pulmonary vasculature 3 different stains were used, smooth muscle actin for staining of the smooth muscle cells to define muscularisation of vessels, von Willebrand factor for staining of the endothelial layer to identify vessels and ABEVG for staining of tissue make up including, nuclei, muscle, elastin and mucins.  

Prior to cutting sections the wax block was trimmed using the microtome to find the perfused lung tissue to ensure there are 3 clear faces of tissue per section.  Using the microtome 5 µm sections were cut and transferred to a water bath at 38 °C to remove creases prior to mounting on a glass slide.  After cutting 10 sections from each block slides were dried overnight in the oven to ensure the tissue is securely stuck to the glass slide.

To de-wax the sections, slides mounted with wax embedded sections as described above were placed in xylene for 10 mins followed by 1 min in fresh xylene to remove wax from tissue. The tissue samples were then re-hydrated by passing through a range of alcohols as detailed here:
· 100% ethanol for 1 min
· 100% ethanol for 1 min
· 90% ethanol for 1 min
· 70% ethanol for 1 min
· 50% ethanol for 1 min

The slides were subsequently placed in running cold water to rinse and dabbed on a tissue to remove excess water.

[bookmark: _Toc494749316]Alcian Blue, Elastin and Van Gieson staining (ABEVG)
ABEVG stain was used to define areas of muscle in red, nuclei in pale blue, elastin is stained dark blue/black, collagen in pale pink and mucins are blue.  Columnar epithelial cells, which make up the epithelial layer of the airways show in a yellow/ brown.

Slides were de-waxed as described above and then following the running cold water they were dabbed on tissue to remove excess water before oxidization in potassium permanganate for 3 mins.   Slides were then immediately rinsed again in cold water until the water runs clear. To bleach the samples, they were immersed in oxalic acid for 3 minutes and then rinsed again in cold water.  

Immersion in Carazzi’s haematoxylin for 2 mins followed immediately by a few seconds immersed in acid alcohol was used to stain and differentiate the nuclei in blue.  Slides were then taken to running hot water to “blue” the stain for 5 mins.   Slides were immersed in Alcian blue for 5 mins then rinsed to clear in cold running water followed by 10 secs in 95% IMS, soaked in Millar’s elastin stain for 30 mins to stain the elastic laminar of the vessels followed by rinsing in water and a further 10 seconds in 95% IMS to be differentiated.  Slides were then rinsed in water and finally stained in Van Gieson for 6 mins to establish the collagen in red, red blood cells in yellow before a final rinse and dip in 100% ethanol before putting into xylene until ready to mount on coverslip using DPX mountant.

[bookmark: _Toc494749317]Immunological Von Willebrand factor, smooth muscle actin and pcna staining 
Slides were de-waxed as described above and then put under running cold water and dabbed on tissue to remove excess water before blocking of endogenous peroxidases by incubating in 3% hydrogen peroxide for 10 mins RT.  Following this antigen retrieval was necessary to expose antibody-binding sites.  For antigen retrieval vWF slides were trypsinised by incubation in 0.1% trypsin/TBS for 10 mins at 37 °C.  For PCNA antigen retrieval was performed using an incubation in pH6 citrate buffer for 20 minutes at 95 °C. This reaction was then stopped by immersion and rinsing in tap water.

To ensure the blocking of non-specific binding of the secondary antibody slides were incubated for 30 mins at room temperature in PBS 1% skimmed milk powder.  This was then tipped away and slides were incubated with primary antibody (Dako 1:300 A082 dilution in PBS for VwF and Dako M0851 1:150 dilution in PBS for SMA, Dako M0879 1:125 dilution for PCNA) for 1 h at room temperature.  Slides were then washed 3 times in PBS, for 5 min each prior to incubation with biotinylated secondary antibody (1:200 dil) for 30 mins, at room temperature.  Washing step was repeated as above, slides were then incubated with ABC complex (Vectastain Cat no. PK-6100) for 30 mins, at room temperature.  Washing step was again repeated as above, slides were then incubated with DAB solution (Vectorlabs Cat no. SK-4100) for 5 mins, at room temperature or until signal becomes strong.  Reaction was stopped by immersion and rinsing in tap water.

Nuclei were then counterstained by immersion in Carazzi’s haematoxylin for 2 mins.  Slides were then rinsed in water prior to dehydration of the tissue by passing through a range of alcohols as detailed here:
· 50% ethanol for 1 min
· 70% ethanol for 1 min
· 90% ethanol for 1 min
· 100% ethanol for 1 min
· 100% ethanol for 1 min
Following this, slides were immersed into xylene until ready to mount on coverslip using DPX mountant. Slides were then left to dry overnight before scanning. 

[bookmark: _Toc494749318]Slide scanning and analysis
Using the Zeiss Axio imager Z2 (catalogue no. 490016-0002-000) microscope the sections were scanned to digital images in an 8-slide stage using a 20X objective.  Shading correction (for tile stitching) and focus was set for each batch of slides.  Each section was named, compressed to 80%, stored and catalogued on University of Sheffield server.

To fully analyse vessel remodelling and inflammatory infiltrate in the lungs, sections were analysed and pictures taken of representative portions of the stained sections. This included ABEVG staining to confirm changes seen using vWF and SMA immuno-histochemical analysis.

To score the lungs for remodelling sequential sections were stained for vWF (for vessel endothelial staining) allowing for the quantification of vessel number per section and SMA to visualise muscle content in the vessel wall.  For an assessment of muscularisation total vWF positive vessels were counted and then vessels with partial SMA or a full ring of SMA were counted and displayed as a percentage of total vessel number. Changes seen in this manner were confirmed by ABEVG staining. 

Vessels were counted and grouped on their size – 
· Smaller than 50 µm in diameter
· 51 µm – 100 µm in diameter
· Greater than 100 µm in diameter

In these three groups, all vessels in a lung section were counted by their vWF staining. A sequential section stained with SMA was then counted for vessels that showed partial muscularisation (any SMA staining detected) or a full ring of SMA staining, this was considered fully muscularised.  

As a guide, I would expect almost all large vessels to be fully muscularised by the very fact that they are large and therefore require muscle to maintain their shape. Smaller vessels of less than 50 µm would contain almost no muscle layer, as these are single cell thick walls.

[image: ]
[bookmark: _Ref469400250][bookmark: _Toc494749393]Figure 2‑6 Average vessel muscularisation over entire cohort grouped by vessel size

As can be seen in Figure 2‑6 when analysed as an entire cohort the mean muscularisation of the vessels was as would be expected for this experiment and the vessels which showed the biggest scope in terms of ability to be further muscularised and indeed the regions where disease occurs is in the small distal vessel and therefore I chose these vessels to perform my further analysis on.

[bookmark: _Toc299796837][bookmark: _Toc494749319]Luminex multiplex cytokine magnetic bead assay
[bookmark: _Toc264115182][bookmark: _Toc284071185][bookmark: _Toc284165178][bookmark: _Toc288991701][bookmark: _Toc298672722][bookmark: _Toc299623270][bookmark: _Toc299796520][bookmark: _Toc299796838][bookmark: _Toc453436886][bookmark: _Toc454201612][bookmark: _Toc456206859][bookmark: _Toc456211639][bookmark: _Toc461798189][bookmark: _Toc461798320][bookmark: _Toc462826575][bookmark: _Toc464596952]Magplex© detection of plasma levels of protein takes advantage of antibody pairs that bind to different epitopes of the protein and so can be used in synchronicity to immobilise the protein to a colour coded bead and then detect proteins from liquid samples using flow cytometry-like techniques.

[bookmark: _Toc453436887][bookmark: _Toc454201613][bookmark: _Toc456206860][bookmark: _Toc456211640][bookmark: _Toc461798190][bookmark: _Toc461798321][bookmark: _Toc462826576][bookmark: _Toc464596953]Patient plasma samples were run using the 30-plex human cytokine magnetic assay (Life Technologies LHC6003M) as outlined below.

Standard curve was prepared by reconstitution of the Human 14-plex and the human 16-plex standards in assay diluent. Following 10 mins at room temperature these 2 standards were mixed together and rested for 5 mins further to create standard 1.  Using 1:3 dilution series a standard curve was serially diluted 150 µl of standard 1 through 6 dilutions of 300 µl of assay diluent given a 7 point 3-fold standard curve of all 30 analytes. 

Antibody beads were mixed using vortex and sonication prior to use for 30 secs each, immediately followed by pipetting 25 µl of beads into each well.   Wells were then washed twice with 200 µl of wash buffer as outlined below.

Following washing 50 µl of incubation buffer was added to each well followed by 100µl of standard into the standard wells or 50 µl assay diluent and 50 µl sample into sample wells.  Plate was then in incubated on an orbital plate shaker for 2 h at room temperature at 500 rpm.

Using a magnetic separator, beads were allowed to settle for 60 secs then washed with wash buffer twice. 

To begin analyte detection, the 1 x biotinylated detector antibody was prepared by adding 100 µl of biotin diluent to 10 µl biotinylated antibody per well.  Plate was washed twice as outlined above.  After washing 100 µl of the 1 x biotinylated antibody was added per well.  The plate was protected from light and incubated on an orbital plate shaker for 1 h at room temperature at 500 rpm. 1 x streptavidin-RPE solution was prepared by adding 100 µl of RPE-diluent to 10 µl streptavidin-RPE per well.

The plate was washed twice as outlined above and then added 100 µl of the 1 x streptavidin-RPE solution per well.  Plate was protected from light and incubated on an orbital plate shaker for 30 mins at room temperature at 500 rpm.  The plate was washed three times as outlined above.  

To read the assay 125 µl wash solution was added to each well and plate was protected from light and incubated on an orbital plate shaker for 2-3 Plate was read on the Luminex 200 instrument to analyse the samples. 

It can be seen from Figure 2‑7 that the matrix received from the machine can assess whether the run was successful.

Data was read and analysed using the Luminex software in pg/ml and transferred to the database used to track cohort changes over time.  Patients were grouped into disease types, time since first visit and medication taken. 

a [image: ] b [image: ]
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[bookmark: _Ref469487965][bookmark: _Toc494749394]Figure 2‑7 Representative control data from Luminex run
The batch report from the Luminex run to indicate the bead were in their correct regions with a high flow-through rate (a), the standard curve for the analyte (b) and the control verification run was successful prior to running the kit (c).


To assess the validity of this data quality control samples were run on each plate as this being such a large body of work it is important to determine that assays run were comparable. To do this 2 kit controls and one human serum control was run on every plate and the results assessed to ensure uniformity across plates and assess batch effects as shown below in Figure 2‑8.  
[image: ]
[bookmark: _Ref471293985][bookmark: _Toc494749395]Figure 2‑8 Representative image of plate QC data
Figure 2‑8 shows a representative image of the range of QC data across 3 plates of Luminex assays covering all the baseline samples run in this study.  It demonstrates that all controls from the QC kit were within the acceptable range and that the human samples run on all plates were closely matched across the plates showing no batch effects.

[bookmark: _Toc494749320]Statistics and calculations

All rtPCR presented in this thesis were made up column graph showing mean with error bars depicting +/- Standard Error of the Mean (SEM).  Statistical analysis was performed for comparison of treatment groups by ordinary one-way ANOVA using Tukey’s post-test for multiple comparison.  Value were deemed significant if p-value =>0.05 (**** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05).  The quoted n number refers to the number of experiments performed separately, duplicate or triplicate wells being performed and averaged on each occasion.

All data presented was parametric unless stated otherwise in the relevant data table.  

Power calculations for deciding on animal numbers to be used in chapter 6 were calculated based on 95% confidence and power of 80% with hypothesise difference being 15 mmHg and a population variance of 8 mmHg (Johnson et al., 2012).  This gave a group size of 6 to be used to power the experiment, as a disease penetrance of 50% we expected this was increased to 12 in the mutant groups.
[bookmark: _Toc247956057][bookmark: _Toc251179010][bookmark: _Toc260252016]

3 [bookmark: _Toc494749321]In vitro investigation of vascular bed specific IL-1ß responses

[bookmark: _Toc248911300][bookmark: _Toc249435676][bookmark: _Toc250625426][bookmark: _Toc250798781][bookmark: _Toc251179011][bookmark: _Toc260252017][bookmark: _Toc494749322]Introduction 
The involvement of inflammation in PAH is becoming more prominent in the field as research evolves and we see changes in members of the IL-1 pathway across a range of patient and animal model samples in the literature (Soon et al., 2010, Voelkel and Tuder, 1994).   Scleroderma patients who develop PAH have a much worse prognosis, although mortality rate at 1 year are similar to that of IPAH patients at 3 years the prognoses diverge with scleroderma patients showing increased risks of complication and death (Simonneau et al., 2013). This therefore argues for inflammation playing an important role in the disease mechanisms.

 PAH patients do not have concurrent systemic hypertension indicating differing molecular mechanisms involved in the regulation of blood pressure across the two vascular beds (Conway et al., 2001) (Paulin et al., 2011).  Methylation state of a gene has been shown to vary dependent upon its vascular origin, in particular SOD2 being shown to be differentially regulated in the PA vs Ao SMCs due to it altered methylation state between the 2 cell types (Archer et al., 2010). This gives a basis for investigating whether vascular origin will have a bearing on the cellular responses to IL-1ß stimulus and this could be key to understanding the disease more thoroughly.   

Recent work done in France has shown that IL-1R1/MyD88 signalling pathway is involved in PAH development and that animal models with this pathway blocked are protected from disease (Parpaleix et al., 2016).  Work has shown that inflammation could occur prior to remodelling in PAH (Vergadi et al., 2011).   Proliferating cells in the vascular wall may release mediators of inflammation and create a pathogenic microenvironment (Price et al., 2012).  These bodies of work come together to infer that there are elements of inflammation that are potentially being causative as well as elements being a response to disease state. 

Based on the literature and knowledge in our group it was deemed that using vascular SMCs would be the best way forward due to their involvement in vessel remodelling by proliferating and migrating as shown in Figure 1‑1 which would indicate a proliferative phenotype in pulmonary artery smooth muscle cells.  Investigating the role of IL-1ß signalling in this phenotypic change in these cells could further elucidate the role of IL-1ß in the pathogenesis of PAH.   

As a starting point for the investigation of my hypothesis that SMCs from the two vascular beds vary in their reactions to inflammatory stimulation by IL-1, whole mRNA transcriptome investigation of the 2 vascular beds and their reaction to IL-1ß stimulation was my main priority.  

[bookmark: _Toc248911301][bookmark: _Toc249435677][bookmark: _Toc250625427][bookmark: _Toc250798782][bookmark: _Toc251179012][bookmark: _Toc260252018][bookmark: _Toc494749323]Materials and Methods
[bookmark: _Toc251179013][bookmark: _Toc260252019][bookmark: _Toc494749324]mRNA microarrays and analysis
[bookmark: _Toc251179169][bookmark: _Toc251181750][bookmark: _Toc251182722][bookmark: _Toc251245806][bookmark: _Toc251246128]Agilent 8-plex single colour mRNA microarrays were performed on mRNA as described in methods section 2.4 extracted from smooth muscle cells originating from human pulmonary artery and aorta. Cells were cultured and quiesced for 48 hours in 0.1% FBS as described in the methods section 2.1.   

[bookmark: _Toc248911302][bookmark: _Toc249435678][bookmark: _Toc248475405]Analysis was performed in R software as described in section 2.9 (see appendix 1-5 for specific scripts).  Pathway analysis was carried out using raw data files input into R scripts using Signalling Pathway Impact Analysis (SPIA) for functional output. As described in section 2.5. Selected results were then validated by real time polymerase chain reaction (rtPCR) as described in section 2.6 of the materials and methods section.

[bookmark: _Toc250625428][bookmark: _Toc250798783][bookmark: _Toc251179019][bookmark: _Toc260252025][bookmark: _Toc494749325]Results
[bookmark: _Toc260252028][bookmark: _Toc494749326]Data analysis of microarray image files
Output files from the Agilent feature extraction software of the resultant scanned images (Figure 2‑4) were analysed using the programming language R as described in the materials and methods and by using the scripts adapted for use on my data and shown in appendix 1-5.   Full gene lists of all genes on the array were created.  These were then “cleaned” to keep all recognised official gene symbol genes altered by IL-1ß stimulation in the order of a log2 fold change of >1.
[bookmark: _Toc260252029]
[bookmark: _Toc494749327]IL-1ß induced transcriptome differences between the 2 vascular beds
Microarray analysis shows a differential mRNA transcriptome in response to IL-1ß stimulation when comparing both vascular beds.  Figure 3‑1 shows that of the 1235 genes significantly changed across both cell types, 444 genes are regulated by 6 hour IL-1ßstimulation in PASMC whilst 919 genes are IL-1ßregulated in smooth muscle cells from the aorta with only 128 genes being the same in both cell types (full gene lists in appendix 8-10).  

This method of analysis and visualisation of the data gives an indication of the overriding mRNA changes to stimulation of the smooth muscle cells with IL-1ß.
[bookmark: _Ref250388236][image: ]
[bookmark: _Ref255030601][bookmark: _Toc494749396]Figure 3‑1 Venn diagram of transcriptome differences in response to IL-1ß dependent upon vascular origin
mRNA expression patterns to IL-1ß stimulation in PASMC and AoSMC. Changes in mRNA showing a log2 fold change of >1 with an adjusted p value = <0.05.

[bookmark: _Toc494749328]Bioinformatics analysis of microarray data
Focus of analysis on PAH
To narrow down the genes for further investigation the gene lists were merged with a known list of genes involved in PAH taken from the published list (Parikh et al., 2011) and adapted to include recent target discoveries, and the resultant lists taken for further investigation. Table 3‑i and Table 3‑ii show the PAH relevant genes that are altered in different cells in response to IL-1ß stimulation and the overall indication is that smooth muscle cells from the systemic vascular bed are more responsive to IL-1ß stimuli whereas the pulmonary cells show a dampened response to the inflammatory insult of IL-1ß.



	Ao ONLY
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	
	AGER
	-1.65
	7.39
	0.002

	
	APLNR
	-1.45
	6.06
	0.006

	
	BMP7
	-1.19
	7.58
	0.003

	
	CDKN1A
	1.14
	6.66
	0.008

	
	CDKN2B
	-1.94
	7.20
	0.005

	
	GUCY1A3
	-1.03
	6.58
	0.007

	
	KCNK3
	-1.04
	5.75
	0.003

	
	MMP9
	1.10
	6.01
	0.002

	
	NFATC2
	-1.61
	11.63
	8.02E-05

	
	PDGFB
	-1.18
	7.69
	0.038

	
	PFKFB3
	-1.23
	10.8
	0.012

	
	RUNX2
	-1.27
	9.52
	0.001

	
	SMAD3
	1.09
	8.77
	0.001

	
	TRAILR2
	1.15
	7.80
	0.002

	
	OPG
	1.37
	9.74
	0.0001

	
	RANKL
	-1.28
	6.29
	0.003

	
	TRAF1
	1.22
	5.81
	0.0002

	
	VEGFA
	1.08
	7.35
	0.002

	
	VHL
	1.36
	8.46
	0.001


[bookmark: _Ref250731223][bookmark: _Toc494749435]Table 3‑i PAH relevant genes altered by IL-1ß stimulation in AoSMCs
	PA ONLY
	Gene
	logFC.PA
	AveExpr
	adj.P.Val

	
	BID
	1.5
	12.6
	2.00E-04

	
	BMP4
	-1.1
	7.1
	4.00E-04

	
	CCL5
	2.6
	6.7
	0.0034

	
	DAXX
	1.1
	11.9
	0.0035

	
	EGFR
	1.3
	9.6
	1.00E-04

	
	IL1RN
	2.4
	9.4
	0

	
	MAP3K5
	1.5
	9.9
	0.0011

	
	SOCS2
	-2.3
	10.4
	0

	
	TRAIL R3
	-1
	8.8
	0.0017

	
	VCAM1
	2.1
	8.1
	0.0161

	
	VIPR1
	-1.8
	7.3
	0.0453


[bookmark: _Ref250731340][bookmark: _Ref299021808][bookmark: _Ref299021814][bookmark: _Toc494749436]Table 3‑ii PAH relevant genes altered by IL-1ß stimulation in PASMCs
[bookmark: _Toc260252031]

OPG TRAIL axis
Table 3‑i and Table 3‑ii show that on this platform AoSMCs display increased expression of OPG and TRAILR2, which does not occur in the pulmonary derived cells when stimulated in the same way. AoSMCs also show a decreased expression of the OPG competitor molecule receptor activator of nuclear factor kappa-B ligand (RANKL) to IL-1 stimulation that does not occur in PASMCs under the same conditions.

Concurrent to this lack of increases in OPG and TRAILR2 expression and no decrease in the RANKL, PASMCs show a down-regulation of TRAILR3. Together these observations show a four-pronged alteration in the TRAIL-OPG axis in reaction to IL-1 stimulation of SMC between the 2 different vascular beds.

[bookmark: _Toc260252032]IL-1 receptor antagonist
Another interesting difference between the two cell types in the array results is the significant up-regulation of the competitive protein IL-1 receptor antagonist (IL1RA / gene name IL1RN) in PASMC, there is a log2 fold increase of 2.4 with no change in AoSMCs (Table 3‑ii).  

This could be responsible for the lack of inflammatory response in PASMCs to IL-1ßstimulating a positive feedback of IL-1ß on its own production hence shortening the exposure period of the cells to the inflammatory ligand and therefore dampening any inflammatory signalling or preventing a proliferative response to IL-1ß stimulation.

[bookmark: _Toc260252033]Adhesion molecules
An up-regulation of typical inflammatory response molecule ICAM1 in both cells types and an up-regulation of VCAM1 in PASMCs on this platform show an increase in cell-cell junctions.

[bookmark: _Toc260252034]BMP pathway molecules
BMP2 is up-regulated in response to IL-1ß stimulation in both cell types. .In AoSMCs there is a down-regulation of BMP7 whereas in PASMC there is no down regulation of BMP7 but there is a down regulation of BMP4.  Other BMP pathway molecules altered by IL-1ß stimulation include an up-regulation of SMAD3 but a down regulation of RUNX2 (a downstream marker of BMPR-II activity) in AoSMCs only.  HHIPL2 is also down regulated in AoSMCs.

[bookmark: _Toc251179021][bookmark: _Toc260252035][bookmark: _Toc494749329]Commonly regulated genes
An analysis script was written in R to display a heat map of all genes that show altered mRNA expression to IL-1ß in both AoSMC and PASMC showing a log2 fold change of >1 with an adjusted p value = <0.05 (Appendix 1).  128 of these genes are IL-1ß regulated in both cell types.  Of these common genes 7 are regulated in opposing directions and a further 20 are regulated in a manner where the IL-1ß induced expression of that gene is amplified (by a log2 fold change of greater than 1) by difference in vascular origin.  These genes are of significant relevance as differences in these are listed in Appendix 8 with commonly regulated in the same direction coloured green and those in opposing directions coloured orange.

[bookmark: _Toc260252038]Focus of analysis of common genes on PAH
As with the PASMC and AoSMC the commonly regulated genes list were merged with a known list of PAH relevant genes and the resultant lists taken for further investigation (Table 3‑iii).

[bookmark: _Toc260252036]Common genes less responsive to IL-1ß in PASMC compared to AoSMC
The common IL-1ß regulated genes that display decreased expression by a log2 fold change >1 in PASMC compared to AoSMCs are CSF3, CXCL5, CXCL6, ICAM1, IL6, PTK2B and SOD2.

[bookmark: _Toc260252037]Common genes more responsive to IL-1ß in PASMC compared to AoSMC
The common IL-1ß regulated genes that show increased expression levels by a log2 fold change of > 1 in PASMC compared to AoSMCs include PAH-relevant genes IL-1ß, IL8, LIF, TNFAIP3 and TNFAIP6. 



	COMMON
	Gene
	logFCPA
	logFC.Ao
	PA-Ao

	
	ABL1
	1.06
	1.04
	0.02

	
	BIRC3
	4.35
	5.28
	-0.92

	
	BMP2
	2.64
	2.01
	0.63

	
	MCP-1
	3.18
	3.75
	-0.56

	
	GCH1
	3.02
	2.09
	0.92

	
	ICAM1
	2.00
	4.71
	-2.71

	
	IL1A
	3.24
	3.04
	0.20

	
	IL1B
	4.80
	1.81
	2.99

	
	IL6
	3.35
	5.96
	-2.61

	
	IL8
	5.56
	2.23
	3.32

	
	NFKB1
	2.27
	1.83
	0.43

	
	NFKB2
	1.77
	2.37
	-0.60

	
	NFKBIA
	2.43
	2.84
	-0.40

	
	RIPK2
	1.91
	1.65
	0.26

	
	SOD2
	1.84
	3.18
	-1.34

	
	TNC
	2.05
	1.30
	0.75


[bookmark: _Ref492907736][bookmark: _Toc494749437][bookmark: _Toc260252040]Table 3‑iii PAH relevant genes significantly altered by IL-1ß stimulation in both PASMCs and AoSMCs

[bookmark: _Toc260252039]Differences in IL-1ß feedback loop
One of the most striking differences between the common genes from the 2 vascular beds is the loss of most of the positive feedback induction of IL-1ß mRNA expression when compared to stimulation with IL-1ß in the aortic cells. PASMCs show more IL-1ß mRNA levels in this platform than the AoSMCs by a log2 fold change of 3.  This amounts to an 8-fold increase in the IL-1ß mRNA levels in PASMC compared to AoSMCs.  This increase in the positive feedback loop in the pulmonary SMC could be responsible for many of the differences seen in the 2 cells types responses to IL-1ß.  Both cell types produce IL-1 mRNA when stimulated with IL-1ß.

Inflammatory cytokine differences between vascular beds
Another interesting inflammatory anomaly between the two cells types is that there is a switch in the dominant cytokine produced from IL-6 in the systemic cells to IL-8 in the pulmonary derived cells.  There is also a large up-regulation of the cytokine IL-11 in PASMC when stimulated with IL-1ß that does not occur in systemic SMCs.

The results demonstrate that the systemic vasculature has a more pro-inflammatory transcriptional response to stimulation with IL-1ß than the smooth muscle cells of pulmonary origin.

[bookmark: _Toc248475406][bookmark: _Toc251179022][bookmark: _Toc260252041][bookmark: _Toc494749330]Pathway analysis of mRNA array results
Bio-informatics analysis of the involvement of whole pathways was carried out using raw data files input into R scripts using SPIAi for functional output. SPIA takes all gene information from the array output file and cross references it against all annotated pathways in the KEGG registry and determines which genes in a particular pathway are altered and how much effect that would have on the pathway giving a plot of the level of perturbation in the pathway.  

SPIA also determines the number of genes altered in each pathway to give an indication of the enrichment in that pathway and then plots these against each other to give an overall determination of how much that pathway is altered by conditions and in which direction those changes would alter the pathway, either inhibiting or activating it.
[bookmark: _Toc260252042]Systemic SMC pathway alterations
Systemic SMC from human aorta show a normal pathway activation profile for stimulation with the pro-inflammatory cytokine IL-1ß. Activation of pathways involved in inflammation and cytokine receptor interactions are altered along with their downstream processes including Jak-STAT signalling pathways (Figure 3‑2). These cells show canonical IL-1 responses with induction of IL-6, IL-8 and NF-kB all showing pathway activation.

SPIA is an R method for determining the amount of disruption to all the known annotated pathways under study condition.   Each pathway is denoted by a point on the graph, the y and x axes show accumulation of evidence that each pathway is altered under the conditions being assessed.  Therefore, the total accumulated pathway perturbation is shown by the data point.  

Pathways being nearer to the top right of the graph are most perturbed whilst points closer to the bottom right for the least altered pathways, shown in Figure 3‑2 and Figure 3‑3. The red solid line on the graph denotes the cut off for those pathways altered with 95% confidence after correction using Bonferroni, the blue solid line is for those pathways altered with 95% confidence after false discovery rate (FDR) correction. The hashed lines are threshold using the same method but for each individual axis data (Tarca et al., 2009).

The pathways perturbed are then listed with their corresponding numbers from the SPIA graph shown in Table 3‑iv and Table 3‑v.  Pathways written in blue are those considered significantly (95% confidence) altered after FDR correction and those in red are those considered by the same confidence to be altered following Bonferroni correction.



[image: ]
[bookmark: _Ref250637711][bookmark: _Toc494749397]Figure 3‑2 Pathway analysis performed using signalling pathway impact analysis (SPIA) pathway analysis software on IL-1ß stimulated in AoSMCs
Using SPIA code in R (appendix) all gene information from the AOSMC arrays are taken into account and cross-referenced against known pathways in KEGG. The Y-axis shows degree of pathway perturbation (PERT) against the X-axis plotting the number of differential expressed genes (NDE) and each point on the graph is pathway expressed as a pathway number (see Table 3‑iv for pathway decode).
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[bookmark: _Ref297888420][bookmark: _Ref297888413][bookmark: _Toc494749438]Table 3‑iv pathways differentially expressed in AoSMC to IL-1ß stimulation analysed by SPIA analysis in R

[bookmark: _Toc260252043]Pulmonary SMC pathway alterations 
Identical analysis was carried out on the array output files from IL-1ß stimulation of PASMCs.  This analysis showed a different pathway profile to the systemic cells.  Interesting differences include the alteration of the apoptosis pathway, MAP kinase, inflammatory cell receptor signalling, toll like receptor pathways and hematopoietic cell lineage pathways. 
[image: ]
[bookmark: _Ref250637175][bookmark: _Toc494749398]Figure 3‑3 Pathway analysis performed using signalling pathway impact analysis (SPIA) on IL-1ß stimulated in PASMCs
Using SPIA code in R (appendix) all gene information from the PASMC arrays are taken into account and cross-referenced against known pathways.  The Y-axis shows degree of perturbation (PERT) against X-axis plotting the number of differential expressed (NDE) genes and each point on the graph is pathway expressed as a pathway number (see Table 3‑v for pathway decode).
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[bookmark: _Ref300910992][bookmark: _Toc494749439][bookmark: _Toc251179023][bookmark: _Toc260252044]Table 3‑v Pathways differentially expressed in PASMC in response to IL-1ß stimulation analysed by SPIA in R
As an aid to understanding I generated a heat map of the SPIA data and confirmed that the 2 most activated pathways were chemokine and cytokine signalling (Figure 3‑4) along with other canonical signalling pathways such as NF-kB, MAPK and Jak/STAT signalling. 




[image: ] 
[bookmark: _Ref462913847][bookmark: _Toc494749399]Figure 3‑4 heat map of pathways significantly altered by IL-1ß in PASMCs compared to AoSMCs other than activation of cytokine and chemokine pathways.
Altered pathways discovered using SPIA with significant changes to IL-1ß stimulation in PASMC were compared with the AoSMC IL-1ß responsive pathways changes to generate heat map indicating their activation or inhibition in each cell type. Changes in mRNA showing a log2 fold-change of >1 with FDR adjusted p-value = <0.05.  tA = total accumulated pathway perturbation.  



[bookmark: _Toc494749331]Validation of array results
Microarray analysis of the transcriptome changes gives an overview of the cellular response to IL-1ß but results must be validated using other molecular methods to gain confidence that the differences detected are reproducible and not an anomaly of the platform used. Validation was performed for PASMC on 9 samples run on the arrays plus 4 independent samples. For the AoSMC validation was performed on 11 independent samples from 2 separate lot number batches of cells and an overview of the results are shown in Figure 3‑5.

[image: ]
[bookmark: _Ref451630028][bookmark: _Toc494749400]Figure 3‑5 heat map of rtPCR panel log changes in PASMC and AoSMCs
Heat map representation of mRNA analysis by real time quantitative PCR undertaken in this chapter and detailed below.   n=13 for each PASMC point and n=11 for each AoSMC point run in duplicate on ABI7900 real time PCR machine.

Validation of array results for inflammatory cytokines
As a well-documented IL-1ß induced cytokine IL-6 was chosen as a good starting point in the validation of microarray results.  IL-6 mRNA was shown to be up-regulated by IL-1ß stimulation in both cell types on the array.  

As shown in Figure 3‑6 IL-6 mRNA expression in both cell types upon stimulation with IL-1ß was confirmed by rtPCR and showed a much greater up-regulation than previously seen by array, particularly in the aortic cells.  IL-1a shows a similar profile to IL-6 under these conditions, IL-1 receptor antagonists IL-1RN however shows contrasting results to those seen in the array analysis with no induction of expression in response to IL-1ß but a 25-fold higher level of mRNA expression in the cells from the systemic vasculature.
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Figure 3‑6 IL-1IL6 and IL-1RN mRNA expression levels in AoSMC and PAMSCs to stimulation with IL-1ß 
mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of IL-1 is significantly increased in AoSMCs but does not reach significance in PASMC (a). IL-6 is significantly increased in both systemic and pulmonary arterial SMCs but with a significantly higher induction in aortic cells when compared to cells from the pulmonary vascular bed (b). IL-1RA is not induced by IL-1ß in either cell type but shows a 25-fold higher basal expression level in systemic cells (c).  n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (*= p<0.05, *** = p<0.001, **** = p<0.0001).


Validation of array results for BMP signalling cascade members
Due to the disease relevance of the BMP signalling pathway, it was thought prudent to analyse the effects on other members of the BMPR-II signalling pathway.

BMP4 is a ligand for BMPR-II receptor and has anti-inflammatory and anti-proliferative properties under normal conditions on systemic cells, this was one of the few BMPR-II ligands to be shown to significantly change in the array data analysis and therefore it was deemed of interest to validate those results.  

BMPR-IA is a co-receptor to BMPR-II, upon stimulation of BMPR-II the receptor links to a type 1 receptor and phosphorylates it, this in turn goes on to signal through the BMP signalling cascade.

Similar to BMPR-IA in its interaction with BMPR-II; TGFßR1 (also known as ALK5) is a co-receptor to BMPR-II, upon stimulation of BMPR-II the receptor links to this type 1 receptor and phosphorylates, however this receptor in turn goes on to signal through the TGFß cascade.

As shown in Figure 3‑7 BMP4 and BMPR1A are unchanged by IL-1ß stimulation in either PA or AoSMCs.  It can also be seen that TGFßR1 (ALK5) is increased by Il-1ß stimulation in AoSMCs but not in PASMCs.
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[bookmark: _Ref251244750][bookmark: _Toc494749402]Figure 3‑7 BMP4, BMPR1A and TGFBR1 expression in response to IL-1ß in PASMC and AoSMC
mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of BMP4 (a) and BMPR1A (b) are not significantly responsive to IL-1ß stimulation in either pulmonary or systemic SMC. TGFBR1 (ALK5) (c) is induced by IL-1ß in systemic cells but not in cells from the pulmonary vascular bed.  n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (** = p<0.01).

Validation of array results in cell adhesion molecules
Adhesion molecules are involved in inflammation on many levels one of which being their role in attracting macrophages to the vessel wall.  Literature implicating adhesion molecules in the cellular changes caused by loss of BMPR2 shows interesting changes in disease and therefore it was decided to perform rtPCR validation of adhesion molecule changes. 

ICAM1 is increased by Il-1ß stimulation in both PA and AoSMCs and it can be seen that the IL-1ß induced upregulation is significantly increased in AoSMCs when comparing them to PASMCs.  This pattern is mirrored in the regulation of VCAM1.
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[bookmark: _Ref284144738][bookmark: _Toc494749403]Figure 3‑8 ICAM1 and VCAM1 mRNA expression in response to IL-1ß in PASMC and AoSMC
mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of ICAM1 is significantly responsive to IL-1ß stimulation in both pulmonary and systemic SMC (a).  VCAM1 is induced by IL-1ß in systemic cells but not in cells from the pulmonary vascular bed (b).  n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, **** = p<0.0001).


Validation of array results for PDGF receptor family
PDGF is a known mitogen of vascular smooth muscle cell and has long been implicated in disease pathogenesis as areas of vessel remodelling and PAH lesions show a proliferative cellular phenotype with increases seen in the PDGF pathway activation. With the addition of recent attempts to bring a PDGF antagonist to the market as a patient treatment albeit with toxicity issues which halted the human trials, there did seem to be some patient benefit.  As such it was decided to assess proliferative pathway changes in the cells by looking at receptors of the PDGF family and assess how vascular bed origin determines the response to IL-1ß stimulation.

PDGF receptors A and B are unaltered by IL-1ß stimulation in either cell type as shown in Figure 3‑9.
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[bookmark: _Ref493535923][bookmark: _Toc494749404]Figure 3‑9 PDGF receptors a and b mRNA expression in response to IL-1ß in PASMC and AoSMC.
mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of PDGFRa (a) and PDGFRb (b) are not significantly altered in either pulmonary and systemic SMC. n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine.


Validation of array results on other known PAH relevant genes
Mutations have been seen in several genes in genome wide association studies (GWAS) studies in the field and it was deemed prudent to validate results on a number of these genes in this study along with other interesting genes linked to disease therapies.
 
CAV1 is a gene that has been recently found to contain a mutation in a family of PAH sufferers and mutation carriers.  This gene is involved in the ubiquitination and degradation of proteins in the caveolae through its regulatory role in marking many proteins, including BMPR-II, for degradation. 

Another interesting molecule is vasoactive intestinal peptide receptor 1 (VIPR1) as it is a receptor for the neuronal peptide VIP that is involved in smooth muscle relaxation and involved in ion flux and has been implicated in PAH through genetic mutations in patients with disease.  Finally, as phosphodiesterase 5 inhibitors are one of the first line drugs in the clinic for the treatment of PAH so changes seen in PDE5A on the array were of interest and worth further investigation. 

As shown in Figure 3‑10 CAV-1 and PDE5A are unaltered by IL-1ß stimulation in either cell type.  VIPR1 is down regulated in PASMCs by IL-1ß stimulation whilst at baseline AoSMCs show greatly reduced expression of VIPR1 in unstimulated cells.
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[bookmark: _Ref493536046][bookmark: _Toc494749405]Figure 3‑10 CAV-1, PDE5A and VIPR1 mRNA expression in response to IL-1ß in PASMC and AoSMC
mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of CAV-1 is moved towards being increased in systemic smooth muscle cells in response to IL-1ß but this does not reach significance using this analysis (a).  PDE5A is not significantly altered in pulmonary nor systemic SMC (b), VIPR1 mRNA expression is significantly higher at baseline in PASMCs compared with AoSMCs.  It is significantly reduced by stimulation with IL-1ß in PASMCs, there is no change in levels in systemic SMC (c).  n=11 for each aortic (AO) cell and N=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, *** = p<0.001).

Validation of array results on known OPG – TRAIL axis genes 
The OPG-TRAIL axis has been implicated in disease recently with papers in the literature and interest in the protein within our group.  OPG is a known mitogen of pulmonary arterial smooth muscle cells and is thought to work in an axis with Fas, TRAIL and its receptors to affect proliferation and migration of disease relevant cell types.

As shown in 
Figure 3‑11 Figure 3‑11 TRAIL and its receptors TRAILR1 and 3 are unchanged in either cell type by stimulation with IL-1ß, however, OPG, Fas and TRAIL R2 are upregulated by IL-1ß stimulation in aortic cells only.
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[bookmark: _Toc494749406]Figure 3‑11 OPG, TRAIL, Fas and TRAIL Receptors 1, 2 and 3 mRNA expression in response to IL-1ß in PASMC and AoSMC
[bookmark: _Toc248475408][bookmark: _Toc251179024][bookmark: _Toc260252049]mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of OPG (a), Fas (c) and TRAIL receptor TRAILR2 (e) are significantly increased in systemic smooth muscle cells in response to IL-1ß.  This effect is not present in pulmonary cells. TRAIL (b)  and two associated receptors TRAILR1 (d) and R3 (f) are not significantly altered in either pulmonary and systemic SMC.  n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, **** = p<0.0001).


Validation of array results on cellular metabolism related genes
Cellular metabolism has been implicated in a number of diseases in recent literature and its involvement in PAH is being widely investigated so metabolic changes in cells were considered to be worth investigating in this case to analyse the effects of IL-1ß stimulation on metabolic markers GLUT1 and SOD2.

Both Glut1 and SOD2 are increased by IL-1ß stimulation in aortic cells with Glut1 being also increased by stimulation PASMCs as shown in Figure 3‑12 .
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[bookmark: _Ref493536413][bookmark: _Toc494749407]Figure 3‑12 GLUT1 and SOD2 mRNA expression in response to IL-1ß in PASMC and AoSMC

mRNA analysis by real time quantitative PCR shows IL-1ß induced expression of GLUT1 (a) and SOD2 (b) are significantly responsive to IL-1ß stimulation in both pulmonary and systemic SMC with the exception of SOD2 in PASMC.  n=11 for each aortic (AO) cell and n=13 for each pulmonary arterial (PA) cell point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (** = p<0.01, **** = p<0.0001).

[bookmark: _Toc248911303][bookmark: _Toc249435679][bookmark: _Toc250625429][bookmark: _Toc250798784][bookmark: _Toc251179025][bookmark: _Toc260252051]

[bookmark: _Toc494749332]Discussion
Literature shows that PAH patients display a raised inflammatory serum cytokine profile (Soon et al., 2010). In this chapter I investigated whether raised IL-1ß, would have any disease relevant impact in the lung vasculature. This could then be used to answer whether this a worthwhile route to investigate disease initiation and pathogenesis.

In particular, I investigated whether raised IL-1ß had different effects on smooth muscle cells from the two vascular beds, pulmonary and aortic with the hypothesis that a differential response could at least in part help explain the pulmonary specific nature of the hypertension in this disease (Conway et al., 2001, Paulin et al., 2011).

A transcriptomic study in 2002 of coronary artery smooth muscle (CASMC) and endothelial cells (EC) showed similar findings to those shown here.  In their study 10 ng/ml IL-1ß treatment given to cells in vitro, albeit for 24 hours, showedresulted in an increased inflammatory mRNA profile in CASMC and ECs by microarray in response to IL-1ß as well as TNF stimulation (Bandman et al., 2002). However, they did not validate their findings using PCR and a comparison between pulmonary and aortic smooth muscle cells had not previously been performed.  

Using a similar microarray approach, I have shown that smooth muscle cells from the systemic and pulmonary vascular beds have a differing IL-1ß responsive mRNA transcriptome. Systemic smooth muscle cells showed a greater inflammatory mRNA response to IL-1ß stimulation than those derived from the pulmonary vascular bed with more than double the number of annotated genes being regulated by IL-1ß in systemic cells compared to pulmonary cells.  

In PAH microarray analysis performed on PASMC the dysregulation of proliferation and cell cycle pathways in patient cells compared to controls was identified (Yu et al., 2015).  My data confirms these “normal” PASMC findings in response to IL-1ß, and further compares them to changes seen in aortic SMCs.

To identify the most altered signalling pathways I used the SPIA bio-informatic approach utilising R to demonstrate that at the whole cell and individual gene level, the cellular response to IL-1ß in the aortic SMC is significantly different to that of the pulmonary SMC. 

The fact that cytokine – cytokine receptor interactions was the most significantly activated pathway in both cell types following IL-1ß stimulation gave confidence in the analysis settings and allowed judgments to be made on the basis that the analysis and the array platform is working correctly and the data reliable.  

Pathways that showed significant differential activation in the systemic SMC compared to pulmonary SMCs interestingly included “pathways in cancer” and other pathways involved in infection.  All of these pathways are pro-inflammatory and pro-proliferative suggesting that normal pulmonary SMC exhibit suppressed inflammatory activation compared to aortic SMCs. 

The activation of the apoptosis pathway in the pulmonary derived cells stimulated with IL-1ß is interesting. This may give insight into a potential mechanism for the lack of proliferative response to IL-1ß in these cells by our group in experiments prior to this body of work (appendix 12). It has been shown that activation of apoptosis is essential for treatment of remodelling in this disease in the MCT rat model (Hameed et al., 2012a), in the Sugen-5416 hypoxic rat model (Nickel et al., 2015), in mice with endothelial cell deletion of BMPR2 (Spiekerkoetter et al., 2013) and a BMPR2 mutant knock-in model of PAH (Long et al., 2015). Understanding this pathway could aid in understanding why dysfunction of this pathway could lead to pulmonary vascular disease.

Validation of the mRNA array data was carried out using real time PCR to ensure no platform specific effects were skewing conclusions drawn from the data. In most cases patterns seen in the array were validated by the rtPCR.  Inflammatory molecules IL-6, ICAM1, SOD2 and IL-1a showed matching patterns in the real-time PCR that they had in the arrays. 

VCAM1 however did not display matching data in the array and rtPCR but the PCR data did match the array data we have for the adhesion molecules and inflammatory molecules and it has been shown in other literature that IL-1ß and other inflammatory cytokines can increase VCAM1 expression (Quillard et al., 2008, Verginelli et al., 2015).  It is my conclusion that the array data in this case is less reliable as it does not match rtPCR data or established findings in the field for IL-1ß and similar biological molecules and shows the necessity for always validating array data.  

Increases in the canonical targets of IL-1ß such as inflammatory cytokines and adhesion molecules seen in both cell types show that signalling was functioning in cells from both vascular beds in line with literature (Weber et al., 2010).  I showed, however, that this is less pronounced in the pulmonary cells which has not previously been investigated in PAH. I demonstrated Fas to be highly upregulated in the AoSMCs it could therefore be involved in a positive feedback in the systemic cells that could explain some of the differences seen in the two cell types. 

Conclusions drawn from those molecules involved in the OPG-TRAIL axis validated well. This family is interesting as OPG is a known mitogen of smooth muscle cells (Lawrie et al., 2008) and as a decoy receptor for TRAIL. OPG can therefore inhibit TRAIL induced apoptosis in cancer cells (Van Poznak et al., 2006, Emery et al., 1998).  It has also been shown that Fas is involved in non-canonical pro-IL-1ß cleavage either independently (Miwa et al., 1998) or through the activation of Caspase 8 (Bossaller et al., 2012). 
 
Other array data validated by PCR was the down regulation of VIPR1 in PASMC which has disease relevance due to the VIP mutations seen in some disease patients (Haberl et al., 2007).  VIP is a neurotransmitter which can induce vasodilation in the pulmonary and systemic vasculatures (Petkov et al., 2003).  A reduction in its expression in the pulmonary vasculature in response to IL-1ß could cause vasoconstriction leading to raised pressure in this circumstance. 

There were 2 further changes by array that did not validate when real time PCR was performed; the up-regulation of IL-1 receptor antagonist in PASMC to IL-1ß stimulation was not seen in PCR and BMP4 mRNA level being down 2-fold to IL-1ß stimulation. Interestingly an article by Yu et al., in 2002 saw significant increases in BMP4 to IL-1 and TNF stimulation by array, however they did not validate this response so it is difficult to know whether we confirm their changes or whether this is a platform-specific phenomenon.  

In this chapter I report that smooth muscle cells from the pulmonary and systemic vasculature have a different transcriptome response upon stimulation with IL-1ß. This is most notable in its differences in the inflammatory, proliferative and migratory pathways with PASMC showing much reduced activation of these pathways than the systemic vascular smooth muscle cells.  

 To my mind the constant inflammatory assault on the lung during breathing necessitates a dampened response to inflammatory stimuli when compared to the closed system of the systemic vasculature.  These data, therefore, align with this theory of inflammatory suppression in the pulmonary vascular smooth muscle layer and this could be an interesting place to begin investigation into new targets for understanding disease pathogenesis.


The limitations of results shown in this chapter include the fact that the commercial cells available are not from a defined region of the lung and it would be advantageous given that PAH is a disease of the distal lung.  In the future, I think it would be useful to repeat experiments on cells confirmed as taken from the distal region of the lung if they become available.  

The process of doing arrays means choosing a time point at which to perform the mRNA microarray, by choosing a 6-hour time-point I was aiming to capture the ideal time to assess RNA changes due to the IL-1 stimulation alone before feedback loops and down-stream changes to take effect.  Some Preliminary data was achieved by comparing 6 and 24 hours in IL-6 and BMP4 mRNA reactions to IL-1ß stimulation (See appendix 7).

Another limitation of this data is the fact that I have not replicated this work in protein detection.  Due to the fact that sometimes mRNA changes are not transcribed to changes in protein level, it is important to investigate these changes in protein levels (Okamoto et al., 1998). 

To allow this work to show its full meaning in disease, protein validation will need to be done in the future.  Protein levels of these some molecules I look at here have been demonstrated in the literature in response to IL-1ß. 

IL1-a, ICAM1 and IL-6 are well characterised proteins responsive to IL-1ß stimulation and part of the IL-1ß signalling cascade (Dinarello et al., 2012).  OPG protein levels are increased by IL-1ß in VSMC (Zhang et al., 2002), I, therefore note that whilst there is a limit to what can be inferred from the mRNA data in this chapter alone, I feel that given the nature of the proteins looked at and information in the field that future work to demonstrate these changes would be interesting and worth pursuing.

In work in our lab it has been shown that when a paigen-fed mouse model of PAH and atherosclerosis is given IL-1RA then their levels of IL-6 and OPG are reduced demonstrating IL-1 dependent mechanisms for their increase in disease (Lawrie et al., 2011).  Some of the other molecules in this chapter have not currently been demonstrated to show increases in response to IL-1ß so following up on this initial data could yield novel data regarding changes in protein level.

This would be an interesting avenue to follow up infor future work, however for the purposes of this study mRNA transcriptomic changes were being studied and validated in separate cells and whilst I would be very interested to understand which alterations are transcribed to protein changes this work was not within the confines of this study.the purpose of the mRNA qPCR was technical validation to prove the array results were valid and conclusions could be drawn from them about the transcriptomic changes occurring in the cells.  


This being said, I would be interested to understand which alterations are transcribed to protein changes as this would show meaningful changes in proteins levels acting on the cells in disease.  

4 [bookmark: _Toc251179026][bookmark: _Toc260252052][bookmark: _Toc494749333]In vitro analysis of the effect of BMRP2 silencing on IL-1ß responses in PASMC and AoSMC

[bookmark: _Toc248911305][bookmark: _Toc249435681][bookmark: _Toc250625431][bookmark: _Toc250798786][bookmark: _Toc251179027][bookmark: _Toc260252053][bookmark: _Toc494749334]Introduction 
As stated in Chapter 1 BMPR-II protein levels are lowered in lungs of PAH patients with or without detected BMPR2 mutation (Atkinson, 2002). 

Using the online resource of GeneMania™ software I wanted to investigate the possible inter-relationships between IL-1ß and BMPR-II protein signalling cascade. This method showed there to be some overlap in normal BMPR-II and IL-1ß signalling. There are no direct interacting proteins between these pathways but links through co-expression and co-localisation are common and show that cross talk between the two pathways is possible due to spatial and temporal proximity of elements of these pathways as shown in Figure 4‑1.   These include the disease relevant gene CAV-1.

Whilst BMPR2 gene mutations are undoubtedly very important and can form a large part of disease pathogenesis in patients who carry them, the pathobiology of this disease is extremely complicated.  As seen in chapter 1 it is increasingly suggested that inflammation may play a role in disease with the “second hit” hypothesis fitting in with current theory that genetics and environment both play a part in disease stimulation (Song et al., 2005). The links to inflammatory disease and its poor prognosis for those suffering from PAH as a complication of pre-existing scleroderma also adding credence to the links between PAH and inflammation.  Building on this new evidence I am looking at the downstream IL-1ß response in inflammation under conditions of reduced BMPR2 signalling.

Having shown in chapter 3 that there is a vascular bed specific transcriptome to IL-1ß stimulation, I hypothesise that the altered IL-1ß signalling in the pulmonary vascular bed investigated will interact with dysfunctional BMPR2 signalling occurring in patients to act as a ‘second hit’ to promote a pathogenic phenotype in the pulmonary artery smooth muscle cells. 

To investigate this hypothesis, transcriptome analysis of PASMC will be performed in the presence and absence of functional BMPR2 by single colour microarray on mRNA from cells transfected with silencing RNA to interfere with BMPR2 expression.  Following microarray and pathway analysis to elucidate “whole cell” changes any alterations discovered were validated by real time PCR and western blotting techniques to ensure accuracy of information gleaned.
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[bookmark: _Ref290044089][bookmark: _Ref290044082][bookmark: _Toc494749408]Figure 4‑1 showing protein interactions in the IL-1ß and BMPR2 pathways.
Figure 4‑1 shows the BMP and IL-1ß signalling pathways are linked through the co-localisation and co-expression of gene family members (http://www.genemania.com)

[bookmark: _Toc248911306][bookmark: _Toc249435682][bookmark: _Toc250625432][bookmark: _Toc250798787][bookmark: _Toc251179028][bookmark: _Toc260252054][bookmark: _Toc494749335]Materials and Methods
[bookmark: _Toc251179029][bookmark: _Toc260252055][bookmark: _Toc494749336]Cell transfection, mRNA microarrays, analysis and validation
Smooth muscle cells were transfected using Dharmafect 2 (Thermofisher T-2002-003) as described in section 2.2.  

Agilent 8-plex single colour mRNA microarrays were performed on mRNA as described in methods section 2.4 extracted from smooth muscle cells originating from human pulmonary artery and aorta. Cells were cultured as described in methods section 2.1.   

Analysis was performed in R software as described in section 2.5. Selected results were then validated by rtPCR as described in section 2.6 of the materials and methods section.

[bookmark: _Toc248911307][bookmark: _Toc249435683][bookmark: _Toc250625433][bookmark: _Toc250798788][bookmark: _Toc251179035][bookmark: _Toc260252062][bookmark: _Toc494749337][bookmark: _Toc251179037]Results
[bookmark: _Toc260252064][bookmark: _Toc494749338]Transcriptome analysis of PASMC with and without functional BMPR2
After elucidating the difference in responses to IL-1ß dependent upon vascular origin it was important to investigate the changes in PASMC responses to IL-1ß in the presence and absence of functional BMPR2 signalling given the pivotal role this molecule plays in PAH.  Agilent single colour microarrays were carried out and microarray analysis performed in “R” software to assess the changes in the transcriptome of PASMCs when stimulated with IL-1ß in the presence or absence of functional BMPR-II protein.  

This would be investigated by repeating the array experiments performed on PASMCs in chapter 3 in the presence and absence of silencing RNA to BMPR2.  Experiments were carried out to assess the hypothesis that the PAMSC would vary in its response to inflammatory stimulation dependent upon its ability to signal through the BMPR2 pathway by whole mRNA transcriptome investigation of the cells.  

[bookmark: _Toc251179038][bookmark: _Toc260252065]Quality control of RNA prior to processing arrays
Prior to addition to the array it was necessary to assess the effectiveness of the BMPR2si transfection of the cells or to the IL-1ß stimulation to confirm that all changes seen in the array results were due to the changes induced by the conditions applied to the cells.  

[bookmark: _Toc260252066]Assessment of effect of transfection alone in PASMC
To assess the change that occurs in the cells due to the transfection process alone sub-arrays were run on the microarray that had been transfected with non-targeting silencing RNA (NTsi).

By running the R script shown in Appendix 1 three sub-arrays from PASMC were compared with three sub-arrays from PASMC transfected with NTsi.  Significant mRNA expression changes were seen in 37 genes as shown in Appendix 10.

Following the exact analysis parameters as applied to all other array analysis in this project of the genes altered by transfection only 3 were considered of significance to PAH, these are CCL2, IL1RN and BNP.

[bookmark: _Toc260252067]Assessment of BMPR2 knockdown in PASMC
To assess the efficacy of BMPR2 knockdown, by the transfection of the silencing RNA, real time quantitative PCR was used to detect mRNA levels of BMPR2 in the purified mRNA from the pooled samples.  This verified an 80% reduction in the BMPR2 mRNA by siRNA transfection in these samples.
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[bookmark: _Ref248899924][bookmark: _Toc494749409]Figure 4‑2  BMPR2 mRNA levels in samples to be added to the microarray
[bookmark: _Toc260252068]Evidence of BMPR2 knockdown in siRNA treated PASMCs prior to array by reduction in relative quantity (RQ) of BMPR2 mRNA expressed in these cells. n=3 for each point run in duplicate on ABI7900 real time PCR machine. Unpaired student t-test (**** = p<0.0001).

Verification of IL-1ß stimulation of PASMC
It was also necessary to validate the effectiveness of the IL-1ß stimulation prior to addition to the array.  Real time quantitative PCR was used to detect mRNA levels of IL6 in the purified mRNA from the pooled samples as a surrogate for successful IL-1ß stimulation of cells.  This verified an increase in the IL6 mRNA by IL-1ß stimulation in these samples (Figure 4‑3).
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[bookmark: _Ref248899962][bookmark: _Toc494749410][bookmark: _Toc251179039]Figure 4‑3 IL-6 mRNA levels in IL-1ß treated PASMC prior to  microarray
Figure 4‑3 shows evidence of successful IL-1ß stimulation of the PASMCs prior to array by demonstrating an increase in the IL-6 mRNA level in cells treated with IL-1ß. n=3 for each point run in duplicate on ABI7900 real time PCR machine. Unpaired student t-test (**** = p<0.0001).

[bookmark: _Toc260252069]

[bookmark: _Toc494749339]Limma microarray analysis of IL-1 pathway in PASMC lacking BMPR2 
To investigate the effects of IL-ß and loss of BMPR2 in a meaningful way I again thought the best place to start would be to elucidate the mRNA transcriptome in relation to these stimuli before investigating any downstream consequences.   To do this I began by using the same bioinformatics analysis as used in chapter 3 and gained insight in to the interplay between these pathways.  

Microarray analysis shows that the IL-1ß response in smooth muscle cells of pulmonary vascular origin can be modulated by BMPR2 functional loss. It can be seen in Figure 4‑4 that there is large difference in the response of the cells to IL-1ß depending on the functional status of the BMPR-II protein.  

524 genes were regulated by IL-1ß stimulation in normal PASMC (mock transfected) whilst 825 genes are IL-1ßregulated in PASMC with loss of BMPR2 mRNA expression (transfected with BMPR2 siRNA).  288 genes were commonly regulated across both conditions and of these, shown in Appendix 11 are the 63 were regulated in opposing directions, labelled in red . 118 genes showed that they were altered by IL-1ß and their change in expression was amplified by at least 2-fold by the loss of BMPR2 functionality labelled in orange.  

As in Chapter 3 I carried out array and pathway analysis using R programing language-using Limma to make comparisons and using SPIA scripts to perform pathway analysis.  
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[bookmark: _Ref254977933][bookmark: _Toc494749411]Figure 4‑4 Venn diagram showing transcriptome response to IL-1ß stimulation in presence and absence of functional BMPR2
This figure demonstrates the mRNA expression patterns in response to IL-1ß stimulation in PASMC with and without functional BMPR2 mRNA. Changes shown are filtered for mRNA showing a log2 fold change of >1 with an adjusted p value = <0.05.


[bookmark: _Toc260252070]

Focus of analysis on PAH
Due to the high numbers of genes involved in this type of analysis I deemed it necessary to reduce the volume of results I used to validate the array findings. To perform this effectively array output gene lists were merged with a known list of genes involved in PAH taken from the published list (Rothman et al., 2016)(Parikh et al., 2011) and adapted to include recent target discoveries, and the resultant lists taken for further investigation (Table 4‑i).

[bookmark: _Toc260252071] Inflammatory cytokine changes
As can be seen in Table 4‑i the microarray found there to be large up-regulation of many of the inflammatory cytokines in cells lacking BMPR2 function in response to stimulation with IL-1ß, including IL-6, IL-8, IL-1 and IL-1ß and the inflammatory regulator IL-1RN. These data show that there is a large exaggeration of the PASMC inflammatory response to IL-1ß stimulation by the loss of BMPR2 transcription. This is in line with the hypothesis that the two pathways interact to produce a more inflammatory cell in patients with dysfunction in their BMPR2 pathway.

[bookmark: _Toc260252072]Adhesion molecules
There is an up-regulation of ICAM1 and VCAM1 (log2 fold change of 2.1) in PASMCs stimulated with IL-1ß that is further increased in the condition of lowered BMPR2 when ICAM1 and VCAM1 (log2 fold increase of 63.2 for both genes) show much more expression to IL-1ß, this data shows an increase in cell-cell junctions and confirms an increased inflammatory activation in the cells lacking BMPR2 expression.

[bookmark: _Toc260252073] Members of the IL-1 signalling cascade
Changes in the downstream IL-1ß signalling cascade are increased in the cells lacking BMPR2 transcription by increases in TRAF1, TRAF2, NFKB1, NFKB2 and NFKB1A.  This is in addition to the changes seen in the inflammatory cytokines themselves explained above.

Members of the BMP family
As I am altering IL-1ß and BMP signalling it is interesting to look at the effect of these on the BMP family members.  As shown in Table 3‑ii BMP4 showed down regulation in normal PASMCs to stimulation with IL-1ß and this is increased to a log2 fold change of -1.9 with loss of BMPR2.  In normal cells I did not see any significant changes to IL-1ß stimulation in other members of the BMP family however in conditions of lowered BMPR2 mRNA I see changes in SMAD9 (2 fold down regulation), RUNX1 (log2 fold increase of 1.3), ID2 (log2 fold increase of 1) and finally a log2 fold increase of 2.8 in BMP2 to IL-1ß in conditions of low BMPR2.

[bookmark: _Toc260252074]Commonly regulated genes 
There are a common 288 genes that are IL-1ß regulated in cells with and without functional BMPR2. Of these common genes 63 are regulated in opposing directions and a further 118 are regulated in a manner where the IL-1ß induced expression of that gene is amplified (by a log2 fold change of greater than 1) by difference in BMPR2 signalling. 


	[bookmark: RANGE!A1:D43]Gene
	logFC
	AveExpr
	adj.P.Val

	EDN1
	-2.79
	12.06
	8.12E-06

	HTR2B
	-2.78
	8.71
	5.74E-05

	SOCS2
	-2.4
	10.37
	3.48E-05

	BMP4
	-1.96
	7.63
	0.0001

	VIPR1
	-1.67
	7.85
	0.003

	PDK4
	-1.58
	8.43
	0.0003

	CDKN2C
	-1.40
	9.00
	0.001

	PDE5A
	-1.36
	14.13
	0.0005

	SMAD9
	-1.09
	10.34
	0.0005

	SLC6A4
	-1.06
	11.78
	0.003

	TNFRSF10C
	-1.01
	9.59
	0.0005

	ID2
	1.03
	15.16
	0.0007

	TRAF2
	1.03
	7.28
	0.0005

	MAP3K5
	1.13
	10.38
	0.003

	CCL3
	1.17
	8.43
	0.0004

	CDK6
	1.34
	13.10
	0.0001

	RUNX1
	1.34
	13.51
	0.0001

	ABL1
	1.36
	12.16
	0.0001

	DAXX
	1.41
	12.28
	0.0005

	EGFR
	1.60
	11.12
	0.0002

	BID
	1.72
	13.70
	0.0002

	DAPK2
	2.05
	7.94
	9.51E-05

	TRAF1
	2.07
	8.13
	0.0001

	RIPK2
	2.21
	12.73
	2.17E-05

	NFKB2
	2.31
	8.92
	4.06E-05

	NFKB1
	2.42
	12.44
	0.0007

	SOD2
	2.48
	15.92
	8.24E-05

	TNC
	2.49
	10.21
	7.78E-05

	NFKBIA
	2.84
	14.69
	7.31E-05

	BMP2
	2.85
	13.11
	3.79E-05

	CCL2
	3.06
	16.45
	3.14E-05

	ICAM1
	3.16
	12.82
	6.07E-06

	IL1RN
	3.20
	10.83
	3.48E-05

	VCAM1
	3.24
	9.78
	5.72E-05

	IL6
	3.45
	16.35
	3.53E-05

	IL8
	3.64
	10.90
	0.0007

	MMP3
	3.69
	9.81
	6.71E-05

	IL1B
	3.71
	15.10
	3.08E-05

	IL1A
	4.07
	9.61
	5.61E-06

	GCH1
	4.34
	9.45
	4.65E-06

	CCL5
	4.94
	8.26
	1.21E-05

	BIRC3
	6.06
	9.56
	1.25E-06


[bookmark: _Ref253908402][bookmark: _Toc494749440]Table 4‑i PAH-related genes altered by IL-1ß stimulation in PASMCs in the presence of siRNA targeting BMPR2.
[bookmark: _Toc260252075][bookmark: _Toc251179040]Common genes more responsive to IL-1ß in BMPR2 deficient cells.
[bookmark: _Toc254513146][bookmark: _Toc254613300][bookmark: _Toc254954299]According to the array results inflammatory cytokine responses to IL-1ß are increased in cells where BMPR2 has been knocked down. This includes IL-1, IL-6 and IL-8. PDE5A, TRAILR3, DAXX, EGFR and TNC amongst many others become IL-1ß responsive following the loss of BMPR2 function.

[bookmark: _Toc260252076]Genes responsive to loss of BMPR2 
Genes that are altered by the loss of BMPR2 regardless of IL-1ß stimulation are IL-1RN, BMPR1A, TGFßR1, PDGF receptors a and b, PDE5A, CAV1, BMP4 and Fas.  Members of the BMP pathway might be expected to respond to loss of BMPR2 in a compensatory manner and so these changes are not surprising to me (Appendix 13).

[bookmark: _Toc260252077][bookmark: _Toc494749340]Pathway analysis of array results
Bioinformatic analysis of the involvement of whole pathways was carried out using raw data files input into R scripts using SPIA for functional output as in chapter 3. 

[bookmark: _Toc260252078]Pathway analysis of response to IL-1ß stimulation in cells lacking BMPR2 
Pathway analysis of transcriptome alterations in PASMC treated with BMPR2si showed an increased inflammatory response more characteristic of stimulation with the inflammatory cytokine IL-1ß.  Changes were seen in cytokine – receptor interactions giving confidence that the analysis is functioning correctly. The pathways in cancer and other disease pathways show activation including Influenza A, herpes simplex infection, legionellosis, measles and rheumatoid arthritis that are inhibited in the normal PASMCs. This shows a more inflammatory whole cell response in the BMPR2 deficient cells along with activation of ErbB and p53 signalling pathways when compared with cells with fully functional BMPR2. Figure 4‑6 demonstrates a heat map output of this method of pathway analysis.


[image: ]
[bookmark: _Ref254434064][bookmark: _Toc494749412]Figure 4‑5 Pathway analysis performed SPIA pathway analysis software on IL-1ß regulated genes in PASMCs in the absence of functional BMPR2.
Using SPIA code in R (appendix). Y-axis shows degree of perturbation against x axis plotting the number of differential expressed genes and each point on the graph is pathway expressed as a pathway number (see iTableTable 4-ii for pathway decode).
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[bookmark: _Toc494749441][bookmark: _Toc251179041][bookmark: _Toc260252079]Table 4‑ii Pathways regulated by IL-1ß in PASMC in the absence of functional BMPR2
[image: ]
[bookmark: _Ref453436241][bookmark: _Toc494749413]Figure 4‑6 heat map of pathways significantly altered by IL-1ß in PASMCs with and without functioning BMPR2 
Altered pathways discovered using SPIA with significant changes to IL-1ß stimulation in PASMC were compared with and without functional BMPR2 signalling. IL-1ß responsive pathways changes to generate heat map indicating their activation or inhibition in each cell type. tA = total accumulated pathway perturbation.  Changes in mRNA showing a log2 fold-change of >1 with FDR adjusted p-value=<0.05. Pathway analysis was performed as previously described.  

[bookmark: _Toc494749341]Validation of array results by real time PCR
Microarray analysis of the transcriptome changes gives an overview of the cellular response to IL-1ß but relevant results must be validated using other molecular methods to gain confidence that the differences detected are real and not an anomaly of the platform used.  This was performed using the nine samples used for the array plus four other independent samples made up from 2 different batches of cells to take into account biological variability.

To assess for alterations due to transfection alone Figure 4‑7 demonstrates the changes seen by performing the transfection protocol alone.


[image: ]   
[bookmark: _Ref453436386][bookmark: _Toc494749414]Figure 4‑7 heat map of rtPCR alteration between un-transfected and NTsi transfected cells
A panel of probes were run on rtPCR and comparisons between un-transfected cells from chapter 3 and mock transfected cells which have been through the transfection protocol with non-targeting siRNA showed no large changes.
[bookmark: _Toc260252080]
Validation of array results for inflammatory cytokines
As a well-documented inflammatory activator IL-1ß lies up-stream of a few other cytokines that may be responsible for the inflammatory “second hit” necessary to spark disease in BMPR2 mutant carriers. IL-1, IL-6 and IL-1RN were chosen as a good starting point in the validation of microarray results.

To give consistency through the validation the same screen of genes were used for the validation of both sets of array data those in this chapter and the previous chapter on vascular bed differences.  To reconcile this data with data from the previous chapter I decided to run the rtPCR on aortic cells with and without functioning BMPR2 to compare the differences in the targeted panel of PAH related genes of interest. 

As shown in Figure 4‑8 IL-1 and IL-6 mRNA results by real time PCR analysis validate the array data showing that IL-1 mRNA is significantly up-regulated upon stimulation with IL-1ß and this up-regulation is exacerbated by disruption of the BMP signalling pathway by transfection of the cells with silencing RNA to BMPR2 in PASMCs. This matches data shown by array analysis. This however is not the case in the systemic cells which upon loss of functional BMPR2 does not induce further increases in IL-1 or IL-6. 

As shown in Figure 4‑8 IL-1RN mRNA is significantly up-regulated upon disruption of the BMP signalling pathway by transfection of the cells with siRNA to BMPR2.  There is no significant change in IL-1RN upon stimulation of the PA smooth muscle cells with IL-1ß lacking functional BMPR2.  In aortic cells, however, there is no significant increase in normal cells to IL-1ß but upon loss of BMPR2 IL-1ra does become IL-1ß responsive.  
[bookmark: _Ref254442924]
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[bookmark: _Ref255118584][bookmark: _Toc494749415]Figure 4‑8 IL-1 alpha, IL-6 and IL-1RN mRNA expression in PASMC and AoSMC in response to IL-1ß in the presence and absence of BMPR2
 
Figures a, c and e are PASMC and figures b ,d and f are from AoSMCs.   mRNA analysis by real time quantitative PCR shows; IL-1ß induced expression of I-L1 is significantly up-regulated in both PASMCs with and without functional BMPR2 signalling (a).  IL-1 mRNA is increased further by a combination of dysfunctional BMPR2 signalling and IL-1ß stimulation. These further increases are not seen in Aortic SMCs upon loss of BMPR2 signalling (b).  IL-1ß induced expression of IL6 is significantly up-regulated in both PASMCs with and without functional BMPR2 signalling.  IL6 mRNA is significantly further up-regulated by a combination of dysfunctional BMPR2 signalling and IL-1ß stimulation (c) this is not the case in AoSMC where it is also of note that the level in AoSMCs is a lot lower than in PASMCs (d). IL-1ß induced expression of IL-1RAis significantly up-regulated in PASMCs when BMPR2 signalling is disrupted by silencing RNA (e). but they do remain in IL-1RA in aortic cells treated with siRNA to BMPR2 (f).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).

[bookmark: _Toc260252084]

Validation of array results for BMP signalling cascade members
Due to the disease relevance of the BMP signalling pathway, it was thought prudent to analyse the effects on other members of the BMPR2 signalling pathway.  BMP4 is a ligand for BMPR-II receptor and has anti-inflammatory and anti-proliferative properties under normal conditions on systemic cells, this was one of the few BMPR2 ligands to be shown to significantly change by the array data analysis and therefore it was deemed of interest to validate those results.  As can be seen from the results in Figure 4‑9 BMP4 is significantly up-regulated by loss of BMPR2 but is unaffected by IL-1ß stimulation in PASMCs. This contrasts with the array analysis showing BMP4 to be decreased by IL-1ß stimulation using that method.  

These data highlight the importance of validating array data due to the nature of array technology and its incredibly broad spectrum of analysis.  Differences in probe sequence and methodology between the two platforms can be responsible for these discrepancies.  Therefore, as seen in chapter 3 array data must be validated and real time PCR is the gold standard as far as mRNA analysis is concerned and this data is from 3 different cell batches and 13 different stimulations and therefore considered more reliable than the array data on this occasion.

In aortic cells, we show that loss of BMPR2 induces a down regulation of BMP4 at baseline levels but this does not affect BMP4 levels in the presence of IL-1ß which are reduced anyway. 

BMPR1A is a co-receptor to BMPR2, upon stimulation of BMPR2 the receptor links to a type 1 receptor and phosphorylates it, this in turn goes on to signal through the BMP signalling cascade.

As shown in Figure 4‑9 BMPR1A mRNA is significantly up-regulated in PASMC where BMPR2 expression has been disrupted with the use of siRNA.  In the case where BMPR2 deficient cells have been exposed to IL-1ß stimulation this reduces BMPR1A expression back towards normal levels.  In aortic cells however BMPR1A levels are reduced by IL-1ß stimulation and in response to loss of BMPR2 but these affects do not reduce levels any further when performed together.

Like BMPR1A in its interaction with BMPR2; TGFßR1 (also known as ALK5) is a co-receptor to BMPR2, upon stimulation of BMPR2 the receptor links to this type 1 receptor and phosphorylates, however this receptor in turn goes on to signal through the TGFß cascade.  Figure 4‑9 demonstrates that TGFßR1 mRNA is significantly up-regulated in PASMC where BMPR2 expression has been disrupted with the use of siRNA regardless of IL-1ß stimulation status of the cell.  In contrast in aortic cells loss of BMPR2 makes no difference to basal levels of ALK5 but does reduce the IL-1ß responsive expression of ALK5 in these systemic cells.
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[bookmark: _Ref277509769][bookmark: _Ref286590775][bookmark: _Toc494749416]Figure 4‑9 Pulmonary and aortic smooth muscle cells BMP4, BMPR1a and TGFßR1 mRNA expression in response to IL-1ß in the presence and absence of BMPR2
[bookmark: _Toc251179042]Figures a, c and e are PASMC and figures b ,d and f are from AoSMCs.   mRNA analysis by real time quantitative PCR shows expression of BMP4 is significantly up-regulated in PASMCs when BMPR2 signalling is disrupted by silencing RNA (a). In contrast aortic cells show loss of BMPR2 or IL-1ß stimulation induces significant down regulation of BMP4 is significantly increased in AOSMC to IL-1ß stimulation but this is not the case after the loss of BMPR2 (b). Expression of BMPR1A is significantly up-regulated in PASMCs when BMPR2 signalling is disrupted by silencing RNA (c) but not in AoSMC when IL-1ß stimulation or loss of BMR2 causes reduction in BMPR1A (d).  Expression of TGFßR1 is significantly increased in PASMCs when BMPR2 signalling is disrupted by silencing RNA (e).  In contrast ALK5 is significantly increased in AOSMC to IL-1ß stimulation but this is not the case after the loss of BMPR2 (f).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).

[bookmark: _Toc260252088]

Validation of array results in cell adhesion molecules
Adhesion molecules are involved in inflammation and there is literature implicating adhesion molecules in the cellular changes caused by loss of BMPR2 shows interesting changes in disease and therefore it was decided to perform real time PCR validation of adhesion molecule changes. 

As shown in Figure 4‑10 ICAM1 and VCAM1 mRNA are significantly up-regulated upon stimulation with Il-1ß and this IL-1ß dependent up-regulation is exacerbated by disruption of the BMP signalling pathway by transfection of the cells with siRNA to BMPR2 in PAMSC but they are not affected by this loss of function in systemic cells.
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[bookmark: _Ref254447155][bookmark: _Toc494749417]Figure 4‑10 ICAM1 and VCAM1 mRNA expression in PASMC and AoSMC in presence and absence of BMPR2 and or IL-1ß
[bookmark: _Toc260252091]mRNA analysis by rt qPCR shows ICAM1 mRNA is significantly up-regulated further by a combination of dysfunctional BMPR2 signalling and IL-1ß stimulation in PASMC (a). In AoSMC ICAM increased to IL-1ß stimulation however is not affected by loss of BMPR2 function (b). VCAM1 mRNA is up-regulated by a combination of dysfunctional BMPR2 signalling and IL-1ß stimulation in PASMC (c). In AoSMC VCAM is increased to IL-1ß stimulation however this is not affected by loss of BMPR2 function (d).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).

Validation of array results for PDGF receptor family
As discussed previously PDGF is a known mitogen of vascular smooth muscle cell and has long been implicated in disease pathogenesis as areas of vessel remodelling and PAH lesions show a proliferative cellular phenotype with increases seen in the PDGF pathway activation.   

As in Chapter 3, due to interest in the PDGF family from clinical trials, it was decided to assess proliferative pathway changes in the cells by looking at receptors of the PDGF family and assess how BMPR2 dysfunction and IL-1 stimulation may combine to cause alterations in this pathway.

It can be seen in Figure 4‑11 that PDGFRa and b mRNA are both significantly up-regulated in PASMC where BMPR2 expression has been disrupted by the use of siRNA however the opposite effect occurs in the systemic cells when loss of BMPR2 significantly reduces expression of the receptors.  In the case where the cells are BMPR2 deficient and have been exposed to IL-1ß stimulation this reduces PDGFRa expression back towards normal levels in PASMC but remains low in the aortic cells.
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[bookmark: _Ref254512245][bookmark: _Toc494749418]Figure 4‑11 PDGFRa and PDGFRb mRNA expression in the presence and absence of BMPR2 and or IL-1ß in PA and Aortic SMC
[bookmark: _Toc260252094]Figures a and c are PASMC and figures b and d are from AoSMCs mRNA analysis by real time quantitative PCR shows expression of PDGFRa is significantly up-regulated in PASMCs when BMPR2 signalling is disrupted by silencing RNA (a), this is not the case in aortic cells which show a decrease in PDGFRa to loss of BMPR2 (b). PDGFRb is significantly up-regulated in PASMCs when BMPR2 signalling is disrupted by silencing RNA (c) this is not the case in aortic cells which show a decrease in PDGFRb to loss of BMPR2 (d).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).
Validation of array results on other known PAH relevant genes 
As it is becoming more obvious through genetic studies that a growing number of genes are involved in the disease pathogenesis more emphasis is being put on complimentary theories rather than the previous thinking that a single mutation causes disease. Mutations have been seen in a number of genes in GWAS studies and it was deemed prudent to validate results on a number of these genes in this study.

CAV1 is a gene that has been recently found to contain a mutation in a family of PAH sufferers and mutation carriers.  This gene is involved in the ubiquitination and degradation of proteins in the caveolae through its regulatory role in marking for degradation many proteins, including BMPR2. 

Another interesting molecule is VIPR1 as it is a receptor for the neuronal peptide VIP which is involved in smooth muscle relaxation and involved in ion flux and has been implicated in PAH through genetic mutations in patients with disease.

 Changes in PDE5A were considered worth further investigation, as phosphodiesterase 5 inhibitors are one of the first line vasodilatory drugs in the clinic.

CAV1 mRNA is significantly up-regulated upon disruption of the BMP signalling pathway by transfection of the cells with siRNA to BMPR2 (Figure 4‑12) in PASMC.  In aortic cells CAV1 is upregulated upon IL-1ß stimulation regardless of mutation status.

The mRNA expression level changes of PDE5A shown in Figure 4‑12 indicate that PDE5A mRNA is significantly up-regulated by loss of BMPR2 in PASMC by the use of siRNA but down regulated in the AoSMC again highlighting the differences between the cell types.  In the case where the BMPR2 deficient cells are exposed to IL-1ß PDE5A mRNA expression is restored to normal levels.

Figure 4‑12 also shows that VIPR1 is unaltered in normal PASMCs stimulated by IL-1ß, however loss of BMPR2 causes a large increase in VIPR1 which is neutralised by IL-1ß stimulation.

[bookmark: _Ref254612121]
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[bookmark: _Ref462171626][bookmark: _Toc494749419]Figure 4‑12 CAV1, PDE5A and VIPR1 mRNA expression in PASMC in the presence and absence of BMPR2 and or IL-1ß 
Figures a, c and e are PASMC and figures b, d and f are from AoSMCs.   mRNA analysis by real time quantitative PCR shows expression of CAV1 is significantly up-regulated in un-stimulated PASMCs when BMPR2 gene is silenced (a) in AoSMC IL-1ß increases CAV1 but this is reduced by loss of BMPR2 (b). IL-1ß induced expression of PDE5A is significantly up-regulated in PASMCs when BMPR2 signalling is disrupted using siRNA. In cells where BMPR2 function is lost IL-1ß causes a significant decrease in PDE5A expression (c).  In AoSMC either BMPR2 disruption or IL-1ß stimulation will cause a decrease in PDE5A mRNA expression (d). VIPR1 is unaltered in normal PASMCs stimulated by IL-1ß, however loss of BMPR2 causes a large increase in VIPR1 which is neutralised by IL-1ß stimulation (e).  In AoSMC however IL-1ß decreases expression regardless of BMPR2 function (f).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).



Validation of array results on known OPG – TRAIL axis genes 
As mentioned previously the OPG - TRAIL axis has been implicated in disease recently with papers in the literature showing the TRAIL and OPG pathways to be pro-proliferative and mitogenic and implicated in disease. Coupling the disease relevant nature of the axis with interest in this protein within our group gave me grounds to investigate OPG in the context of IL-1ß stimulation and BMPR2 dysfunction.  OPG is a known mitogen of pulmonary arterial smooth muscle cells and is thought to work in an axis with TRAIL, Fas, Fas Ligand and RANKL to affect proliferation and migration of disease relevant cell types.

It has been shown to work through a recently investigated interaction with the Fas receptor and it is the interaction between OPG, TRAIL and Fas that could hold valuable information surrounding their involvement in the disease.


Figure 4‑13
Figure 4‑13 demonstrates that OPG, Fas, TRAIL receptors 1-3 and TRAIL show significant increases in their expression due to the loss of functional BMPR2 at baseline and in the case of OPG, TRAIL and TRAILR2 the increase is regardless of the IL-1ß stimulation status of the cells in the pulmonary vasculature, however none of these responses occur in the systemic cells as can be seen in 
Figure 4‑14. Figure 4‑14.  This data shows an interaction between two known PAH pathways of BMPR2 and OPG/TRAIL and could warrant further investigation to elucidate any vasculature bed specific interplay between these that may contribute to disease.
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[bookmark: _Toc494749420]Figure 4‑13 OPG, TRAIL and Fas mRNA levels in the presence and absence of BMPR2 and or IL-1ß in PASMC and AoSMC
Figures a, c and e are PASMC and figures b ,d and f are from AoSMCs.   mRNA analysis by real time quantitative PCR shows expression of OPG is upregulated by BMPR2 siRNA (a) but this is down regulated by BMPR2 siRNA in unstimulated aortic cells (b).  TRAIL is significantly up-regulated in PASMCs when BMPR2 gene is silenced regardless of the IL-1ß stimulation of the cells (c) but there are no significant changes in aortic SMC (d). Fas receptor mRNA is significantly up-regulated in unstimulated PASMCs when BMPR2 gene is silenced but this significance is lost when cells are IL-1ß stimulated (e).  Loss of BMPR2 signalling causes a down regulation of Fas in AoSMCs only when stimulated with IL-1ß (f).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).
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[bookmark: _Toc494749421]Figure 4‑14 TRAIL receptors 1,2 and 3 mRNA levels in the presence and absence of BMPR2 and or IL-1ß in PASMC and AoSMC

Figures a, c and e are PASMC and figures b, ,d and f are from AoSMCs.   TRAIL receptors are significantly up-regulated by loss of BMPR2 signalling at baseline conditions in PASMC but unaffected in AoSMC n= 13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).

 


Validation of array results on cellular metabolism related genes 
Cellular metabolism is becoming more pronounced in the PAH literature and the micro-environmental metabolism thought to be involved including evidence of the Warburg effect in disease relevant cell types.  Glucose metabolism and its downstream effects here are looked at using glucose transporter protein GLUT1 and SOD2.

Both Glut1 and SOD2 are increased by Il-1ß stimulation in PA and AOSMCs in the presence and absence of siRNA to BMPR2 as shown in Figure 4‑15.
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[bookmark: _Ref493537951][bookmark: _Toc494749422]Figure 4‑15 GLUT1 and SOD2 mRNA levels in the presence and absence of BMPR2 and or IL-1ß
Figures a and c are PASMC and figures b and d are from AoSMCs.   mRNA analysis by real time quantitative PCR shows expression of GLUT1 is significantly upregulated by IL-1ß in PASMC(a) and AoSMC (b) and SOD2 is significantly up-regulated in PASMC (c) by IL-1ß which is further enhanced by loss of BMR2.  This is not the case in AoSMC when IL-1ß increases expression regardless of their BMRP2 status (d).  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine. Ordinary one-way ANOVA with multiple comparison by Tukey post-test (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).

As an overview of the mRNA looked at I think that displaying as a heat map gives a much clearer image of differences in IL-1ß responses in the presence and absence of functional BMPR2 so Figure 4‑16 shows a clearer picture of alterations in our genes of interest and it can therefore be seen much more obviously that the both cell types display an inflammatory response to IL-1ß but only in the PASMCs is this exaggerated by the loss of BMPR2 signalling.
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[bookmark: _Ref453930771][bookmark: _Ref453930766][bookmark: _Toc494749423]Figure 4‑16 heat maps of log changes in PA (a) and AoSMC (b) to IL-1ß in the presence and absence of BMPR2 siRNA.
Heat map representation of mRNA analysis by real time quantitative PCR shows expression of all mRNA panel data previously shown.  n=13 for each PASMC point and n=5 for each AoSMC point run in duplicate on ABI7900 real time PCR machine.  Results given in Log Fold change. 

[bookmark: _Toc494749342]Discussion
It was shown in the previous chapter that PASMCs have a less inflammatory response to IL-1ß stimulation in-vitro than SMCs taken from the systemic vasculature. In this chapter the transcriptome response and its alteration upon BMPR2 dysfunction using silencing RNA techniques was investigated.

Broad spectrum inflammatory stimuli have been shown in the literature to induce a greater inflammatory response in BMPR2 mutants than their wild type controls.  This has been shown in cells from patients using LPS to stimulate inflammation (Soon et al., 2015). In this work, however, I aimed to focus in on the cytokine causing this response and answer the question of whether this alteration of inflammatory activation could be replicated using IL-1ß. 

Using a microarray analysis approach, I demonstrated inflammatory activation to IL-1ß is increased upon disruption of the BMPR2 gene within pulmonary cells. This included increases in expression of IL-6, IL-8, IL-1ß, IL-1alpha, NFkB, SOD2, TRAF molecules and adhesion molecules such as ICAM1 and VCAM1. 

Pathway analysis of the array results showed a more conventional response to IL-1ß in PASMCs that were lacking functional BMPR2 than those with fully functioning cell signalling. The results demonstrated that the activation of cytokine receptor interaction pathways and Jak-STAT signalling had much more in common with the systemic smooth muscle cells response to IL-1ß than that of the PASMCs with functional BMPR2 signalling. This would match with recent findings that PMEC and PASMC are more mitogenic to inflammatory stimulation when they are taken from BMPR2 mutant patients (Vengethasamy et al., 2016).

Publications state that BMP4 stimulation acting through BMRP2 signalling inhibits the production of inflammatory cytokines including IL-1ß in normal PASMCs (Wang et al., 2012, Li et al., 2014, Takabayashi et al., 2014).  This would match our data that in pulmonary cells inflammation is inhibited under normal circumstances.

My data indicates that reduced BMPR2 signalling causes a loss of inhibition by the BMP pathway and PASMC revert to a pro-inflammatory phenotype. A transcriptomic study had not been previously published in these conditions of normal and dysfunctional BMP signalling.

As in the previous chapter to follow up and validate these preliminary data sets a more targeted approach using real time PCR was used with the same panel of rtPCR probes.  This confirmed array findings of statistically significant increases in mRNA expression in response to IL-1ß in the canonical downstream targets of IL-1ß such as IL-6 and IL-1 alpha as seen in the literature (Weber et al., 2010). 

It is known that cell type can have a huge impact on the signalling of BMPR2.  In the cancer field, it has been demonstrated that inhibition of BMPR2 causes induction of apoptosis in chondrosarcoma cells (Jiao et al., 2014) whereas in fibroblasts it has been shown to increase inflammation and metastasis (Pickup et al., 2015). I therefore decided to extend the panel of samples to include the aortic cells in rtPCR although I did not have array data to validate. I felt it was interesting enough to warrant investigation into this panel of genes in both cell types in the presence and absence of functional BMPR2.

Literature notes that adhesion molecules VCAM and ICAM are increased upon inflammatory stimulus (Weber et al., 2010, Quillard et al., 2008, Verginelli et al., 2015).  I confirmed these effects and showed enhanced responses to IL-1ß when BMPR2 signalling is lost; in disease, this could go on to induce the macrophage infiltration and further inflammatory activation that causes the vascular damage (Gerasimovskaya et al., 2012, Nicolls et al., 2005).  

These effects were interesting in their disease relevance and in the fact that the loss of BMPR2 does not cause these increases in cells derived from the systemic vascular bed and in fact in many cases the systemic cells become less inflammatory to IL-1ß when BMPR2 is non-functional.  Adhesion molecules also are interesting as they play a major role in the integrity of the cell layer and whilst we are looking in this chapter at smooth muscle cells it would be interesting to repeat this work in endothelial cells as the literature suggests that BMPR2 dysfunction causes a loss of endothelial cell structure and creates a “leaky endothelium” which is touted as a route through for the growth factors to begin their assault on the smooth muscle layer and start the early pathogenic changes seen in disease. 


BMPR2 silencing causes a variety of pro-proliferative and pro-inflammatory changes in the cell. In a study of micro-dissected PA section from severe IPAH patients it was shown that there was increased levels of PDGF receptors in lesions (Humbert et al., 1998).  My data confirms these findings and shows statistically significant increases in PDGF receptors A and B.  

PDGF receptors could play a role in the pro-inflammatory and pro-proliferative phenotype displayed by these cells when using an in vitro model to mimic disease by the mutation of BMPR2.  This fits into the field well as PAH is a pro-proliferative and pro-migratory disease with much evidence of similar cell reactivity in disease (Vaillancourt et al., 2015).  

Other, potentially compensatory, mechanisms are displayed in other cellular members of the BMP pathway with significant increases in BMP4 and BMPR1A molecules in PASMC but not in AoSMCs.  An increase in ALK5, is also in keeping with published data showing an ALK5/BMPR2 balance which is disturbed in disease allowing unregulated TGFß/ALK5 pathway activation (Thomas et al., 2009). 

In addition, I have demonstrated increased mRNA expression of CAV1 when BMPR2 is knocked down.  This is interesting as CAV1 is implicated in disease throughout the recent literature as it has been shown to localise, interact with and potentially have a regulatory role on BMPR2 in the pulmonary arterial endothelium and smooth muscle (Austin et al., 2012, Wertz and Bauer, 2008).   Increases in CAV1 could potentially lead to yet more BMPR2 being ubiquitinated and degraded in the caveolae of the pulmonary cells and therefore further reduce the amount of functional BMPR2 available for signalling in the cells.  This could therefore be a potential mechanism for trying to rescue BMPR2 signal in these cells.

I report an up-regulation of PDE5A upon loss of BMPR2 function. This is very interesting as PDE5 inhibitors are in the first line of drugs given to PAH patients.  It has been noted that some patients do not respond to treatment with PDE5 inhibitors (Oudiz et al., 2010).  These data indicate that a reduction in BMPR2 function could induce high expression of PDE5A in the pulmonary smooth muscle; this could then act as a competitor to molecular intervention with synthetic inhibitors reducing their effectiveness as a treatment.

Increases in the production of GLUT1 and SOD2 molecules may be an indication of raised superoxide levels and an altered cellular metabolic state both of which are becoming more and more linked to disease in the literature. SOD2 is reported in the literature as being reduced in PAH and this leads to a lessening in hydrogen peroxide which links into activation of hypoxia induced factor (HIF1a) (Paulin and Michelakis, 2014).  This would mean that my data is in contrast with this theory or that increased SOD2 is a compensatory mechanism for the change in metabolic function within the PASMC in disease state.

There were differences in some of the mRNA results between the two platforms with array data showing there to be no change in PDGF receptors to loss of BMPR2 however qPCR showed that the loss of BMPR2 increases PDGF receptors.  This would be in line with current thinking that increased PDGF signalling is involved in the pro-proliferative, pro-migratory diseased cell phenotype (Hu and Huang, 2015, Thomas et al., 2009).  As in chapter 3 I believe this is a platform specific problem and the gold standard data from the rtPCR would be the data that is more reliable.

Loss of BMPR2 caused a significant increase in many members of the OPG/TRAIL axis including TRAIL, OPG, TRAIL R1 and R2 and Fas but these were not altered by IL-1ß stimulation excluding TRAILR1 and R3 which were reduced by IL-1ß stimulation in BMPR2 knockdown pulmonary artery derived cells. These finding would again feed into current knowledge of the OPG/TRAIL/Fas axis as OPG is a known mitogen of smooth muscle cells (Lawrie et al., 2008) and can inhibit cancer cell apoptosis (Emery et al., 1998, Van Poznak et al., 2006).  Fas is involved in non-canonical pro-IL-1ß cleavage (Miwa et al., 1998, Bossaller et al., 2012).  As seen throughout this chapter and in the literature discussed the upregulation of OPG, Fas TRAIL and its receptors will have a mitogenic effect on the smooth muscle cells with dysfunctional BMP signalling. 

From my data in this chapter I can conclude that loss of functional BMPR2 signalling leads to an increase in mRNA inflammatory response to IL-1ß stimulation in pulmonary artery smooth muscle cells which does not occur in the aortic smooth muscle cells.   Notably this activates PAH disease related pathways such as proliferative, migratory and inflammatory signalling pathways. 

Chapters 3 and 4 give a base for further investigation of the BMPR2 and IL-1ß links through animal model work and investigation of human samples in the subsequent chapters.

As in Chapter 3 the limitations of results shown in this chapter include the fact that the commercial cells available are not from a defined region of the lung and the time-point chosen to perform mRNA work.  These were covered in the discussion section of Chapter 3.  

Other factors important inthsiin this chapter is the fact that the process of transfection itself can cause gene transcription alterations other than those intended i.e. the loss of BMPR2.  

To try and assess these alterations I compared Mock transfected cells with those transfected with BMPR2 siRNA.  This should mean that the process of transfection is not considered as a variable in this case however as a separate level of assessment I ran the same R script as the normal assessment but just comparing cells with and without going through the transfection process and there were 38 genes listed (Appendix 12).  I also assessed the same panel by qPCR as in the other chapters and this showed that only VIPR1 was altered by transfection. 
[bookmark: _Toc260252098][bookmark: _Toc247956060][bookmark: _Toc251179044]

5 [bookmark: _Toc494749343]In-vivo analysis of IL-1ß involvement in murine model of PAH with BMPR2 R899X mutation

[bookmark: _Toc260252099][bookmark: _Toc494749344]Introduction
In this chapter a collaboration was set up with Professor James West’s group at Vanderbilt Institute in Nashville, Tennessee who generously performed the in-vivo portion of this experiment in their facility.  All samples and haemodynamic data were then sent to Sheffield for analysis.

As discussed previously in chapter 1 a large percentage of patients with PAH carry a heterozygous germ line mutation in their BMPR2 gene causing a haploinsufficiency; which reduces functional BMPR2 expression to around 50%.  On its own this is not enough to cause disease but with a second hit which causes further dysfunction this can bring about disease.  

One mutation seen in patients is R899X and this mutation results in a total loss of the tail region of the protein rendering it non-signalling through the SMAD 1/5/8 pathway, evidence has however been shown that this mutant can still interact with other signalling pathways including LIMK1.

A homozygous mutant is embryonic lethal and therefore not a viable option for study, however a murine model has been developed in PAH with R899X heterozygous mutants which develop the disease spontaneously in around 10% of heterozygous animals, this process is made more robust by the feeding of a western diet (high fat) and increases penetrance of the disease to around 50% in the literature (Johnson et al., 2012). 
 
Aims of this chapter were to investigate whether in vitro data showing BMPR2 dysfunction increases pulmonary artery inflammatory response to IL-1ß seen in chapters 3 and 4 could be recapitulated in vivo by treatment of high fat diet-fed R899X murine model with daily intraperitoneal (IP) injections of IL-1ß. The objective being to investigate whether high fat diet-fed BMPR2 mutant mice respond differently to IL-1 pathway manipulation than their high fat diet fed wild type controls. This may be manifested through an increased penetrance of disease or by those animals developing a more severe disease than their wild type controls.

[bookmark: _Toc260252100][bookmark: _Toc494749345]Materials and Methods
[bookmark: _Toc494749346]R899X Rosa26 murine model of PAH with high fat diet and treatment with IL-1ß and haemodynamic phenotyping.
Professor James West’s group in Vanderbilt University Nashville, Tennessee, USA, kindly carried out the live animal section of this in-vivo experiment. All sample and data analysis was carried out by myself in Sheffield.

Rosa26-rtTA2×TetO7-Bmpr2R899X and Rosa26-rtTA2×TetO7-Bmpr2delx4+ mice called Rosa26-Bmpr2R899X were used with mutant expression induced by doxycycline.  24 x Rosa26-Bmpr2R899X transgenic mice and 12 x C57 wild-type littermates were fed western diet (60% lard) for six weeks and injected with IL-1ß or placebo intraperitoneally once daily for the final four weeks. Mice were assessed for inflammatory activation and PAH phenotype as previously described (Fessel et al., 2013). Following 6 weeks of treatment the mice were given injectable anaesthesia for terminal surgery.  Animals underwent full haemodynamic phenotyping including echocardiography, right and left heart catheterisation, blood sampling by cardiac puncture and a full range of tissues taken and snap frozen.    All animal studies were pre-approved by Vanderbilt University Institutional Animal Care and Use Committee. 

An initial safety study was carried out with 2 western diet fed mutant R899X mice being dosed with daily IP injection of IL-1ß at 3 micrograms/kg/day for 6 weeks to determine safety of the dosing regime in these mice.  After the conclusion of the safety study it was observed that the animals tolerated the regime and therefore the study proceeded as shown in Figure 5‑1.

Group sizes were determined by a power calculation which indicated a group size of 6 mice would be sufficient to detect an RVSP difference of 10 mmHg.  Upon discussion with the Vanderbilt team whose experience was of a 50% penetrance rate in these mice it was decided to increase the size of the test groups to 12 whilst keeping the controls to 6 animals per group as animal welfare regulations in the UK indicate that animal numbers must be kept to a minimum.

Groups
1. 12 R899X mice fed western diet for 6 weeks with daily intraperitoneal injection of vehicle for last 4 weeks
2. 12 R899X mice fed western diet plus daily intraperitoneal injection of IL-1ß at 3 micrograms/kg/day for last 4 weeks
3. 6 wild type mice fed western diet plus daily intraperitoneal injection of vehicle for last 4 weeks
4. 6 wild type mice fed western diet plus daily intraperitoneal injection of IL-1ß at 3 micrograms/kg/day for last 4 weeks
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[bookmark: _Ref284077334][bookmark: _Toc494749424]Figure 5‑1 shows dosing regime for R899X murine model
Following the conclusion of the 6 weeks of treatment the mice were given injectable anaesthesia avertin for non-recovery surgery, which consisted of 0.3 ml (12 mg) IP to start for 20-30 gram mice and 0.4 (16 mg) for 30-45 and 0.5 (20 mg) for bigger mice as the original dose. Booster doses of 10-25% of original dose were given to reach and/or maintain desired depth of anaesthesia (loss of toe pinch response). The same booster dosage applies for keeping the animal under adequate sedation.  Avertin is lipid soluble so should compensate appropriately for the weight of the mice.  During the surgery, all mice underwent full haemodynamic phenotyping including echocardiography, right and left heart catheterisation, blood sampling by cardiac puncture and a full range of tissues taken and snap frozen including right and left heart, lung and plasma.    

[bookmark: _Toc494749347]Histological analysis of wax block samples received from Vanderbilt.
As well as the full haemodynamic work-up lung sections were taken and wax embedded on site in Vanderbilt and sent to Sheffield for histological study.   Blocks were trimmed, cut and stained with ABEVG stain and immune-stained for SMA to visualise smooth muscle content of the vessels and von Willebrand Factor (vWF) to display endothelial cells so visualizing all vessels in the lung as described in section 2.8 of the materials and methods chapter.

[bookmark: _Toc494749348]Cytokine profiling of plasma samples from murine model of Pulmonary Arterial Hypertension
RnD Duoset ELISAs were used as described in the methods section 2.7 to perform quantification of circulating serum levels of OPG and IL-6.

[bookmark: _Toc494749349]Real time PCR analysis of whole lung samples from R899X murine PAH model
mRNA isolated in Vanderbilt and shipped on dry ice to Sheffield for analysis as described in rtPCR as described in section 2.6 of the materials and methods section

[bookmark: _Toc260252101][bookmark: _Toc494749350]Results
[bookmark: _Toc494749351]Haemodynamic phenotyping of animals
Accurate haemodynamic profiling of the animals is essential for the legitimacy of any conclusions made from the data set. To this end right and left heart catheterisation and echocardiography were performed and analysed by a competent technician and data gained used in the phenotyping of the groups.
 
Endpoint right heart catheterisation and echocardiography was performed and data recorded.  Right ventricular systolic pressure (RVSP) is measured by terminal right heart catheterisation.   

Further haemodynamic indicators used in this study are calculated from other haemodynamic measurements and include pulmonary vascular resistance (PVR).  

PVR is calculated from the mean pulmonary artery pressure (PAP), capillary wedge pressure (CWP) and cardiac output (amount of blood pumped by the heart in one minute therefore stroke volume x heart rate in beats per minute) (CO).  The formula being;
80 * (PAP – CWP)
CO

Cardiac index is calculated here by dividing cardiac output by body surface area. The fact that both these measurements are calculated using cardiac output means that I would expect a relationship between the two and indeed reassuringly I see an inverse relationship between PVR and CI in our data (
Figure 5‑2).  

Pulmonary artery acceleration is measured on the echocardiogram as the time from the start of the outflow to the peak and this shortens with disease. 

Although there was no significant alteration in RVSP (
Figure 5‑2Figure 5‑2a) PVR showed a significant mean increase of 15.175 dyn·s/cm5 in the mice with the R899X mutation.  A further non-significant mean trend is seen towards increases in PVR with IL-1ß treatment regardless of mutation status of the animals (
Figure 5‑2b).Figure 5‑2b).   PVR is a marker that precedes changes in RVSP in disease progression.   No significant changes were seen in the other parameters measured, CI (
Figure 5‑2c) and PAAT (
Figure 5‑2d).
Figure 5‑2c) and PAAT (Figure 5‑2d).
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[bookmark: _Toc494749425]Figure 5‑2 Haemodynamic phenotyping of the murine model of BMPR2 deficiency and IL-1ß response
Haemodynamic analysis by right heart catheterisation shows no significant changes in right ventricular systolic pressure (a) to either BMPR2 status or IL-1ß treatment. Echocardiography shows increases in pulmonary vascular resistance (c) dependent upon BMRP2 status. No significant differences are seen in cardiac index (c) or pulmonary artery acceleration time (d).  n=12 for R899X mutant and n=6 for wild type controls. Ordinary one-way ANOVA with multiple comparison Tukey’s post-test (* = p<0.05).

[bookmark: _Toc494749352]Blood cell count verification of inflammatory activation
To confirm systemic inflammatory activation and assess delivery of IL-1ß white blood cells counts were taken.  

IL-1ß caused a significantly increased white blood cell count in mutant mice (Figure 5‑3a) which was recapitulated by a switch of WBC from lymphocytes to neutrophils shown by percentage changes in the respective cell types (Figure 5‑3b and c).  No significant differences were seen by one-way ANOVA with Bonferroni post-test to IL-1ß stimulation or BMPR2 mutation status in monocyte or reticulocyte number (Figure 5‑3d and e).
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[bookmark: _Ref299789379][bookmark: _Toc494749426]Figure 5‑3 White blood cell counts in a murine model of BMPR2 deficiency and IL-1ß response
Systemic inflammatory activation status was analysed by white blood cell count. White blood cells total count (a) and percentage neutrophils (b) show increases in both animal groups to IL-1ß stimulation however this only reaches significance in BMPR2 mutant animals. In contrast, lymphocytes (c) show decreases in both animal groups to IL-1ß stimulation however this only reaches significance in BMPR2 mutant animals.  No significant changes in monocyte (d) or reticulocyte (e) numbers are seen to either BMPR2 status or IL-1ß treatment.    n=12 for R899X mutant and n=6 for wild type controls. Statistical analysis was performed by ordinary one-way ANOVA with multiple comparisons by Tukeys post-test (*** = p<0.001, ** = p<0.01,).



[bookmark: _Toc494749353]Cytokine profiling of murine R899X model of PAH plasma levels
ELISA detection of IL-6 and OPG plasma levels
To further investigate inflammatory activation and IL-1ß signalling in-vivo I decided to investigate plasma cytokine levels to indicate the response to daily IP injection with IL-1ß in this model of BMPR2 mutation.   

Choice of cytokines to investigate was limited in this study by the volume of plasma gained from the mice and therefore markers that had shown significant alterations in the in vitro study were chosen as a starting point for this work.

In Figure 5‑4a I show that IL-1ß induced IL-6 production is significantly increased by the loss of BMPR2 signalling.  This recapitulates the mRNA data seen during my PASMC in-vitro work in chapter 4.

OPG however shows a slightly different pattern in plasma protein levels than PASMC mRNA work as in-vivo plasma levels are responsive to IL-1ß treatment (Figure 5‑4b).  The same figure however shows no significant change in OPG plasma levels depending on BMPR2 mutation.
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[bookmark: _Ref299794293][bookmark: _Toc494749427]Figure 5‑4 IL-6 and OPG plasma levels in a murine model of BMPR2 mutation and IL-1ß response
Animal response to IL-1ß was analysed by ELISA to detect IL-6 and OPG in plasma to either BMPR2 status or IL-1ß treatment. IL-6 levels (a) are significantly altered in IL-1ß stimulated mice depending on their BMPR2 mutation status with loss of BMPR2 function causing an increase in IL-6 response to IL-1ß treatment. OPG plasma levels (b) show an increase to IL-1ß stimulation regardless of BMPR2 status.  n=12 for R899X mutant and n=6 for wild type controls. Statistical analysis was by ordinary one-way ANOVA with multiple comparisons Tukeys post-test (**** = p<0.0001, * = p<0.05).



IL-6 plasma level correlation with haemodynamic
Having seen a difference in IL-6 levels in the plasma according to IL-1ß stimulation and BMPR2 status I decided I would investigate this to elucidate if there was any impact on disease severity depending on cytokine response to the systemic inflammatory status of the animal.  To do this I correlated the early marker of disease of pulmonary vascular resistance and plasma levels of IL-6 as an indicator of IL-1ß signalling and show in Figure 5‑5 that there is a positive correlation between the two indices.
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[bookmark: _Ref299796157][bookmark: _Toc494749428]Figure 5‑5 Correlation of IL-6 plasma levels with PVR
Correlation of IL-6 levels in the plasma in response to IL-1ß stimulation with PVR determined that there is a positive correlation between IL-6 plasma levels and PVR with a Pearson’s r value of 0.413 and a p=0.0206.  

Assessment of vessel remodelling
To accurately assess the disease in this model I deemed it necessary to perform some histological analysis of the pulmonary vasculature. To do this I used immunological staining for vWF and SMA to assess vessel number and the level of muscularisation of the vessels.  

Vessels were counted and grouped on their size – 
· Smaller than 50 µm in diameter
· 51 µm – 100 µm in diameter
· Greater than 100 µm in diameter

In these three groups, all vessels in a lung section were counted by their vWF staining.  A sequential section stained with SMA was then counted for vessels that showed partial muscularisation (any SMA staining detected) or a full ring of SMA staining, this was considered fully muscularised.  

Staining of lung section to visualise vessel remodelling
As a visual portrayal of the data in Figure 5‑7 for scoring the vessels Figure 5‑6 show representative images for the staining of vessels with vWF, SMA, ABEVG and pCNA.  pCNA shows staining for the proliferating cells and gives an indication that the number of proliferating cells are increasing with remodelling.
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[bookmark: _Ref493706810][bookmark: _Toc494749429]Figure 5‑6 Representative images of vascular staining of pulmonary arterioles less than 50um in diameter. 
Immune-staining for von Willebrand Factor to highlight vessels, SMA to elucidate the smooth muscle content of the vessel and ABEVG to show an overview of vessel structure, pCNA staining was done to show proliferating cells.



Scoring and analysis of vessel remodelling
As a guide, I would expect almost all large vessels to be fully muscularised by the very fact that they are large and therefore require muscle to maintain their shape.  Smaller vessels of less than 50 µm would contain almost no muscle layer, as these are single cells thick walls.

As can be seen in Figure 2‑6 and refreshed for ease of view in Figure 5‑7 when analysed as an entire cohort the mean muscularisation of the vessels was as would be expected for this experiment. Disease occurs is in the small distal vessels and therefore I chose these vessels to perform my further analysis on.

Immunohistochemical analysis of the lungs of these animals was carried out to visualise the areas of vessel endothelium using antibodies to von Willebrand Factor, and smooth muscle actin for the smooth muscle layer within the vessel wall. PCNA staining was used to determine any changes in cell proliferation levels. All vessels in a lung section were analysed to show the percentage of muscularised vessels with a diameter smaller than 50µm is significantly increased by the combination of IL-1ß treatment and BMPR2 dysfunction (Figure 5‑7).
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[bookmark: _Ref304641771][bookmark: _Toc494749430]Figure 5‑7 Assessment of the level of vascular remodelling in the murine model of BMPR2 dysfunction and IL-1ß stimulation in the vessels smaller than 50 µm in diameter. Statistical analysis was performed on partially remodelled vessels by ordinary one-way ANOVA with multiple comparisons Tukeys post-test (* = p<0.05).
[bookmark: _Toc260252102]


[bookmark: _Toc494749354]Discussion
BMPR2 heterozygous null (BMPR2 +/-) mice have previously been given LPS as a broad inflammatory stimulus and have been shown to induce a greater inflammatory response than their wild type controls (Soon et al., 2015).  An earlier study, however, done with house dust mite allergen showed no difference between the wild type and mutant mice (Mushaben et al., 2012).  This has not however been done with this BMPR2 R899X knock in mutant mouse model or with the use of IL-1ß as the inflammatory stimulus.  It is important to increase understanding of IL-1 in PAH as little is known about it despite inflammation being a well-established disease inducer.
						
I report that in a model of over-expression of the R899X mutant BMPR2 gene in-vivo significantly altered PVR in IL-1ß treated mice compared to IL-1ß treated wild type litter mate controls.

BMPR2 mutation and IL-1ß stimulation together gave an average increase in PVR of 25.1 dyn·s/cm5.   This difference whilst encouraging was not recapitulated in changes in RVSP, cardiac index (CI) or pulmonary artery acceleration time (PAAT) between the groups.  A limitation of this chapter is that this data is in contrast with other literature for mouse models where raised RVSP has been used as the marker of disease (Long et al., 2015, Soon et al., 2015).  This is also in contrast to other publications using this same model where 75% of animals are reported to get increased RVSP (Johnson et al., 2012, Fessel et al., 2013).  

This could be explained by the fact that in disease PVR increase precedes increases in RVSP. If the study had been extended I may have seen a greater difference between the groups by mimicking chronic inflammation as these previous studies were undertaken for 8 and 6 weeks respectively.  It should be noted, however, that in the 2012 study animals were evaluated at 1 week where no changes were seen, 4 weeks where 50% of animals were shown to have developed raised RVSP (Johnson et al., 2012).  This was amongst the reasons I decided on a 4-week study as a 50% penetrance rate would give the window of opportunity to evaluate IL-1ß as an accelerator of disease progression. 

This model is still potentially useful but further studies may need to prolong the period of diet / IL-1ß treatment.  Chronic delivery may be necessary as this was also the case in the recent paper where LPS was given IP for BMPR2+/- mice for 6 weeks rather than 4 (Soon et al., 2015).

Through analysis of the lung microvasculature using immunohistochemistry it became apparent that this increase in PVR is mirrored by significant increases in muscularisation of the small pulmonary vessels as noted in other studies using this model (Fessel et al., 2013).  Changes in pCNA staining also replicated these changes.  This gives credence to my conclusion that I am seeing a very early stage of disease and possible modulation of disease at this time point by the interaction of BMPR2 dysfunction and inflammatory stimulation through IL-1ß.

Reporting on the inflammatory responses of these animals I can state that IL-1ß induces a significant increase in total white blood cell number in the mutant mice that does not reach significance in their wild type littermates. These data are in line with literature showing the systemic delivery of IL-1 increases white blood cell count in a dose dependant manner (Hill et al., 1997). 

I also show that this change is largely neutrophil driven by reporting an alteration in the white blood cell population make up as shown by a concurrent increase in neutrophil percentage of white cells and a drop in the percentage of lymphocytes. This is in line with other fields of research where it has been shown that IL-1 can cause neutrophil changes in in vivo models of infection (Biondo et al., 2014). This finding is in line with my hypothesis that these animals would display a heightened PAH phenotype response to inflammatory stimulation.  

Due to the obvious alteration of the systemic inflammatory response between the wild type and mutant mice I sought to determine the basic cytokine changes in the model to assess alterations in inflammatory responses.  To do this I performed sandwich ELISAs to determine circulating serum levels of cytokines IL-6 and OPG.  

I report that in line with changes seen in-vitro in chapter 3 where IL-1ß induced an increased production of OPG in PASMCs I see in this chapter that serum OPG levels are increased to IL-1ß stimulation regardless of BMPR2 mutation status in mice treated daily with IL-1ß. These data together would indicate that whilst OPG is IL-1ß responsive this change is not responsive to alteration in the BMP signalling pathway.

I have demonstrated that circulating levels of IL-6 are significantly increased in the IL-1ß treated mutants compared to IL-1ß treated wild type controls. This confirms that mutant mice have a heightened response to inflammatory stimulation and adds to literature that LPS treated BMPR2 deficient mice have increased inflammatory responses (Soon et al., 2015).  Literature on IL-6 is mixed with most sources demonstrating that IL-6 is raised in disease and implicating it in disease pathogenesis and suggesting it as a target for therapy (Furuya et al., 2010).  There is one paper, however, that shows a protective effect in the schistosomiasis model of PAH (Graham et al., 2013) and this demonstrates how models vary and it is important to assess data in context.

I also show for the first time that IL-6 plasma levels correlate with disease severity in this model. There is a significant positive correlation of IL-6 plasma levels with pulmonary vascular resistance in this model thus indicating that inflammation is involved in the disease process in this disease model.  It has been shown in other studies that IL-6 levels can correlate with a patient symptom study and lead to more pain and less vitality and poorer mental health scores (Matura et al., 2015).

From my data in this chapter I can conclude that BMPR2 mutation and IL-1ß stimulation combine to induce increased PVR, white blood cell counts and a raised serum IL-6 level, which correlates with disease progression as measured by PVR.  The study should be repeated, however, over a longer period to make conclusions over the involvement of IL-1ß in increased pulmonary pressures in this model.

6 [bookmark: _Toc494749355]
Observations of BMPR2 and IL-1ß signalling interaction in disease 
[bookmark: _Toc494749356]Introduction
Results in this chapter were achieved in conjunction with the Sheffield PH biobank of samples funded initially by the Medical Research Council and subsequently by the British Heart Foundation for the recruitment of treatment-naive PAH patients and healthy volunteers entering the clinical facility for the treatment of pulmonary vascular diseases in Sheffield.

Patients are recruited into the biobank upon their first visit to the pulmonary vascular disease unit and diagnosis by right heart catheterisation prior to beginning targeted therapy for their pulmonary hypertension.  These patients are followed up longitudinally at all future appointments.  This gives Sheffield Pulmonary Hypertension Biobank the enviable position of having a cohort of patients that upon first visit are treatment naïve.  

This allows the opportunity to study not only patients over time but the effect of drugs over the course of the disease specific treatment in responders and non-responders, giving an insight into the variability of patient responsiveness to a particular treatment and whether that response could be foreseen through the use of circulating biomarkers.

There is much in the literature about raised inflammatory profile of PAH patients (Soon et al., 2010) and inflammatory involvement in disease and therefore the cytokine profile of the Sheffield biobank was deemed a good place to investigate if changes seen in this work in vitro and in vivo are translated into patients with disease.

[bookmark: _Toc494749357]Materials and Methods
Luminex detection of protein levels takes advantage of antibody pairs that bind to different epitopes of a given protein and so can be used in synchronicity to immobilise and then detect proteins from liquid samples as described in section 2.9. Plasma samples from 19 patients without known disease causing mutations, 7 IPAH patients with confirmed BMPR2 mutations and 27 healthy volunteer controls were analysed at baseline in treatment naïve patients. 

[bookmark: _Toc494749358]Results
To determine if there are differences in PAH patients and their IL-1 signalling capabilities extensive cytokine and haemodynamic profiling of patients is of great importance to establish interesting targets which may be further investigated to give insights into this disease. 

This is also considered in the background of patients carrying a BMPR2 mutation to see how circulating proteins are affected by the BMPR2 mutation status of the patient.
[bookmark: _Toc494749359]Cohort phenotype data
Patients were recruited to the Sheffield PH biobank at their first visit to the centre and it is these baseline measures are used in this project.  IPAH patient DNA samples were sequenced as part of the collaboration with the National Cohort.  For this project I took the 7 patients we discovered to have mutations in their BMPR2 gene with controls known to have no BMPR2 mutation after sequencing, these were not matched for age or sex. 

These patients (as can be seen in Table 6‑i Cohort characteristics of patients) are of similar age and disease state with all patients except 1 being in functional class III therefore having typically heavy disease burden.  The patients show little co-morbidity with other diseases, which is to be expected in this clean group of idiopathic patients. 

 Haemodynamic markers show no significant variation between the groups in mean right atrial pressure, mPAP, pulmonary artery occlusion pressure (pulmonary capillary wedge pressure) or cardiac index.
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[bookmark: _Ref467067261][bookmark: _Ref467067232][bookmark: _Toc494749442]Table 6‑i Cohort characteristics of patients

[bookmark: _Toc494749360]PAH patients’ levels of inflammatory cytokines show no change in disease.
Due to differences discussed in the literature and changes seen in previous chapters in this work, it was deemed interesting to investigate circulating inflammatory cytokines. These were measured in the plasma by Luminex multiplex bead based assay approach in a cohort of healthy volunteers and patients with and without BMPR2 mutation.  

As can be seen in Figure 6‑1 in the cohort in Sheffield I see no differences between patients and healthy volunteers in any of the inflammatory cytokines tested and no differences in patients depending on their BMPR2 mutation status.
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[bookmark: _Ref464589901][bookmark: _Toc494749431]Figure 6‑1 Plasma cytokine levels of patients and healthy controls
No significant differences were seen in circulating plasma levels of IL-1ß, IL- 1å, IL-6, IL-8, IP-10 or TNFå. n = 27 Healthy volunteers, 19 IPAH patient without BMPR2 mutation and 7 IPAH with confirmed BMPR2 mutation.









[bookmark: _Toc494749361]PAH patients show increased levels of circulating growth factors.
As demonstrated by Burke et al in 2009 circulating growth factors are increased in patients with PAH and it is thought that these growth factors have unprecedented access to the smooth muscle layer following endothelial dysfunction in the early stages of disease and this leads to the unchecked proliferation of the smooth muscle cells seen in the disease lesions.  I therefore investigated circulating levels of growth factors in the same patient cohort.
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[bookmark: _Toc494749432]Figure 6‑2 Plasma levels of VEGF a-c and HGF in patients and healthy volunteers
Plasma levels of VEGF a, b and c are significantly increased in patients compared to controls., BMRP2 mutation infers a significant decrease in VEGFc from IPAH patients without mutation and still significantly higher than controls. Hepatocyte growth factor (HGF) is increased in patients regardless of BMPR2 mutation (d). n = 27 Healthy volunteers, 19 IPAH patient without BMPR2 mutation and 7 with confirmed mutation. Statistical analysis was by ordinary one-way ANOVA with multiple comparisons Tukeys post-test (**** = p<0.0001, ** = p<0.01, * = p<0.05).
[bookmark: _Toc494749362]PAH patients show increased levels of circulating disease-relevant proteins.
In addition to the circulating cytokines and growth factors, I investigated a number of disease relevant proteins in the plasma of patients, as discussed previously endothelin is an important part of disease and a current therapeutic target with endothelin 2 receptor antagonist being a first line drug for most patients due to its role in vascular tone, this has been shown to be raised in patient lung tissue (Wort et al., 2001). 

Endoglin (ENG) has been investigated in the literature  due to the findings that mutations in that gene can be implicated in disease with loss of ENG protecting from disease progression (Gore et al., 2014). 

TRAIL, and FasL are both under investigation in our group and as apoptotic inducing ligands are interesting in light of the anti-apoptotic pro-proliferative phenotype seen in this disease working in a pathway with RANKL all of these proteins were deemed to be worth further investigation.

BMP pathway is interesting in this project and the field in general and the recent finding by the Morrell group in Cambridge surrounding the possible use of BMP9 as a therapeutic to enhance BMPR2 function (Long et al., 2015) made BMP9 an interesting target to investigate also.
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[bookmark: _Toc494749433]Figure 6‑3 plasma levels of PAH related proteins in patients and healthy controls
Plasma levels of Endothelin-1 and RANKL is increased in patients compared to healthy volunteers regardless of BMPR2 mutation status. FasL and TRAIL levels are reduced in patients compared to healthy volunteers.  Endoglin and BMP9 isare increased in non-mutation carrying patients compared to healthy volunteers. n = 27 Healthy volunteers, 19 IPAH patient without BMPR2 mutation and 7 IPAH with confirmed BMPR2 mutation. Statistical analysis was by ordinary one-way ANOVA with multiple comparisons Tukeys post-test (**** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05).
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BMPR2 mutation influences the pro- proliferative protein serum levels of IPAH patients
While running the samples, I wanted to investigate a number of known smooth muscle cell mitogens and investigate their profile in patient plasma in our cohort.  These include PDGF as it is a potent proliferative stimulant of smooth muscle cells and is already implicated in disease along with the findings in chapters 3 and 4 that the receptors are upregulated in disease. OPG was investigated as it is of interest in our group and RANTES as an important chemoattractant already implicated in disease from an endothelial source can be important in modulating the inflammatory cell influx in disease (Dorfmuller et al., 2002).








a[image: ]b[image: ]
c[image: ]d [image: ]
[bookmark: _Toc494749434]Figure 6‑4 plasma levels of pro-inflammatory and PASMC mitogens
PDGFaa, PDGFbb and RANTES are all significantly increased by mutation  compared to healthy volunteers and have a significant increase in patients carrying a BMPR2 mutation. OPG shows no change between patients and healthy controls however there is a significant decrease between patients carrying the mutation compared to those without.  n = 27 Healthy volunteers, 19 IPAH patient without BMPR2 mutation and 7 IPAH with confirmed BMPR2 mutation. Statistical analysis was by ordinary one-way ANOVA with multiple comparisons Tukeys post-test (**** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05).

[bookmark: _Toc494749364]Discussion
I report here that patients in the Sheffield cohort did not show an increased inflammatory cytokine plasma profile.  This is not consistent with the literature where it is stated that patients have increased circulating cytokine levels (Groth et al., 2014, Price et al., 2012).  This could be due to a multitude of factors including that the Sheffield biobank samples being taken from treatment naïve patients at a very early stage of disease diagnosis.  Many other biobanks contain a large proportion of samples from existing patients already on targeted therapy. There were also relatively small numbers for this kind of study and given more samples differences may emerge.  

Having seen in vitro IL-6 changes and similar changes in the mouse model, these data are not consistent with results in patients.  In vitro I looked at vascular smooth muscle cells and therefore any differences could be explained by cell specific responses which are not necessary translated to plasma levels (Lawrie, 2014). 

However, the changes seen in IL-6 levels in the mouse model were consistent with the cell changes.  Model data could be at a different stage of disease than the patients we are looking at in this chapter.  In patients, different pathways could be involved at this stage of the disease than in the murine model.

These patients are IPAH patients and therefore, do not have concurrent inflammatory disease so are a less inflammatory group and could therefore be activating different disease mechanisms than the IL-1ß stimulated cells or the mutant mouse model.  This has been seen in the various mouse models with the more inflammatory MCT model showing IL-1ß involvement yet the hypoxic model showing no IL-1ß response (Voelkel and Tuder, 1994).

I report the finding that in disease vascular constrictor Endothelin-1 is increased in patients and this is unaffected by the BMPR2 mutation status of the patient.  This is relevant to disease as endothelin-1 is a potent vasoconstrictor (Yanagisawa et al., 1988), with endothelin receptor antagonists being a first line drug in disease treatment (Lewis J. Rubin et al., 2002). This work gives an insight into the potential that IL-1 is working upstream of ET1 and so could treat the source of the vasoconstriction rather than amelioratingrelieving the symptom as current therapies do.

I have reported here that BMP9 is raised in our patients with disease and this is significant in patients without a mutation but does not reach significance in those patients with a mutation.  This data is in contrast with the recent publication that BMP9 is reduced in patients and could be used as a therapy to lessen disease (Long et al., 2015).  

Further profiling of patient plasma samples showed significant increases in a wide variety of growth factors including HGF, VEGF and the known disease related growth factor PDGF aa and bb in disease. Couple this with decreased levels of apoptosis inducing ligands FasL and TRAIL gives credence to current thinking that the patient circulation contains a highly potent melee of anti-apoptotic, pro-inflammatory, pro-proliferative and pro-migratory proteins creating a microenvironment acting on the vascular cells (Stenmark et al., 2012).  

This could be further exacerbated by loss of functioning BMPR2 as we can see further increases in some of the most potent mitogens PDGFaa and bb along with the chemoattractant RANTES.  All of these proteins have been linked with disease in the literature (Schermuly et al., 2005, Nakano et al., 2012).  These data, therefore, add to this field in that they show for the first time that in patients the levels are altered dependent upon BMPR2 mutation state. 

The limitations of this data include the fact that I have small number of mutant patients and that these assays were done on a different platform to previous studies in the literature, this could account for some of the differences in results and so performing assays in a wider range of assay formats may be useful., also the fact that mRNA results in the previous chapters do not match the data in this chapter could mean that there and alterations in the transcribing of the protein from the mRNA and therefore protein measurements from earlier chapters may have given data which correlated better with human plasma sample used in this chapter.

This chapter demonstrates that inflammatory signalling is altered in disease and therefore it has potential as a second hit in disease pathogenesis.

7 [bookmark: _Toc260252103][bookmark: _Toc494749365]General discussion 

Using unbiased microarray analysis, I report that IL-1ß induces vascular bed specific transcriptional regulation in SMCs. Control (normal) PASMCs display reduced inflammatory activation to IL-1ß compared to AoSMCs in vitro. mRNA and pathway analysis identified a dampened pro-inflammatory, pro-proliferative response to IL-1ß in PASMCs compared to AoSMC which was lost upon loss of functional BMPR2. These findings are consistent with reports demonstrating beneficial effects of IL-1 receptor antagonist (IL-1ra) in animal models of PAH where BMPR2 is lowered such as the monocrotaline model (Voelkel and Tuder, 1994). 

Furthermore, I demonstrate that BMPR2 dysfunction results in increased inflammatory signalling and activation of mitogenic pathways inhibited in normal PASMC in-vitro but this does not occur in SMCs from the systemic vascular bed. This is an inherent part of the disease pathogenesis and our findings could go some way to explain why patients with BMPR2 mutations go on to develop pulmonary vascular remodelling but with no effects on their systemic vessels.

I report for the first time the additive effect for the loss of BMPR2 and administration of IL-1ß on the catalogue of transcriptional activity. Mutant BMPR2 expression combined with IL-1ß caused raised PVR associated with increased small pulmonary vessel muscularisation and correlated positively with serum IL-6 levels.  

In this model, I also show that the systemic inflammatory response change is largely neutrophil driven by reporting an alteration in the white blood cell population make up as shown by a concurrent increase in neutrophil percentage of white cells and a drop in the percentage of lymphocytes.  Given the results in previous chapters that IL-8 is increased by microarray in the pulmonary vasculature more than the systemic cells to IL-1ß stimulation.  It is interesting that the proportion of neutrophils proportion is raised as IL-8 is a highly inflammatory cytokine with strong neutrophilic attractant properties. There is a role for neutrophils in releasing IL-1ß in sterile inflammation in a caspase independent processing (Dinarello et al., 1997). Neutrophils are thought to be able to influence PAH pathogenesis and neutrophil elastase is raised in hypoxia model and patient smooth muscle cells. Inhibiting neutrophil elastase inhibition with elafin  can repress PAH models (Rabinovitch et al., 2014)..).  This data is in line with recent work showing that in PAH patients there is a shift in the neutrophil to lymphocyte ratio (Harbaum et al., 2017).


To further elucidate the pathways involved in human disease I report significant differences in the circulating levels of PDGF aa and bb in patients depending on the BMPR2 mutation status with mutation inferring an increased level of both PDGF molecules. This coupled with the fact that PASMCs treated with BMPR2 siRNA have increased levels of PDGF receptors (not seen in aortic cells) could go some way towards explaining the proliferative phenotype seen in these cells in patients, meaning increased receptors in the pulmonary vasculature as well as increased circulating ligands to drive proliferation. VEGF was also raised in patient samples but this was unaffected by BMPR2 mutation.  Both VEGF and PDGF are IL-1 induced genes (Jung et al., 2003).

Therapeutic agents targeting IL-1ß are in clinical use, of note anakinra, which has recently been trialled in therapeutic use in PAH (clinical trial identifier NCT01479010). This gives credence to the role of IL-1ß in disease.  Late stage clinical trials using biologics (canukinumab) (Ridker et al., 2012) in cardiovascular disease gives further emphasis for insights into this potential therapeutic area.

Our data suggest that targeting IL-1ß may be an effective therapeutic strategy for PAH treatment and that patient stratification according to IL-1ß responsive signals could be useful for identifying patients with an increased likelihood of treatment response.  An advantage of targeting IL-1ß specifically is that this may mitigate against the risk of opportunistic infection by allowing other IL-1 family molecules to continue participating in host defence (Dinarello et al., 2012). 

Other recent research has shown that targeting inflammatory signalling in combination with increasing BMPR2 function is helpful in the treatment of PAH.  This has been shown using FK506 (Tacrolimus) in animal models (Spiekerkoetter et al., 2013) and a subsequent phase IIa clinical trial (trial number NCT1647945) (Spiekerkoetter et al., 2015).

 Manipulation of inflammatory cell infiltration and endothelial cell apoptosis by antagonizing the BLT1 receptor of leukotriene B4 has also been shown to be effective in-vivo (Tian et al., 2013) which backs up our findings that a combination of inflammation and BMPR2 dysfunction is important.  Interestingly, the importance of neutrophil elastase (NE) in the pathobiology of PAH has been well recognised (Nickel et al., 2015) and recent work demonstrating NE-mediated release of IL-1ß (Alfaidi et al., 2015) may provide further evidence for a central role of IL-1ß biology in the pathogenesis of PAH, and highlights additional evidence for the potential use of NE inhibitors in PAH.

In the future, I think there are many interesting ways to further this research and I would very much like to be involved in delving deeper into the roles that IL-1 and more specifically its role in conjunction with known change in BMPR2 would influence disease.  It would also be interesting to investigate whether the endothelium becomes leaky in the BMPR2 mutants and whether this then allows IL-1 access to the BMPR2 deficient smooth muscle cell layer.  In order to do this, I believe that a more robust model of disease needs to be used to maintain reduced BMPR2 expression with a greater disease penetrance and this could then be used to further the research on interacting pathways. 
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	Gene
	logFC
Ao
	logFC
PA
	 LogFC
	 
	Gene
	logFC
Ao
	logFC
PA
	 LogFC
	 
	Gene
	logFC
Ao
	logFC
PA
	 LogFC

	ABL1
	1.0
	1.1
	0.0
	 
	HECW2
	1.1
	1.1
	0.0
	 
	NUAK2
	1.5
	1.6
	0.0

	ADORA2A
	1.6
	2.7
	1.1
	 
	HEY1
	1.0
	1.0
	0.0
	 
	OAS3
	1.2
	1.2
	0.1

	ALDH1A3
	1.2
	1.5
	0.3
	 
	ICAM1
	4.7
	2.0
	-2.7
	 
	PANX1
	1.0
	1.5
	0.4

	AMPD3
	2.0
	2.0
	0.0
	 
	ICAM4
	3.2
	2.5
	-0.7
	 
	PAPPA
	1.1
	1.2
	0.1

	APOL4
	-1.2
	1.4
	2.6
	 
	ICOSLG
	-1.1
	2.3
	3.4
	 
	PARP14
	1.3
	1.9
	0.6

	ATP2B1
	1.0
	1.6
	0.6
	 
	IER3
	3.2
	2.1
	-1.1
	 
	PCDH18
	-1.3
	-1.4
	-0.2

	BCL2A1
	3.3
	4.1
	0.8
	 
	IFIH1
	1.8
	1.8
	0.0
	 
	PDZD2
	-1.8
	1.2
	3.0

	BDKRB1
	2.0
	2.6
	0.6
	 
	IFNAR2
	1.3
	1.3
	0.0
	 
	PIK3CD
	1.8
	1.8
	-0.1

	BDKRB2
	1.4
	1.6
	0.1
	 
	IFNGR2
	1.3
	1.8
	0.5
	 
	PODXL
	-1.0
	-1.2
	-0.2

	BIRC3
	5.3
	4.4
	-0.9
	 
	IL15
	1.5
	1.9
	0.5
	 
	PRIC285
	1.1
	1.7
	0.6

	BMP2
	2.0
	2.6
	0.6
	 
	IL15RA
	1.2
	2.1
	0.9
	 
	PSMB9
	1.8
	1.3
	-0.5

	CBLN2
	1.4
	1.1
	-0.3
	 
	IL1A
	3.0
	3.2
	0.2
	 
	PTGS2
	3.2
	3.2
	0.0

	CCL2
	3.8
	3.2
	-0.6
	 
	IL1B
	1.8
	4.8
	3.0
	 
	PTK2B
	1.2
	-1.3
	-2.6

	CCL20
	5.4
	5.8
	0.4
	 
	IL32
	2.0
	1.7
	-0.3
	 
	PTX3
	1.3
	1.4
	0.1

	CCL7
	2.7
	3.1
	0.4
	 
	IL4I1
	1.5
	2.4
	0.9
	 
	RELB
	3.9
	3.1
	-0.8

	CD70
	1.5
	3.3
	1.8
	 
	IL6
	6.0
	3.4
	-2.6
	 
	RIPK2
	1.7
	1.9
	0.3

	CD82
	2.1
	2.3
	0.2
	 
	IL7R
	2.6
	2.6
	0.0
	 
	SAT1
	1.6
	1.5
	-0.2

	CLDN14
	1.5
	2.4
	1.0
	 
	IL8
	2.2
	5.6
	3.3
	 
	SDPR
	-1.5
	-2.1
	-0.6

	CNIH3
	-1.3
	-1.1
	0.1
	 
	INHBA
	2.0
	1.1
	-1.0
	 
	SERPINB2
	2.6
	2.6
	0.1

	CSF1
	1.2
	1.9
	0.7
	 
	IRAK2
	3.0
	3.1
	0.1
	 
	SHROOM3
	-1.0
	-1.1
	-0.1

	CSF2
	4.9
	4.8
	-0.1
	 
	IRF1
	1.0
	2.0
	1.0
	 
	SLC11A2
	1.3
	1.0
	-0.2

	CSF3
	8.6
	6.6
	-2.1
	 
	ISG20
	1.7
	2.3
	0.5
	 
	SLC12A7
	1.1
	1.9
	0.8

	CXCL1
	3.4
	4.1
	0.7
	 
	KCNJ8
	-1.1
	-1.6
	-0.4
	 
	SLC14A1
	-1.3
	-1.4
	-0.2

	CXCL2
	4.5
	5.1
	0.7
	 
	KIAA1217
	1.1
	1.4
	0.2
	 
	SLC14A1
	-1.3
	-1.3
	0.0

	CXCL3
	5.7
	5.4
	-0.3
	 
	KREMEN2
	-1.3
	2.2
	3.4
	 
	SLC14A1
	-1.3
	-1.2
	0.1

	CXCL5
	3.0
	1.6
	-1.4
	 
	KRT80
	-1.2
	-1.4
	-0.2
	 
	SLC19A2
	1.0
	1.5
	0.5

	CXCL6
	3.7
	2.3
	-1.4
	 
	LIF
	2.4
	3.7
	1.3
	 
	SLC2A6
	1.6
	1.9
	0.3

	DDIT4L
	-1.0
	-1.9
	-0.9
	 
	LRIG1
	1.8
	1.7
	0.0
	 
	SLC39A14
	2.6
	2.5
	-0.1

	DDX58
	1.4
	1.1
	-0.3
	 
	LRRN3
	1.5
	1.8
	0.2
	 
	SLC39A14
	2.6
	2.6
	0.1

	DDX58
	1.2
	1.1
	-0.1
	 
	MAFF
	1.1
	1.8
	0.8
	 
	SLC7A2
	3.2
	5.0
	1.8

	DIO2
	1.0
	1.9
	0.9
	 
	MBP
	-1.3
	-1.3
	0.0
	 
	SMOX
	1.5
	1.0
	-0.5

	ELOVL7
	1.2
	2.6
	1.4
	 
	MSC
	1.5
	1.8
	0.2
	 
	SOD2
	3.2
	1.8
	-1.3

	ESM1
	1.4
	1.9
	0.5
	 
	NAB1
	1.6
	1.1
	-0.4
	 
	SSTR2
	-1.1
	1.3
	2.4

	ETS1
	1.0
	1.1
	0.1
	 
	NAMPT
	1.6
	1.6
	0.0
	 
	STAT5A
	1.5
	2.0
	0.5

	FGF2
	1.5
	1.4
	-0.1
	 
	NAV3
	1.2
	1.4
	0.2
	 
	SYT12
	-1.4
	2.2
	3.5

	FMNL3
	1.0
	1.3
	0.3
	 
	NFKB1
	1.8
	2.3
	0.4
	 
	TAP1
	1.5
	1.5
	0.0

	G0S2
	1.3
	1.8
	0.5
	 
	NFKB2
	2.4
	1.8
	-0.6
	 
	TNC
	1.3
	2.1
	0.8

	GALM
	-1.3
	-1.2
	0.1
	 
	NFKBIA
	2.8
	2.4
	-0.4
	 
	TNFAIP2
	4.6
	4.6
	0.0

	GBP1
	1.2
	2.0
	0.8
	 
	NFKBIE
	1.0
	1.0
	0.0
	 
	TNFAIP3
	1.7
	3.4
	1.7

	GCH1
	2.1
	3.0
	0.9
	 
	NFKBIZ
	2.6
	1.7
	-0.9
	 
	TNFAIP6
	2.0
	3.7
	1.6

	GFPT2
	1.2
	2.2
	1.0
	 
	NGF
	1.2
	1.2
	0.0
	 
	TNFAIP8
	1.4
	1.7
	0.3

	GPR37L1
	2.1
	4.1
	2.0
	 
	NINJ1
	2.5
	1.5
	-0.9
	 
	TNIP1
	2.4
	2.0
	-0.4

	GPR68
	1.2
	2.3
	1.1
	 
	NKX3-1
	1.1
	3.7
	2.5
	 
	WTAP
	1.3
	1.6
	0.3

	HBEGF
	1.3
	1.6
	0.3
	 
	NR4A3
	1.2
	1.6
	0.4
	 
	WWC1
	1.3
	2.3
	1.0
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	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val

	SPANXB2
	-2.8
	7.5
	0.008
	 
	TET1
	-1.2
	6.9
	0.001
	 
	RASSF2
	-1
	11
	0.0003

	EVI2A
	-2.4
	7.8
	0.0069
	 
	FRMPD4
	-1.2
	6.5
	0.0466
	 
	LRRC17
	-1
	11.1
	0.0465

	SLC40A1
	-2.4
	7.6
	0
	 
	SULT1B1
	-1.2
	6.7
	0.0248
	 
	OMA1
	-1
	9.2
	0.0015

	SOCS2
	-2.3
	10.4
	0
	 
	MEIS2
	-1.2
	10.4
	0.0008
	 
	ATP6AP1L
	-1
	8.3
	0.008

	F11R
	-2.2
	9.6
	0.0196
	 
	LRRC20
	-1.2
	10.1
	0.0003
	 
	SETDB2
	-1
	8
	0.0173

	SSTR1
	-2.1
	9.1
	0.0019
	 
	SPRY1
	-1.2
	11.4
	0.0107
	 
	BST2
	-1
	8.9
	0.0207

	PLEKHA7
	-2.1
	6.7
	0.0375
	 
	MITF
	-1.2
	9.3
	0.0041
	 
	TNFRSF10C
	-1
	8.8
	0.0017

	HRCT1
	-2
	7.8
	0.0001
	 
	ADRA2A
	-1.2
	6.6
	0.0011
	 
	GPCPD1
	-1
	9.4
	0.0003

	GCNT1
	-2
	9.1
	0.0004
	 
	ANKRD33B
	-1.2
	8.7
	0.0004
	 
	MAPK10
	-1
	6.9
	0.0349

	TXNIP
	-2
	11.3
	0.0002
	 
	FZD4
	-1.2
	12.1
	0.0037
	 
	INPP5D
	-1
	7.5
	0.0035

	RCOR2
	-1.9
	9.1
	0.0016
	 
	GDF15
	-1.2
	14.7
	0.0194
	 
	PRR5L
	-1
	6.8
	0.0115

	ESPNL
	-1.9
	8.9
	0.0048
	 
	KLHDC9
	-1.2
	8.8
	0.0002
	 
	TUBA4A
	-1
	10.8
	0.0452

	DBP
	-1.9
	7.5
	0.0001
	 
	PLCB2
	-1.1
	7
	0.0019
	 
	OSBPL10
	-1
	8.6
	0.0033

	VIPR1
	1.8
	7.3
	0.0453
	 
	HAND2
	-1.1
	9.6
	0.0014
	 
	PIM2
	1
	8.6
	0.0115

	TRIL
	-1.8
	6.9
	0.0086
	 
	TRIM45
	-1.1
	8.4
	0.002
	 
	PPARD
	1
	12.1
	0.0032

	RGS4
	-1.8
	10.2
	0.0019
	 
	FOS
	-1.1
	6.3
	0.0058
	 
	RASAL2
	1
	9.5
	0.0018

	PLEKHA6
	-1.8
	6.8
	0.0023
	 
	ITGA4
	-1.1
	7.7
	0.0395
	 
	GJC1
	1
	10.9
	0.0043

	MYCL1
	-1.7
	7.1
	0.0006
	 
	PADI1
	-1.1
	6.3
	0.0043
	 
	SECISBP2L
	1
	9.3
	0.0036

	NFE2
	-1.7
	6.9
	0.0006
	 
	PBX3
	-1.1
	9.5
	0.0383
	 
	EPHB2
	1
	10.5
	0.0141

	PIK3C2B
	-1.6
	9.2
	0.0001
	 
	NME5
	-1.1
	7
	0.0381
	 
	VSTM2A
	1
	7.2
	0.004

	EGR1
	-1.6
	10.5
	0.0003
	 
	SPEG
	-1.1
	8.4
	0.0006
	 
	FRMD4A
	1
	10
	0.0011

	TRIM6
	-1.6
	7.6
	0.0001
	 
	BMP4
	-1.1
	7.1
	0.0004
	 
	HIST2H3A
	1
	9
	0.0278

	RTKN2
	-1.6
	7
	0.0023
	 
	FRMD5
	-1.1
	8.1
	0.0004
	 
	SLC7A1
	1
	11.4
	0.0008

	HSD17B6
	-1.6
	8.3
	0.0444
	 
	PIK3R1
	-1.1
	9.4
	0.0244
	 
	F2RL1
	1
	7.8
	0.0064

	RNF112
	-1.5
	8.4
	0.0041
	 
	HIP1R
	-1.1
	7.2
	0.0003
	 
	JPH1
	1
	6.2
	0.0017

	ITLN2
	-1.5
	6.1
	0.0007
	 
	COPG2IT1
	-1.1
	5.9
	0.024
	 
	CD44
	1
	15.7
	0.0005

	ADAMTS5
	-1.5
	10.6
	0.0011
	 
	EFNB2
	-1.1
	8
	0.0381
	 
	EIF5
	1
	8.7
	0.0009

	KCNAB1
	-1.5
	8.6
	0.0001
	 
	STARD5
	-1.1
	10.7
	0.0018
	 
	NUDCD1
	1
	7.5
	0.0009

	ARHGEF37
	-1.5
	7.8
	0.0003
	 
	STAU2
	-1.1
	9.6
	0.0119
	 
	TMEM171
	1
	9.9
	0.0002

	PPP1R3C
	-1.5
	12.7
	0.0001
	 
	ROR1
	-1.1
	11.6
	0.0003
	 
	KLF9
	1
	12
	0.0015

	NR2F2
	-1.5
	12.3
	0.0002
	 
	APBA2
	-1.1
	6.4
	0.0176
	 
	KIAA1644
	1
	6.1
	0.0003

	HNMT
	-1.4
	6.7
	0.0011
	 
	KIAA1671
	-1.1
	6.7
	0.0461
	 
	SMURF2
	1
	8.1
	0.0251

	TRIM63
	-1.4
	5.9
	0
	 
	KCTD16
	-1.1
	10
	0.0058
	 
	OLFML2A
	1
	8.2
	0.0018

	HIST1H2AC
	-1.4
	10.2
	0.0053
	 
	ST3GAL5
	-1.1
	10.4
	0.0084
	 
	RANBP9
	1.1
	11.3
	0.0094

	ARL4D
	-1.4
	11.1
	0.0002
	 
	CPEB1
	-1.1
	8.3
	0.0025
	 
	CLCF1
	1.1
	8.7
	0.0153

	DKK1
	-1.4
	11.9
	0.0004
	 
	PPFIA4
	-1.1
	6.3
	0.0165
	 
	DNAJA1P5
	1.1
	12.4
	0.0005

	 




















	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	









 
	 

	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val

	GREM2
	-1.4
	12.4
	0.0275
	 
	PLIN2
	-1.1
	10.3
	0.0134
	 
	MAFG
	1.1
	11.6
	0.0017

	SYNPO2L
	-1.4
	8.2
	0.0236
	 
	RIMBP3
	-1.1
	8.6
	0.0034
	 
	SRSF12
	1.1
	5.7
	0.0015

	FOXS1
	-1.4
	7
	0.0048
	 
	AQP11
	-1.1
	7.4
	0.0113
	 
	DENND5A
	1.1
	12.9
	0.0004

	FZD2
	-1.4
	11.8
	0.0001
	 
	RNF125
	-1.1
	6
	0.0013
	 
	PPP1R14C
	1.1
	7.8
	0.0105

	PLAU
	-1.4
	9.2
	0.01
	 
	WDR63
	-1.1
	6.9
	0.0146
	 
	LPXN
	1.1
	8.6
	0.0045

	PRICKLE1
	-1.4
	10.8
	0.0033
	 
	SLC45A3
	-1
	8
	0.0005
	 
	PDCD1LG2
	1.1
	6.9
	0.001

	ARHGAP18
	-1.3
	8.5
	0.0044
	 
	PNMAL2
	-1
	7.8
	0.0036
	 
	SQRDL
	1.1
	13.1
	0.0006

	TRERF1
	-1.3
	9.1
	0.0001
	 
	CD24
	-1
	12.4
	0.004
	 
	ANKLE2
	1.1
	9.7
	0.0003

	SYTL2
	-1.3
	7.9
	0.0133
	 
	EPHB3
	-1
	7.9
	0.0209
	 
	NR3C1
	1.1
	13.8
	0.0002

	FLRT3
	-1.3
	8.5
	0.0002
	 
	KBTBD3
	-1
	6.8
	0.0062
	 
	THAP7-AS1
	1.1
	6.9
	0.0067

	PITX2
	-1.3
	8.3
	0.0165
	 
	NEAT1
	-1
	13.4
	0.0006
	 
	ATP2C2
	1.1
	5.7
	0.0042

	BEX1
	-1.3
	10.3
	0.0274
	 
	PALMD
	-1
	6.9
	0.0168
	 
	BEGAIN
	1.1
	7.2
	0.0004

	KLHL3
	-1.3
	6.6
	0.0069
	 
	NAV1
	-1
	7.8
	0.0034
	 
	CACNA1G
	1.1
	6.6
	0.0007

	FBXL22
	-1.3
	8.2
	0.0014
	 
	GPRC5C
	-1
	9.5
	0.0058
	 
	NFATC1
	1.1
	8.1
	0.0004

	CNTNAP3
	-1.2
	8.6
	0.005
	 
	IRAK1BP1
	-1
	7.2
	0.0008
	 
	SASH1
	1.1
	10.2
	0.001

	OSR1
	-1.2
	6.7
	0.0061
	 
	LYPD1
	-1
	13.2
	0.0007
	 
	PSMB10
	1.1
	14.2
	0.0002

	TMEM144
	-1.2
	7
	0.0062
	 
	UGT1A8
	-1
	5.6
	0.0359
	 
	CASP7
	1.1
	11.2
	0.0028

	AMOT
	-1.2
	7.6
	0.0251
	 
	GLI1
	-1
	8.1
	0.0109
	 
	CBLN2
	1.1
	6.3
	0.0007

	DOCK10
	1.1
	10.5
	0.004
	 
	BTG3
	1.4
	13.2
	0.0001
	 
	RASL11B
	1.8
	8.5
	0.0087

	GPR125
	1.1
	11.6
	0.001
	 
	APOL3
	1.4
	6.9
	0.0005
	 
	CMPK2
	1.8
	7.1
	0.0002

	SEC14L2
	1.1
	8.2
	0.0002
	 
	FGD4
	1.4
	11.1
	0.0004
	 
	GJD3
	1.8
	8.8
	0.0002

	TMEM132E
	1.1
	6.3
	0.0009
	 
	MESDC1
	1.4
	11.3
	0.0001
	 
	GBP4
	1.8
	9.5
	0.0002

	TBX3
	1.1
	9
	0.0014
	 
	PPP3CC
	1.4
	12.1
	0.0002
	 
	SLCO2A1
	1.8
	7.5
	0.0017

	FOSL1
	1.1
	9.5
	0.0139
	 
	GALNTL4
	1.4
	8.2
	0.0003
	 
	LCN2
	1.8
	6
	0.0003

	DDX60
	1.1
	7.4
	0.0011
	 
	HTR1F
	1.4
	7.7
	0.0139
	 
	MT1A
	1.9
	16.2
	0.0001

	METRNL
	1.1
	14.1
	0.0004
	 
	BNC1
	1.4
	9.2
	0.0051
	 
	CXCR4
	1.9
	6.1
	0.0004

	SIRPA
	1.1
	12.8
	0.0006
	 
	RASGRP1
	1.4
	6.8
	0.0015
	 
	RIPK2
	1.9
	11.7
	0.0001

	SIRPG
	1.1
	7.8
	0.0052
	 
	SLCO3A1
	1.4
	9.4
	0.0006
	 
	MAP2
	2
	10
	0

	EIF2C2
	1.1
	10.1
	0.0003
	 
	HMGA2
	1.5
	9.6
	0.0002
	 
	IL17C
	2
	6.4
	0

	TAP2
	1.1
	10
	0.0063
	 
	AMIGO2
	1.5
	12.2
	0.0002
	 
	MX2
	2
	7
	0

	TJP2
	1.1
	11.7
	0.0006
	 
	UPP1
	1.5
	7.9
	0.0003
	 
	NOD2
	2.1
	5.8
	0

	TRIM56
	1.1
	11
	0.0001
	 
	HJURP
	1.5
	9.8
	0.0012
	 
	KCNJ15
	2.1
	6
	0.0002

	DAXX
	1.1
	11.9
	0.0035
	 
	CFB
	1.5
	12.9
	0.001
	 
	VCAM1
	2.1
	8.1
	0.0161

	WNK4
	1.1
	10.8
	0.032
	 
	SALL4
	1.5
	9
	0.0012
	 
	MT1L
	2.1
	16.1
	0.0002

	HAS1
	1.1
	8.7
	0.0475
	 
	MYO10
	1.5
	9.9
	0.0001
	 
	CGNL1
	2.1
	11
	0.0001

	SIRPB1
	1.1
	7.9
	0.0037
	 
	SLC25A37
	1.5
	9.9
	0
	 
	CBR3
	2.1
	11.5
	0

	UCN2
	1.2
	6.9
	0.0007
	 
	AIM1
	1.5
	7.9
	0.0004
	 
	HSD11B1
	2.1
	11.5
	0

	USP31
	1.2
	7.9
	0.0004
	 
	BID
	1.5
	12.6
	0.0002
	 
	MT1B
	2.1
	16
	0.0001

	 






















	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	












 

	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val
	 
	Gene
	logFC PA
	AveExpr
	adj.P.Val

	BAALC
	1.2
	8
	0.0201
	 
	MAP3K5
	1.5
	9.9
	0.0011
	 
	MT1H
	2.1
	15.4
	0.0001

	LCTL
	1.2
	8
	0.0003
	 
	CYP26A1
	1.5
	6.7
	0.0004
	 
	MT1X
	2.2
	15.1
	0

	TNFRSF4
	1.2
	6.8
	0.0008
	 
	GBP2
	1.5
	10.6
	0.0042
	 
	DRD4
	2.2
	8.7
	0

	DUSP8
	1.2
	9.1
	0.005
	 
	IFIT2
	1.6
	10.6
	0.0003
	 
	NTN1
	2.2
	7.7
	0

	SLCO3A1
	1.2
	9.3
	0.0009
	 
	CAMK1D
	1.6
	8.8
	0.0001
	 
	GPR68
	2.3
	10.8
	0.0001

	P2RY6
	1.2
	7.8
	0.0406
	 
	ITGB3
	1.6
	8.8
	0.0001
	 
	HIVEP3
	2.3
	10.2
	0

	MAML2
	1.2
	7.4
	0.0002
	 
	NUAK2
	1.6
	11.8
	0.0001
	 
	MFSD2A
	2.4
	9.4
	0.0002

	RTP4
	1.2
	8.6
	0.0012
	 
	HIVEP2
	1.6
	11.1
	0.0005
	 
	IFIT3
	2.4
	10.5
	0

	PDZD2
	1.2
	5.8
	0.0013
	 
	JAK2
	1.6
	9
	0.0003
	 
	TNFRSF9
	2.4
	6.3
	0

	APOBEC3G
	1.2
	8.4
	0.0022
	 
	PLA2G4A
	1.6
	10.1
	0.0001
	 
	ELF3
	2.4
	6.8
	0.0004

	TWIST2
	1.2
	8.7
	0.0002
	 
	BATF3
	1.6
	7.5
	0.0002
	 
	IL1RN
	2.4
	9.4
	0

	RNF19B
	1.2
	7.6
	0.0009
	 
	TRIM47
	1.6
	12.1
	0.0004
	 
	IL11
	2.5
	10.8
	0.0019

	SAMD4A
	1.3
	10.4
	0.0115
	 
	SOST
	1.6
	9.1
	0.0096
	 
	SELE
	2.5
	5.9
	0.0002

	ABCC3
	1.3
	10.2
	0.0099
	 
	NPAS2
	1.6
	8.9
	0.0001
	 
	EXOC3L4
	2.5
	7.4
	0.0022

	ACSL5
	1.3
	8.7
	0.0001
	 
	SAMD9L
	1.6
	11.2
	0.0002
	 
	GBP3
	2.6
	11.2
	0

	EFNA1
	1.3
	7.3
	0.0004
	 
	ANGPTL7
	1.6
	5.8
	0.0059
	 
	TNF
	2.6
	6.7
	0

	SERPINB8
	1.3
	9.9
	0.0005
	 
	ELOVL2
	1.6
	5.9
	0.0002
	 
	CCL5
	2.6
	6.7
	0.0034

	DGKI
	1.3
	7.2
	0.0028
	 
	NPTX1
	1.6
	7.9
	0.0026
	 
	TNIP3
	2.8
	6.5
	0

	SLC25A28
	1.3
	10.1
	0.0012
	 
	PTGES
	1.6
	8.6
	0.0001
	 
	CCL11
	2.8
	11.3
	0.0001

	C1QTNF1
	1.3
	10.1
	0.0011
	 
	OASL
	1.7
	6.4
	0.0014
	 
	LTB
	2.9
	6.3
	0

	SPATA13
	1.3
	10.2
	0.0004
	 
	MT1E
	1.7
	15.8
	0.0001
	 
	MX1
	3
	9.3
	0.0006

	EGFR
	1.3
	9.6
	0.0001
	 
	APOL2
	1.7
	13.3
	0.0018
	 
	MYB
	3.1
	7.3
	0

	GPRC5B
	1.3
	11.9
	0.0169
	 
	SDC4
	1.7
	12.3
	0.003
	 
	RSAD2
	3.2
	6.4
	0

	ITGA2
	1.3
	8
	0.0009
	 
	WT1-AS
	1.7
	7.7
	0.0003
	 
	HAS3
	3.4
	9.1
	0.0017

	SH3PXD2B
	1.3
	10
	0.0003
	 
	CHST15
	1.7
	7.8
	0
	 
	CXCL10
	3.6
	6.2
	0

	CCL4
	1.3
	6.3
	0.0023
	 
	SAA2
	1.7
	6.7
	0.0002
	 
	NKX3-1
	3.7
	9.5
	0

	SLC2A1
	1.3
	11.8
	0.001
	 
	PTGER4
	1.7
	9.4
	0
	 
	CH25H
	3.7
	9.2
	0

	NRP2
	1.3
	7.6
	0.0002
	 
	CFLAR
	1.7
	10.6
	0
	 
	NEURL1B
	4.1
	9.1
	0.0002

	TRAF3IP2
	1.3
	11.5
	0.0008
	 
	PDLIM4
	1.7
	10.8
	0.0017
	 
	GPR37L1
	4.1
	7.3
	0

	MT1M
	1.3
	13.3
	0.0001
	 
	POPDC2
	1.7
	9.3
	0
	 
	CCL1
	4.3
	7.4
	0

	CD274
	1.4
	6.5
	0.0005
	 
	TNFSF9
	1.8
	9.9
	0.0007
	 
	CSF2
	4.8
	7.6
	0.0002

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	SLC7A2
	5
	10.2
	0
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	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	TNNT2
	-2.8
	7.9
	0.0017
	 
	TRPM8
	-1.9
	8.4
	0.0001
	 
	LCT
	-1.7
	7.5
	0.0059

	VCX2
	-2.8
	9.5
	0.0013
	 
	SNAR-B1
	-1.9
	6
	0.0350
	 
	TPTE2P3
	-1.7
	6.6
	0.0094

	GPD1
	-2.8
	8.9
	0.0138
	 
	OBP2A
	-1.9
	7.2
	0.0014
	 
	MPL
	-1.7
	9.6
	0.0004

	KCNQ1DN
	-2.6
	8.6
	0.0108
	 
	LYZL2
	-1.9
	12.4
	0.0015
	 
	CYCSP52
	-1.7
	6.8
	0.0105

	OR5J2
	-2.5
	7.1
	0.0064
	 
	CEBPE
	-1.9
	9.3
	0.0005
	 
	PHF7
	-1.7
	12.6
	0.0004

	KIAA0125
	-2.5
	5.9
	0.0230
	 
	SLC24A2
	-1.9
	7.7
	0.0125
	 
	STAP2
	-1.7
	9.4
	0.0009

	SP6
	-2.5
	7.1
	0.0147
	 
	BTNL9
	-1.9
	8.4
	0.0011
	 
	FOXA1
	-1.7
	6.2
	0.0347

	THEM5
	-2.5
	7.8
	0.0031
	 
	ITIH2
	-1.9
	7.1
	0.0009
	 
	CYSLTR1
	-1.7
	6.6
	0.0050

	SYCN
	-2.5
	7.3
	0.0009
	 
	SLC39A5
	-1.9
	6.3
	0.0084
	 
	CDC20B
	-1.7
	9.5
	0.0011

	XAGE2B
	-2.5
	8.4
	0.0008
	 
	NXPH3
	-1.9
	6.8
	0.0011
	 
	AGER
	-1.7
	7.4
	0.0023

	CDX2
	-2.5
	7.8
	0.0023
	 
	TNP1
	-1.9
	6.6
	0.0009
	 
	GNLY
	-1.7
	7.3
	0.0011

	OVOS2
	-2.4
	8.4
	0.0010
	 
	BARHL2
	-1.9
	5.7
	0.0228
	 
	RAI2
	-1.7
	5.8
	0.0215

	SF3B2
	-2.4
	6.5
	0.0033
	 
	CDHR5
	-1.9
	11.7
	0.0004
	 
	FLCN
	-1.7
	6.7
	0.0008

	OR10W1
	-2.4
	7
	0.0004
	 
	ALPL
	-1.9
	6.7
	0.0038
	 
	PLA2G2F
	-1.7
	8.3
	0.0009

	SDK1
	-2.4
	8.4
	0.0011
	 
	ERMN
	-1.9
	8.7
	0.0070
	 
	VASH2
	-1.6
	7.3
	0.0048

	SIGLEC11
	-2.3
	7.9
	0.0009
	 
	PTK6
	-1.9
	7.9
	0.0010
	 
	MYADML2
	-1.6
	7.6
	0.0017

	NRN1
	-2.3
	5.3
	0.0413
	 
	PDZK1IP1
	-1.9
	9.1
	0.0020
	 
	EPHA1
	-1.6
	5.8
	0.0004

	AQP4
	-2.3
	5.8
	0.0008
	 
	GRIPAP1
	-1.8
	7.9
	0.0069
	 
	LY6D
	-1.6
	13.3
	0.0017

	FCRL2
	-2.3
	7
	0.0033
	 
	OR2G2
	-1.8
	5.8
	0.0228
	 
	CD8B
	-1.6
	5.8
	0.0120

	TULP1
	-2.3
	6.6
	0.0070
	 
	RIMBP2
	-1.8
	10.9
	0.0149
	 
	L1CAM
	-1.6
	7.3
	0.0013

	MUC12
	-2.3
	10.6
	0.0120
	 
	PDZRN3
	-1.8
	5.7
	0.0003
	 
	PAX9
	-1.6
	6.7
	0.0061

	GCM2
	-2.2
	5.7
	0.0356
	 
	ERC2
	-1.8
	9.9
	0.0030
	 
	NFATC2
	-1.6
	11.6
	0.0001

	GAS2L2
	-2.2
	8.5
	0.0011
	 
	NAG20
	-1.8
	6.9
	0.0112
	 
	HEATR8
	-1.6
	10.9
	0.0017

	CD300LF
	-2.2
	10.6
	0.0007
	 
	TMEM184A
	-1.8
	8.3
	0.0006
	 
	S100A14
	-1.6
	8.3
	0.0006

	OR1L1
	-2.2
	9
	0.0027
	 
	TNR
	-1.8
	6.6
	0.0027
	 
	LDB2
	-1.6
	9.8
	0.0016

	WNT2B
	-2.2
	6
	0.0195
	 
	SMPX
	-1.8
	7.8
	0.0045
	 
	PNMA3
	-1.6
	9
	0.0002

	SIGLECP3
	-2.2
	6.2
	0.0017
	 
	CCDC27
	-1.8
	9.3
	0.0008
	 
	PRSS45
	-1.6
	7
	0.0023

	HOOK1
	-2.2
	8.9
	0.0155
	 
	OR56A5
	-1.8
	12.2
	0.0002
	 
	GCNT4
	-1.6
	7
	0.0003

	CD28
	-2.2
	6.1
	0.0154
	 
	PCDHA4
	-1.8
	5.3
	0.0272
	 
	ROS1
	-1.6
	8.6
	0.0022

	ALX1
	-2.2
	8
	0.0027
	 
	AGR3
	-1.8
	6.4
	0.0050
	 
	F9
	-1.6
	8.1
	0.0003

	CLTC
	-2.2
	11
	0.0006
	 
	STRC
	-1.8
	9.2
	0.0012
	 
	SDR42E1
	-1.6
	8.1
	0.0002

	CCDC62
	-2.2
	9
	0.0143
	 
	HYALP1
	-1.8
	8.8
	0.0002
	 
	NAT8B
	-1.6
	9.4
	0.0098

	BZRAP1
	-2.2
	7.2
	0.0081
	 
	RAG2
	-1.8
	7.3
	0.0017
	 
	CSF2RA
	-1.6
	9.2
	0.0002

	EN1
	-2.1
	9.6
	0.0035
	 
	GNAZ
	-1.8
	6.4
	0.0125
	 
	ABCG2
	-1.6
	8.6
	0.0095

	OR4M1
	-2.1
	7.4
	0.0018
	 
	SV2B
	-1.8
	9.7
	0.0097
	 
	OR10G9
	-1.6
	6.2
	0.0077

	CLEC1B
	-2.1
	9.7
	0.0138
	 
	IMP5
	-1.8
	6.8
	0.0080
	 
	EPHA6
	-1.6
	9.2
	0.0002

	PCDHA13
	-2.1
	8.9
	0.0048
	 
	CACNA2D3
	-1.8
	5.3
	0.0079
	 
	BTBD18
	-1.6
	9.1
	0.0096

	POM121L8P
	-2.1
	7.9
	0.0004
	 
	SUN5
	-1.8
	11.3
	0.0195
	 
	SLC12A3
	-1.6
	5.9
	0.0076

	PABPN1L
	-2.1
	8.2
	0.0043
	 
	PIEZO2
	-1.8
	10.2
	0.0034
	 
	DPYS
	-1.6
	7.1
	0.0010

	RALYL
	-2.1
	7
	0.0081
	 
	NR2E3
	-1.8
	8.1
	0.0017
	 
	OR4F21
	-1.6
	6.7
	0.0011

	
	
	
	
	 
	
	
	
	
	 
	
	
	
	 

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	GATS
	-2
	10.1
	0.0048
	 
	EIF4ENIF1
	-1.7
	8.9
	0.0001
	 
	COL6A4P2
	-1.6
	9.1
	0.0072

	WSCD2
	-2
	8.5
	0.0055
	 
	SPATA21
	-1.7
	13.1
	0.0041
	 
	DBX1
	-1.6
	5.2
	0.0006

	NKX2-8
	-2
	6.9
	0.0079
	 
	CPLX2
	-1.7
	7.1
	0.0083
	 
	LST1
	-1.6
	5.9
	0.0040

	LCE3A
	-2
	10.4
	0.0053
	 
	ERVI-1
	-1.7
	6.4
	0.0138
	 
	LCN1
	-1.6
	6.4
	0.0188

	FSIP1
	-2
	8.2
	0.0013
	 
	EPHB1
	-1.7
	5.8
	0.0081
	 
	TSNAXIP1
	-1.6
	11.6
	0.0025

	ODAM
	-2
	5.3
	0.0120
	 
	PRRG3
	-1.7
	6.5
	0.0019
	 
	ECM2
	-1.6
	10.5
	0.0001

	GIMAP4
	-2
	8.7
	0.0020
	 
	OR4C6
	-1.7
	10.5
	0.0010
	 
	PNMA6A
	-1.6
	12.6
	0.0035

	MPPED1
	-2
	5.6
	0.0039
	 
	NRAP
	-1.7
	7.3
	0.0023
	 
	OR6X1
	-1.6
	6.7
	0.0004

	CDKN2B
	-1.9
	7.2
	0.0051
	 
	WFDC6
	-1.7
	9.6
	0.0013
	 
	ITPRIPL1
	-1.6
	10.7
	0.0021

	CHRNB4
	-1.9
	6.8
	0.0031
	 
	AZGP1P1
	-1.7
	10.6
	0.0014
	 
	MIA2
	-1.6
	6.2
	0.0049

	SELV
	-1.9
	11.2
	0.0129
	 
	ORAOV1
	-1.7
	7.4
	0.0013
	 
	GPR17
	-1.6
	5.3
	0.0232

	TRIM17
	-1.9
	8
	0.0002
	 
	PRAMEF12
	-1.7
	10.7
	0.0016
	 
	CRB3
	-1.6
	9.9
	0.0020

	LHX9
	-1.9
	6.3
	0.0024
	 
	TNNI2
	-1.7
	8.6
	0.0003
	 
	DDX43
	-1.6
	6.4
	0.0038

	IL5
	-1.9
	7.4
	0.0052
	 
	CD300C
	-1.7
	6.6
	0.0032
	 
	CLDN22
	-1.6
	8.8
	0.0008

	OR9Q2
	-1.6
	7.6
	0.0003
	 
	LCE3E
	-1.4
	6.8
	0.0049
	 
	ACSM4
	-1.4
	6.8
	0.0006

	NKD1
	-1.6
	8.8
	0.0036
	 
	HHIPL2
	-1.4
	10.2
	0.0021
	 
	S1PR4
	-1.4
	5.9
	0.0123

	TAS1R3
	-1.5
	5.5
	0.0016
	 
	PPP1R14D
	-1.4
	12.8
	0.0123
	 
	VGLL1
	-1.4
	10.3
	0.0246

	STX1B
	-1.5
	5.2
	0.0304
	 
	SLA
	-1.4
	6.6
	0.0398
	 
	BCKDHA
	-1.3
	5.4
	0.0120

	USP51
	-1.5
	5.2
	0.0290
	 
	GRRP1
	-1.4
	7.6
	0.0040
	 
	KIF19
	-1.3
	9.2
	0.0324

	GRID2
	-1.5
	8.1
	0.0003
	 
	TTBK1
	-1.4
	8.7
	0.0015
	 
	OR2D3
	-1.3
	5.9
	0.0040

	AOC4
	-1.5
	8.8
	0.0026
	 
	CHN2
	-1.4
	6.2
	0.0060
	 
	CD37
	-1.3
	5.1
	0.0251

	VWA5B2
	-1.5
	5.7
	0.0346
	 
	BTBD19
	-1.4
	10.3
	0.0017
	 
	MEPE
	-1.3
	8.2
	0.0008

	KCNN4
	-1.5
	9
	0.0004
	 
	LGR6
	-1.4
	6
	0.0074
	 
	SPINK4
	-1.3
	11.2
	0.0033

	RTN4RL1
	-1.5
	10.9
	0.0081
	 
	GDEP
	-1.4
	8
	0.0010
	 
	CELF4
	-1.3
	9.8
	0.0004

	ITIH3
	-1.5
	8
	0.0109
	 
	DKK4
	-1.4
	5.6
	0.0153
	 
	DUSP27
	-1.3
	5.7
	0.0024

	LAMB1
	-1.5
	7.1
	0.0014
	 
	EVPLL
	-1.4
	5.3
	0.0197
	 
	GPR61
	-1.3
	7.1
	0.0028

	NR2E1
	-1.5
	6.8
	0.0060
	 
	PTPRCAP
	-1.4
	7
	0.0016
	 
	GLIS3-AS1
	-1.3
	9.6
	0.0061

	ADD2
	-1.5
	7.7
	0.0006
	 
	CALCA
	-1.4
	8.7
	0.0009
	 
	NFE4
	-1.3
	8.7
	0.0106

	MRPL23-AS1
	-1.5
	10.5
	0.0003
	 
	OR4C16
	-1.4
	8.6
	0.0016
	 
	OR4D1
	-1.3
	10.8
	0.0029

	VWA3B
	-1.5
	6.7
	0.0051
	 
	FGA
	-1.4
	7.4
	0.0017
	 
	HPGD
	-1.3
	6.9
	0.0067

	FREM1
	-1.5
	5.1
	0.0210
	 
	HCG9
	-1.4
	7.1
	0.0033
	 
	RAD21L1
	-1.3
	9.7
	0.0068

	LCK
	-1.5
	10.7
	0.0003
	 
	PCK1
	-1.4
	9
	0.0016
	 
	GNAS
	-1.3
	7
	0.0006

	GALNT9
	-1.5
	10.3
	0.0024
	 
	OR51S1
	-1.4
	7
	0.0022
	 
	PRY2
	-1.3
	6.6
	0.0425

	BCAM
	-1.5
	9
	0.0001
	 
	PRAC
	-1.4
	11.9
	0.0020
	 
	MAST4
	-1.3
	7.1
	0.0096

	BCL7C
	-1.5
	8.2
	0.0003
	 
	IQSEC3
	-1.4
	7.9
	0.0402
	 
	SLC22A12
	-1.3
	5.5
	0.0059

	OR8B12
	-1.5
	10
	0.0010
	 
	GOLGA6L5
	-1.4
	8.3
	0.0045
	 
	OR5T3
	-1.3
	10.1
	0.0031

	OR2A5
	-1.5
	5.6
	0.0191
	 
	ADAM11
	-1.4
	9.8
	0.0008
	 
	CCDC7
	-1.3
	8.6
	0.0049

	LRRTM4
	-1.5
	8.8
	0.0009
	 
	DIO3
	-1.4
	7.5
	0.0026
	 
	MSGN1
	-1.3
	11.8
	0.0048

	 



	
	
	
	 
	
	
	
	
	 
	
	
	
	 

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	CSRNP3
	-1.5
	5.4
	0.0068
	 
	BNIPL
	-1.4
	11.4
	0.0131
	 
	MAP3K9
	-1.3
	5.4
	0.0377

	SPACA5
	-1.5
	8.6
	0.0014
	 
	UBD
	-1.4
	6.6
	0.0202
	 
	TAL1
	-1.3
	7
	0.0011

	DOK7
	-1.5
	9.4
	0.0004
	 
	JSRP1
	-1.4
	6.5
	0.0115
	 
	NRG2
	-1.3
	7.9
	0.0015

	TBC1D10C
	-1.5
	6.5
	0.0023
	 
	CES3
	-1.4
	10.2
	0.0009
	 
	CHD5
	-1.3
	8.4
	0.0086

	FGF17
	-1.5
	8
	0.0079
	 
	CRB2
	-1.4
	6.1
	0.0026
	 
	BEAN1
	-1.3
	9.9
	0.0010

	USP17L2
	-1.5
	5.2
	0.0336
	 
	GLI2
	-1.4
	7.1
	0.0077
	 
	CHIT1
	-1.3
	5.7
	0.0068

	GRIK4
	-1.5
	9.6
	0.0020
	 
	SUN3
	-1.4
	9.4
	0.0008
	 
	PPAN-P2RY11
	-1.3
	11.8
	0.0013

	RTP1
	-1.5
	12
	0.0130
	 
	CDX4
	-1.4
	6.9
	0.0038
	 
	THRSP
	-1.3
	6.5
	0.0009

	P2RX6
	-1.5
	6.1
	0.0163
	 
	IQCF6
	-1.4
	8.3
	0.0031
	 
	OR10G3
	-1.3
	6.1
	0.0020

	SDK2
	-1.5
	8.4
	0.0016
	 
	IL24
	-1.4
	8.4
	0.0084
	 
	RIMS4
	-1.3
	7
	0.0017

	SSX2
	-1.5
	11.8
	0.0047
	 
	FERD3L
	-1.4
	10.6
	0.0053
	 
	SLFN14
	-1.3
	7
	0.0011

	SLC22A7
	-1.5
	6.7
	0.0003
	 
	PTPRC
	-1.4
	9.8
	0.0050
	 
	ABLIM2
	-1.3
	12.9
	0.0019

	LRRC6
	-1.5
	7.6
	0.0046
	 
	FXYD2
	-1.4
	6.5
	0.0004
	 
	KCNA6
	-1.3
	5.3
	0.0095

	FGD5
	-1.5
	8.8
	0.0268
	 
	BBOX1
	-1.4
	6
	0.0004
	 
	ANKS1B
	-1.3
	5.2
	0.0007

	APLNR
	-1.5
	6.1
	0.0062
	 
	NTSR2
	-1.4
	6.9
	0.0006
	 
	GOLGA6A
	-1.3
	7.1
	0.0040

	ALOX12P2
	-1.5
	7.6
	0.0007
	 
	CMA1
	-1.4
	11.5
	0.0031
	 
	MARK4
	-1.3
	7.1
	0.0314

	CCNI2
	-1.5
	7
	0.0135
	 
	LMX1A
	-1.4
	7.7
	0.0292
	 
	ZBTB46
	-1.3
	7.5
	0.0041

	KIAA1656
	-1.5
	6.4
	0.0009
	 
	RAX2
	-1.4
	8.6
	0.0007
	 
	TTTY5
	-1.3
	5.1
	0.0077

	NANOGNB
	-1.5
	6.4
	0.0094
	 
	MSLNL
	-1.4
	8.1
	0.0012
	 
	CCDC88C
	-1.3
	7.7
	0.0038

	DOCK2
	-1.5
	5.5
	0.0126
	 
	NBPF7
	-1.4
	12.3
	0.0033
	 
	CD200R1
	-1.3
	7.1
	0.0052

	TMEM72-AS1
	-1.5
	13.1
	0.0053
	 
	UROS
	-1.4
	9.3
	0.0022
	 
	SLC22A2
	-1.3
	10.6
	0.0006

	BOD1P
	-1.5
	7
	0.0022
	 
	CCDC105
	-1.4
	8.5
	0.0017
	 
	NBR2
	-1.3
	10.4
	0.0044

	ASPDH
	-1.5
	9.2
	0.0034
	 
	MORN1
	-1.4
	9
	0.0006
	 
	CYP4A22
	-1.3
	8.5
	0.0129

	OR2A12
	-1.5
	6.8
	0.0072
	 
	CYP4Z2P
	-1.4
	7.8
	0.0008
	 
	PDE6C
	-1.3
	5.7
	0.0068

	FCN2
	-1.5
	8.2
	0.0015
	 
	CHGB
	-1.4
	8.9
	0.0010
	 
	TSPY26P
	-1.3
	10.1
	0.0070

	USP2
	-1.5
	7.6
	0.0009
	 
	OR5A2
	-1.4
	9.9
	0.0028
	 
	TNFSF11
	-1.3
	6.3
	0.0039

	FGF8
	-1.4
	6.6
	0.0009
	 
	LRRC55
	-1.4
	10.1
	0.0017
	 
	OR4S2
	-1.3
	6.9
	0.0036

	ARMC4
	-1.4
	5.3
	0.0215
	 
	SPRY3
	-1.4
	8.2
	0.0047
	 
	DMD
	-1.3
	8.7
	0.0018

	TDGF1
	-1.4
	5.3
	0.0314
	 
	DACH1
	-1.4
	7.4
	0.0009
	 
	DEFB115
	-1.3
	7
	0.0025

	KRT6B
	-1.4
	6.3
	0.0251
	 
	RHOV
	-1.4
	9.3
	0.0093
	 
	GGTLC1
	-1.3
	5.8
	0.0299

	PVALB
	-1.4
	5.8
	0.0008
	 
	SPRR2G
	-1.4
	7.5
	0.0002
	 
	TMEM50B
	-1.3
	11.1
	0.0068

	SLC4A10
	-1.3
	9.2
	0.0009
	 
	ACSBG2
	-1.2
	7.7
	0.0036
	 
	FRMD7
	-1.2
	6.8
	0.0085

	OR2M4
	-1.3
	7.2
	0.0026
	 
	FABP6
	-1.2
	6.4
	0.0045
	 
	WNT7B
	-1.2
	6.7
	0.0091

	KCNQ4
	-1.3
	7.4
	0.0040
	 
	NAPSA
	-1.2
	8
	0.0010
	 
	KRTAP5-5
	-1.2
	8.4
	0.0013

	LRRC4C
	-1.3
	6.7
	0.0013
	 
	GSG1L
	-1.2
	5.4
	0.0054
	 
	STAP1
	-1.2
	5.7
	0.0079

	OR4E2
	-1.3
	5.9
	0.0033
	 
	LPL
	-1.2
	7.8
	0.0085
	 
	SMCR5
	-1.2
	10.7
	0.0022

	BSX
	-1.3
	11.3
	0.0099
	 
	NCR1
	-1.2
	8.1
	0.0095
	 
	XKR3
	-1.2
	5.7
	0.0259

	RUNX2
	-1.3
	9.5
	0.0008
	 
	CNTRL
	-1.2
	8.3
	0.0034
	 
	CLYBL
	-1.2
	8.9
	0.0103

	 




	
	
	
	 
	
	
	
	
	 
	
	
	
	 

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	LYPD4
	-1.3
	9.1
	0.0017
	 
	MFAP3L
	-1.2
	7.2
	0.0053
	 
	PLIN1
	-1.2
	8.9
	0.0023

	S100G
	-1.3
	11
	0.0027
	 
	INPP4B
	-1.2
	5.2
	0.0012
	 
	KRTAP3-2
	-1.2
	10
	0.0042

	NPW
	-1.3
	9.6
	0.0012
	 
	EIF4E1B
	-1.2
	5.1
	0.0179
	 
	CTNNA2
	-1.2
	8.8
	0.0010

	DEFA11P
	-1.3
	7
	0.0057
	 
	CPNE6
	-1.2
	5.4
	0.0021
	 
	IL29
	-1.2
	9.1
	0.0030

	TPO
	-1.3
	8.8
	0.0004
	 
	OR2T1
	-1.2
	6.8
	0.0048
	 
	GPR52
	-1.2
	6.8
	0.0027

	AQP1
	-1.3
	6.7
	0.0042
	 
	FCRL1
	-1.2
	10.7
	0.0071
	 
	SLC28A1
	-1.2
	8.4
	0.0004

	SDR16C6P
	-1.3
	7.1
	0.0053
	 
	HSP90AB6P
	-1.2
	6.1
	0.0081
	 
	ATP2B3
	-1.2
	7.6
	0.0055

	CADM4
	-1.3
	6.9
	0.0174
	 
	GPR146
	-1.2
	7.9
	0.0037
	 
	SLC2A11
	-1.2
	6.6
	0.0252

	XKRX
	-1.3
	6.2
	0.0034
	 
	ADORA1
	-1.2
	5.3
	0.0214
	 
	ANK2
	-1.2
	7.6
	0.0048

	FTCD
	-1.3
	7.7
	0.0025
	 
	BCL11A
	-1.2
	11.1
	0.0012
	 
	ANK1
	-1.2
	7.3
	0.0088

	FGF10
	-1.3
	8
	0.0112
	 
	PBOV1
	-1.2
	9.8
	0.0064
	 
	POLR3G
	-1.2
	10.3
	0.0030

	PRAME
	-1.3
	10.1
	0.0012
	 
	S100A8
	-1.2
	7.6
	0.0017
	 
	KIAA1984
	-1.2
	5.7
	0.0057

	TTTY9A
	-1.3
	7.3
	0.0046
	 
	PNLIPRP1
	-1.2
	10.2
	0.0020
	 
	ISLR2
	-1.2
	8
	0.0032

	IGF1
	-1.3
	6.2
	0.0042
	 
	ADH7
	-1.2
	9.7
	0.0023
	 
	DMP1
	-1.2
	5.4
	0.0390

	MYOZ1
	-1.3
	5
	0.0368
	 
	AAA1
	-1.2
	9.1
	0.0124
	 
	DNAH6
	-1.2
	9.5
	0.0043

	MSR1
	-1.3
	8.5
	0.0009
	 
	PRSS8
	-1.2
	8.3
	0.0226
	 
	HCN2
	-1.2
	5.7
	0.0024

	PRMT8
	-1.3
	9.3
	0.0027
	 
	PRR18
	-1.2
	6.2
	0.0032
	 
	RFPL1
	-1.2
	8.7
	0.0134

	MCF2L
	-1.3
	7.4
	0.0004
	 
	PAK6
	-1.2
	7.1
	0.0019
	 
	MYL10
	-1.2
	9.9
	0.0070

	ACRV1
	-1.3
	10.6
	0.0022
	 
	ADAM30
	-1.2
	5.7
	0.0034
	 
	P2RY1
	-1.2
	6
	0.0147

	VSIG7
	-1.3
	7.3
	0.0050
	 
	APOBEC3D
	-1.2
	10.9
	0.0040
	 
	PTH1R
	-1.2
	8.4
	0.0049

	SKAP1
	-1.3
	6.8
	0.0054
	 
	IL28RA
	-1.2
	5.2
	0.0208
	 
	LIPN
	-1.2
	8.4
	0.0095

	GABRD
	-1.3
	7.7
	0.0021
	 
	OR52E2
	-1.2
	8.8
	0.0077
	 
	SLC5A5
	-1.2
	6.2
	0.0041

	CD48
	-1.3
	9.5
	0.0068
	 
	TBC1D26
	-1.2
	5.5
	0.0062
	 
	LIMD1
	-1.2
	5.7
	0.0036

	EMID1
	-1.2
	5.1
	0.0035
	 
	BMP7
	-1.2
	7.6
	0.0040
	 
	B3GNT8
	-1.2
	7.3
	0.0200

	OR5I1
	-1.2
	8.5
	0.0208
	 
	SPN
	-1.2
	6.6
	0.0133
	 
	TUBB8
	-1.2
	6.2
	0.0173

	RERGL
	-1.2
	12.1
	0.0054
	 
	DHRS7C
	-1.2
	8.7
	0.0017
	 
	TMPRSS15
	-1.2
	6.5
	0.0011

	TMPRSS6
	-1.2
	9.1
	0.0009
	 
	PKP1
	-1.2
	7.3
	0.0043
	 
	OR52E6
	-1.2
	8.3
	0.0091

	SH2D3C
	-1.2
	7
	0.0016
	 
	OR10X1
	-1.2
	7.6
	0.0018
	 
	TP63
	-1.2
	5.3
	0.0150

	KRT36
	-1.2
	6.4
	0.0006
	 
	OR52N5
	-1.2
	6.9
	0.0314
	 
	GRXCR2
	-1.2
	11.3
	0.0098

	PAGE2B
	-1.2
	9.5
	0.0023
	 
	LFNG
	-1.2
	6.1
	0.0096
	 
	GALP
	-1.1
	8.6
	0.0009

	SLC27A3
	-1.2
	6.1
	0.0085
	 
	KLF11
	-1.2
	5.2
	0.0256
	 
	SMC1B
	-1.1
	7
	0.0009

	PFKFB3
	-1.2
	10.9
	0.0127
	 
	PPP1R1C
	-1.2
	6.9
	0.0224
	 
	KCTD8
	-1.1
	6.6
	0.0016

	OR4K14
	-1.2
	8.1
	0.0175
	 
	TNXB
	-1.2
	12.6
	0.0122
	 
	AKD1
	-1.1
	6.6
	0.0015

	OR5K4
	-1.2
	8.2
	0.0033
	 
	GPR15
	-1.2
	11.8
	0.0217
	 
	MYADML
	-1.1
	8.9
	0.0231

	NIPAL4
	-1.2
	7.8
	0.0017
	 
	OR56A1
	-1.2
	6
	0.0078
	 
	PLEKHD1
	-1.1
	6.1
	0.0316

	CATSPERB
	-1.2
	9.6
	0.0027
	 
	NOM1
	-1.2
	6.4
	0.0014
	 
	OSM
	-1.1
	8.3
	0.0042

	MYO1H
	-1.2
	8.6
	0.0058
	 
	PDGFB
	-1.2
	7.7
	0.0386
	 
	SLC35F1
	-1.1
	7.8
	0.0042

	JAKMIP2
	-1.2
	6.3
	0.0008
	 
	CDRT15
	-1.2
	6.5
	0.0246
	 
	PALM3
	-1.1
	11.1
	0.0093

	OR7A5
	-1.2
	12.3
	0.0026
	 
	TRAF3IP3
	-1.2
	12.4
	0.0352
	 
	CACNA1C
	-1.1
	7.5
	0.0052

	HHLA1
	-1.2
	8.2
	0.0064
	 
	IL12RB2
	-1.2
	5.7
	0.0055
	 
	CHRND
	-1.1
	6.4
	0.0021

	CLDN17
	-1.2
	10
	0.0048
	 
	OR5M9
	-1.2
	7.2
	0.0020
	 
	RASGRF2
	-1.1
	9.1
	0.0032

	LRRC4
	-1.2
	6.6
	0.0349
	 
	LRRIQ4
	-1.2
	6.7
	0.0085
	 
	FTLP10
	-1.1
	7.3
	0.0185

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	BRPF3
	-1.1
	7.3
	0.0131
	 
	FLRT1
	-1.1
	6.7
	0.0253
	 
	PLA2G2D
	-1
	9.1
	0.0061

	DNAH3
	-1.1
	6.3
	0.0137
	 
	PRUNE2
	-1.1
	5.3
	0.0184
	 
	MORN3
	-1
	8.2
	0.0049

	ADRA1A
	-1.1
	5.1
	0.0018
	 
	PART1
	-1.1
	5.8
	0.0040
	 
	MYT1L
	-1
	12.2
	0.0165

	MAN1C1
	-1.1
	7.2
	0.0076
	 
	UPB1
	-1.1
	11.3
	0.0100
	 
	CHRM3
	-1
	5.9
	0.0219

	PP2D1
	-1.1
	7.8
	0.0124
	 
	HAAO
	-1.1
	10.2
	0.0024
	 
	ZP2
	-1
	9.6
	0.0153

	PDHA2
	-1.1
	5.4
	0.0248
	 
	ITLN1
	-1.1
	6.7
	0.0154
	 
	MESTIT1
	-1
	8
	0.0085

	MYO7B
	-1.1
	7.8
	0.0013
	 
	LHFPL3
	-1.1
	7
	0.0197
	 
	DEFB103B
	-1
	5.8
	0.0293

	WNT8B
	-1.1
	9.8
	0.0075
	 
	PCSK5
	-1.1
	7.4
	0.0017
	 
	ANKRD30BP2
	-1
	9
	0.0129

	DDX4
	-1.1
	7.3
	0.0017
	 
	MDM1
	-1.1
	9.8
	0.0361
	 
	GUCY1A3
	-1
	6.6
	0.0076

	ATP2B2
	-1.1
	7.5
	0.0084
	 
	SLC6A13
	-1.1
	5.3
	0.0386
	 
	TEX22
	-1
	9.3
	0.0354

	HMX1
	-1.1
	5.5
	0.0264
	 
	CXCR2P1
	-1.1
	10.8
	0.0195
	 
	TMPRSS11BNL
	-1
	6.3
	0.0126

	FAAH2
	-1.1
	7.5
	0.0038
	 
	EFNA5
	-1.1
	8.2
	0.0011
	 
	LONRF2
	-1
	7.3
	0.0017

	HOXC11
	-1.1
	9.5
	0.0197
	 
	CGN
	-1.1
	8
	0.0254
	 
	FBXO24
	-1
	9.4
	0.0063

	SNHG8
	-1.1
	9.4
	0.0068
	 
	ARSE
	-1.1
	5.8
	0.0068
	 
	CHRDL1
	-1
	8.9
	0.0040

	CTLA4
	-1.1
	8.2
	0.0126
	 
	KIAA1984
	-1.1
	5
	0.0047
	 
	KIAA1804
	-1
	6.5
	0.0129

	CUL9
	-1.1
	6.7
	0.0034
	 
	RASGEF1A
	-1.1
	8.4
	0.0031
	 
	UBXN10
	-1
	7.2
	0.0220

	DEFB121
	-1.1
	5.8
	0.0031
	 
	ARFGEF1
	-1.1
	6.7
	0.0012
	 
	ATP6V0D2
	-1
	8.9
	0.0226

	RIBC1
	-1.1
	10.3
	0.0023
	 
	LSP1
	-1.1
	8.1
	0.0208
	 
	SHC2
	-1
	6.1
	0.0050

	SLC2A7
	-1.1
	11.1
	0.0426
	 
	ENTHD1
	-1.1
	8.1
	0.0233
	 
	ALOX15
	-1
	6.5
	0.0197

	SH3TC1
	-1.1
	7.1
	0.0033
	 
	CMKLR1
	-1.1
	7.2
	0.0069
	 
	MFSD6L
	-1
	8
	0.0203

	FGFBP2
	-1.1
	10
	0.0295
	 
	MYLPF
	-1.1
	5.6
	0.0289
	 
	DAO
	-1
	5.7
	0.0078

	STK31
	-1.1
	5
	0.0352
	 
	FPR2
	-1.1
	7.3
	0.0096
	 
	HIF3A
	-1
	8.3
	0.0120

	OR13G1
	-1.1
	6.9
	0.0063
	 
	WBSCR17
	-1.1
	5.4
	0.0224
	 
	MASP1
	-1
	6.3
	0.0219

	CD3G
	-1.1
	7
	0.0018
	 
	PRSS37
	-1.1
	8.4
	0.0124
	 
	SDS
	-1
	7.5
	0.0031

	HRASLS
	-1.1
	9
	0.0313
	 
	RASSF10
	-1.1
	5.9
	0.0029
	 
	MOV10L1
	-1
	6.1
	0.0085

	YIPF7
	-1.1
	5.5
	0.0153
	 
	OR10K1
	-1.1
	8.2
	0.0018
	 
	IL21
	-1
	5.6
	0.0169

	SFN
	-1.1
	8.6
	0.0010
	 
	DLX1
	-1.1
	11.2
	0.0084
	 
	CCRL2
	-1
	7.3
	0.0311

	CDHR1
	-1.1
	11.7
	0.0124
	 
	SYCE1
	-1.1
	11.5
	0.0250
	 
	SPATA3
	-1
	8.3
	0.0030

	RSPH4A
	-1.1
	9.2
	0.0079
	 
	GPR139
	-1.1
	7.6
	0.0054
	 
	GTF3C5
	-1
	10.4
	0.0265

	OR6S1
	-1.1
	10.7
	0.0095
	 
	GPER
	-1.1
	7.1
	0.0027
	 
	MCTP1
	-1
	10.1
	0.0354

	PAX3
	-1.1
	7.3
	0.0186
	 
	QPRT
	-1.1
	10.1
	0.0012
	 
	TAGAP
	-1
	8.1
	0.0012

	GCGR
	-1.1
	7.9
	0.0023
	 
	GAGE7
	-1.1
	5.5
	0.0153
	 
	LRIT1
	-1
	9.3
	0.0047

	ROBO2
	-1.1
	6.6
	0.0101
	 
	MAGEB4
	-1.1
	5.4
	0.0167
	 
	FCAMR
	-1
	7.1
	0.0036

	HLA-DQB2
	-1.1
	7.9
	0.0006
	 
	RGS6
	-1.1
	6
	0.0036
	 
	KCNJ13
	-1
	8
	0.0011

	NR1I3
	-1.1
	6.4
	0.0032
	 
	IYD
	-1.1
	10.9
	0.0246
	 
	MYO18B
	-1
	5.9
	0.0257

	ACACB
	-1.1
	12.3
	0.0277
	 
	SP140
	-1.1
	10.2
	0.0100
	 
	OR11H6
	-1
	6.3
	0.0030

	KAT6B
	-1.1
	7.3
	0.0040
	 
	KLK1
	-1.1
	9.7
	0.0119
	 
	RTN4R
	-1
	6.1
	0.0330

	ADCY1
	-1.1
	5.7
	0.0052
	 
	HK3
	-1.1
	6.6
	0.0067
	 
	GIP
	-1
	8.1
	0.0097

	CAGE1
	-1.1
	8
	0.0008
	 
	SPINK8
	-1.1
	9.1
	0.0095
	 
	TRIM55
	-1
	6.9
	0.0028

	STARD9
	-1.1
	10.5
	0.0027
	 
	KPNA7
	-1
	7.9
	0.0022
	 
	TMEM174
	-1
	12.8
	0.0280

	CALML6
	-1.1
	8.2
	0.0039
	 
	PAGE4
	-1
	5.1
	0.0350
	 
	PNPLA1
	-1
	7.4
	0.0201

	ACCN3
	-1.1
	6.3
	0.0012
	 
	ASTN2
	-1
	8.1
	0.0036
	 
	FGG
	-1
	7
	0.0058

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	
NLRP5
	-1.2
	6.2
	0.0071
	 
	THPO
	-1.2
	6.6
	0.0012
	 
	ARHGEF16
	-1.1
	9.7
	0.0034

	SLC16A14
	-1.2
	7.5
	0.0022
	 
	CCDC42
	-1.2
	8
	0.0178
	 
	REXO1L1
	-1.1
	5.4
	0.0221

	SORCS2
	-1.2
	5.1
	0.0176
	 
	GHRH
	-1.2
	7.9
	0.0009
	 
	MGC39372
	-1.1
	7.4
	0.0034

	KLHL10
	-1.2
	6.3
	0.0006
	 
	IL20
	-1.2
	7.2
	0.0045
	 
	GALT
	-1.1
	6.6
	0.0337

	ANP32A
	-1.2
	8.7
	0.0030
	 
	OR52W1
	-1.2
	8.8
	0.0036
	 
	DLX6-AS1
	-1.1
	12.2
	0.0097

	AKR1CL1
	-1.2
	7.6
	0.0122
	 
	TAS1R2
	-1.2
	7.5
	0.0009
	 
	FRMPD3
	-1.1
	8.8
	0.0013

	
ACTL7A
	-1.1
	12.5
	0.0088
	 
	CDHR5
	-1
	7.6
	0.0428
	 
	HIST1H1T
	-1
	5.9
	0.0153

	MYOZ2
	-1.1
	8.7
	0.0151
	 
	MGAT5B
	-1
	7.9
	0.0108
	 
	SLC20A1
	-1
	10.1
	0.0008

	KIF6
	-1.1
	11.3
	0.0087
	 
	OSTalpha
	-1
	8.8
	0.0359
	 
	ENHO
	-1
	9.3
	0.0233

	CRYBB3
	-1.1
	8.2
	0.0200
	 
	CSAG3
	-1
	8.9
	0.0011
	 
	SYNGAP1
	-1
	8.6
	0.0078

	TTC39A
	-1.1
	10.1
	0.0085
	 
	FCGR2A
	-1
	8.5
	0.0017
	 
	ASTN1
	-1
	8.2
	0.0247

	LINGO1
	-1.1
	7.2
	0.0294
	 
	MYL4
	-1
	8.5
	0.0033
	 
	DAZ1
	-1
	7.7
	0.0084

	SEMG1
	-1.1
	7.4
	0.0081
	 
	FSCB
	-1
	8.1
	0.0069
	 
	FCER1G
	-1
	6.4
	0.0228

	ACSM2A
	-1.1
	9.1
	0.0245
	 
	KCNK3
	-1
	5.8
	0.0034
	 
	LMX1B
	-1
	9
	0.0196

	CEMP1
	-1.1
	6.7
	0.0074
	 
	ADAM2
	-1
	6.6
	0.0027
	 
	SARDH
	-1
	9.7
	0.0315

	SCARNA22
	-1.1
	8.6
	0.0277
	 
	SPRR2A
	-1
	7.6
	0.0017
	 
	MRVI1-AS1
	-1
	10
	0.0076

	DNAI2
	-1.1
	9.4
	0.0192
	 
	OR52J3
	-1
	6.4
	0.0170
	 
	GRK4
	-1
	6.3
	0.0172

	RAD9B
	-1.1
	6.7
	0.0035
	 
	PRKCG
	-1
	8.1
	0.0058
	 
	HPD
	-1
	5.3
	0.0109

	DDR1
	-1.1
	8.8
	0.0165
	 
	SPG20OS
	-1
	7.1
	0.0012
	 
	HOXB8
	-1
	9.4
	0.0031

	LBX2
	-1
	8.2
	0.0085
	 
	PDE4DIP
	1.1
	9.6
	0.0043
	 
	HHEX
	1.4
	7.6
	0.0006

	TBX5
	-1
	6.3
	0.0138
	 
	CD86
	1.1
	6.6
	0.0138
	 
	BLID
	1.4
	5.8
	0.0016

	ADRA1B
	-1
	7.5
	0.0019
	 
	L2HGDH
	1.1
	9.2
	0.0175
	 
	KYNU
	1.4
	6.8
	0.0001

	MS4A13
	-1
	10.1
	0.0237
	 
	ETS2
	1.1
	7.6
	0.0007
	 
	FXYD3
	1.4
	8.3
	0.0032

	ACTL6B
	-1
	5.6
	0.0267
	 
	TNFRSF14
	1.1
	6.5
	0.0023
	 
	RCAN1
	1.4
	7.9
	0.0003

	SLC4A1
	-1
	5.5
	0.0022
	 
	SLC26A5
	1.1
	7
	0.0032
	 
	RHCG
	1.4
	5.7
	0.0007

	TAAR5
	-1
	14
	0.0051
	 
	GCLM
	1.1
	10.9
	0.0099
	 
	TMEM217
	1.4
	9.6
	0.0068

	KIF27
	-1
	6.6
	0.0061
	 
	CDKN1A
	1.1
	6.7
	0.0079
	 
	GHRLOS
	1.4
	5.8
	0.0014

	MSTO2P
	1
	8.2
	0.0279
	 
	CECR2
	1.1
	6.1
	0.0404
	 
	NRG1
	1.4
	5.6
	0.0016

	RBM43
	1
	7.3
	0.0078
	 
	PFN1P2
	1.2
	10.3
	0.0227
	 
	SMOX
	1.5
	8.4
	0.0002

	UBN2
	1
	5.9
	0.0041
	 
	TNFRSF10B
	1.2
	7.8
	0.0022
	 
	S100A3
	1.5
	7.1
	0.0006

	PTPRE
	1
	5.3
	0.0076
	 
	PARP10
	1.2
	10.5
	0.0008
	 
	SLC15A3
	1.5
	5.8
	0.0011

	APBB2
	1
	6.2
	0.0271
	 
	COL27A1
	1.2
	7.7
	0.0010
	 
	SLC22A23
	1.5
	6.5
	0.0185

	NFKBIB
	1
	6.5
	0.0008
	 
	RSPO3
	1.2
	9.1
	0.0203
	 
	STC1
	1.6
	7.5
	0.0001

	PNRC1
	1
	11.8
	0.0020
	 
	STK16
	1.2
	6.5
	0.0076
	 
	RIPK2
	1.7
	7.3
	0.0008

	LHX2
	1
	5.4
	0.0061
	 
	PID1
	1.2
	7.6
	0.0045
	 
	TNS3
	1.7
	5.9
	0.0010

	LEPR
	1
	9.1
	0.0036
	 
	CTNS
	1.2
	9.2
	0.0023
	 
	APOL6
	1.7
	6.3
	0.0008

	KIAA2026
	1
	5.5
	0.0198
	 
	IL23A
	1.2
	7
	0.0017
	 
	EREG
	1.8
	7.5
	0.0001

	LEPROTL1
	1
	6.5
	0.0056
	 
	TNFAIP8L1
	1.2
	10.5
	0.0047
	 
	ST3GAL1
	1.8
	8.2
	0.0001

	SMCR6
	1
	6
	0.0034
	 
	STAG2
	1.2
	5.5
	0.0006
	 
	TMEM132A
	1.8
	7.7
	0.0010

	ABCA9
	1
	9.6
	0.0109
	 
	PRDM1
	1.2
	6.4
	0.0097
	 
	TRANK1
	2
	6.3
	0.0103

	SHROOM4
	1
	10.4
	0.0017
	 
	SOX4
	1.2
	6.2
	0.0020
	 
	DRAM1
	2.3
	7.6
	0.0000

	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val
	 
	Gene
	logFCAo
	AveExpr
	adj.P.Val

	
ANKRD10
	1
	5.9
	0.0085
	 
	JAKMIP3
	1.2
	6.6
	0.0137
	 
	CD83
	2.6
	5.7
	0.0000

	PCDHB9
	1
	8.7
	0.0237
	 
	FBXO32
	1.2
	5.6
	0.0012
	 
	SLC7A2
	3.2
	8.6
	0.0000

	SLC25A16
	1
	6.8
	0.0031
	 
	CASK
	1.2
	6.1
	0.0037
	 
	
	
	
	 

	ARL17A
	1
	9.4
	0.0187
	 
	DBIL5P2
	1.2
	6.2
	0.0028
	 
	
	
	
	 

	GJB7
	1
	5.3
	0.0087
	 
	TRAF1
	1.2
	5.8
	0.0003
	 
	
	
	
	 

	DHX58
	1.1
	6.3
	0.0020
	 
	PTK2B
	1.2
	7.2
	0.0149
	 
	
	
	
	 

	AHRR
	1.1
	5.8
	0.0037
	 
	KLF17
	1.2
	7.9
	0.0025
	 
	
	
	
	 

	GJD4
	1.1
	8.2
	0.0195
	 
	KIAA1751
	1.2
	5.7
	0.0040
	 
	
	
	
	 

	GPR133
	1.1
	6.4
	0.0011
	 
	ANKRD45
	1.2
	7.9
	0.0012
	 
	
	
	
	 

	KCNG1
	1.1
	8
	0.0057
	 
	GK
	1.2
	7.3
	0.0009
	 
	
	
	
	 

	GUSBP1
	1.1
	5.6
	0.0024
	 
	LAT2
	1.2
	8
	0.0053
	 
	
	
	
	 

	KIAA0247
	1.1
	11.1
	0.0010
	 
	MAP2K3
	1.2
	6.7
	0.0012
	 
	
	
	
	 

	MS4A7
	1.1
	5.5
	0.0020
	 
	PSMD10
	1.3
	7.4
	0.0096
	 
	
	
	
	 

	TLE4
	1.1
	6.5
	0.0107
	 
	JHDM1D
	1.3
	6.5
	0.0016
	 
	
	
	
	 

	ASRGL1
	1.1
	6.9
	0.0018
	 
	AQP7P1
	1.3
	5.5
	0.0102
	 
	
	
	
	 

	SERPINE1
	1.1
	9.3
	0.0050
	 
	ILDR1
	1.3
	10.5
	0.0023
	 
	
	
	
	 

	CLEC2D
	1.1
	5.3
	0.0183
	 
	UNC80
	1.3
	6.4
	0.0017
	 
	
	
	
	 

	TRIM37
	1.1
	6.7
	0.0155
	 
	RCSD1
	1.3
	4.9
	0.0041
	 
	
	
	
	 

	TBC1D1
	1.1
	6.8
	0.0020
	 
	RFX8
	1.3
	6.2
	0.0051
	 
	
	
	
	 

	CLIP2
	1.1
	5.6
	0.0036
	 
	SGSM2
	1.3
	11.6
	0.0090
	 
	
	
	
	 

	EGR2
	1.1
	5.3
	0.0052
	 
	KRBA2
	1.3
	7.7
	0.0017
	 
	
	
	
	 

	VEGFA
	1.1
	7.4
	0.0027
	 
	PPIAL4G
	1.3
	9.2
	0.0063
	 
	
	
	
	 

	KIAA0754
	1.1
	6.4
	0.0134
	 
	CLDN1
	1.3
	5.9
	0.0180
	 
	
	
	
	 

	TNKS1BP1
	1.1
	6.7
	0.0120
	 
	GOT1L1
	1.3
	5.2
	0.0019
	 
	
	
	
	 

	RAB27B
	1.1
	8.8
	0.0029
	 
	DNAJB9
	1.3
	7.6
	0.0006
	 
	
	
	
	 

	SMAD3
	1.1
	8.8
	0.0010
	 
	PIGV
	1.4
	6.1
	0.0013
	 
	
	
	
	 

	ERVFRD-2
	1.1
	10.1
	0.0019
	 
	SPSB1
	1.4
	9.4
	0.0047
	 
	
	
	
	 

	MDH1B
	1.1
	6.6
	0.0031
	 
	LGI4
	1.4
	6.1
	0.0173
	 
	
	
	
	 

	MMP9
	1.1
	6
	0.0022
	 
	VWCE
	1.4
	5.7
	0.0118
	 
	
	
	
	 

	TNFRSF6B
	1.1
	5.7
	0.0009
	 
	VHL
	1.4
	8.5
	0.0012
	 
	
	
	
	 

	ANKRD20A5P
	1.1
	6.4
	0.0214
	 
	IKZF2
	1.4
	7.8
	0.0006
	 
	
	
	
	 

	NKX3-1
	1.1
	7.2
	0.0012
	 
	TNFRSF11B
	1.4
	9.7
	0.0002
	 
	
	
	
	 

	NR4A2
	1.1
	5.8
	0.0027
	 
	CBLN2
	1.4
	7.6
	0.0027
	 
	 
	 
	 
	 





[bookmark: _Toc494749378]Appendix 11 - Full list of genes commonly regulated by IL-1ß in both the presence and absence of BMPR2 siRNA
	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	ABL1
	1.02
	11.72
	0.00
	1.37
	12.17
	0.00013

	ABTB2
	1.32
	10.19
	0.00
	1.64
	10.55
	0.00009

	ACACB
	-1.25
	7.69
	0.00
	-1.58
	8.38
	0.00007

	ACSL4
	1.58
	11.27
	0.00
	1.54
	11.51
	0.00023

	ADAMTS5
	-1.86
	10.19
	0.00
	-1.36
	10.56
	0.00485

	ADAMTS9
	2.21
	9.22
	0.00
	2.30
	9.09
	0.00001

	ADH1A
	-2.44
	9.22
	0.00
	-2.02
	10.09
	0.00035

	ADH1B
	-2.22
	7.10
	0.00
	-1.86
	7.97
	0.00045

	ADH1C
	-2.60
	11.23
	0.00
	-2.17
	12.04
	0.00028

	ADRA1B
	-1.07
	7.78
	0.00
	-1.48
	8.95
	0.00019

	ADRA2A
	-1.75
	6.88
	0.00
	-2.22
	7.89
	0.00003

	AKAP2
	1.11
	8.90
	0.00
	1.15
	9.21
	0.00045

	AMPD3
	2.36
	10.87
	0.00
	2.95
	10.95
	0.00001

	ANK3
	-1.86
	12.65
	0.00
	-1.77
	12.95
	0.00018

	ANKRD1
	1.50
	9.09
	0.00
	1.11
	9.48
	0.00182

	AP3M2
	-1.28
	9.83
	0.00
	-1.20
	10.04
	0.00012

	AREG
	1.15
	5.84
	0.00
	1.07
	5.89
	0.00384

	ARHGAP18
	1.27
	13.55
	0.00
	-1.99
	9.06
	0.00004

	ARHGAP20
	-1.30
	8.89
	0.00
	-1.58
	9.24
	0.00016

	ARNTL2
	1.08
	8.47
	0.01
	1.41
	8.92
	0.00008

	ATP2B1
	2.20
	10.30
	0.00
	2.06
	11.17
	0.00005

	ATP8B1
	-1.38
	11.92
	0.00
	-1.77
	11.23
	0.00009

	B3GNT5
	1.00
	7.80
	0.00
	1.36
	8.58
	0.00035

	B4GALT5
	1.03
	11.31
	0.00
	1.03
	11.56
	0.00051

	BATF3
	1.13
	6.47
	0.00
	2.01
	7.49
	0.00026

	BCL2A1
	4.57
	7.92
	0.00
	5.23
	8.29
	0.00000

	BDKRB1
	2.80
	14.17
	0.00
	3.42
	14.73
	0.00001

	BDKRB2
	1.67
	12.12
	0.00
	2.42
	12.94
	0.00002

	BID
	1.11
	13.12
	0.00
	1.73
	13.70
	0.00019

	BIRC3
	5.28
	9.72
	0.00
	6.07
	9.56
	0.00000

	BMF
	-2.40
	7.32
	0.00
	-1.73
	7.37
	0.00009

	BMP2
	2.83
	12.85
	0.00
	2.85
	13.11
	0.00004

	BMP4
	-1.59
	6.72
	0.00
	-1.97
	7.64
	0.00016

	BNC1
	2.28
	9.60
	0.00
	1.91
	10.06
	0.00003

	BTG2
	-1.36
	11.05
	0.00
	-1.14
	11.75
	0.00042

	BTG3
	1.74
	13.78
	0.00
	1.63
	14.28
	0.00004

	CBR3
	1.76
	11.86
	0.00
	2.39
	12.54
	0.00004


	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	
CCDC121
	-1.08
	7.96
	0.00
	-1.56
	7.61
	0.00008

	CCDC122
	-1.23
	6.94
	0.00
	-1.00
	10.17
	0.00331

	CCL1
	2.95
	6.75
	0.00
	4.56
	7.62
	0.00001

	CCL11
	1.23
	6.56
	0.00
	3.42
	7.76
	0.00000

	CCL13
	1.11
	6.87
	0.00
	1.09
	6.77
	0.00060

	CCL2
	2.38
	16.60
	0.00
	3.07
	16.45
	0.00003

	CCL20
	7.14
	10.18
	0.00
	7.58
	9.57
	0.00000

	CCL3
	1.03
	7.79
	0.00
	1.17
	8.43
	0.00044

	CCL5
	3.12
	7.24
	0.00
	4.94
	8.27
	0.00001

	CCL7
	3.59
	11.09
	0.00
	5.13
	12.05
	0.00002

	CCL8
	2.29
	6.00
	0.00
	4.44
	6.95
	0.00001

	CD70
	2.39
	7.15
	0.00
	4.19
	8.35
	0.00000

	CD82
	1.51
	10.71
	0.00
	2.94
	11.33
	0.00015

	CD83
	2.41
	7.77
	0.00
	2.46
	8.86
	0.00004

	CFLAR
	1.14
	10.58
	0.00
	1.31
	10.64
	0.00012

	CHADL
	-1.22
	7.05
	0.00
	-1.45
	9.30
	0.00024

	CHN2
	2.28
	12.31
	0.00
	-1.69
	7.60
	0.00010

	CHRM2
	2.63
	9.83
	0.00
	-1.72
	6.44
	0.00031

	CHST15
	1.22
	8.52
	0.00
	1.55
	9.45
	0.00006

	CLCF1
	2.05
	9.88
	0.00
	1.31
	9.99
	0.00084

	CLDN1
	1.33
	9.27
	0.00
	4.00
	9.29
	0.00000

	CLDN14
	2.89
	7.99
	0.00
	4.33
	9.20
	0.00004

	CLDN23
	4.50
	8.63
	0.00
	-1.00
	7.09
	0.00065

	CNTNAP3
	-1.07
	7.34
	0.00
	-1.11
	8.10
	0.00091

	CPEB4
	1.23
	6.86
	0.00
	1.04
	10.82
	0.00047

	CREB5
	1.74
	6.51
	0.00
	1.54
	7.13
	0.00014

	CSF3
	6.17
	8.55
	0.00
	9.65
	9.74
	0.00000

	CSF3
	6.17
	8.55
	0.00
	6.56
	8.23
	0.00001

	CTSC
	1.27
	13.33
	0.00
	1.27
	13.89
	0.00034

	CXCL1
	2.32
	16.48
	0.00
	5.76
	14.39
	0.00001

	CXCL10
	3.79
	6.78
	0.00
	5.91
	7.84
	0.00000

	CXCL11
	3.79
	6.78
	0.00
	2.90
	6.17
	0.00013

	CXCL2
	4.65
	13.94
	0.00
	6.48
	13.55
	0.00000

	CXCL2
	4.65
	13.94
	0.00
	6.03
	13.60
	0.00000

	CXCL3
	5.13
	13.87
	0.00
	7.25
	11.19
	0.00000

	CXCL5
	6.15
	11.20
	0.00
	3.07
	11.63
	0.00001

	CXCL6
	1.56
	11.65
	0.02
	3.39
	13.90
	0.00013

	CXCR4
	2.10
	14.12
	0.00
	2.55
	6.98
	0.00003

	CXCR7
	3.64
	7.28
	0.00
	1.65
	12.83
	0.00015




	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	CYLD
	-1.28
	8.46
	0.00
	1.22
	9.97
	0.00086

	
CYP27B1
	-1.19
	6.88
	0.00
	1.66
	7.15
	0.00022

	DDIT4L
	1.71
	14.95
	0.00
	-3.05
	9.56
	0.00003

	DENND5A
	1.46
	7.86
	0.00
	1.54
	13.35
	0.00006

	DIO2
	1.98
	8.06
	0.00
	1.63
	11.26
	0.00012

	DNAJA1
	-2.72
	10.06
	0.00
	1.14
	14.18
	0.00057

	DOCK11
	1.05
	11.54
	0.00
	-1.22
	12.84
	0.00189

	EDN1
	-1.81
	12.23
	0.00
	-2.79
	12.06
	0.00001

	EEPD1
	1.76
	6.05
	0.00
	-1.96
	7.03
	0.00108

	EGFLAM
	1.73
	6.05
	0.00
	-1.33
	10.16
	0.00012

	EGFR
	-1.59
	8.61
	0.00
	1.60
	11.13
	0.00021

	EHF
	-1.40
	7.40
	0.00
	1.50
	6.05
	0.00069

	EPG5
	1.25
	8.59
	0.00
	1.03
	6.92
	0.00263

	ESM1
	-1.74
	6.51
	0.00
	3.42
	8.99
	0.00005

	ESPNL
	1.05
	7.04
	0.00
	-1.91
	7.74
	0.00008

	ETV1
	2.57
	7.11
	0.00
	-1.93
	10.13
	0.00051

	EXPH5
	1.33
	6.77
	0.00
	-1.66
	7.26
	0.00020

	FGF20
	1.92
	12.80
	0.00
	-1.09
	6.37
	0.00288

	FICD
	1.19
	9.11
	0.00
	1.03
	11.24
	0.00188

	GABPB1
	1.46
	13.01
	0.02
	1.23
	9.45
	0.00059

	GBP2
	2.41
	9.57
	0.00
	1.15
	11.34
	0.00037

	GBP4
	1.71
	10.95
	0.00
	1.95
	12.23
	0.00003

	GBP5
	1.20
	11.06
	0.00
	1.78
	7.44
	0.00010

	GCH1
	1.38
	10.20
	0.00
	4.34
	9.45
	0.00000

	GLIS1
	1.03
	6.75
	0.00
	-1.18
	9.09
	0.00083

	GPR68
	3.40
	7.02
	0.00
	2.00
	12.82
	0.00005

	GPR84
	1.45
	13.01
	0.00
	1.17
	5.88
	0.00168

	GRASP
	1.63
	11.89
	0.00
	-1.14
	11.01
	0.00031

	GRIK1-AS1
	-1.59
	12.04
	0.00
	1.35
	6.79
	0.01047

	H2AFY2
	1.27
	6.55
	0.00
	1.09
	8.85
	0.00063

	HAS3
	1.35
	8.43
	0.00
	4.79
	9.03
	0.00000

	HIP1R
	1.26
	9.29
	0.00
	-1.57
	7.00
	0.00072

	HIST1H1A
	-1.40
	6.70
	0.00
	-2.06
	8.13
	0.00006

	HIVEP3
	1.58
	11.51
	0.00
	1.97
	10.36
	0.00037

	HK2
	3.07
	8.23
	0.00
	1.39
	12.44
	0.00023

	HLA-F
	3.27
	9.66
	0.00
	1.22
	8.82
	0.00080

	





GeneName
	





logFC.Mocksi
	





AveExpr.x
	





adj.P.Val.x
	





logFC.BMPR2si
	





AveExpr.y
	





adj.P.Val.y

	HMGA2
	1.16
	8.67
	0.00
	1.03
	11.78
	0.00602

	
HMGB2
	1.55
	10.79
	0.00
	-1.03
	10.99
	0.00034

	HSD11B1
	3.03
	8.10
	0.00
	1.94
	14.28
	0.00004

	HTR2B
	-1.83
	8.69
	0.00
	-2.79
	8.71
	0.00006

	
ICAM4
	1.98
	12.40
	0.00
	1.90
	9.43
	0.00002

	ICOSLG
	-1.10
	11.92
	0.00
	3.08
	8.83
	0.00006

	ID2
	2.72
	14.81
	0.00
	1.08
	13.98
	0.00163

	IER3
	2.55
	15.22
	0.00
	2.58
	15.41
	0.00004

	IFIH1
	1.43
	10.62
	0.00
	1.74
	10.56
	0.00014

	IFIT1
	1.03
	9.33
	0.00
	1.23
	12.48
	0.00063

	IFIT2
	1.21
	12.25
	0.00
	1.17
	11.71
	0.00142

	IFIT3
	1.01
	8.36
	0.02
	1.63
	11.26
	0.00019

	IFNE
	1.04
	11.08
	0.00
	1.30
	9.42
	0.00069

	IFNGR1
	1.81
	6.39
	0.00
	1.24
	13.03
	0.00044

	IL11
	2.68
	15.60
	0.00
	3.31
	11.51
	0.00003

	IL15
	1.07
	5.62
	0.00
	1.68
	10.66
	0.00006

	IL15RA
	1.73
	9.41
	0.00
	2.46
	10.62
	0.00003

	IL1A
	2.77
	11.77
	0.00
	4.07
	9.62
	0.00001

	IL1B
	3.50
	9.90
	0.00
	3.72
	15.11
	0.00003

	IL32
	1.40
	8.89
	0.00
	2.54
	10.41
	0.00004

	IL33
	1.61
	9.94
	0.00
	2.16
	15.97
	0.00008

	IL36G
	1.99
	6.11
	0.00
	1.99
	6.04
	0.00003

	IL36RN
	2.02
	15.68
	0.00
	1.99
	6.33
	0.00009

	IL6
	1.17
	9.40
	0.00
	3.45
	16.36
	0.00004

	IL8
	2.87
	11.15
	0.01
	4.82
	8.87
	0.00001

	INHBA
	1.50
	7.58
	0.00
	1.72
	14.97
	0.00467

	INMT
	1.88
	8.18
	0.00
	-1.48
	12.61
	0.00130

	INPP5D
	1.41
	12.48
	0.00
	-1.53
	9.49
	0.00030

	IRAK1BP1
	3.92
	9.01
	0.00
	-1.23
	7.81
	0.00199

	IRAK3
	3.05
	10.66
	0.00
	1.43
	9.38
	0.00009

	IRF1
	1.27
	9.63
	0.00
	2.78
	9.33
	0.00004

	IRF7
	1.40
	8.23
	0.00
	1.15
	12.58
	0.00131

	JAKMIP3
	1.06
	10.63
	0.00
	-1.24
	7.06
	0.01060

	KCNAB1
	-1.40
	9.57
	0.00
	-1.77
	9.56
	0.00035

	KCNE4
	-1.34
	6.55
	0.00
	-1.07
	10.09
	0.00071

	KCNJ8
	1.26
	10.43
	0.02
	-1.97
	9.82
	0.00016

	KIAA1199
	-1.13
	10.15
	0.00
	-1.02
	13.74
	0.00097

	KIAA1199
	-1.13
	10.15
	0.00
	-1.02
	9.25
	0.00159

	KIAA1377
	2.01
	7.76
	0.00
	-1.11
	6.12
	0.00365

	KLF12
	1.36
	9.03
	0.00
	-1.08
	10.85
	0.00031

	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	
KLHDC9
	-1.09
	8.85
	0.00
	-1.51
	9.23
	0.00030

	KYNU
	1.17
	8.10
	0.00
	3.74
	8.59
	0.00008

	LBH
	-1.24
	10.20
	0.00
	-1.05
	10.73
	0.00028

	LFNG
	1.51
	9.76
	0.00
	1.14
	8.89
	0.00062

	LIF
	1.46
	12.02
	0.00
	3.84
	11.87
	0.00004

	LYN
	2.25
	13.02
	0.00
	1.05
	11.76
	0.00059

	MAFF
	-1.12
	9.67
	0.04
	1.61
	11.31
	0.00039

	MALAT1
	1.83
	15.42
	0.00
	-1.07
	9.68
	0.00158

	MAP3K8
	1.13
	7.74
	0.00
	1.84
	11.22
	0.00003

	MBP
	1.42
	9.73
	0.00
	-1.77
	10.45
	0.00004

	MC1R
	-1.69
	10.70
	0.00
	-1.05
	11.15
	0.00058

	MCTP1
	1.92
	9.74
	0.00
	1.11
	6.87
	0.00109

	MESDC1
	1.58
	12.36
	0.00
	1.46
	12.26
	0.00041

	MIR155HG
	-1.10
	8.17
	0.01
	4.21
	9.19
	0.00000

	MMP10
	1.33
	8.95
	0.00
	2.41
	8.41
	0.00058

	MMP3
	1.30
	6.37
	0.00
	3.69
	9.81
	0.00007

	MSX2P1
	1.67
	6.45
	0.00
	1.73
	10.06
	0.00011

	MT1B
	1.55
	16.48
	0.00
	1.83
	16.46
	0.00019

	MT1E
	1.48
	16.17
	0.00
	1.63
	15.97
	0.00026

	MT1G
	1.45
	15.63
	0.00
	1.22
	7.34
	0.00017

	MT1L
	1.71
	15.92
	0.00
	1.68
	16.23
	0.00068

	MT1M
	1.24
	16.12
	0.00
	1.04
	12.39
	0.00855

	MT1X
	1.19
	11.83
	0.00
	2.28
	15.84
	0.00008

	MX2
	1.59
	12.19
	0.00
	1.65
	9.51
	0.00236

	MYB
	1.02
	10.24
	0.00
	3.83
	9.70
	0.00002

	MYBL1
	2.36
	8.48
	0.00
	1.03
	7.78
	0.00076

	NAMPT
	1.51
	12.91
	0.00
	2.80
	10.51
	0.00001

	NAV3
	1.07
	7.62
	0.00
	1.28
	12.43
	0.00182

	NAV3
	1.07
	7.62
	0.00
	1.05
	7.85
	0.00167

	NCEH1
	1.98
	7.96
	0.00
	1.10
	12.12
	0.00030

	NEDD9
	1.01
	6.32
	0.00
	1.85
	7.76
	0.00003

	NEURL1B
	1.10
	6.58
	0.00
	3.59
	8.31
	0.00003

	NFIA
	-1.42
	7.45
	0.00
	-1.33
	9.81
	0.00058

	NFKB2
	1.87
	11.55
	0.00
	2.32
	8.92
	0.00004

	NFKBIB
	1.97
	14.20
	0.00
	1.20
	8.73
	0.00040

	NFKBIZ
	1.17
	11.57
	0.00
	2.08
	10.38
	0.00013

	NKX3-1
	1.39
	15.31
	0.00
	4.27
	11.09
	0.00001

	NPTX2
	1.33
	8.65
	0.00
	1.11
	11.08
	0.00109

	NR4A3
	1.88
	7.58
	0.00
	2.76
	9.42
	0.00003

	NR5A2
	2.36
	10.65
	0.00
	-1.27
	6.97
	0.00020

	NRIP1
	1.01
	10.72
	0.00
	1.05
	11.65
	0.00058

	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	
OAS1
	1.06
	7.55
	0.01
	1.75
	7.37
	0.00022

	OASL
	2.36
	7.02
	0.00
	3.64
	7.43
	0.00004

	OBFC1
	-1.09
	7.34
	0.00
	-1.17
	7.97
	0.00014

	ORAI3
	1.03
	10.04
	0.00
	-1.08
	8.98
	0.00091

	OSBPL10
	2.24
	6.56
	0.00
	-1.36
	9.46
	0.00019

	OSR2
	-1.56
	7.42
	0.00
	-1.59
	8.33
	0.00009

	PCDH18
	-2.85
	8.23
	0.00
	-2.10
	7.25
	0.00062

	PCDH18
	-2.85
	8.23
	0.00
	-2.64
	8.66
	0.00012

	PDCD1LG2
	1.57
	6.36
	0.00
	1.07
	6.88
	0.00023

	PDE5A
	1.54
	7.47
	0.00
	-1.36
	14.13
	0.00051

	PDZD2
	2.55
	10.39
	0.00
	3.11
	7.28
	0.00003

	PDZRN3
	1.67
	6.41
	0.00
	1.00
	10.97
	0.00102

	PGM2L1
	-1.11
	13.73
	0.00
	1.38
	10.77
	0.00016

	PHACTR1
	1.01
	8.61
	0.01
	1.14
	6.19
	0.00039

	PI3
	1.15
	16.86
	0.00
	2.76
	8.16
	0.00002

	PIK3C2B
	1.87
	9.18
	0.00
	-1.49
	9.46
	0.00013

	PIK3CD
	-1.04
	8.11
	0.00
	2.55
	10.11
	0.00005

	PIK3R1
	-1.17
	9.18
	0.00
	-1.30
	9.83
	0.00022

	PIM2
	1.04
	8.23
	0.00
	1.64
	9.11
	0.00009

	PION
	1.44
	13.63
	0.00
	1.26
	8.80
	0.00037

	PITX2
	-1.16
	10.46
	0.00
	-1.09
	8.50
	0.00063

	PLK2
	1.19
	8.24
	0.00
	-1.17
	14.35
	0.00034

	POU2F2
	1.29
	11.17
	0.00
	1.70
	7.84
	0.00004

	PPP4R2
	1.14
	12.36
	0.00
	1.18
	8.68
	0.00058

	PRICKLE2
	-1.81
	9.34
	0.00
	1.04
	10.57
	0.00077

	PSRC1
	1.20
	7.18
	0.00
	-1.23
	8.32
	0.00044

	PTGS2
	1.29
	8.95
	0.00
	3.75
	11.58
	0.00002

	RAB7B
	-1.11
	8.96
	0.00
	-1.69
	10.17
	0.00010

	RASSF8
	-1.07
	10.97
	0.00
	1.03
	8.54
	0.00566

	RCAN1
	-1.28
	6.40
	0.00
	1.40
	12.86
	0.00021

	RCSD1
	2.02
	10.69
	0.00
	1.45
	5.30
	0.00239

	RELB
	1.45
	7.02
	0.00
	2.86
	13.49
	0.00001

	RHOBTB1
	-1.26
	8.25
	0.00
	-1.60
	11.56
	0.00010

	RIMS2
	1.61
	6.76
	0.00
	-1.39
	6.86
	0.00119

	RIPK2
	-1.28
	9.19
	0.00
	2.22
	12.73
	0.00002

	RND3
	3.22
	8.24
	0.00
	1.31
	14.33
	0.01802

	RNF144B
	-1.22
	11.05
	0.00
	2.17
	7.87
	0.00004

	ROR1
	-1.33
	10.09
	0.00
	-1.49
	10.15
	0.00012

	RSPO3
	1.15
	11.64
	0.00
	1.06
	10.59
	0.00959

	RTN4R
	1.45
	6.07
	0.00
	-1.22
	6.67
	0.00043

	RUNX1
	1.18
	12.34
	0.00
	1.32
	7.59
	0.00056

	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	
RUNX1T1
	1.20
	11.97
	0.00
	-1.92
	11.31
	0.00019

	SAMD3
	-1.24
	7.92
	0.00
	-2.01
	8.22
	0.00003

	SAMD4A
	1.42
	10.06
	0.00
	1.90
	10.20
	0.00004

	SAMD9L
	1.34
	9.92
	0.00
	1.72
	10.77
	0.00021

	SAT1
	1.13
	14.95
	0.00
	2.31
	7.85
	0.00007

	SEC14L2
	1.00
	11.21
	0.00
	1.02
	9.08
	0.00452

	SERPINB8
	3.01
	11.35
	0.00
	1.33
	10.94
	0.00021

	SESN1
	-2.47
	9.61
	0.00
	-1.08
	9.78
	0.00038

	SHROOM3
	-1.34
	8.58
	0.00
	-1.49
	8.17
	0.00042

	SLC11A2
	1.09
	11.12
	0.01
	1.69
	11.36
	0.00041

	SLC11A2
	1.09
	11.12
	0.01
	1.80
	10.12
	0.00006

	SLC12A7
	1.23
	9.40
	0.00
	1.28
	13.68
	0.00037

	SLC14A1
	-2.11
	9.19
	0.00
	-2.46
	10.08
	0.00001

	SLC16A14
	-1.47
	10.05
	0.00
	-1.48
	6.38
	0.00062

	SLC19A2
	1.23
	6.39
	0.00
	1.97
	11.87
	0.00003

	SLC19A3
	2.00
	11.31
	0.00
	1.16
	7.90
	0.00046

	SLC22A2
	1.53
	6.41
	0.00
	1.62
	7.90
	0.00364

	SLC22A23
	1.11
	10.32
	0.00
	1.04
	10.27
	0.02103

	SLC22A3
	1.55
	12.97
	0.00
	1.27
	8.53
	0.00083

	SLC22A4
	1.47
	6.71
	0.00
	1.46
	10.63
	0.00078

	SLC2A6
	1.76
	11.32
	0.00
	2.60
	13.14
	0.00003

	SLC39A8
	2.50
	14.82
	0.00
	2.33
	13.47
	0.00005

	SLC39A8
	2.50
	14.82
	0.00
	2.07
	9.98
	0.00010

	SLC41A2
	-2.08
	10.38
	0.00
	1.59
	8.63
	0.00020

	SLC45A3
	1.49
	9.81
	0.00
	-1.30
	8.74
	0.00037

	SLC7A1
	-1.04
	7.83
	0.00
	1.49
	12.42
	0.00009

	SLC7A2
	1.46
	11.37
	0.00
	4.22
	11.80
	0.00000

	SMAD9
	-1.13
	9.44
	0.00
	-1.10
	10.34
	0.00047

	SMOX
	1.75
	7.28
	0.00
	1.38
	11.57
	0.00029

	SMS
	1.99
	11.53
	0.00
	1.12
	9.92
	0.00185

	SQRDL
	-1.78
	6.83
	0.00
	1.74
	14.80
	0.00003

	SRSF12
	-1.21
	8.00
	0.00
	1.75
	6.82
	0.00004

	SSTR1
	1.52
	6.14
	0.00
	-3.03
	8.37
	0.00002

	SSTR2
	-1.69
	9.17
	0.00
	2.86
	7.02
	0.00013

	STARD13
	1.28
	9.17
	0.00
	1.25
	9.82
	0.00102

	STARD5
	1.52
	9.51
	0.00
	-1.61
	11.01
	0.00024

	STAU2
	-1.64
	10.68
	0.00
	-1.27
	10.02
	0.00094

	STOX2
	-1.08
	10.82
	0.00
	-2.11
	8.71
	0.00015

	SYNPO2L
	-1.35
	6.15
	0.00
	-1.53
	6.70
	0.00016

	SYT1
	-1.10
	6.39
	0.00
	-1.22
	9.00
	0.00332

	TAF13
	1.32
	5.85
	0.00
	1.01
	11.36
	0.00059

	GeneName
	logFC.Mocksi
	AveExpr.x
	adj.P.Val.x
	logFC.BMPR2si
	AveExpr.y
	adj.P.Val.y

	
TET1
	-1.37
	8.15
	0.00
	-1.62
	6.77
	0.00016

	TMEM200A
	1.41
	10.93
	0.00
	-2.06
	13.52
	0.00007

	TMEM22
	2.10
	9.82
	0.00
	1.25
	9.79
	0.00023

	TMEM233
	1.31
	9.78
	0.00
	1.55
	8.23
	0.00035

	TNC
	-1.20
	11.41
	0.00
	2.50
	10.22
	0.00008

	TNFAIP3
	3.11
	15.67
	0.00
	4.48
	12.36
	0.00003

	TNFAIP6
	3.53
	11.98
	0.00
	3.56
	14.83
	0.00001

	TNFAIP8
	4.23
	13.62
	0.00
	2.10
	11.82
	0.00003

	TNFRSF9
	1.36
	7.85
	0.00
	3.23
	7.10
	0.00004

	TNFSF9
	1.00
	7.14
	0.00
	3.33
	11.25
	0.00000

	TNIP3
	1.64
	13.17
	0.00
	3.85
	8.18
	0.00000

	TRAF1
	-1.54
	6.65
	0.00
	2.07
	8.14
	0.00011

	TRERF1
	-1.57
	8.54
	0.00
	-1.99
	8.84
	0.00005

	TRIB1
	1.02
	11.08
	0.00
	1.35
	13.25
	0.00034

	TRIB2
	1.28
	12.37
	0.00
	-1.22
	8.96
	0.00033

	TRIM59
	-1.52
	8.08
	0.00
	-1.31
	9.33
	0.00053

	TRIM6
	-1.09
	8.88
	0.00
	-1.96
	8.25
	0.00007

	TRIM63
	-1.39
	7.80
	0.00
	-2.15
	6.58
	0.00004

	TSC22D3
	1.12
	14.94
	0.00
	-1.19
	11.44
	0.00019

	TSKS
	-1.11
	9.41
	0.00
	-1.12
	7.99
	0.00064

	UCN2
	1.26
	11.01
	0.00
	1.77
	8.29
	0.00032

	USP31
	1.03
	8.33
	0.00
	1.17
	9.11
	0.00022

	UXS1
	1.05
	12.25
	0.00
	1.04
	11.53
	0.00021

	VCAM1
	1.05
	5.29
	0.01
	3.24
	9.79
	0.00006

	WTAP
	2.30
	13.30
	0.00
	2.95
	13.88
	0.00001
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	TargetID
	GeneSymbol
	logFC
	AveExpr
	adj.P.Val

	BNP
	natriuretic peptide B
	-3.864402085
	11.21558688
	0.002269479

	KRT18
	keratin 18
	-1.824518785
	14.9854564
	0.003616619

	CCL7
	chemokine (C-C motif) ligand 7
	3.019507403
	7.655849483
	0.003616619

	GPR68
	G protein-coupled receptor 68
	1.847388784
	11.17320446
	0.004299093

	OXTR
	oxytocin receptor
	-2.16774874
	12.82051653
	0.006927704

	ANXA8L2
	annexin A8-like 2
	-2.067977931
	11.52295915
	0.008143652

	ROR1
	receptor tyrosine kinase-like orphan receptor 1
	-1.529235345
	11.3667678
	0.00961795

	F2RL1
	coagulation factor II (thrombin) receptor-like 1
	1.993181639
	8.87761121
	0.00961795

	ROR1
	receptor tyrosine kinase-like orphan receptor 1
	-1.625331778
	10.49304599
	0.009990244

	PRPS1L1
	phosphoribosyl pyrophosphate synthetase 1-like 1
	-1.431987195
	10.63750496
	0.011692957

	CXCL2
	chemokine (C-X-C motif) ligand 2
	2.343820995
	9.946260572
	0.011692957

	KRT18
	keratin 18
	-1.841374274
	12.72277647
	0.011882058

	CLIC3
	chloride intracellular channel 3
	-1.490810153
	12.48103127
	0.013486021

	IRAK2
	interleukin-1 receptor-associated kinase 2
	1.257378569
	8.358079424
	0.014773871

	SFRP4
	secreted frizzled-related protein 4
	-1.687648166
	10.13628428
	0.017053991

	SYNDIG1
	synapse differentiation inducing 1
	-1.591530534
	9.70970763
	0.017053991

	PITX2
	paired-like homeodomain 2
	-1.453620567
	8.545387505
	0.017053991

	MME
	membrane metallo-endopeptidase
	1.59455391
	7.904159281
	0.017053991

	SHROOM3
	shroom family member 3
	-1.178170235
	8.507180003
	0.019074593

	CCL2
	chemokine (C-C motif) ligand 2
	1.713211939
	14.40139983
	0.019074593

	DUSP6
	dual specificity phosphatase 6
	1.547306871
	11.0681777
	0.020007227

	OAS1
	2'-5'-oligoadenylate synthetase 1, 40/46kDa
	1.621843054
	6.229960648
	0.022343786

	IFI6
	interferon, alpha-inducible protein 6
	2.675677384
	12.29082856
	0.022343786

	CHAC1
	ChaC, cation transport regulator homolog 1 (E. coli)
	-1.729855428
	12.83872871
	0.032000783

	MEX3B
	mex-3 homolog B (C. elegans)
	-1.095647349
	10.33667731
	0.032000783

	TMEM22
	transmembrane protein 22
	1.341757301
	8.325320888
	0.032000783

	PIP
	prolactin-induced protein
	2.05794007
	8.076328945
	0.032000783

	HAPLN3
	hyaluronan and proteoglycan link protein 3
	-1.698522774
	12.83899041
	0.033305932

	KIRREL3
	kin of IRRE like 3 (Drosophila)
	-1.01106369
	9.162661296
	0.033447887

	IFI44L
	interferon-induced protein 44-like
	2.004520162
	7.714522312
	0.033447887

	ANKRD58
	ankyrin repeat domain 58
	-1.123938671
	7.252188888
	0.033520246

	IL1RN
	interleukin 1 receptor antagonist
	1.37372365
	9.516888372
	0.036120221

	NIPAL1
	NIPA-like domain containing 1
	-1.596220509
	7.689148074
	0.040335315

	RFX2
	regulatory factor X, 2 (influences HLA class II expression)
	-1.003010689
	10.2032469
	0.045136089

	IL4I1
	interleukin 4 induced 1
	2.004969514
	7.707108983
	0.045929558

	KCNJ8
	potassium inwardly-rectifying channel, subfamily J, member 8
	-1.039161834
	10.81354897
	0.046804795

	HTN3
	histatin 3
	1.238249269
	5.440246471
	0.049596452
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	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	HSPB3
	-2.5488
	8.4983
	0.0018
	 
	LOC283731
	1.3652
	7.1319
	0.0062
	 
	C2orf88
	1.2334
	7.5147
	0.0079

	KRT32
	-2.0247
	8.9618
	0.0018
	 
	KCNG1
	1.3785
	11.4616
	0.0062
	 
	KCNN4
	1.4497
	9.6499
	0.0083

	ACTG2
	2.1371
	9.0190
	0.0018
	 
	COPG2IT1
	1.4472
	7.3788
	0.0062
	 
	ABCA12
	1.2144
	6.6219
	0.0086

	NPTX1
	-2.2942
	11.3159
	0.0019
	 
	NOX4
	1.6433
	8.3536
	0.0062
	 
	IL1B
	-1.4490
	13.7413
	0.0089

	NR4A3
	-1.9008
	8.7898
	0.0020
	 
	SECTM1
	-1.6412
	12.2943
	0.0065
	 
	KANK4
	1.0645
	5.9020
	0.0089

	STATH
	-2.5888
	11.4243
	0.0020
	 
	PTGS2
	-2.2498
	10.5936
	0.0065
	 
	MEGF6
	1.2410
	11.6726
	0.0089

	TIPARP
	-1.6287
	12.3472
	0.0022
	 
	C11orf96
	-1.4462
	12.3688
	0.0065
	 
	ASNS
	1.5212
	15.0698
	0.0089

	FABP3
	-2.1932
	9.5836
	0.0053
	 
	KIAA1199
	-1.4194
	10.2787
	0.0065
	 
	ASPN
	1.8223
	9.4539
	0.0089

	SLC7A2
	-1.6035
	10.2492
	0.0053
	 
	CYP2S1
	-1.2884
	9.1395
	0.0065
	 
	SOD2
	-1.3584
	15.1385
	0.0089

	ADAMTS14
	-1.5084
	9.6936
	0.0053
	 
	GEM
	1.0611
	10.3107
	0.0065
	 
	AMIGO2
	1.3877
	12.6845
	0.0089

	STAR
	-1.2451
	8.4457
	0.0053
	 
	FAM176A
	1.0909
	9.4050
	0.0065
	 
	SEMA3D
	-1.2270
	9.6927
	0.0092

	CLSTN2
	1.4555
	6.4244
	0.0053
	 
	XRCC4
	1.1143
	9.3033
	0.0065
	 
	KLF10
	1.1365
	9.2132
	0.0092

	INPP5D
	1.6140
	9.2464
	0.0053
	 
	LOC255167
	1.3306
	7.7083
	0.0065
	 
	FIBIN
	1.3684
	7.8976
	0.0092

	ISLR2
	1.6312
	8.3660
	0.0053
	 
	MGC4294
	1.3416
	6.9490
	0.0065
	 
	FBN2
	1.0682
	7.4188
	0.0095

	SLC22A3
	1.8508
	6.8442
	0.0053
	 
	KRT19P2
	-1.1250
	8.5388
	0.0067
	 
	CMAHP
	1.2932
	8.1669
	0.0095

	ADAMTS1
	-1.1226
	13.1368
	0.0059
	 
	NKD2
	-1.1240
	9.3322
	0.0067
	 
	VASH2
	-1.3088
	8.4776
	0.0096

	SLC22A15
	1.0851
	8.6100
	0.0059
	 
	ADM
	-1.0102
	15.6291
	0.0067
	 
	SOCS2
	-1.2549
	12.0273
	0.0096

	FAM49A
	1.0597
	7.8711
	0.0060
	 
	ADAMTS10
	1.0201
	10.9527
	0.0067
	 
	HSD11B1
	-1.1021
	13.6355
	0.0096

	SH3BGR
	1.2797
	9.9725
	0.0060
	 
	FBXO16
	1.0538
	6.2079
	0.0067
	 
	DDIT4L
	-1.0630
	11.9644
	0.0096

	KRTAP1-5
	-2.0903
	9.3585
	0.0062
	 
	TRIB3
	1.3079
	14.2443
	0.0067
	 
	HYAL1
	-1.0468
	7.8315
	0.0096

	CYP1A1
	-1.8162
	6.8397
	0.0062
	 
	CDKN2B
	1.3163
	6.6208
	0.0067
	 
	CPNE5
	1.0922
	7.5244
	0.0096

	IL1RN
	-1.6320
	9.8246
	0.0062
	 
	BMPR2
	-1.8991
	7.9507
	0.0070
	 
	IGFBP3
	1.1749
	14.1798
	0.0096

	HSPB7
	-1.4691
	10.8877
	0.0062
	 
	HTN3
	-1.1961
	5.6384
	0.0070
	 
	RSAD2
	-1.1690
	6.5133
	0.0097

	EPHA5
	-1.3974
	10.1344
	0.0062
	 
	FAM43A
	-1.0894
	12.1596
	0.0070
	 
	KAL1
	1.1147
	7.5418
	0.0097

	FAM65C
	-1.2611
	8.3970
	0.0062
	 
	LOC100506119
	1.0102
	11.6656
	0.0070
	 
	LSS
	-1.2031
	8.3413
	0.0097

	SCARNA9
	-1.2466
	11.3552
	0.0062
	 
	FNDC1
	1.1962
	7.6976
	0.0070
	 
	COL5A1
	1.1016
	15.1445
	0.0101

	TWIST2
	-1.1621
	9.4563
	0.0062
	 
	TNFSF4
	1.4043
	8.7980
	0.0070
	 
	LRMP
	1.4325
	6.5303
	0.0101

	ADAMTS1
	-1.0498
	11.7209
	0.0062
	 
	B3GALT2
	1.0593
	6.6053
	0.0072
	 
	SGK223
	1.0240
	10.1498
	0.0101

	GPRC5A
	-1.0266
	9.0826
	0.0062
	 
	KANK4
	1.2173
	5.7684
	0.0073
	 
	TIAM1
	1.2787
	9.1443
	0.0103

	SYT15
	1.1247
	10.0744
	0.0062
	 
	HIST2H2AA4
	-1.0340
	10.6087
	0.0074
	 
	GADD45B
	1.0840
	13.0147
	0.0105

	GPT2
	1.1431
	10.0840
	0.0062
	 
	SEMA3C
	1.3078
	11.2179
	0.0074
	 
	MTHFD2
	1.1537
	13.1299
	0.0107

	COL4A1
	1.2063
	10.9810
	0.0062
	 
	CMAHP
	1.2004
	8.3326
	0.0075
	 
	VIPR1
	-2.4618
	9.7423
	0.0107

	BGN
	1.2213
	9.8056
	0.0062
	 
	CST2
	-1.1498
	9.2921
	0.0077
	 
	PIP
	-1.5906
	8.7147
	0.0107

	POSTN
	1.2289
	13.1978
	0.0062
	 
	RASL11A
	-1.5354
	7.9577
	0.0079
	 
	LOC144481
	-1.1931
	7.8123
	0.0107

	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	HTR2A
	1.3402
	9.8847
	0.0062
	 
	FZD8
	1.0393
	9.0543
	0.0079
	 
	C9orf47
	-1.0699
	8.0967
	0.0107

	PRPF18
	-1.0378
	7.3122
	0.0112
	 
	RGS18
	1.2589
	6.9584
	0.0194
	 
	IFI27
	-1.1084
	14.2521
	0.0353

	LOC731779
	1.1993
	6.0731
	0.0113
	 
	CSTA
	1.5360
	10.2418
	0.0196
	 
	F3
	-1.1168
	11.5847
	0.0366

	SPINK4
	-2.1737
	7.1782
	0.0115
	 
	ATP2B4
	-1.0550
	8.3902
	0.0200
	 
	CEND1
	-1.1971
	10.0798
	0.0370

	TNFAIP6
	1.0606
	12.2708
	0.0115
	 
	CCDC85A
	1.3320
	8.0410
	0.0206
	 
	SPANXA1
	-1.1932
	8.7391
	0.0392

	MX1
	-1.4782
	10.9069
	0.0115
	 
	ACTA2
	1.0668
	14.1887
	0.0208
	 
	MMP1
	-1.5481
	14.7056
	0.0399

	FGD4
	-1.1163
	11.4714
	0.0115
	 
	SNORA12
	-1.0459
	8.2569
	0.0212
	 
	SCRG1
	2.0497
	10.9230
	0.0403

	AHRR
	-1.1744
	9.8538
	0.0116
	 
	SOX17
	-1.0104
	11.8162
	0.0214
	 
	PHGDH
	1.2671
	12.5861
	0.0406

	LOC284561
	1.8153
	9.6848
	0.0116
	 
	DNER
	-1.0722
	6.8675
	0.0216
	 
	PSAT1
	1.2442
	13.9226
	0.0408

	ULBP1
	1.0070
	9.0299
	0.0117
	 
	TM7SF2
	-1.2456
	9.0689
	0.0218
	 
	CXCL1
	-1.7319
	12.1310
	0.0411

	CXCL2
	-1.4919
	10.8067
	0.0118
	 
	LSS
	-1.2196
	13.2003
	0.0218
	 
	SBSN
	-1.2467
	11.1997
	0.0416

	LFNG
	1.1115
	7.5984
	0.0119
	 
	ADAP1
	-1.2144
	9.4033
	0.0220
	 
	DDIT4
	1.0623
	12.6951
	0.0417

	LOC100507645
	-1.0134
	7.1737
	0.0130
	 
	FAM57B
	-1.0427
	9.0275
	0.0221
	 
	TFPI2
	-1.0828
	16.3241
	0.0419

	XPOT
	1.0720
	11.2841
	0.0136
	 
	MFAP4
	1.1540
	15.2247
	0.0223
	 
	SOX13
	-1.1036
	8.9350
	0.0441

	LTBP2
	1.2429
	8.7145
	0.0136
	 
	ADM2
	1.3417
	9.5923
	0.0223
	 
	CXCL2
	-1.5281
	11.0994
	0.0445

	Q982T4
	1.0103
	10.7092
	0.0137
	 
	TRIL
	1.4316
	8.4489
	0.0230
	 
	RARRES2
	1.1896
	11.3536
	0.0453

	FAIM2
	-1.0981
	11.3732
	0.0143
	 
	ND6
	-1.1217
	8.0790
	0.0243
	 
	IL1A
	-1.0255
	7.9064
	0.0456

	HJURP
	-1.3255
	10.0522
	0.0145
	 
	LOC285141
	1.2617
	7.0163
	0.0255
	 
	ETV1
	1.0224
	10.3672
	0.0473

	LOC100507254
	1.1010
	7.6729
	0.0146
	 
	LOC730755
	-1.3361
	7.8619
	0.0265
	 
	ECM2
	1.3152
	9.6764
	0.0488

	LAMA4
	-1.1228
	12.1457
	0.0146
	 
	CCDC85A
	1.2504
	8.6084
	0.0265
	 
	FAM129A
	1.1091
	12.8162
	0.0491

	ITGB8
	-1.2088
	11.7693
	0.0146
	 
	ASPN
	1.0744
	8.5355
	0.0266
	 
	MYOZ2
	-1.0510
	6.3388
	0.0498

	SULT1E1
	1.3599
	9.8678
	0.0150
	 
	F2RL1
	1.0355
	10.8143
	0.0282
	 
	SLC6A4
	1.1160
	7.9672
	0.0193

	FILIP1L
	1.1682
	10.7015
	0.0150
	 
	SGCG
	1.1933
	7.2067
	0.0283
	 
	HAND2
	-1.0833
	10.5548
	0.0343

	KRT34
	-1.3382
	8.8452
	0.0167
	 
	SERPINE2
	1.0183
	15.8067
	0.0286
	 
	
	
	
	 

	CST1
	-1.0174
	9.6767
	0.0169
	 
	IL20RB
	1.6022
	11.7570
	0.0286
	 
	
	
	
	 

	PCK2
	1.0243
	10.0552
	0.0169
	 
	IFI6
	-1.8915
	13.0784
	0.0295
	 
	
	
	
	 

	FLJ43315
	1.4336
	8.3213
	0.0171
	 
	KRTAP1-5
	-1.1197
	6.4907
	0.0295
	 
	
	
	
	 

	STC1
	-1.5551
	6.7183
	0.0175
	 
	CCL20
	-1.1271
	6.2539
	0.0304
	 
	
	
	
	 

	IQCJ-SCHIP1
	1.0334
	9.6197
	0.0175
	 
	MX2
	-1.0107
	8.9909
	0.0304
	 
	
	
	
	 

	MECOM
	1.1215
	9.9267
	0.0177
	 
	MYBPH
	-1.0863
	7.1250
	0.0321
	 
	
	
	
	 

	TNFSF13B
	-1.0962
	9.7017
	0.0178
	 
	APOE
	1.6605
	12.5130
	0.0321
	 
	
	
	
	 

	FAM107A
	-1.0883
	7.0799
	0.0185
	 
	KLHDC7B
	1.3339
	8.1024
	0.0321
	 
	
	
	
	 

	SCG2
	1.3265
	9.0084
	0.0185
	 
	CCK
	-1.7301
	8.5848
	0.0337
	 
	
	
	
	 

	CHAC1
	1.1509
	12.9389
	0.0188
	 
	SNX9
	-1.0700
	10.2704
	0.0339
	 
	
	
	
	 

	RIMS3
	1.0711
	6.1819
	0.0192
	 
	CCBE1
	1.0828-1.0328
	8.5984
	0.0340
	 
	 
	 
	 
	 


[bookmark: _Toc494749381]Appendix 14 – Full list of IL-1ß regulated genes in the absence of functional BMPR2 in PASMC
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	ABI3BP
	1.5
	10.4
	0.000152732
	 
	ATP2B1
	2.1
	11.2
	5.04E-05
	 
	CD38
	1.2
	6.0
	0.003324128

	ABL1
	1.4
	12.2
	0.000127764
	 
	ATP8A1
	-1.1
	9.0
	0.000316551
	 
	CD40
	1.7
	8.6
	0.000105781

	ABTB2
	1.6
	10.6
	8.87E-05
	 
	ATP8B1
	-1.8
	11.2
	9.35E-05
	 
	CD69
	1.2
	5.5
	0.000201229

	ACACB
	-1.6
	8.4
	6.62E-05
	 
	B3GNT5
	1.4
	8.6
	0.00034887
	 
	CD70
	4.2
	8.3
	3.65E-06

	ACOX2
	-1.1
	11.3
	0.0007942
	 
	B4GALT1
	1.3
	11.6
	0.000952005
	 
	CD82
	2.9
	11.3
	0.000148903

	ACSL4
	1.5
	11.5
	0.000227905
	 
	B4GALT5
	1.0
	11.6
	0.000514415
	 
	CD83
	2.5
	8.9
	3.51E-05

	ADAMTS1
	-1.1
	12.2
	0.000542432
	 
	BASP1
	1.0
	15.4
	0.000240706
	 
	CDK6
	1.3
	13.1
	0.000146037

	ADAMTS4
	1.1
	10.5
	0.001426391
	 
	BASP1P1
	1.2
	8.5
	0.000447585
	 
	CDKN1C
	-1.0
	12.0
	0.000285817

	ADAMTS5
	-1.4
	10.6
	0.004852041
	 
	BATF3
	2.0
	7.5
	0.000257382
	 
	CDKN2C
	-1.4
	9.0
	0.000988136

	ADAMTS9
	2.3
	9.1
	1.22E-05
	 
	BAZ1A
	1.1
	10.5
	0.000655183
	 
	CDS1
	-1.4
	7.7
	0.000440276

	ADAP1
	1.3
	9.7
	0.000387635
	 
	BCL2A1
	5.2
	8.3
	1.53E-06
	 
	CEBPB
	1.1
	14.5
	0.000189548

	ADH1A
	-2.0
	10.1
	0.000351976
	 
	BCOR
	1.1
	7.6
	0.00167943
	 
	CFB
	1.5
	14.7
	0.001797293

	ADH1B
	-1.9
	8.0
	0.000447585
	 
	BCOR
	1.4
	8.3
	0.000296023
	 
	CFLAR
	1.3
	10.6
	0.000123697

	ADH1C
	-2.2
	12.0
	0.000279555
	 
	BDKRB1
	3.4
	14.7
	6.07E-06
	 
	CGNL1
	2.8
	10.1
	6.89E-06

	ADORA2A
	2.5
	6.7
	0.000154868
	 
	BDKRB2
	2.4
	12.9
	1.82E-05
	 
	CH25H
	3.8
	11.0
	2.43E-06

	ADRA1B
	-1.5
	8.9
	0.000192634
	 
	BEND7
	1.0
	9.2
	0.001250558
	 
	CHADL
	-1.4
	9.3
	0.000240333

	ADRA2A
	-2.2
	7.9
	3.14E-05
	 
	BHLHE41
	1.2
	12.0
	0.000132535
	 
	CHI3L1
	1.3
	9.4
	0.000680761

	AGBL2
	-1.1
	6.4
	0.000634082
	 
	BID
	1.7
	13.7
	0.000186806
	 
	CHI3L2
	1.1
	10.9
	0.006365402

	AGTR1
	1.3
	5.9
	0.000866436
	 
	BIRC3
	6.1
	9.6
	1.25E-06
	 
	CHN2
	-1.7
	7.6
	0.000101399

	AHNAK2
	-1.0
	9.8
	0.002089198
	 
	BMF
	-1.7
	7.4
	9.41E-05
	 
	CHRDL2
	1.2
	6.8
	0.001348625

	AIM1
	1.4
	8.9
	0.00012627
	 
	BMP2
	2.9
	13.1
	3.79E-05
	 
	CHRM2
	-1.8
	6.9
	6.22E-05

	AIRE
	1.7
	7.0
	6.72E-05
	 
	BMP4
	-2.0
	7.6
	0.000156714
	 
	CHST11
	1.2
	9.1
	0.000134292

	AKAP2
	1.2
	9.2
	0.000447585
	 
	BNC1
	1.9
	10.1
	3.14E-05
	 
	CHST15
	1.5
	9.4
	5.94E-05

	AKR1B10
	-1.3
	12.8
	0.001013727
	 
	BTG2
	-1.1
	11.8
	0.000416622
	 
	CHST2
	1.7
	11.1
	0.000310325

	AKR1B15
	-1.2
	11.7
	0.001642579
	 
	BTG3
	1.6
	14.3
	3.73E-05
	 
	CITED2
	-1.6
	12.6
	6.62E-05

	ALDH1A3
	1.8
	15.5
	0.000818966
	 
	C1QTNF1
	1.4
	11.3
	0.000539747
	 
	CLCF1
	1.3
	10.0
	0.000836344

	ALDH3A2
	-1.0
	11.1
	0.000343632
	 
	C2CD4B
	2.0
	6.9
	0.002972632
	 
	CLDN1
	4.0
	9.3
	3.39E-06

	AMOT
	-1.3
	8.3
	0.000512956
	 
	C8A
	2.2
	6.4
	6.94E-05
	 
	CLDN14
	4.3
	9.2
	3.66E-05

	AMPD3
	2.9
	10.9
	1.44E-05
	 
	CABYR
	-1.3
	10.0
	0.00048956
	 
	CLDN23
	-1.0
	7.1
	0.000650028

	ANGPTL4
	1.6
	11.8
	0.008580195
	 
	CACNA1G
	1.9
	7.9
	0.000145682
	 
	CLDN4
	1.3
	8.9
	0.003128948


	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	
ANGPTL7
	3.7
	7.2
	3.32E-05
	 
	CACNG6
	-1.1
	10.8
	0.000322375
	 
	CLIC6
	1.8
	6.4
	0.000518973

	ANK3
	-1.8
	13.0
	0.000175785
	 
	CALCRL
	-1.4
	6.9
	0.000253171
	 
	CMPK2
	3.1
	8.2
	2.24E-05

	ANKH
	-1.0
	9.7
	0.000356021
	 
	CAND2
	-1.7
	7.7
	0.000225189
	 
	CNIH3
	-1.4
	9.6
	0.000466335

	ANKLE2
	1.2
	10.2
	0.000251008
	 
	CAPS2
	-1.0
	8.0
	0.001010515
	 
	CNKSR3
	-1.8
	9.2
	0.000152732

	ANKRD1
	1.1
	9.5
	0.001822681
	 
	CASC1
	-1.0
	6.0
	0.001133992
	 
	COL7A1
	1.1
	9.8
	0.005649384

	ANKRD35
	-1.2
	11.3
	0.001083996
	 
	CBLN2
	1.2
	6.2
	0.000587226
	 
	CORO2A
	-1.3
	7.8
	0.000219157

	AP3M2
	-1.2
	10.0
	0.000122359
	 
	CBR3
	2.4
	12.5
	4.21E-05
	 
	CPAMD8
	-1.3
	8.2
	0.000366143

	APOL2
	1.5
	13.8
	8.50E-05
	 
	CCDC102B
	-1.7
	8.3
	0.001127157
	 
	CPEB1
	-1.2
	9.5
	0.003483137

	APOL4
	1.1
	7.7
	0.005303697
	 
	CCDC121
	-1.6
	7.6
	8.01E-05
	 
	CPEB2
	1.1
	7.8
	0.000440276

	AQP3
	1.5
	6.6
	0.000229337
	 
	CCDC122
	-1.0
	10.2
	0.003306417
	 
	CPEB4
	1.0
	10.8
	0.000470262

	AREG
	1.1
	5.9
	0.003843873
	 
	CCDC51
	-1.1
	11.5
	0.000869225
	 
	CPNE5
	-1.7
	7.4
	6.83E-05

	ARHGAP18
	-2.0
	9.1
	3.90E-05
	 
	CCDC88B
	-1.4
	10.1
	0.000343632
	 
	CREB3L4
	-1.2
	10.1
	0.000707165

	ARHGAP20
	-1.6
	9.2
	0.000162014
	 
	CCDC93
	1.2
	11.5
	0.001903319
	 
	CREB5
	1.5
	7.1
	0.000144514

	ARHGAP27
	1.0
	9.8
	0.00118812
	 
	CCL1
	4.6
	7.6
	7.14E-06
	 
	CSF1
	1.9
	10.7
	0.000208562

	ARHGEF37
	-2.1
	8.0
	0.000333315
	 
	CCL11
	3.4
	7.8
	3.72E-06
	 
	CSF2
	7.3
	9.3
	1.61E-06

	ARID5A
	1.2
	10.3
	0.000111089
	 
	CCL13
	1.1
	6.8
	0.000603698
	 
	CSF3
	9.6
	9.7
	1.25E-06

	ARL4A
	-1.3
	9.5
	0.000365491
	 
	CCL2
	3.1
	16.4
	3.14E-05
	 
	CSRNP3
	-1.3
	5.8
	0.001634283

	ARL4A
	-1.2
	8.5
	9.77E-05
	 
	CCL20
	7.6
	9.6
	3.50E-06
	 
	CTSC
	1.0
	10.6
	0.001727347

	ARL4D
	-1.1
	10.7
	0.000350621
	 
	CCL3
	1.2
	8.4
	0.000439046
	 
	CTSC
	1.3
	13.9
	0.0003366

	ARMC9
	-1.5
	12.9
	0.001311399
	 
	CCL5
	4.9
	8.3
	1.21E-05
	 
	CXCL1
	3.7
	16.1
	5.46E-05

	ARNTL2
	1.4
	8.9
	7.92E-05
	 
	CCL7
	5.1
	12.0
	2.16E-05
	 
	CXCL10
	5.9
	7.8
	1.25E-06

	ARPP21
	-1.7
	6.1
	0.000557037
	 
	CCL8
	4.4
	7.0
	7.81E-06
	 
	CXCL11
	2.9
	6.2
	0.000126077

	ASCL2
	1.8
	6.7
	0.000316185
	 
	CCNA1
	1.1
	6.8
	0.000950658
	 
	CXCL2
	6.0
	13.6
	3.50E-06

	ATOH8
	1.2
	11.5
	0.000390268
	 
	CD274
	1.5
	6.2
	0.001029494
	 
	CXCL3
	7.2
	11.2
	3.50E-06









	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	CXCL5
	3.1
	11.6
	6.59E-06
	 
	EPG5
	1.0
	6.9
	0.002632636
	 
	GRAMD1A
	1.1
	8.0
	0.000273923

	CXCL6
	3.4
	13.9
	0.000131043
	 
	EPG5
	1.4
	11.6
	0.000105492
	 
	GRASP
	-1.1
	11.0
	0.000307956

	CXCR4
	2.6
	7.0
	3.16E-05
	 
	EPHA5
	-2.2
	8.5
	5.22E-05
	 
	GREM2
	-2.4
	12.2
	0.000278668

	CXCR7
	1.7
	12.8
	0.000146674
	 
	EPSTI1
	1.4
	7.4
	0.000808863
	 
	GRIK1-AS1
	1.3
	6.8
	0.010471893

	CYLD
	1.2
	10.0
	0.000862881
	 
	ESM1
	3.4
	9.0
	5.18E-05
	 
	GRIN2A
	1.2
	6.3
	0.001641577

	CYP27B1
	1.7
	7.2
	0.000219856
	 
	ESPNL
	-1.9
	7.7
	8.11E-05
	 
	H2AFY2
	1.1
	8.9
	0.000628946

	CYP3A5
	-1.3
	6.8
	0.000209981
	 
	ETS1
	1.5
	7.3
	0.000316606
	 
	HAND2
	-1.2
	9.6
	0.000702526

	CYP3A7
	-1.2
	7.4
	0.000750773
	 
	ETV1
	-1.9
	10.1
	0.000514415
	 
	HAS1
	3.3
	9.0
	8.24E-05

	CYP7B1
	1.5
	6.3
	7.78E-05
	 
	EVI2A
	-1.7
	8.0
	0.000288702
	 
	HAS3
	4.8
	9.0
	1.25E-06

	DAPK2
	2.1
	7.9
	9.51E-05
	 
	EXOC3L4
	2.6
	8.0
	0.000144514
	 
	HBEGF
	3.8
	9.3
	7.78E-05

	DAXX
	1.4
	12.3
	0.000534531
	 
	EXPH5
	-1.7
	7.3
	0.000201229
	 
	HERC6
	1.1
	6.6
	0.002316719

	DBP
	-1.7
	8.4
	9.41E-05
	 
	FANCL
	-1.1
	10.5
	0.000233269
	 
	HEY1
	1.3
	8.5
	0.000451399

	DDB2
	-1.1
	13.4
	0.000750347
	 
	FAT4
	-1.2
	8.5
	0.000473333
	 
	HIST1H1A
	-2.1
	8.1
	5.72E-05

	DDIT4L
	-3.2
	10.1
	2.67E-05
	 
	FBXO16
	-1.2
	6.3
	0.001460955
	 
	HIVEP2
	1.3
	11.8
	0.035545988

	DDX58
	1.1
	10.3
	0.000336891
	 
	FGF18
	1.7
	6.6
	0.000433586
	 
	HIVEP3
	2.0
	10.4
	0.000368517

	DDX60
	1.1
	9.7
	0.00134136
	 
	FGF2
	1.5
	13.0
	0.002987313
	 
	HJURP
	1.1
	10.1
	0.010661748

	DENND5A
	1.5
	13.3
	5.87E-05
	 
	FGF20
	-1.1
	6.4
	0.002877654
	 
	HK2
	1.4
	12.4
	0.000233269

	DEPTOR
	-1.3
	10.5
	0.000304638
	 
	FHOD3
	1.1
	11.3
	0.000240706
	 
	HKDC1
	1.3
	7.4
	0.000356746

	DHRS9
	-1.8
	8.2
	3.32E-05
	 
	FICD
	1.0
	11.2
	0.001876844
	 
	HLA-F
	1.2
	8.8
	0.000800707

	DICER1-AS
	-1.5
	7.9
	0.000319365
	 
	FLRT3
	-1.1
	9.5
	0.001742255
	 
	HMGA2
	1.0
	11.8
	0.00601876

	DIDO1
	-1.0
	8.2
	0.000475797
	 
	FLVCR2
	1.1
	5.9
	0.027087244
	 
	HMGB2
	-1.0
	11.0
	0.000343087

	DIO2
	1.6
	11.3
	0.000123809
	 
	FMN2
	-1.7
	8.8
	0.000732047
	 
	HOXA11-AS1
	-1.1
	6.3
	0.007079671

	DIRC3
	-1.2
	7.3
	0.000183026
	 
	FMNL3
	1.3
	9.8
	0.000222369
	 
	HOXB5
	-1.3
	10.2
	0.000133104

	DLG3
	-1.1
	9.8
	0.00082622
	 
	FMO2
	-2.1
	7.3
	5.72E-05
	 
	HRCT1
	-2.1
	7.0
	0.000155896

	DNAJA1
	1.1
	14.2
	0.000569167
	 
	FOS
	-1.2
	7.4
	0.001749587
	 
	HS3ST1
	-1.1
	6.6
	0.000939289

	DNAJB9
	1.4
	13.8
	0.000192763
	 
	FOSB
	1.1
	7.5
	0.000577584
	 
	HSD11B1
	1.9
	14.3
	4.40E-05

	DNER
	2.1
	7.5
	5.73E-05
	 
	FOSL1
	1.2
	10.1
	0.000848802
	 
	HSPB2
	-1.1
	12.4
	0.000437146

	DOCK11
	-1.2
	12.8
	0.001887231
	 
	FUT4
	1.0
	9.7
	0.000257037
	 
	HTR2B
	-2.8
	8.7
	5.74E-05

	DRAM1
	2.3
	15.4
	1.14E-05
	 
	FZD2
	-1.1
	12.0
	0.000428148
	 
	ICAM1
	3.2
	12.8
	6.07E-06

	DRD4
	1.4
	8.6
	0.000578195
	 
	FZD4
	-1.7
	12.8
	0.000159637
	 
	ICAM4
	1.9
	9.4
	2.42E-05

	DUSP19
	-1.1
	6.5
	0.005988794
	 
	G0S2
	2.8
	14.1
	1.70E-05
	 
	ICOSLG
	3.1
	8.8
	5.73E-0
5

	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	
DUSP5
	1.4
	9.0
	0.000707707
	 
	GABPB1
	1.2
	9.5
	0.000587883
	 
	ID2
	1.0
	15.2
	0.000680702

	DUSP8
	1.9
	9.3
	0.003613808
	 
	GALM
	-1.5
	9.5
	0.000371949
	 
	IDO1
	3.7
	8.9
	1.51E-05

	E2F7
	-1.9
	11.4
	0.000109694
	 
	GAS1
	-1.1
	12.5
	0.000316606
	 
	IER3
	2.6
	15.4
	3.90E-05

	EBI3
	1.6
	7.7
	8.01E-05
	 
	GBP1
	2.1
	10.5
	0.000279555
	 
	IFI35
	1.0
	10.4
	0.000575721

	EBLN1
	1.2
	5.6
	0.002620713
	 
	GBP2
	1.1
	11.3
	0.000369484
	 
	IFIH1
	1.7
	10.6
	0.000142349

	EDN1
	-2.8
	12.1
	8.12E-06
	 
	GBP4
	2.0
	12.2
	3.32E-05
	 
	IFIT1
	1.2
	12.5
	0.000628552

	EEF2K
	-1.0
	10.9
	0.00043172
	 
	GBP5
	1.8
	7.4
	0.000101597
	 
	IFIT2
	1.2
	11.7
	0.001420157

	EEPD1
	-2.0
	7.0
	0.001076674
	 
	GCH1
	3.9
	8.1
	3.50E-06
	 
	IFIT3
	1.6
	11.3
	0.000189824

	EFCAB7
	-1.1
	11.1
	0.000750242
	 
	GCH1
	4.3
	9.5
	4.65E-06
	 
	IFNAR2
	1.3
	12.5
	7.97E-05

	EFNA1
	1.6
	7.2
	0.000108241
	 
	GCNT1
	-1.7
	9.3
	0.000100765
	 
	IFNE
	1.3
	9.4
	0.000694879

	EFNB2
	-1.4
	9.3
	0.000215272
	 
	GDF10
	-1.6
	8.3
	0.000332457
	 
	IFNGR1
	1.2
	13.0
	0.000440157

	EGFLAM
	-1.3
	10.2
	0.000122732
	 
	GEM
	2.0
	12.1
	5.46E-05
	 
	IFNGR2
	1.9
	11.6
	2.62E-05

	EGFR
	1.6
	11.1
	0.000213521
	 
	GFPT2
	1.9
	15.3
	3.32E-05
	 
	IL11
	3.3
	11.5
	3.32E-05

	EGR1
	-1.5
	11.6
	9.17E-05
	 
	GJD3
	1.5
	10.2
	8.57E-05
	 
	IL15
	1.7
	10.7
	5.60E-05

	EGR2
	1.4
	8.7
	0.000343087
	 
	GK
	1.6
	8.2
	0.000303238
	 
	IL15RA
	2.5
	10.6
	2.93E-05

	EHD1
	1.2
	14.4
	0.000148903
	 
	GLIS1
	-1.2
	9.1
	0.00083419
	 
	IL17C
	1.6
	6.1
	0.000797984

	EHF
	1.5
	6.0
	0.000689667
	 
	GLT25D2
	-1.1
	8.2
	0.00200223
	 
	IL1A
	4.1
	9.6
	5.61E-06

	EIF1B
	1.4
	13.0
	0.000137322
	 
	GNG2
	-1.2
	7.7
	0.000540422
	 
	IL1B
	3.7
	15.1
	3.08E-05

	EIF5
	1.3
	10.2
	0.000100765
	 
	GPCPD1
	-1.2
	10.2
	0.000343151
	 
	IL1RN
	3.2
	10.8
	3.48E-05

	ELF3
	4.5
	7.8
	1.30E-06
	 
	GPR37L1
	4.9
	7.9
	1.46E-06
	 
	IL23A
	1.1
	7.3
	0.001431794

	ELOVL2
	1.4
	6.1
	0.000104629
	 
	GPR68
	2.0
	12.8
	4.79E-05
	 
	IL32
	2.5
	10.4
	3.73E-05

	ELOVL7
	4.4
	7.3
	1.51E-05
	 
	GPR84
	1.2
	5.9
	0.001682093
	 
	IL33
	2.2
	16.0
	8.21E-05

	ENTPD7
	1.6
	9.2
	0.000380407
	 
	GPRC5B
	1.8
	12.3
	7.87E-05
	 
	IL34
	1.2
	6.4
	0.000646325









	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	IL36G
	2.0
	6.0
	2.93E-05
	 
	LAP3
	1.0
	12.5
	0.000356021
	 
	MITF
	-1.0
	10.2
	0.001450933

	IL36RN
	2.0
	6.3
	9.05E-05
	 
	LAT2
	1.2
	8.2
	0.00038316
	 
	MMAB
	-1.2
	8.1
	0.00082622

	IL4I1
	2.8
	9.8
	3.64E-05
	 
	LBH
	-1.1
	10.7
	0.000280767
	 
	MMP10
	2.4
	8.4
	0.000577584

	IL6
	3.5
	16.4
	3.53E-05
	 
	LCE1C
	2.2
	6.4
	0.000577584
	 
	MMP12
	1.6
	6.7
	0.00118982

	IL7R
	3.5
	9.8
	1.81E-05
	 
	LCN2
	1.7
	6.2
	5.04E-05
	 
	MMP3
	3.7
	9.8
	6.71E-05

	IL8
	3.6
	10.9
	0.000760355
	 
	LDB2
	-1.2
	8.1
	0.000369464
	 
	MMP7
	1.1
	5.8
	0.000646502

	IMPA2
	-1.1
	9.5
	0.000669105
	 
	LEKR1
	-1.0
	6.9
	0.004628043
	 
	MNS1
	-1.5
	7.5
	0.000291571

	INHBA
	1.7
	15.0
	0.004673469
	 
	LFNG
	1.1
	8.9
	0.000615746
	 
	MOV10L1
	-1.1
	7.3
	0.000553482

	INMT
	-1.5
	12.6
	0.001303156
	 
	LHFPL2
	1.7
	14.2
	9.38E-05
	 
	MRGPRX3
	1.0
	5.8
	0.000654339

	INPP5D
	-1.5
	9.5
	0.000301499
	 
	LIF
	3.8
	11.9
	3.68E-05
	 
	MRVI1
	-1.9
	10.5
	8.33E-05

	IRAK1BP1
	-1.2
	7.8
	0.001992682
	 
	LIMK2
	1.1
	12.5
	0.000493934
	 
	MSC
	2.5
	10.2
	3.14E-05

	IRAK2
	3.9
	11.3
	3.50E-06
	 
	LMCD1
	2.0
	13.6
	1.52E-05
	 
	MSX2
	1.4
	6.7
	0.000173298

	IRAK3
	1.4
	9.4
	9.12E-05
	 
	LMO3
	-2.1
	6.1
	0.00012359
	 
	MSX2P1
	1.7
	10.1
	0.00010556

	IRF1
	2.8
	9.3
	3.64E-05
	 
	LMO7
	-1.2
	11.4
	0.000373414
	 
	MT1A
	1.8
	16.9
	0.000152732

	IRF7
	1.1
	12.6
	0.001311399
	 
	LNP1
	-1.0
	8.2
	0.000433401
	 
	MT1B
	1.8
	16.5
	0.000189824

	IRX3
	1.1
	7.2
	0.000627729
	 
	LPAR6
	-1.3
	8.0
	0.000158963
	 
	MT1E
	1.6
	16.0
	0.000255808

	ISG20
	4.0
	11.9
	3.62E-05
	 
	LRAT
	-1.3
	6.3
	0.001039671
	 
	MT1G
	1.2
	7.3
	0.00016743

	ISOC1
	1.2
	11.4
	0.000160029
	 
	LRIG1
	1.6
	12.2
	5.20E-05
	 
	MT1H
	2.1
	16.3
	0.000127764

	ITGB3
	1.5
	10.1
	0.000583475
	 
	LRMP
	-1.7
	6.5
	0.000930372
	 
	MT1L
	1.7
	16.2
	0.000678944

	ITLN2
	-1.2
	6.3
	0.000470262
	 
	LRRC20
	-1.7
	10.8
	7.38E-05
	 
	MT1M
	1.0
	12.4
	0.008548235

	JAKMIP3
	-1.2
	7.1
	0.010598361
	 
	LRRC34
	-1.1
	8.0
	0.000615746
	 
	MT1X
	2.3
	15.8
	7.50E-05

	JAM2
	1.5
	10.5
	4.87E-05
	 
	LRRN3
	1.0
	10.8
	0.003302497
	 
	MTHFD2L
	1.5
	7.3
	8.01E-05

	JMJD6
	1.4
	9.5
	0.000330003
	 
	LTB
	1.8
	6.2
	5.47E-05
	 
	MTSS1
	1.1
	10.7
	0.00046939

	JPH1
	2.1
	6.8
	2.35E-05
	 
	LYN
	1.1
	11.8
	0.000592816
	 
	MTUS1
	-1.4
	6.6
	0.001438711

	JUN
	1.1
	12.6
	0.00060047
	 
	LZTS1
	-1.7
	6.4
	9.83E-05
	 
	MVK
	-1.3
	12.7
	0.000371034

	JUNB
	1.2
	8.8
	0.000256297
	 
	MAFF
	1.6
	11.3
	0.000394433
	 
	MX1
	2.5
	11.7
	0.000390182

	KBTBD3
	-1.1
	7.8
	0.000622619
	 
	MAFK
	1.1
	10.3
	0.003484707
	 
	MX2
	1.6
	9.5
	0.002364506

	KCNAB1
	-1.8
	9.6
	0.000350069
	 
	MAGI1
	-1.6
	7.8
	0.000228804
	 
	MYB
	3.8
	9.7
	1.51E-05

	KCND2
	-1.7
	10.9
	0.00365458
	 
	MALL
	-1.8
	13.2
	3.43E-05
	 
	MYBL1
	1.0
	7.8
	0.000761148

	KCNE1L
	1.4
	8.2
	7.15E-05
	 
	MAML2
	1.1
	8.0
	0.00060047
	 
	MYCL1
	-1.1
	6.6
	0.000247467

	KCNE3
	-1.5
	7.5
	0.000350069
	 
	MAMLD1
	1.4
	9.7
	9.38E-05
	 
	MYH11
	1.1
	5.9
	0.000985703

	KCNE4
	-1.1
	10.1
	0.000707707
	 
	MAMSTR
	-1.1
	8.7
	0.000330003
	 
	MYLIP
	-1.4
	11.7
	0.000398961

	KCNG1
	1.4
	13.1
	0.000702604
	 
	MAN1A1
	1.3
	12.6
	0.000146037
	 
	MYO10
	1.5
	11.5
	0.000171214

	KCNJ15
	1.2
	6.4
	0.000854005
	 
	MAN1C1
	-1.0
	10.8
	0.004241547
	 
	MYPOP
	1.1
	8.5
	0.000280767

	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val
	 
	Gene
	logFC
	AveExpr
	adj.P.Val

	KCNJ8
	-2.0
	9.8
	0.000160029
	 
	MAP2K6
	-1.4
	6.5
	0.000707365
	 
	NAMPT
	2.4
	13.1
	3.08E-05

	KCNK5
	1.5
	6.7
	0.000831921
	 
	MAP3K5
	1.1
	10.4
	0.00365458
	 
	NAV2
	1.0
	12.8
	0.00034887

	KCNMA1
	1.3
	7.9
	0.00037148
	 
	MAP3K8
	1.8
	11.2
	2.53E-05
	 
	NAV3
	1.3
	12.4
	0.001821169

	KIAA1199
	-1.0
	13.7
	0.00097408
	 
	MAPRE2
	-1.4
	11.2
	0.000494948
	 
	NCEH1
	1.1
	12.1
	0.000296023

	KIAA1217
	2.3
	8.8
	3.73E-05
	 
	MAR.3
	1.8
	12.8
	3.14E-05
	 
	NCF2
	1.2
	6.3
	0.000338488

	KIAA1377
	-1.1
	6.1
	0.00365458
	 
	MARCKSL1
	1.0
	11.5
	0.000333315
	 
	NDC80
	-1.5
	9.7
	0.000125034

	KIAA1644
	1.3
	10.2
	0.000466335
	 
	MB21D2
	1.1
	9.0
	0.002561808
	 
	NEAT1
	-1.2
	14.4
	0.001216407

	KIF26B
	-1.4
	8.0
	0.000596252
	 
	MBOAT1
	-1.1
	6.6
	0.006281901
	 
	NEDD9
	1.8
	7.8
	3.34E-05

	KITLG
	-1.2
	11.1
	0.000555584
	 
	MBP
	-1.8
	10.4
	3.73E-05
	 
	NEFM
	-1.6
	10.6
	0.000597764

	KLF10
	1.1
	10.6
	0.000883367
	 
	MC1R
	-1.1
	11.1
	0.000583475
	 
	NETO1
	1.1
	6.0
	0.000186806

	KLF12
	-1.1
	10.8
	0.000307956
	 
	MCTP1
	1.1
	6.9
	0.001090128
	 
	NEURL1B
	3.6
	8.3
	3.45E-05

	KLHDC9
	-1.5
	9.2
	0.000303238
	 
	MEF2C
	-1.7
	8.7
	0.000122447
	 
	NEURL3
	2.1
	6.2
	0.000162014

	KLHL3
	-1.6
	7.4
	0.000350621
	 
	MEGF9
	-1.0
	9.1
	0.003243671
	 
	NFE2
	-1.4
	7.2
	0.00042962

	KLLN
	-1.8
	8.0
	0.000133104
	 
	MEIS2
	-1.9
	10.9
	7.78E-05
	 
	NFIA
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9.15	Appendix 15 – proliferative response to IL-1ß in PASMC in the presence and absence of BMPR2 siRNA.

[image: ]
Pulmonary Artery SMC show an unregulated proliferative response to IL-1 and BMP4 in the absence of BMPR2. PASMC show no proliferation to IL-1ß alone, they become proliferative to IL-1ß or BMP4 upon loss of functional BMPR2. 
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## Agilent array analysis script: JPickworth adapted from A.Rothman 15.8.13; modified from
online source: http://mat+icklab. con/index.php?

itle-Single_channel _analysis_of_Agilent_microarray_data_with_Lima

tibrary(limma)

## Put the nane_and location of the target file betwwen the quotation markes

targets <- readTargets("~/Google Drive/IL-1 & BWPR2/Jo/Project/Array data analysis/
targetAOPA. £xt")

x <- read.nainages(targets, path-"~/Google Drive/IL-1 & BUPR2/Jo/Project/Array data
analysis”, source-"agilent" green.only-TRUE)

y < backgroundCorract(x, method-"normexp", offset-16)

¥ <- normalizeBetueenArrays(y, method="cyclicloess")

y.ave <- avereps(y, ID-ySgenesProbeNane)

# build martix for linear modeling

F < factor(targets$Condition, levels - unique(targetsSCondition))

design < model.natrix(-0 + )

colnanes (design) <- levels(F)

## Fit intesity values to linear model

fit < InFit(y.ave, design)

## Create the contrasts you want to make (comparisons). These must be the sane lables used
in the target File

contrast.matrix <- makeContrasts("Pili-Pc”, "Aili-Ac", levels-design)

Fit2 < contrasts. Fit(fit, contrast.matrix)

L2 < eBayes(Fit2)

# view outputs

# WA plot

pLot¥AGy, array-1)

# box plot prior to normalisation

boxplot(as.matrix(x), las-2, ylab = "Log2(Intensity)")

## box plot after to normalisation

boxplot(as.matrix(y), las-2, ylab = "Log2(Intensity)")

## p value histogran (specify conparison)

hist(Fit2sp.valuel, "Pil1-Pc"])

hist(Fit2sp.valuel, "Ail1-Ac"])

# volcano plot (specify comparison)

volcanoplot(Fit2,"Ail1-Ac")

## decide tasts

results <- decideTests(Fit2)

vennDiagran(results)

## create a top table (list) of the comparisons you would like to view and wrtie to File
output < topTable(fit2, adjust-"BH", coef-"Pili-pc", genelist-y.aveSgenes, number-Inf)
write. tableCoutput, File-"~/Google Drive/IL-1 & BYPRZ/Jo/Project/Array data analysis/2015
array analysis/PA Files/PA_List 2015, xt", sep-"\E", quote-FALSE)

Agilent_ProbelDs <- read. delin(’~/Google Drive/IL-1 & BWPR2/Jo/Project/Array data analysis/
Agilent_gene_list. txt", header-TRUE)

AlAc < read.delin("~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/2015 array
analysis/Ao files/Ao_list_2015.txt", header-TRUE)

PiIPC < read.delin(’~/Google Drive/IL-1 & BMPR2/Jo/Project/Array dota analysis/2015 array
analysis/PA files/PA_1ist_2015. xt", header-TRUE)

## add gene names to probes and write file

Final < merge(Agilent_ProbeIDs,PiliPc, by-"Probeld")

write.table(final, file-"~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/2015
‘array analysis/PA Files/PA_names.txt”, sep="\t", quoteF, row.names-T)
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## load limma.
tibrary imma)
## load data
'BMPR2si <- read delim(*~/Desktop/Project/Array data analysis/Arrays for BMPR2 and PA
analysis/PABMPR2sillst txt *, header=TRUE)

Mocksi <- read.delim(~/Desktop/Project/Array data analysis/Arrays for BMPR2 and PA
analysis/Mocksillst ", header=TRUE)

## add gene names to probes and write file

final <- mergo(Agilent_ProbelDs,PABMPRESIlPABMPRi, by~ProbeiD")

write table(final, fle="PABMPR:

inames_2:x" sop="\t, quote~+, row.namesT)
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##f Toad limmg|
raryimma)
W load data

overlap < roaddolimC-/Desktop/Projoct/Aray cata anaysis/Arras for SMPR2 and PA
‘analysis/BMPR2_PA_overlap’,

eader-TRUE)
bmpr2 <. read.delim('~/Desktop/Prject/Array data analysis/Arrays for BMPR2 and PA
analysis/FINAL FILES/BMPR2si

v BMPRsic/BMPR2sill v BMPRSic_Ifc. over 1xt
header-TAUE)

PA < read delimC-/Desktop/Prolect/Aray data analysis/Arrays for BMPR2 and PA
‘analysis/FINAL FILES/PAIll v PA/PAIIVPAC.Ifc over 1., header=TRUE)

## take gene names only

olg <-overlapsGene

b2g < bmpr2sGene

iig <- PASGene

##identiy differences

b2g_olg < data frame(setdifi(b2¢ ole))

i1g_olg <-data frame(setdif(iig.ol9))

i write files...

final <- write tablo(b2g_olg ile~"BMPR2altoredfromPALt)

final <- writa table(1g_olg, file~"PAdifferentromBMPRt")
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library Cgplots)
##1oad data: change the red bits to matoh the file locaton of the required
heatmap <- read.delimC"~/Desktop/Project/Aray data analysis/Arrays for BMPR2 and PA
eader=TRUE)

analysis/FINAL FILES/ Overlap PAto Ao for heatmap. e’
## croato matrix

heatmap matrix <. datamatrix(heatmag)

## select appropriate data for map [row.col: just choose the caf’s with the data in by
changingth numbars in the |

heatmap matrix <. datamatrix(heatmap{ 23])

## labol rows

rownames <. heatmapi[ GenaNama]

## mako page layout matrix, 1 heatmap 2 row dendrogram 3. col dendrogram 4. key.
Imaterbind (6(04.3), 6000), o(0:20)

[

-c(01.9)
Thei=c(15.0.6)
## heatmap

heatmap! <- heatmap.2(heatmap.matrix. key-F. keysize=L5, trace=‘none',

densityinfo~'none’, dendrogram='row', col-greonred, labRowsrow.names, cexRow=07,
cexCol

. Imat=Imat, Iwid=lwid, Ihei=lhei)
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## Agilent array analysis script: JPickworth adapted from A.Rothman 15.8.13; modified from
online source: http://matticklab. con/index.php?
title-Single_channel_analysis_of_Agilent_nicroarray_data_with_Lirma

tibrary(limma)

Setwd('~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis')

# Put the nane and location of the target file betwwen the quotation markes

targets <- readTargets("~/Google Drive/IL-1 & BWPR2/Jo/Project/Array data analysis/2015
array analysis/targets/targetsBUPR2SL . txt™)

## Put the location of ALL the text Files between the quotation marks k <

read.mainages (targets, path-"-/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/2015
array analysis/targets”, source-"agilent”,green.only-TRUE)

¥ <- backgroundCorract(x, method-"normexp", offset-16)

¥ <- normalizeBetueenArrays(y, method="cyclicloess")

y.ave <- avereps(y, ID-ySgenesProbeNane)

# build nartix for linear modeling

F < factor(targets$Condition, levels - unique(targetsSCondition))

design < model.natrix(-0 + )

colnanes (design) <- levels(F)

## Fit intesity values to linear model

fit < InFit(y.ave, design)

## Create the contrasts

contrast .matrix <- makeContrasts("ENPR2s1i11-BWPR2sic”, levels-design)

Fit2 < contrasts. Fit(fit, contrast.matrix)

L2 < eBayes(Fit2)

## create a top table (list) of the comparisons output <- topTable(Fit2, adjust-"8H",
Coef="aNPR2S1111-BWPR2SIc", genelist-y.aveSgenes, number-Inf)

write. tableCoutput, File-"~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/2015
array analysis/BMPR2ST Files/BWPR2Si_list_SPIA_L.Ext", sep-"\E", quote-FALSE)
Agilent_ProbelDs <- read. delin("~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/
2015 array analysis/targets/Agilent_gene_list.txt", header-TRUE)

BMPR2ST118MPR2s 1P <- read. delin("~/Google Drive/IL-1 & BYPR2/Jo/Project/Array data
analysis/2015 array analysis/BMPR2s Files/BMPR2S_list_SPIA_L.txt", header-TRUE)

Final < merge(Agilent_ProbelDs,BUPR2s{i18MPRZSPc, by-"Probe_ID")

write.table(final, file-"~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/2015
array analysis/BWPR2ST Files/BWPR2si_list_SPIA_names_1.txt', sep-"\t", quote-F, row.names-T)
# roa 1ist prep

Tist_top <- topTable(Fit2, adjust="BH", coef-"AWPR2siil1-BWPR2Sic”, genelist-y.aveSgenes,
number-11)

Agilent_PrabelDs <- read.delin(’~/Google Drive/IL-1 & BWPR2/Jo/Project/Array data analysis/
2015 array analysis/targets/Agilent_gene_list.txt", header-TRUE)

Agilent_entrez <- read.delin(’~/Google Drive/IL-1 & BMPR2/Jo/Project/Array data analysis/
2015 array analysis/targets/agi_entrez. txt", header-TRUE)

agi_an <- merge(Agilent_entrez, Agilent ProbelDs, by-"Probe_I0")

top <- merge(list_top, agi_an, by.y-"Probe_ID", by.x='Probeliane’)

# spia analysis

## source("http: //bioconductor..org/bioclite.R")

## biocLite("hgugd110b.db")

# install.packages('SPTA")

library(Biobase)

library(GEOquery)

Tibrary(limma)

Tibrary(SPIA)

# amnotate with entrez info

# LOpSENTREZ<-unlist as . List (hgugé110b. dbENTREZID[top$10]))

top<-top[ ! is.naCtopSENTREZ), ]

top<-top[ | duplicated(topSENTRED), ]

# significant genes is a vector of fold changes where the names

# are ENTREZ gene IDs.

sig_genes <- subset(top, adj.P.Val<d.01)8logFC

names (s1g_genes) <- subset(top, ads.P.Val<d.O1)SENTREZ

all_genes < topSENTREZ

# run SPIA. if too few DE genes turn plots=T to plotseF

Spia_result < spia(de-sig_genes, all-allgenes, organisn-"hsa", plots-T)
head(spia_result)

plotP(spia_result, threshold-0.01)

write. tabla(spia_result, File-'~/Google Drive/IL-1 & BUPR2/Jo/Project/Array data analysis/
2015 array analysis/BUPRZsi Files/BMPRZSi_SPIA_results_0.01.txt", sep-"\E", quote-F,
row.names=T)
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