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ABSTRACT 

Background. Pulmonary arterial hypertension (PAH) is a severe disorder leading to right 

heart failure. Recently identified disabling mutations in shear stress-activated 

transcription factor Krüppel-like factor 2 (KLF2) in hereditary PAH suggest its potential 

role in the disease. I studied the role of KLF2-induced exosomal microRNAs (miRNAs) in 

PAH.  

Methods. Changes in miRNA profile were studied in exosomes purified from control and 

KLF2-overexpressing human pulmonary artery endothelial cells (HPAECs). Expression of 

KLF2-induced miRNAs and their target genes was studied in flow-stimulated HPAECs and 

pulmonary hypertensive mice using quantitative PCR and RNAscope in situ hybridization. 

The effect of KLF2 miRNAs on HPAECs function and pulmonary vascular remodeling and 

haemodynamics in Sugen/hypoxia mice were studied.   

Results. KLF2 induced differential expression of 86 exosomal miRNAs in HPAECs. KLF2 

exosomes attenuated apoptosis, reduced TNF-α- and hypoxia-induced activation of 

inflammatory transcription factor NFκB in pulmonary endothelial cells in vitro, mimicking 

the actions of KLF2. Eight miRNAs, increased by KLF2 and reduced in PAH, were 

transfected into HPAECs. Of these, miR-181a-5p and miR-324-5p synergistically prevented 

apoptosis and inflammatory responses in endothelial cells. RNA sequencing of miR-181a-

5p and miR-324-5p-overexpressing HPAECs confirmed reduced expression of predicted 

miRNA target genes implicated in vascular remodelling, including ETS-1, NOTCH4, TNF-Α, 

IL-1, MMP10, MAPK and NFATC2. Physiological flow increased expression of KLF2, miR-
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181a-5p and miR-324-5p and reduced expression of their target genes in HPAECs. miRNA 

treatment also attenuated pulmonary vascular remodelling, improved pulmonary 

haemodynamics and reduced expression of Notch4 and ETS-1 in Sugen/hypoxia pre-

clinical model of PAH.  

Conclusions: The results show dysregulation of KLF2 signalling in the pulmonary 

endothelium in PAH and highlight the potential therapeutic role of endothelial KLF-2-

induced miRNAs in PAH. 
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STAT2 Signal transducer and activator of transcription 2 
SU5416 Sugen 5416 
TCTP Translationally controlled tumour protein 
TF Tissue factor 
Tgfb Transforming growth factor b 
TGF-β  Transforming growth factor beta  
THBS1 Thrombospondin 1 
TM Thrombomodulin 
TNF-α Tumour necrosis factor alpha  
tPA tissue plasminogen activator 
TRBP TAR RNA-binding protein 
Treg T cell regulatory 
TSG101 Tumor Susceptibility Gene101 
UTR Untranslated region 
VCAM Vascular cell adhesion molecule 
VCAM-1  Vascular cell adhesion protein 1  
VEGF  Vascular Endothelial Growth Factor 
VEGFR2 Vascular Endothelial Growth Factor receptor 2 
vWF von Willebrand factor 
WHO World Health Organization 
α-SMA  Alpha Smooth Muscle Actin 
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Chapter 1 – Introduction 

 Pulmonary vasculature 

The pulmonary circulation transports deoxygenated blood from the right ventricle of the 

heart to the lungs to facilitate the exchange of gases between blood and the air-filled 

alveolar sacs. The oxygenated blood then returns to the left ventricle of the heart. 

Anatomically, the large proximal pulmonary artery splits into the left and right pulmonary 

arteries and then continues to divide into smaller arteries, arterioles, and capillaries. The 

capillary network then returns blood to pulmonary venules and then right and left 

pulmonary veins which deliver blood to the left atrium (Harris & Heath, 1986). The 

tracheobronchial vascular tree branches from the trachea to bronchi, bronchioles, 

terminal bronchioli and respiratory bronchioli leading to the alveolar ducts, which 

incorporate the majority of the vast surface area of the lung.  

Pulmonary vasculature comprised of thin-walled, low-pressure arteries (pulmonary artery 

systolic pressure at rest is 14 mmHg), different from thick-walled, high-pressure systemic 

arteries (Leslie & Wick, 2005). The wall of pulmonary arteries consists of three distinct 

layers: tunica intima, tunica media, and tunica adventitia (Figure 1).  

Tunica intima (tunica interna) is the inner layer that stays in direct contact with blood. It 

is formed from a single layer of endothelial cells (ECs) and is supported by connective 

tissue of an internal elastic lamina. Tunica media, the middle layer, consists of 
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circumferentially arranged pulmonary artery smooth muscle cells (PASMCs), separated 

from the tunica adventitia by an external elastic lamina. The outermost layer, tunica 

adventitia (tunica externa), comprises fibroblasts, connective tissue, collagen, and elastic 

fibres (Leslie & Wick, 2005). 

Large pulmonary trunks are supported by several layers of smooth muscle cells separated 

by elastin for distensibility and collagen for rigidity (Hislop & Pierce, 2000). In the smaller 

pulmonary arteries, muscular layer is often absent, and a single elastic lamina separates 

the intima from the adventitia.  

Development of pulmonary arteries starts at four weeks of gestation. The pulmonary 

arteries originate as endothelial tubes in the mesenchyme around the airways, and their 

development is governed by processes of angiogenesis and vasculogenesis (!!! INVALID 

CITATION !!! (S. M. Hall, Hislop et al., 2000)). Numbers of growth factors are involved in 

the development of the pulmonary vasculature, including platelet-derived growth factor 

(PDGF), vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGF) 

(Stenmark & Mecham, 1997).  
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Figure 1. The structure of an arterial wall showing: Tunica intima, Tunica media and Tunica externa. 

 Adapted from (Blausen.com, 2014). 

 

 Definition and classification of pulmonary hypertension 

Pulmonary hypertension (PH) is a severe lung disorder that affects 1% of the global 

population and around 10% of those over 65 years old (Hoeper, Ghofrani et al., 2017). It 

is defined by a mean pulmonary artery pressure (mPAP) at rest greater than or equal to 

25 mm Hg (mPAP≥25) (Mak, Strickland et al., 2017), compared to the normal mPAP of 14 

mmHg.  

In 1973, the 1st classification of pulmonary hypertension held by the World Health 

Organization (WHO) identified two categories of PH: primary PH and secondary PH, due 

to the presence or absence of risk factors (Hatano, 1975). After several changes, the most 
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recent classification proposed at the 5th World Symposium on Pulmonary Hypertension in 

Nice, France in 2013 sub-divided pulmonary hypertension into five categories, 

summarized in Table 1.  

These 5 categories are (1) Pulmonary Artery Hypertension (PAH) that includes: (1.1) 

idiopathic PAH due to unrecognized risk factors, (1.2) heritable PAH (also known as 

familial PAH), (1.3) drug and toxin-induced forms of PAH and (1.4) PAH associated with 

other diseases; (2) Pulmonary hypertension  caused by left heart disease; (3) Pulmonary 

hypertension resulting from lung disease and/or hypoxia; (4) Chronic thromboembolic 

pulmonary hypertension (CTEPH), caused by thrombotic and embolic obstruction of the 

lung vasculature and (5) Pulmonary hypertension with unclear multifactorial mechanism 

(Galie, Humbert et al., 2016; Simonneau, Gatzoulis et al., 2013). 

Pulmonary arterial hypertension (PAH) classifies a subgroup of PH patients. Depending on 

the pulmonary arterial wedge pressure (PAWP) and pulmonary vascular resistance (PVR), 

Pulmonary arterial hypertension (PAH) may be divided into either pre-capillary PH (with 

pulmonary artery wedge pressure (PAWP) ≤ 15mmHg) or post-capillary PH (with 

pulmonary artery wedge pressure (PAWP) > 15mmHg) (Galie, Humbert et al., 2016; 

Hoeper, Bogaard et al., 2013) (Table 2). 

Pulmonary arterial hypertension (PAH) is a rare disease that mainly recorded in women 

with a 4:1 female: male ratio (Badesch, Raskob et al., 2010; Peacock, Murphy et al., 2007). 

Recent meta-analysis of 1550 PAH patients show that 72% female identified with PAH 

(Evans, Girerd et al., 2016). This disease is more commonly seen in elderly individuals with 
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mean age ranging between 50-65 years (Badesch, Raskob et al., 2010; Galie, Humbert et 

al., 2015; Hoeper, Huscher et al., 2013; Ling, Johnson et al., 2012) . 
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Table 1. Classification of pulmonary hypertension according to the 5th World Symposium on Pulmonary 

Hypertension in Nice, France, in 2013.  BMPR2, bone morphogenic protein receptor type 2; ALK-1, activin-

like receptor kinase-1; ENG, endoglin; SMAD9, S mother against decapentaplegic 9; CAV1, caveolin-1; 

KCNK3, potassium channel subfamily K member 3. * insides the same subcategories of pulmonary arterial 

hypertension. Adapted from (Galie, Humbert et al., 2016; Simonneau, Gatzoulis et al., 2013).

1. Pulmonary arterial hypertension (PAH) 
1.1. Idiopathic 
1.2. Heritable 

1.2.1. BMPR2 mutation 
1.2.2. ALK-1, ENG, SMAD9, CAV1, KCNK3 
1.2.3. Unknown 

1.3. Drugs and toxins induced 
1.4. Associated with: 

1.4.1. Connective tissue disease 
1.4.2. Human immunodeficiency virus (HIV) infection 
1.4.3. Portal hypertension 
1.4.4. Congenital heart disease 
1.4.5. Schistosomiasis 

1’. Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis* 
1’’. Persistent pulmonary hypertension of the newborn (PPHN) 
2. Pulmonary hypertension due to left heart disease 
2.1. Left ventricular systolic dysfunction 
2.2. Left ventricular diastolic dysfunction 
2.3. Valvular disease 
2.4. Congenital / acquired left heart inflow/outflow tract obstruction and congenital 
cardiomyopathies 
2.5. Congenital / acquired pulmonary vein stenosis 
3. Pulmonary hypertension due to lung diseases and/or hypoxia 
3.1. Chronic obstructive pulmonary disease 
3.2. Interstitial lung disease 
3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern 
3.4. Sleep-disordered breathing 
3.5. Alveolar hypoventilation disorders 
3.6. Chronic exposure to high altitude 
3.7. Developmental lung diseases 
4. Chronic thromboembolic pulmonary hypertension (CTEPH) and other pulmonary artery obstructions 
4.1. Chronic thromboembolic pulmonary hypertension 
4.2. Other pulmonary artery obstructions 

4.2.1. Angiosarcoma 
4.2.2. Other intravascular tumors 
4.2.3. Arteritis 
4.2.4. Congenital pulmonary arteries stenoses 
4.2.5. Parasites (hydatidosis) 

5.  Pulmonary hypertension with unclear and/or multifactorial mechanisms 
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Table 2. Classification of pulmonary arterial hypertension according to haemodynamic parameters: pre-

capillary pulmonary hypertension and post-capillary pulmonary hypertension. Adapted from (Galie, 

Humbert et al., 2016). 

  

 

 

 

 

 

 

Definition Characteristics Clinical Group 

Pulmonary 
hypertension (PH) 

Ø Mean pulmonary artery 

pressure (mPAP) ≥ 25mmHg All 

Pre-capillary PH 

Ø Mean pulmonary artery 

pressure (mPAP) ≥ 25mmHg 
Ø Pulmonary artery wedge 

pressure (PAWP) ≤ 15mmHg 

1. Pulmonary arterial hypertension 

3. PH due to lung diseases 

4. Chronic thromboembolic PH 

5. PH with unclear and/or 

multifactorial mechanisms 

Post-capillary PH 

 

Ø Mean pulmonary artery 

pressure (mPAP) ≥ 25mmHg 
Ø Pulmonary artery wedge 

pressure (PAWP) > 15mmHg 

2. PH due to left heart disease 

5. PH with unclear and/or 
multifactorial mechanisms 



34 | P a g e  
 
 

 Pathobiology of pulmonary arterial hypertension 

Pulmonary arterial hypertension is characterised by increased pulmonary vascular 

resistance, caused by progressive vascular remodeling due to pulmonary endothelial 

dysfunction, smooth muscle cell proliferation, sustained vasoconstriction, inflammation 

and in situ thrombosis, which in severe cases may lead to right heart failure and death 

(O'Callaghan, Savale et al., 2011) (Figure 2).  

 

Figure 2. Pathogenesis of pulmonary arterial hypertension. 

 

1.3.1 Vasoconstriction 

In the early stages of PH, vasoconstriction is induced due to the endothelial cell 

dysfunction, characterised by reduced levels of vasorelaxants, such as prostacyclin or NO, 
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and high levels of vasoconstrictors, such as endothelin-1 (ET-1) or thromboxane 

(Budhiraja, Tuder et al., 2004; Wilkins, 2012). 

Prostacyclin (PGI2) is a potent vasodilator which decreases vascular tone by increasing 

cyclic adenosine monophosphate (cAMP) levels and reducing the level of endothelin-1 

(Mitchell, Ahmetaj-Shala et al., 2014; Moncada & Vane, 1979; Prins, Hu et al., 1994). This 

vasorelaxant also reduces platelet aggregation, inflammation and smooth muscle 

proliferation (Clapp, Finney et al., 2002; Stitham, Midgett et al., 2011). 

Nitric oxide (NO), formed from L-arginine by endothelial nitric oxide synthase (eNOS), 

induces vasorelaxation by increasing intracellular levels of cyclic guanosine 

monophosphate (cGMP) in vascular smooth muscle cells (Archer, Huang et al., 1994; 

Perrella, Edell et al., 1992). It also reduces leukocyte adhesion and platelet aggregation 

(Gaboury, Woodman et al., 1993; Nong, Hoylaerts et al., 1997) and smooth muscle 

proliferation (Tsihlis, Oustwani et al., 2011).  

Endothelin-1 (ET-1) is a potent endothelium-derived vasoconstrictor which plays a crucial 

role in pulmonary vessels (Stenmark, Fagan et al., 2006) by enhancing smooth muscle 

cells proliferation and migration (Undem, Rios et al., 2012). Plasma levels of ET-1 are 

markedly increased in pulmonary hypertensive animals and human patients (Budhiraja, 

Tuder et al., 2004). Thromboxane, another vasoconstrictor released by endothelial cells 

and platelets and elevated in PH, enhances platelet aggregation, smooth muscle 

migration and proliferation (Budhiraja, Tuder et al., 2004; Feng, Liu et al., 2016). 
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In a normal physiological condition, the stable release of these mediators helps maintain 

lung homeostasis and optimal level of vascular tone. 

1.3.2 Pulmonary vascular remodelling 

In normal physiological conditions, the thickness of the vascular wall remains relatively 

unchanged due to the balance between cell proliferation and apoptosis. Stress conditions 

induced by hypoxia, inflammation, drugs, toxins or mechanical stimulation increase cell 

proliferation and reduce cell apoptosis, resulting in structural changes collectively termed 

as vascular remodeling (Aggarwal, Gross et al., 2013; Hassoun, Mouthon et al., 2009; Pak, 

Aldashev et al., 2007). It is believed that endothelial damage is a critical initiating factor 

in pulmonary vascular remodelling. Other cells of the vessel wall, such as smooth muscle 

cells and fibroblasts also play a contributory role in the onset of the disease (Davie, 

Schermuly et al., 2009). 

Pulmonary vascular remodeling affects all layers of the vascular wall and is caused by 

increased proliferation and migration of endothelial cells, smooth muscle cells, 

fibroblasts, inflammatory cells, platelet aggregation as increased release of extracellular 

matrix components such as collagen, elastin and fibronectin (Savale, Tu et al., 2009; 

Tuder, Abman et al., 2009; Xu & Shi, 2014) (Figure 3).  

In PAH, five abnormalities are noted during the process of vascular remodelling: 1) 

abnormal muscularization of precapillary arteries, 2) loss of precapillary arteries, 3) 

thickening of large pulmonary arteries, 4) neointima formation in small vessels <100-500 
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μm in diameter in humans (Rabinovitch, 2012) and < 20-50 μm in animals (Hoffmann, Yin 

et al., 2011; Vitali, Hansmann et al., 2014)  and 5) formation of obliterative plexiform 

lesions, characterized by increased cell proliferation and abnormal angiogenesis and 

found in pulmonary arteries of patients with severe PAH (Jonigk, Golpon et al., 2011) 

(Rabinovitch, 2012). 

The proliferation of pulmonary arterial smooth muscle cells (PASMCs) plays a significant 

role in the remodeling process. Many factors drive PASMC proliferation in PH, including 

BMPR2 mutations, increased expression and activity of the platelet-derived growth factor 

(PDGF) receptor and the serotonin (5-HT) transporter, and de novo expression of the anti-

apoptotic protein survivin (Hassoun, Mouthon et al., 2009). Increased expression of 

growth factors such as vascular endothelial growth factor (VEGF), transforming growth 

factor beta 2 (TGF-β2), fibroblast growth factor (FGF) and epidermal growth factor (EGF) 

has also been implicated in this process (Humbert, Morrell et al., 2004) (Hassoun, 

Mouthon et al., 2009). In addition, increased levels of hypoxia-inducible factor-1  (HIF-1), 

angiopoietin-1 (ANG-1), Tyrosine-protein kinase receptor (Tie-2), thrombospondin-1 

(THBS1), the stem cell growth factor receptor c-kit, and the vascular sprouting regulators 

Notch4 and matrix metalloproteinase 9, have also been implicated in the vascular changes 

in PH (Jonigk, Golpon et al., 2011). 
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Figure 3. Diagram illustrates the pulmonary vascular remodeling in PAH.  1) An imbalance between the 

levels of vasorelaxants and vasoconstrictors, such as increased production of ET-1 or TXA2 and decreased 

section of the vasodilator NO or PGI2, causing an increase in pulmonary vascular contractions and impeded 

blood flow. 2)  Vascular remodeling is a feature of PAH, characterised by increased smooth muscle cells 

proliferation and migration leading to medial hypertrophy. 3) In severe cases of the disease, vascular 

remodeling resulting in plexiform lesions and in situ thrombosis which cause occlusions of the vessels. NO, 

nitric oxide; PGI2, prostacyclin; ET-1 endothelin-1; TXA2, thromboxane A2. Adapted from (Lai, Potoka et al., 

2014). 
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 Cellular components of pulmonary arterial hypertension 

As mentioned in the previous section, pulmonary vascular endothelial cells (ECs), smooth 

muscle cells (SMCs), fibroblasts, as well as platelets and inflammatory cells are actively 

involved in PAH pathogenesis. The communications between endothelial cells, smooth 

muscle cells, fibroblasts, and inflammatory cells are controlled by various paracrine, 

autocrine and endocrine mediators (Tirziu, Giordano et al., 2010). Vascular stressors, such 

as inflammation, flow/shear stress, and hypoxia contribute to the constrictive 

remodeling, which primarily affects the small distal pulmonary arteries  (Pugliese, Poth et 

al., 2015) (Figure 4).  

 

Figure 4. Different cell types involved in pulmonary vascular remodelling. Stress induces thickening of 

tunica adventitia, media and intima. Medial thickening is associated with smooth muscle cell hypertrophy 

while intimal thickening is attributed to endothelial cell hypertrophy and hyperplasia. The adventitial 

thickening results from fibroblast proliferation and inflammatory cells recruitment (macrophages, dendritic 

cells, mast cells, B cells, and T cells). Adapted from (L. Deng, 2018).  
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1.4.1 Endothelial cells  

Pulmonary Endothelial cells (ECs) constitute a single cell-thick lining of the inner layer of 

the pulmonary arterial wall. Endothelial cells play a fundamental role in the maintenance 

of vascular homeostasis by producing numerous substances with vasorelaxant, anti-

thrombotic and anti-proliferative properties (Wilkins, 2012). Excessive release of 

fibroblast growth factor 2 (FGF2), serotonin or endothelin-1 (ET-1) and reduced release 

of prostacyclin and nitric oxide by endothelial cells lead to the increased medial SMC 

proliferation and migration (Izikki, Guignabert et al., 2009). 

Endothelial cells regulate barrier function by controlling the exchange of fluids, nutrients, 

growth factors and cells between blood and the underlying tissues. Loss of endothelial 

barrier integrity allows access of proliferative mediators to the underlying layers of the 

vascular wall, leading to increased cell proliferation, migration and excessive production 

of extracellular matrix components, characteristic of PH (Dejana, Tournier-Lasserve et al., 

2009). Various factors, including inflammatory mediators, cytokines and hypoxia, can 

increase endothelial permeability (McQuaid & Keenan, 1997; van Wetering, van Buul et 

al., 2002) (Wojciak-Stothard, Tsang et al., 2005). 

Another function of the endothelium is control of coagulation. In normal physiological 

conditions, the endothelium produces many anti-coagulants, which also exert anti-

inflammatory, antiproliferative and vasodilatory effects. These include nitric oxide, 

prostacyclin, tissue factor pathway inhibitor, heparan sulphate proteoglycan, 

thrombomodulin and tissue-type plasminogen activator and annexin V (Aytekin, Aulak et 
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al., 2012; H. H. Chen, Vicente et al., 2005; J. Liu & Pedersen, 2007; Mackman, 2004; Mori, 

Wada et al., 2001; Sakamaki, Kyotani et al., 2000; Smith, Hoetzer et al., 2003). 

Endothelium-derived pro-coagulants include endothelin-1, tissue factor, von Willebrand 

Factor (vWF) and plasminogen activator inhibitor-1. Endothelial injury leads to the 

excessive release of pro-thrombotic factors, resulting in the increased formation of 

thrombi, one of the key pathological features of chronic thromboembolic pulmonary 

hypertension (CTEPH) and other forms of PH (Matthews & Hemnes, 2016; Yau, Teoh et 

al., 2015). 

Pulmonary endothelial cell apoptosis is believed to be a transient pathogenic event in the 

onset of PH (Sakao, Tatsumi et al., 2009; Wilkins, 2012). High expression levels of anti-

apoptotic and pro-angiogenic vascular endothelial growth factor (VEGF) inhibits 

endothelial apoptosis in animal idiopathic pulmonary fibrosis (IPF) model and attenuates 

monocrotaline and chronic hypoxic models of pulmonary hypertension (Farkas, Farkas et 

al., 2009; Voelkel & Gomez-Arroyo, 2014). VEGF receptor (VEGFR) blockade induces 

endothelial apoptosis, followed by the selection of apoptosis-resistant, proliferative 

clones of endothelial cells (Sakao, Taraseviciene-Stewart et al., 2007; Sakao, 

Taraseviciene-Stewart et al., 2005). Subsequent expansion of these highly proliferative 

clones is thought to lead to the formation of occlusive plexiform lesions, characteristic of 

PAH (Sakao, Tatsumi et al., 2009). Abnormal, proliferating and apoptosis-resistant 

endothelial cell phenotype in plexiform lesions has also been linked with reduced 

expression of the tumour suppressor gene peroxisome proliferator-activated receptor-γ 
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(PPAR-γ) (Ameshima, Golpon et al., 2003). The finding supports the association between 

endothelial cell apoptosis and pulmonary hypertension that endothelium-protective, 

anti-apoptotic actions of angiopoietin-1 inhibit the development of monocrotaline-

induced PH in rats (Y. D. Zhao, Campbell et al., 2003).  

1.4.2 Smooth muscle cells 

Pulmonary vascular smooth muscle cells (PVSMCs) constitute the main cellular 

component of the medial layer of the vascular wall. Their key functions are regulation of 

vascular tone, blood flow and pressure (Nogueira-Ferreira, Ferreira et al., 2014; Owens, 

Kumar et al., 2004). Excessive proliferation of medial VSMCs contributes to a number of 

cardiovascular diseases, including PH (Owens, Kumar et al., 2004) (Fisher & Miano, 2014). 

In pulmonary hypertension, the remodeling process affects all branches of the pulmonary 

vascular tree, including the smallest arterioles. The medial layer shows PVSMC 

hypertrophy and hyperplasia. Hypertrophy, an increase in the size of SMC cells, occurs 

mainly in the larger proximal vessels, whereas hyperplasia, which  involves an increase in 

the number of SMC cells,  is a predominant feature of the smaller vessels (Aggarwal, Gross 

et al., 2013) (Stenmark, Fagan et al., 2006). Studies have shown that bone morphogenic 

protein-4 (BMP-4), TGF-β, Serotonin or 5-hydroxytryptamine (5-HT), and ET-1 enhance 

PASMC hypertrophy and contractile protein expression (H. Deng, Hershenson et al., 

2010). 
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Enlargement of the pulmonary arterial wall in PH is associated with increased expression 

of growth factors, pro-inflammatory and pro-thrombotic factors, vasoconstrictors and 

altered expression and activity of ion channel proteins (Humbert, Morrell et al., 2004). 

These changes include elevated expression of the transforming growth factor beta (TGF-

β), fibroblast growth factors (FGF) (Humbert, Morrell et al., 2004) as well as tumour 

necrosis factor-α (TNF-α), platelet-derived growth factor (PDGF), and angiotensin II 

(Rensen, Doevendans et al., 2007). Reduced endothelial expression of nitric oxide and 

prostacyclin, increased expression of endothelin-1 and a breakdown in endothelial barrier 

function contribute to the increase in SMC migration and proliferation (Di Luozzo, 

Bhargava et al., 2000) (Napoli, Paolisso et al., 2013; Wilkins, 2012).  

Potassium channels in pulmonary vascular smooth muscle cells (PASMCs) play a 

fundamental role in the regulation of vasoconstriction. Under hypoxic conditions, down-

regulation of potassium channels in PASMCs leads to depolarization of the plasma 

membrane and opening of voltage-gated calcium channels. The increase in the 

intracellular calcium levels triggers vasoconstriction and augments smooth muscle cell 

proliferation (Boucherat, Chabot et al., 2015; Wulff & Zhorov, 2008). 

1.4.3 Fibroblasts  

Fibroblasts are located in the external (adventitial) layer of the vascular wall and play a 

fundamental role in the process of tissue repair. Due to the heterogeneity of these cells 

within tissues, only particular subsets of fibroblasts are recruited to the site of injury (M. 
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Das, Dempsey et al., 2002). Numerous studies have documented the key role of 

fibroblasts in pulmonary vascular remodeling in PH (Sartore, Chiavegato et al., 2001) 

(Jeffery & Morrell, 2002) (Stenmark, Davie et al., 2006).   

Under the conditions of vascular stress, fibroblasts show increased proliferation, 

migration and the release of extracellular matrix (ECM) proteins, growth factors and 

reactive oxygen species (ROS) which activate cells in the adjacent vascular compartments 

(Chai, Sun et al., 2018; Haurani & Pagano, 2007; Sartore, Chiavegato et al., 2001; Xu & Shi, 

2014). Fibroblasts can also secrete matrix metalloproteinases (MMPs), which facilitate the 

movement of cells through the adventitial matrix into the vascular media and intima 

resulting in vascular remodeling (Stenmark, Yeager et al., 2013). Reduction of matrix 

metalloproteinases suppresses pulmonary hypertension in both monocrotaline and 

hypoxia animal models (Herget, Novotna et al., 2003; Vieillard-Baron, Frisdal et al., 2003).  

Moreover, fibroblasts can also help recruit inflammatory cells and progenitor cells to the 

vessel wall and augment angiogenesis by releasing pro-angiogenic chemokines and 

adhesion molecules  (Stenmark, Nozik-Grayck et al., 2011).  

Adventitial fibroblasts can differentiate into myofibroblasts, the cells marked by 

expression of α-smooth muscle actin (α-SMA) (Desmouliere, Chaponnier et al., 2005). This 

process is accompanied by increased expression of TGF-β, thrombin, ET-1, and 

interleukin-6 (IL-6) (Gao, Li et al., 2003) (Gallucci, Lee et al., 2006) (Shi-Wen, Chen et al., 

2004). Myofibroblasts are responsible for the production of collagen and other 
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extracellular matrix (ECM) proteins such as fibronectin, tenascin and elastin, that 

implicated in vascular remodeling (Stenmark, Davie et al., 2006; Stenmark, Yeager et al., 

2013).  

1.4.4 Inflammatory cells 

Many research groups have documented the presence of inflammatory cells, including  T 

and B lymphocytes, macrophages, dendritic cells and mast cells in  the remodeled vessels 

of human patients and animals with PH (Hall, Brogan et al., 2009; Pinto, Higuchi Mde et 

al., 2004; Rabinovitch, Guignabert et al., 2014). Perivascular tertiary lymphoid tissues 

from lungs of idiopathic pulmonary arterial hypertension (IPAH) patients consist of B- and 

T-cell enriched areas with high endothelial venules and dendritic cells (Perros, Dorfmuller 

et al., 2012). 

Increased numbers of B cells, T cells and macrophages have been detected in lung tissues 

of patients with PAH associated with connective tissue disorders or HIV infection (Cool, 

Kennedy et al., 1997; Voelkel & Tuder, 1995), plexiform vascular lesions of IPAH patients 

and in animal models of PH  (Song, Coleman et al., 2008; Tuder, Groves et al., 1994). 

Moreover, numbers of Treg (T cell regulatory) were increased in idiopathic PAH patients 

and thought to attenuate the effects of endothelial injury and vascular remodeling (Ulrich, 

Nicolls et al., 2008). 

Infiltration of macrophages, monocytes, mast cells, dendritic cells, T cells, cytotoxic T cells 

and helper T cells into the vascular tissues of the remodeled lung has been documented 
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in IPAH patients (Savai, Pullamsetti et al., 2012). The accumulation of macrophages in the 

lung was shown to enhance hypoxia-induced vascular remodeling (Vergadi, Chang et al., 

2011).  

Elevated  levels of pro-inflammatory cytokines such as TNF-α, interleukins (IL-1β, IL-2, IL-

4, IL-6, IL-8, IL-10, and IL-12) and chemokines such as  Monocyte chemoattractant protein-

1 (MCP-1), cc chemokine ligand 2 and fractalkine have been detected in PH plasma, serum 

and lung tissues (Humbert, Monti et al., 1995) (Dorfmuller, Zarka et al., 2002) (Balabanian, 

Foussat et al., 2002; E. Soon, Holmes et al., 2010) (Dorfmuller, Zarka et al., 2002; Itoh, 

Nagaya et al., 2006) (Sanchez, Marcos et al., 2007). Inflammatory responses in PH also 

may be enhanced by leukotrienes (LTs) such as LTB4 (Tian, Jiang et al., 2014)  or 

complement factors such as C3 and C4a (Abdul-Salam, Paul et al., 2006; J. Zhang, Zhang 

et al., 2009). 

1.4.4.1 Structure, function, and regulation of NFκB 

NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells) family members 

share structural homology with the retroviral oncoprotein v-Rel, resulting in their 

classification as NF-κB/Rel proteins (Gilmore, 2006). The NFκB subfamily proteins include 

two proteins NF-κB1 and NF-κB2, while the Rel subfamily includes: RelA, RelB, and c-Rel. 

NF-κB1 and NF-κB2 are made- up from large precursor proteins p105 and p100, 

respectively. During the inflammation, p105 and p100 undergo the ubiquitin/proteasome 

pathway, resulting in forming p50 from p105 and p52 from p100 (Table 3). 
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Subfamily Protein Precursors Gene 

NF-κB NF-κB1 
NF-κB2 

p105à p50 
p100à p52 

NFκB1 
NFκB2 

Rel 
RelA 
RelB 
c-Rel 

p65 RELA 
RELB 
REL 

 

Table 3. NFκB family of proteins. Adapted from (Jha & Das, 2017).   

 

NFκB protein is a fast-acting transcription factor that binds to the promoter regions 

named as ‘κB sites’ of genes regulating inflammatory responses. In basal conditions, NFκB 

remains inactive in the cell cytoplasm, complexed with the inhibitor of kappa B (IκB) 

proteins such as IκBα, IκBβ, IκBγ, and IκBε (Grumont & Gerondakis, 1994; Senftleben, Cao 

et al., 2001). In the classical (canonical) activation pathway, binding of proinflammatory 

cytokines such as tumor necrosis factor (TNF-α) or interleukin (IL)-1-β to their respective 

receptors activates the inhibitor of κB kinase (IKK), which triggers ubiquitination and 

subsequent degradation of inhibitory IκB proteins, resulting in the release and activation 

of NFκB (Crisostomo, Wang et al., 2008; Hayden & Ghosh, 2014) (Baltimore, 2011). 

Activated NFκB translocates to the cell nucleus, where it binds to the κB sites in gene 

promoters and triggers the expression of pro-inflammatory genes. The NF-κB-dependent 

gene transcription involves RelA/p65 subunit and its co-activators, p300 and p300/CBP-

associated factor (PCAF). Both co-activators are members of the histone acetyltransferase 

family which induces acetylation of histones, thus altering the structure of chromatin, 

which triggers transcriptional activation of genes involved in the regulation of 

inflammatory responses (J. Huang, Wan et al., 2015; Mukherjee, Behar et al., 2013). 
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The effect of NFκB activation is rapid and transient. Stimulation of IκB proteins results in 

the feedback loop of NF-kB inhibition by IκB proteins (Ohshima & Ichikawa, 2015). While 

the slow and persistent non-canonical NFκB pathway selectively activates p100-

sequestered NFκB members, predominantly NF-κB2 p52 and ReLB (also referred to as 

non-canonical NFκB family members) (Figure 5).  

 

 

 

Figure 5. Diagrammatic representation of the canonical and noncanonical pathways of NFκB activation. 

NIK, NFκB inducing kinase; IKK, inhibitor of κB kinase; IKB, inhibitor of kappa B.  Adapted from (Carra, Torti 

et al., 2016).  

   

NIK 
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 Genetic susceptibility to pulmonary arterial hypertension  

Mutations in the bone morphogenetic protein type II receptor gene (BMPR2), a member 

of the TGF-β receptor family, account for 53-86% of patients with familiar pulmonary 

arterial hypertension and and 14-35% of patients with idiopathic pulmonary arterial 

hypertension (Frump, Prewitt et al., 2018; International, Lane et al., 2000; Soubrier, 

Chung et al., 2013; Southgate, Machado et al., 2019). Despite the importance of BMPR2 

mutations in the pathobiology of PAH, the average penetrance in carriers is very low, 

approximately 20%, and is sex dependent (Austin & Loyd, 2013), suggesting that 

additional genetic or environmental factors are required in HPAH pathogenesis.  

Next generation sequencing techniques, including whole exome and whole genome 

sequencing identified mutations in several other genes of the BMP/TGF-β signalling, 

including genes encoding activin A receptor type II-like kinase-1 (ALK1/ACVRL1), endoglin 

(ENG), SMAD4, SMAD8, SMAD9, Caveolin 1 (CAV1), and the potassium channel subfamily 

K gene KCNK3 (Galie, Humbert et al., 2015; Machado, Eickelberg et al., 2009; Soubrier, 

Chung et al., 2013; Southgate, Machado et al., 2019) (Table 4).  
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Moreover, recently, a missense mutation in shear stress- activated transcription factor 

Krüppel-like factor 2 (Klf2) gene was identified in a family with autosomal heritable 

pulmonary arterial hypertension (HPAH), suggesting that KLF2 signalling may be 

compromised in the disease (Eichstaedt, Song et al., 2017). This heterozygous, highly 

penetrant germline mutation results in a missense substitution of histidine at amino acid 

position 288 by arginine in the C-terminal zinc finger protein domain of KLF2. Previous 

studies in which the p.H288Y KLF2 variant was overexpressed in human embryonic kidney 

cells suggest that this mutation may affect KLF2 binding to target DNA sequences, leading 

to localization of the mutated KLF2 transcription factor to the nucleus and diminished 

transcriptional activity (Piva, Deaglio et al., 2015) (Figure 6). 

Table 4. Genetic and molecular features of the 16 genes underlying PAH. Adapted from (Southgate, Machado et al., 2019), 
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Figure 6.  KLF2 function shows numerous connections to the BMPR2 signalling pathway. Adapted from 

(Eichstaedt, Song et al., 2017). 

 

KLF2 expression can be induced by the BMPR2 ligand BMP4 and a vasodilator apelin (J. 

Kim, 2014) , likely to result in the activation of eNOS. PAH patients show reduced levels 

of apelin in serum compared with healthy controls (Chandra, Razavi et al., 2011) which 

may result in an imbalance in BMPR2–apelin–KLF2 signaling and endothelial dysfunction. 

More detail about the KLF2 and KLF family of transcription factors is provided in section 

1.8. 
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 Animal models of pulmonary arterial hypertension  

The most commonly used experimental models of pulmonary hypertension are rodent 

models of chronic hypoxia- and monocrotaline-induced PH (Stenmark, Meyrick et al., 

2009). 

1.6.1 Chronic hypoxia  

2-4-week exposure to chronic hypoxia induces pulmonary hypertension in rats and mice 

(Sztuka & Jasinska-Stroschein, 2017). Hypoxia leads to the muscularization and thickening 

of small intrapulmonary arteries due to the medial SMCs hypertrophy, increased cell 

migration and proliferation, trans-differentiation of endothelial cells into mesenchymal-

like cells and vascular fibrosis  (Stenmark, Meyrick et al., 2009). There is also evidence of 

an early and persistent pulmonary artery-specific vascular inflammatory response in this 

model (Burke, Frid et al., 2009),. 

In the chronic hypoxia model, the vascular changes are fully reversible by reoxygenation, 

unlike the changes seen in human PAH (J. Chen, Wang et al., 2017). The degree of vascular 

remodeling is strain-dependent and is less pronounced in mice compared with rats (Tada, 

Laudi et al., 2008).  

1.6.2 Monocrotaline (MCT) injury model 

Monocrotaline (MCT) is a toxic pyrrolizidine alkaloid that is activated by oxidases and 

metabolized in the liver. Subcutaneous or intraperitoneal injection of MCT leads to 
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vascular injury, followed by prominent inflammatory response and progressive 

pulmonary vascular remodeling. Endothelial injury and inflammation are believed to play 

a key role in the development of pulmonary hypertension in this model. MCT-induced PH 

can be reversed by treatment, and more than 30 agents have been shown to effectively 

suppress or treat the disease-induced by this model (Stenmark, Meyrick et al., 2009). 

Neither MCT nor chronic hypoxia models can induce the formation of plexiform lesions, 

characteristic for human PAH.  

1.6.3 Sugen 5416 (SU5416) and hypoxia  

Sugen/hypoxia rodent models of PH were developed to more accurately reflect the 

pathology of severe human PAH by combining chronic hypoxia and VEGF receptor 

antagonist. Rats or mice are injected with the VEGF receptor 2 inhibitor (VEGFR2), Sugen 

5416 and are exposed to 3 weeks of hypoxia followed by 10 weeks of normoxia (Vitali, 

Hansmann et al., 2014). This is a progressive and irreversible model of PH. Sugen/hypoxia 

rats show extensive pulmonary vascular remodeling with evidence of plexogenic lesion 

formation, reminiscent of human PAH (Burke, Frid et al., 2009) (Stenmark, Meyrick et al., 

2009) (Taraseviciene-Stewart, Kasahara et al., 2001). In this model, endothelial apoptosis 

triggered by inhibition of the vascular endothelial growth factor (VEGF) signalling, is 

followed by the selection of apoptosis-resistant, proliferative endothelial cells (Tuder, 

Chacon et al., 2001) (Stenmark, Meyrick et al., 2009). Sugen/hypoxia mice show less 

severe phenotype than rats (Vitali, Hansmann et al., 2014). 
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1.6.4 Overexpression of S100A4/Mts in mice  

Calcium binding protein S100A4 /Mts1 stimulates cell proliferation, motility and cancer 

metastasis (Sherbet & Lakshmi, 1998). Overexpression of S100A4 protein in mice leads to 

PH (Dempsie, Nilsen et al., 2011). S100A4 protein is highly expressed in plexiform lesions 

and is thought to be involved in the development of severe PAH patients (Stenmark, 

Meyrick et al., 2009). Inflammation is believed to play a crucial role in this model. 

1.6.5 IL-6 overexpression in mice  

Accumulating evidence implicates increase levels of inflammatory cytokine interleukin-6 

(IL6) in PAH patients (Humbert, Monti et al., 1995; E. Soon, Holmes et al., 2010) and 

animal models- induced PH (Bhargava, Kumar et al., 1999; Miyata, Sakuma et al., 1995). 

The levels of interleukin-6 (IL-6) in plasma from PH patients correlate with disease severity 

(Matura, Ventetuolo et al., 2015). High plasma levels of IL-6 are also associated with 

individual mortality (Heresi, Aytekin et al., 2014). In the IL-6 overexpression model, mice 

show increased right ventricular systolic pressure, right ventricular hypertrophy and 

pulmonary vascular remodeling (Steiner, Syrkina et al., 2009). 

1.6.6 BMPR2 mutant mice 

Bone morphogenetic protein receptor II (BMPR2) is a member of the transforming growth 

factor β (TGF-β) receptor superfamily and plays a critical role in PH pathogenesis 

(International, Lane et al., 2000). BMPR2 mutations are found in around 80% of families 
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with PAH and approximately in 20 % of idiopathic PAH patients (Frump, Prewitt et al., 

2018; Soubrier, Chung et al., 2013).  

Inhibition of BMPR2 signalling due to disabling mutations, inflammation or other forms of 

vascular insult, compromises endothelial barrier function, increases endothelial apoptosis 

and smooth muscle cell proliferation and augments inflammatory responses in the 

pulmonary vasculature (Frump, Prewitt et al., 2018).  The heterozygous mice (BMPR2 +/−) 

model has been developed (Beppu, Ichinose et al., 2004) to study the contribution of this 

pathway to the pathogenesis of pulmonary hypertension. However, this model provides 

mild PH and vascular remodeling under basal conditions (Beppu, Ichinose et al., 2004) and 

more severe disease develops only when BMPR2 inhibition is combined with other forms 

of vascular insult. Examples of potential additional factors to improve this model are 

lipopolysaccharide, tumour necrosis factor-α (TNF-α) and 5-lipoxygenase  (Morrell, Aldred 

et al., 2018). 
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Various models Species Usage Dana Point (2008) 

Single-pathological-insult (SPI) models  

Monocrotaline (MCT) Rats Very common Group 1 

Chronic hypoxia Rats/mice Very common Group 3 

Schistosomiasis/Schistosoma chartarum Mice Common Group 1 

Fawn-hooded rats Rats Uncommon Group 3 

Pulmonary arterial banding Rats/mice Common Group 2 

Multiple-pathological-insult (MPI) models  

Monocrotaline (MCT) + pneumonectomy Rats Uncommon Group 1 

Monocrotaline (MCT)+ chronic hypoxia Rats Uncommon Group 3 

Chronic hypoxia + SU5416 Rats Common Group 1/3 

Knockout models  

BMPR2 Mice Uncommon Group 1 

Vasoactive intestinal peptide Mice Uncommon No defined group 

Endothelin receptor-B Mice Common No defined group 

Apolipoprotein-E Mice Uncommon No defined group 

Neprilysin Mice Uncommon No defined group 

Overexpression models  

Interleukin-6 Mice Uncommon No defined group 

Angiopoietin-1 Rats Common No defined group 

Serotonin/5-HTT Mice Common No defined group 

S100A4/Mts-1 Mice Uncommon No defined group 

 

Table 5. Summary of animal models published before 2012. Very common ≥ 100 publications; common 30–

99 publications; uncommon < 30 publications. SU5416: a vascular endothelial growth factor receptor-2 

inhibitor; BMPR2: bone morphogenetic protein receptor-2; 5-HTT: 5-hydroxytryptamine transporter; 

S100A4/Mts-1: a metastasis-promoting protein implicated in PH vascular remodeling. Adapted from 

(Maarman, Lecour et al., 2013).   

 

 



57 | P a g e  
 
 

 Current approved therapeutic strategies in pulmonary arterial 

hypertension 

Despite the extensive pre-clinical investigations and numerous clinical trials, the existing 

drugs approved for treatment of PAH improve symptoms of the disease but are not 

effective in reversing the pulmonary vascular remodeling.  

1.7.1 Supportive therapy 

Patients who are diagnosed with pulmonary hypertension receive support therapies 

including oral anticoagulants, diuretics, digoxin, oxygen supplements and various other 

cardiovascular drugs (V. V. McLaughlin, Shah et al., 2015). Giving oral anticoagulation 

therapy is recommended for patients with PAH due to the known contribution of vascular 

thrombosis to the pathogenesis of the disease (Fuster, Steele et al., 1984; Galie, Humbert 

et al., 2015, 2016).  Diuretics can be beneficial for patients suffering from right ventricular 

dysfunction and fluid overload (Galie, Humbert et al., 2016). Cardiac glycosides such as 

digoxin can be used in the treatment of atrial arrhythmias and ventricular dysfunction in 

PAH patients (Rich, Seidlitz et al., 1998). Patients showing evidence of hypoxaemia can 

also receive oxygen therapy (Galie, Humbert et al., 2016). As iron deficiency is common 

in patients with PH, iron supplements are recommended (Ruiter, Lankhorst et al., 2011) 
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1.7.2 Targeted medical therapy 

Calcium channel blocker therapy (CCB) prevents the inflow of calcium into smooth muscle 

cells, resulting in vasodilation (Sitbon, Humbert et al., 2005). Long-term oral calcium 

channel blockers are commonly administered to PAH patients (Sitbon, Humbert et al., 

2005). However, the response to CCB therapy weakens over time; therefore, alternative 

treatments are often recommended (Galie, Humbert et al., 2016). 

Currently, the approved therapies target the three main pathways in PAH, including 

prostacyclin-cAMP, nitric oxide-cGMP-PDE5 and endothelin-1 pathway (Figure 7). 

 

Figure 7. Approved targeted therapies in PAH.  Figure shows the three main vasoreactive pathways 

targeted in PAH. ET-1, endothelin-1; PDE, phosphodiesterase; PGI2, prostacyclin; cAMP, cyclic adenosine 

monophosphate; cGMP, cyclic guanosine monophosphate. Adapted from (Unegbu, Noje et al., 2017).  
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1.7.2.1 Prostacyclin analogues/Prostacyclin-receptor agonists 

Prostacyclin is an endothelium-derived vasodilator that inhibits platelet-aggregation and 

has cytoprotective and antiproliferative effects. Currently, three prostacyclin analogues 

have been approved by the Food and Drug Administration (FDA):  epoprostenol, iloprost, 

and treprostinil.   

Epoprostenol is the most common prostacyclin analogue used in the treatment of PH. 

However, its applicability is limited due to the short half-life (3-5 minutes) of this 

compound (Barst, Rubin et al., 1996; Rubin, Mendoza et al., 1990). In contrast, iloprost 

and treprostinil have a longer half-life, extending to 30 minutes and 5 hours respectively 

(Olschewski, Rohde et al., 2003; Ventetuolo & Klinger, 2012) and can be administered 

through inhalation (V. V. McLaughlin, Oudiz et al., 2006; Simonneau, Barst et al., 2002). 

Prostacyclin analogues improve exercise capacity and reduce clinical symptoms of PH. 

However, they can also cause various side effects such as a headache, vomiting, diarrhea 

nausea, flushing, dizziness and jaw pain. (Kingman, Archer-Chicko et al., 2017) (Agarwal 

& Gomberg-Maitland, 2011). 

In 2015, Selexipag was the only prostacyclin receptor agonist approved by the Food and 

Drug Administration (FDA). Oral Selexipag acts as a vasorelaxant and has similar side 

effects to prostacyclin analogues (Thenappan, Ormiston et al., 2018). 
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1.7.2.2 Phosphodiesterase (PDE)-5 Inhibitors/soluble guanylate cyclase stimulators 

Both phosphodiesterase type 5 (PDE5) inhibitors and soluble guanylate cyclase (sGC) 

stimulators increase the intracellular levels of cyclic guanosine monophosphate (cGMP) 

resulting in pulmonary vasodilation and inhibition of PASMC proliferation (Wharton, 

Strange et al., 2005; Wilkins, 2012).  cGMP specific- PDE5/ sGC is reported to be activated 

by pulmonary vasodilator nitric oxide (NO) (Ghofrani, Pepke-Zaba et al., 2004; Stasch & 

Evgenov, 2013). 

Sildenafil (Sastry, Narasimhan et al., 2004), Tadalafil (Galie, Brundage et al., 2009) and 

Vardenafil (Jing, Yu et al., 2011) are FAD- approved PDE5 inhibitors, while Riociguat is the 

soluble guanylate cyclase stimulator approved for use in PAH and CTEPH (Lian, Jiang et 

al., 2017).  The studies on these drugs show their role in the improvement of exercise 

capacity, clinical symptoms and/or pulmonary haemodynamics (Galie, Ghofrani et al., 

2005; Ghofrani, Galie et al., 2013; Lian, Jiang et al., 2017). 

1.7.2.3 Endothelin receptor antagonists (ERA) 

Endothelin-1 (ET-1) is a peptide has two isoforms type A (ET-A) and type B (ET-B) that are 

expressed in pulmonary vascular smooth muscle cells causing vasoconstriction when 

activated (Kowalczyk, Kleniewska et al., 2015).             

Endothelin receptor antagonists block the ET-A and ET-B receptors and reduce vascular 

hypertrophy, fibrosis, and inflammation in PH (Kowalczyk, Kleniewska et al., 2015). 
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Endothelin receptor antagonists that have been approved by the FDA are Bosentan 

Ambrisentan and Macitentan. All these improve the exercise capacity and delay the risk 

caused by hospitalization. However, due to their toxicity to the liver, these drugs are not 

recommended for patients with moderate-to-severe liver disease (Lan, Massam et al., 

2018; Thenappan, Ormiston et al., 2018). 

1.7.2.4 Combination therapy 

Recent studies have shown improved effectiveness of combination therapies compared 

with single treatments. For example, Humbert and colleagues have introduced a 

combination of guanylate cyclase stimulators and prostacyclin receptor agonists 

(Humbert, Lau et al., 2014). Data meta-analysis has revealed the beneficial effects of 

combination treatments in 17 trails of 5095 patients (Lajoie, Lauziere et al., 2016). 

However, the long-term effects of combinational therapy have not been fully 

investigated.  

 KLF transcription factors family 

Krüppel-like factors are members of the zinc finger family of transcription factors,  first 

identified in Drosophila (Jackle, Rosenberg et al., 1985). “Krüppel” is a German word for 

“cripple” and was used after the observation that a loss of the Krüppel protein in 

Drosophila embryos causes abnormal thoracic segmentation (crippling appearance) 

(Preiss, Rosenberg et al., 1985).  
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Over seventeen KLFs identified in mammals can be clustered according to their structural 

homology (Tetreault, Yang et al., 2013) (Table 6). KLF15 and KLF17 have not been assigned 

to any of the existing groups, due to the lack of identified protein interaction motifs (Jha 

& Das, 2017). 

KLF Group Characteristics KLF Family 
Members Function 

Group 1 Presence of CtBP 
binding sites 

KLFs 3, 8 
and 12 

Transcriptional repressors through their 
interaction with the carboxy-terminal 

binding protein (CtBP) 

Group 2 Ability to bind 
deacetylases 

KLFs 1, 2, 4, 5, 
6 and 7 Transcriptional activators 

Group 3 Presence of a 
Sin3A-binding sites 

KLFs 9, 10, 11, 
13, 14 and 16 

Repressor activity through their interaction 
with the common transcriptional co-

repressor Sin3A 
 

Table 6. Kruppel-like factor (KLF) family of transcription factors. Adapted from (Jha & Das, 2017). 
 

At their c-terminal end, KLFs have 3 consecutive zinc-finger motifs which consist of 2 

cysteine and 2 histidine residues (Cys2/ His2) and recognise specific DNA sequence motif 

“CACCC” or the GT box in the promoter regions of their target genes (Dang, Pevsner et 

al., 2000). Several studies showed the importance of the KLF family in the regulation of 

cell proliferation, cell differentiation, migration and tissue development (McConnell & 

Yang, 2010) (Tetreault, Yang et al., 2013).  Among them, KLF2, KLF4 and KLF6 are 

expressed in endothelial cells (Atkins & Jain, 2007). 

1.8.1 KLF2  

Transcription factor Krüppel-like factor 2 (KLF2) was first characterized in 1995 (Anderson, 

Kern et al., 1995). Due to its high expression in lung tissues, this 354-aa protein was 
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initially termed as the Lung Krüppel-like factor (LKLF). It is also expressed in heart, spleen, 

kidney, thymus, skeletal muscle, white and brown adipose tissue and testes  (Anderson, 

Kern et al., 1995; Banerjee, Feinberg et al., 2003; Kuo, Veselits et al., 1997). Human KLF2 

carries 85% nucleotide sequence homology and 90% amino acid sequence homology to 

the mouse KLF2 (Wani, Conkright et al., 1999).  

In mice, KLF2 expression increases at the embryonic day 7 (E7) and then decreases at day 

11, to be reactivated at day 15 (Anderson, Kern et al., 1995). KLF2 plays a vital role in the 

lung development (Wani, Wert et al., 1999), blood vessel formation (J. Wu, Bohanan et 

al., 2008) and the regulation of vascular tone (J. S. Lee, Yu et al., 2006). KLF2 knockout 

mice die at approximately embryonic day 12 (E12.5) from severe haemorrhage caused by 

abnormal vascularization. The haemorrhage is associated with alterations in blood vessel 

morphology, in particular with an abnormally thin tunica media in umbilical veins and 

arteries (Anderson, Kern et al., 1995) (Wani, Means et al., 1998) (Kuo, Veselits et al., 

1997). Later, another study by Wani et al. revealed that homozygous KLF2-null embryonic 

stem cells in chimeric mice significantly affect lung development compared to other major 

organs, emphasizing the essential role of KLF2 in the development of the lung (Wani, Wert 

et al., 1999).  

In addition to the blood vessel formation, shear stress-induced KLF2 plays an essential 

role in the regulation of endothelial cell function (Dekker, van Soest et al., 2002; 

Hergenreider, Heydt et al., 2012). Endothelial cell-specific deletion of KLF2 is embryonic 

lethal after embryonic day 11 (E11.5) due to a severe drop in vascular tone, bleeding and 
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heart failure induced by vascular complications (Hergenreider, Heydt et al., 2012; J. S. Lee, 

Yu et al., 2006; Manavski, Abel et al., 2017).  

In humans, KLF2 is also essential for T cells , B cells, monocyte quiescence, erythropoiesis, 

and adipogenic differentiation as well as its essential for lung fibroblasts  (Carlson, Endrizzi 

et al., 2006) (M. Das, Lu et al., 2012; Jha & Das, 2017; J. Lee, Lee et al., 2010). Generally, 

KLF2 directs cell activity towards the state of maturation and homeostasis (Figure 8). 

 

Figure 8. KLF2 is expressed in different type of cells. 
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1.8.1.1 Mechanism of flow-induced activation of KLF2 

KLF2 expression is significantly increased by vascular shear stress in endothelial cells in 

vitro and in vivo (Dekker, van Soest et al., 2002). Huddleson et al. have identified a specific 

region within the Klf2 gene in murine microvascular cells, located between -157 to -95 

base pairs (bp) from the transcription start site, required for the activation of KLF2 by 

pulsatile shear stress (Huddleson, Srinivasan et al., 2004). This region is highly conserved 

among different species (Huddleson, Srinivasan et al., 2004; N. Wang, Miao et al., 2006). 

Later, the same group showed that P-300/CBP-associated factor (PCAF), heterogeneous 

nuclear ribonucleoprotein D (hnRNP D) and nucleolin are involved in the regulation of 

KLF2 promoter in response to shear stress. All these factors induce KLF2 transcription in 

a flow-specific phosphatidylinositol 3-kinase (PI3K) dependent manner (Huddleson, 

Ahmad et al., 2006; Huddleson, Ahmad et al., 2005). Another signalling pathway 

responsible for shear-induced upregulation of KLF2 may involve mitogen/extracellular 

signal-regulated kinase kinase-5 (MEK5), extracellular signal-regulated kinase 5 (ERK5), 

and myocyte enhancer factor-2 (MEF2) cascade (M. Kim, Kim et al., 2012; Kumar, Hoffman 

et al., 2009; Parmar, Larman et al., 2006). 

1.8.1.2 KLF2 functions 

The two transcription factors that regulate almost 70% of shear stress-induced 

endothelial genes are nuclear factor erythroid 2-like 2 (Nrf2) and KLF2 (Fledderus, Boon 

et al., 2008; Nayak, Lin et al., 2011). It is known to act as a molecular switch regulating 
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several biological processes including homeostasis, inflammatory, thrombotic, 

differentiation, development, proliferation, barrier function and vascular tone regulator 

(Figure 9) (Fan, Lu et al., 2017; Jha & Das, 2017; Sweet, Fan et al., 2018).   

 

Figure 9. Effects of KLF2 on endothelial homeostasis. KLF2, Krüppel-like factor 2; eNOS, endothelial nitric 

oxide synthase; NO, nitric oxide; CNP, C-natriuretic peptide; ET1, endothelin-1; ACE, angiotensin-converting 

enzyme; TM, thrombomodulin; tPA, tissue plasminogen activator; vWF, von Willebrand factor; PAI-1, 

plasminogen activator inhibitor 1; VCAM, vascular cell adhesion molecule; Il-6 and IL-8, interleukin 6 and 8; 

MCP, monocyte chemotactic protein; CCL5, chemokine (C–C motif ) ligand 5; Tgfb, transforming growth 

factor b; MIRL, membrane inhibitor of active lysis, also known as CD59; cx37, connexion 37; NQO1, NAD(P)H 

dehydrogenase quinone 1; HO-1, heme oxygenase 1; GCLM, glutamate–cysteine ligase modifier subunit; 

CAT, catalase. Mechanosensory complex cosisting of PECAM-1, VE-cadherin, and VEGFR2. Adapted from 

(Novodvorsky & Chico, 2014). 
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1.8.1.2.1 Vascular tone regulation by KLF2 

Endothelial KLF2 regulates flow-induced expression of genes important in the regulation 

of vascular tone (Parmar, Larman et al., 2006). KLF2 promotes vasodilation by increasing 

the expression of C-type natriuretic peptide (CNP), endothelial nitric oxide synthase 

(eNOS) and reducing the expression of endothelin-1, angiotensin-converting enzyme 

(ACE) and adrenomedullin (Dekker, van Thienen et al., 2005; SenBanerjee, Lin et al., 2004) 

(Barr, Rhodes et al., 1996; Novodvorsky & Chico, 2014). KLF2 mediates vasodilatory 

effects of apelin by increasing the levels of eNOS-derived vasorelaxant nitric oxide (NO). 

Disruption of apelin/KLF2 signalling worsens hypoxia-induced PH (Chandra, Razavi et al., 

2011).  Several studies have identified 3 mechanisms of KLF2-mediated regulation of 

eNOS activity. The first mechanism involves the direct binding of KLF2 to the eNOS gene 

promoter, which results in the increase of eNOS gene expression. The second mechanism 

involves downregulation of caveolin-1, the negative regulator of eNOS activity, while the 

third mechanism involves transcriptional activation of argininosuccinate synthase (ASS), 

an enzyme which increases NO production levels (Nayak, Lin et al., 2011; Parmar, Larman 

et al., 2006; Parmar, Nambudiri et al., 2005). 

1.8.1.2.2 Anti-inflammatory effects of KLF2 

KLF2 exerts its anti-inflammatory effect by reducing the activity of the pro-inflammatory 

transcription factor NFκB and down-regulating the expression of pro-inflammatory 

cytokines and chemokines including CD40L, MCP-1, MIP-1 α, MIP-1β, IL- 8, as well as IL-
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1β and TNF-α (H. Das, Kumar et al., 2006; Pan, 2009; SenBanerjee, Lin et al., 2004). 

Moreover, it decreases the expression of leukocyte adhesion molecules VCAM1 and E-

selectin on endothelial cells (SenBanerjee, Lin et al., 2004). KLF2 can be inhibited by NFκB 

or TNF-α, suggesting the existence of a feedback regulatory pathway (Kumar, Lin et al., 

2005; L. Li, Wei et al., 2014; Z. Lin, Kumar et al., 2005).  

KLF2 inhibits the expression of Interleukin 1 beta (IL-1β), one of the key mediators in PAH. 

This suggests that KLF2 may also exert its protective effect via the inhibition if IL-1 

(Humbert, Monti et al., 1995) (H. Das, Kumar et al., 2006; Gillespie, Goldblum et al., 1988; 

Voelkel, Tuder et al., 1994). Thrombin is thought to increase pulmonary smooth muscle 

cell proliferation in PH and mediate vascular inflammation (Ogawa, Firth et al., 2013; 

Popovic, Smiljanic et al., 2012). KLF2 is likely to prevent this effect by reducing the 

expression of the thrombin receptor PAR-1 on PASMCs (Z. Lin, Hamik et al., 2006). 

Furthermore, KLF2 inhibits TGF-β signalling via suppression of the pro-inflammatory 

activator protein 1 (AP1) complex (Boon, Fledderus et al., 2007; Boon, Leyen et al., 2010). 

TGF-β signalling has strongly enhanced the pathogenies of PH (Sala, Chen et al., 2018). 

1.8.1.2.3 Anti-thrombotic effects of KLF2 

KLF2 inhibits thrombosis by reducing blood coagulation and platelet aggregation (Pan, 

2009; Sen-Banerjee, Mir et al., 2005). It increases the expression of anti-thrombotic genes 

such as eNOS and thrombomodulin (TM) and reduces the expression of pro-thrombotic 

genes such as tissue factor (TF) and plasminogen activator inhibitor 1 (PAI-1) (Z. Lin, 
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Kumar et al., 2005). KLF2 also attenuates thrombosis by reducing the release of monocyte 

chemotactic protein 1 (MCP-1) and endothelin-1 by endothelial cells (Dekker, van Thienen 

et al., 2005; Pan, 2009) and reducing the expression of thrombin receptor, PAR-1 (Z. Lin, 

Hamik, Jain, Kumar, & Jain, 2006). 

KLF2 overexpression in TNF-α-treated human umbilical vein endothelial cells (HUVECs) 

increases clotting time in vitro, while inhibition of KLF2 has the opposite effect (Sen-

Banerjee, Mir et al., 2005). Interestingly, the anti-thrombotic effects of vasoprotective 

and cholesterol-lowering drugs statins, are KLF2- dependent (Sen-Banerjee, Mir et al., 

2005).  

1.8.1.2.4 Anti-proliferative and anti-migratory effects of KLF2 

KLF2 overexpression inhibits proliferation and migration of endothelial cells induced by 

pro-angiogenic vascular endothelial growth factor (VEGF) (Bhattacharya, Senbanerjee et 

al., 2005), the cytokine highly expressed in plexiform lesions of patients with severe PAH 

(Hassoun, Mouthon et al., 2009). KLF2 also inhibits cell migration induced by 

Transforming Growth Factor-β (TGF- β) (Dekker, Boon et al., 2006), a key regulatory factor 

in pulmonary vascular remodeling in PAH (Botney, Bahadori et al., 1994). The same study 

also shows that the anti-migratory effects of KLF2 involve increased expression of cell 

migration inhibitor, semaphorin 3F (Sema3F) (Dekker, Boon et al., 2006). 
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1.8.1.2.5 Regulation of endothelial barrier function by KLF2 

Activation of KLF2 enhances endothelial barrier function by inhibiting the effects of VEGF-

A-mediated angiogenesis, a known stimulator of endothelial permeability, proliferation, 

and migration (Bhattacharya, Senbanerjee et al., 2005). Considering that PAH is a 

proangiogenic disease associated with increased VEGF expression in the lung, the anti-

VEGF actions of KLF2 may have a beneficial effect. However, the role of the VEGF and its 

receptors, in the pathobiology of PAH is controversial, as overexpression of VEGF has 

protective effects in pre-clinical models of PAH and blockade of the VEGF receptor 

combined with chronic hypoxia with  leads to development of severe PAH in rats (Voelkel 

& Gomez-Arroyo, 2014). In vivo experiments also suggest that KLF2 may protect 

endothelial barrier function by reducing the levels of thrombin and H2O2 while increasing 

the expression level of tight-junction protein occludin (Z. Lin, Natesan et al., 2010; Shi, 

Sheng et al., 2013).  Overexpression of KLF2 increases the thrombomodulin (TM) in 

cultured endothelial cells and study shows recombinant thrombomodulin may contribute 

in vascular barrier protection via prevents endotoxin-induced pulmonary vascular injury 

in vivo (Z. Lin, Kumar et al., 2005; Uchiba, Okajima et al., 1996).  

Recently, studies have shown that KLF2 can act as a regulator of microvascular barrier 

function through GTPase signalling. KLF2 activates Rap guanine nucleotide exchange 

factor 3 (RAPGEF3) which activates Rac1 and improves endothelial barrier integrity and 

lung microvascular homeostasis (R. T. Huang, Wu et al., 2017). Rac1 belongs to the Rho 
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family of GTPases, key regulators of junction stabilization and actin dynamics (Dudek & 

Garcia, 2001; Jacobson, Dudek et al., 2006; G. Su, Atakilit et al., 2012; Tzima, 2006). 

1.8.1.2.6 Vasculoprotective effects of KLF2-induced microRNAs 

Emerging evidence suggests that some microRNAs (miRNAs) induced by KLF2 may play a 

role in the regulation of vascular homeostasis. KLF2 induces the expression of miR-150, 

known to inhibit cell migration, and reduces the expression of pro-inflammatory miR-

146a and miR-155 and the pro-angiogenic miR-210 in human umbilical vein endothelial 

cells (HUVECs) (Hergenreider, Heydt et al., 2012). KLF2 increases expression of the 

miR143/145 cluster, which exert atheroprotective effects by reducing vascular smooth 

muscle cell proliferation. Interestingly, extracellular vesicles released by KLF2-

overexpressing cells are highly enriched in miR-143/145 (Hergenreider, Heydt et al., 

2012). Down-regulation of KLF2-regulated miR-126a-3p in the vascular wall enhances 

endothelial injury and increases EC permeability in vivo (Chu, Qin et al., 2016). 

1.7.2 KLF4 

KLF4 was initially named as gut-enriched Krüppel-Like Factor (GKLF) due to its high 

expression in gut epithelial cells (Shields, Christy et al., 1996). KLF4 plays an important 

role in cell differentiation and growth regulation of epidermal layers  (Segre, Bauer et al., 

1999) (Katz, Perreault et al., 2005). KLF4 knockdown mice die after birth (~15 hours) as a 

result of dehydration caused by the loss of skin barrier function (Segre, Bauer et al., 1999). 

KLF4 shares many features of KLF2,  for instance, KLF4 is also induced by endothelial shear 
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stress in vitro and in vivo (McCormick, Eskin et al., 2001) (Hamik, Lin et al., 2007). In 

addition, knockout of both Klf2 and/or Klf4 genes is reported to be lethal in adult mice 

due to severe vascular damages (Sangwung, Zhou et al., 2017). Furthermore, KLF4 induces 

the release of anti-inflammatory and anti-thrombotic mediators such as eNOS and 

thrombomodulin (TM) (Shen, Smith et al., 2009) (Hiroi, Deming et al., 2009). KLF4 

overexpression also reduces the TNFα-induced expression of E-selectin and VCAM-1 

(Hamik, Lin et al., 2007) (Methe, Balcells et al., 2007). 

1.7.3 KLF6 

KLF6 was first known as a core promoter element binding protein (COPEB) or Zf9 and 

highly enriched in the liver. It is mainly responsible for tissue repairing and wound-healing 

response to the liver and vascular endothelium injuries (Botella, Sanz-Rodriguez et al., 

2009).  KLF6-mediated repair mechanisms are regulated by TGF-ß1 (Botella, Sanchez-

Elsner et al., 2002; Botella, Sanz-Rodriguez et al., 2009; Garrido-Martin, Blanco et al., 

2013). 

 MicroRNAs  

MicroRNAs (miRNAs, or miRs) are small, ~22 nucleotide-long, non-coding RNA molecules. 

miRNAs regulate gene expression and function at the post-transcriptional level by binding 

to the 3ʹ-untranslated region (UTR) of mRNA to either inhibit the translation or promote 

degradation of their mRNA targets (Bartel, 2004; van Rooij & Olson, 2007).  
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The first miRNA was identified in 1993, in Caenorhabditis elegans by professor Victor 

Ambros and coworkers at Harvard University (R. C. Lee, Feinbaum et al., 1993). The 

second miRNA, Let-7 was discovered almost a decade later (Reinhart, Slack et al., 2000) 

and since then large numbers of miRNAs studies have been identified. The last updated 

version of miRbase reported ~ 4000 miRNAs (version 22.1: www.mirbase.org 2018). 

1.9.1 MicroRNA genomics and biogenesis 

Transcription of miRNA can be generated either from a specific gene or introns of a 

protein-coding gene. In the nucleus, the transcription is initiated by RNA polymeraseⅡ, 

generating complementary sequences called primary miRNA (pri-miRNA). pri-miRNA 

consists of around 1000 bases along with one or more hairpin structures (Yi, Doehle et al., 

2005), also named hairpin loop or stem loop with some bulges.  A member of the RNase 

Ⅲ family, Drosha, then cleaves the pri-miRNA to form around 70 nucleotide hairpin 

structure called precursor miRNA (pre-miRNA) (Y. Lee, Ahn et al., 2003). To synthesise the 

mature miRNA, the pre-miRNA is directed by Exportin-5 into the cytoplasm through the 

nuclear pores (Kohler & Hurt, 2007). GTP-hydrolysis provides the energy for this step. In 

the cytoplasm, pre-miRNA is cleaved by Dicer, another enzyme from the RNase Ⅲ-family, 

to generate approximately 22 nucleotide long miRNA duplex that contains two strands: 

mature miRNA guide strands and passenger strand (Hutvagner, McLachlan et al., 2001). 

After ATP-dependent Helicase enzyme separates the two miRNA strands, the passenger 

strand is degraded, and miRNA guide strand binds to Argonaute 2 (Ago2) to form a 
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complex called RNA-induced silencing complex (RISC). The mature miRNA in the RISC 

complex has a recognition site that guides the entire complex to complementary sites in 

target mRNA (Kawamata & Tomari, 2010) (Figure 10). 

 

Figure 10. miRNA biogenesis.  microRNA transcription is initiated by RNA polymerase II or III to generate 

pri-miRNA, which is then processed by Drosha-DGCR8 into pre-miRNA in the nucleus. The pre-miRNA is 

transported into the cytoplasm by exportin-5 and cleaved by a complex composed of Dicer and TAR RNA-

binding protein (TRBP). The functional strand of mature miRNA is activated and directed by RNA-induced 

silencing complex (RISC), which contains Argonaute protein. The mature miRNA then binds to partially 

complementary sequences in the 3ʹUTRs or coding regions of target mRNAs, resulting in mRNA degradation 

or translational suppression. Adapted from (Takahashi, Prieto-Vila et al., 2017). 
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Several copies of miRNAs binding sites can usually be found in the 3’UTR (untranslated 

region) of target mRNA. The miRNA binding site is recognized by a small, 2-8 nucleotide 

long region of the miRNA, named a seed-region. A Watson-Crick base pairing between 

miRNA and mRNA leads to RISC complex activation and produces the silencing effect 

(Carthew & Sontheimer, 2009; V. N. Kim, 2005; Oliveto, Mancino et al., 2017; Winter, Jung 

et al., 2009). Major silencing function of miRNAs and protein synthesis inhibition can be 

accomplished in three different ways: mRNAs degradation, suppression of translation and 

increase in mRNA deadenylation, adenylate group removal from a protein (Krol, Loedige 

et al., 2010). 

1.9.2 MicroRNAs involved in pulmonary arterial hypertension  

miRNAs are emerging as important tools in PAH therapy. Studies in animal and human 

PAH have demonstrated an association between several miRNAs such as miR-21, miR-

204, miR-20a, miR-143/145, miR-17-92 and the disease pathology (Gupta & Li, 2015). 

However, the function of selected miRNAs in the development of PH is inconsistent in 

many experimental models (Gupta & Li, 2015). Results are often contradictory, showing 

improvement or deterioration of the disease symptoms following manipulation of miRNA 

expression (Gupta & Li, 2015). Therefore, it is important that the validation of both 

physiological and pathological roles of these miRNAs is performed along with the clinical 

studies on human subjects (Figure 11).  
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Studies by Rhodes et al. suggest that endothelial KLF2 is a potential regulator of circulating 

miR-150 (Rhodes, Wharton et al., 2013). Plasma miR-150 levels are significantly reduced 

in PAH patients and correlate with poor survival (Rhodes, Wharton et al., 2013). KLF2 

expression is down-regulated in animal models of PH and KLF2 enhances the abundance 

of miR-150 in extracellular microvesicles produced by endothelial cells (Rhodes, Wharton 

et al., 2013). 

miRNA cluster 17/92, which includes 6 different miRNAs: miR-17, miR-18a, miR-19a, miR-

19b, miR-20a and miR- 92a, has also been implicated in PAH pathology (G. Zhou, Chen et 

al., 2015). One of the targets identified for the 17/92 miRNA cluster in pulmonary artery 

endothelial cells (PAECs) is BMPR2. Silencing of BMPR2 by this cluster induces PAEC 

proliferation and apoptosis resistance, leading to vascular remolding in PAH (Brock, 

Trenkmann et al., 2009; G. Zhou, Chen et al., 2015). Some individual miRNAs, such as miR-

17 have also been implicated in PH pathogenesis. Reduction of miR-17 was shown to 

improve lung and heart function in hypoxic mouse and MCT rat models (Pullamsetti, 

Doebele et al., 2012). 

miR-21 is upregulated in human PASMCs by hypoxia, the major enhancer of PH (Sarkar, 

Gou et al., 2010) (Parikh, Jin et al., 2012). miR-21 overexpression was shown to increase 

proliferation and migration of PASMCs through the reduction of gene expression of the 

programmed cell death 4 (PDCD4) and BMPR2 (Sarkar, Gou et al., 2010) (S. Yang, Banerjee 

et al., 2012). The downregulation of PDCD4 increases cell proliferation and migration in 

PASMCs (Sarkar, Gou et al., 2010). In the hypoxic mouse, proliferation and vascular 
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remodeling were reduced in mice treated with anti-miR- 21 (S. Yang, Banerjee et al., 

2012). However, miR-21 knockout mice developed a more severe PH compared to 

controls (Parikh, Jin et al., 2012). This may be due to the increase in the expression of miR-

21 target RhoB, a key mediator of vasoconstriction and pulmonary vascular remodeling 

in a hypoxic mouse model (Wojciak-Stothard, Zhao et al., 2012). These data reveal the 

complexity of the regulatory pathways affected by miR- 21.  

Another miRNA implicated in PAH pathogenesis is miR-145. Experiments with miR-145 

knockout mice suggest that this miRNA enhances cell proliferation and migration (Caruso, 

Dempsie et al., 2012). However, Caruso et al. showed that miR-145 expression was up-

regulated in heritable PAH (HPAH) and idiopathic PAH (IPAH) patients including smooth 

muscle cells of the lung and within vascular lesions (Caruso, Dempsie et al., 2012).   

The levels of miR-206 are decreased in the lungs of hypoxic rats and PASMCs isolated from 

mice (J. Yue, Guan et al., 2013) (Jalali, Ramanathan et al., 2012). Overexpression of miR-

206 expression is associated with a reduction in the expression of Notch-3. Notch-3 is 

highly expressed in vascular SMCs in PH patients (X. Li, Zhang et al., 2009). Consistent with 

its postulated role in PAH pathogenesis, reduction in miR-206 expression in human 

PASMCs might correlate with increased PASMC proliferation and resistance to apoptosis 

(Jalali, Ramanathan et al., 2012) (J. Yue, Guan et al., 2013). 

Overexpression of miR-424/503 mimic reduced right ventricular systolic pressures (RVSP), 

right ventricular hypertrophy and reduced pulmonary arterial muscularization in the 
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monocrotaline (MCT) and sugen hypoxic rat (J. Kim, Kang et al., 2013). Apelin is a peptide 

that regulates nitric oxide signalling (Tatemoto, Takayama et al., 2001) and has a major 

role in vascular homeostasis (Sheikh, Chun et al., 2008) (J. Kim, Kang et al., 2013). Studies 

showed that the miR-424 and miR-503 are decreased in PH and both are regulated by 

Apelin. miR-424/503 has a protective role as anti-proliferation of pulmonary artery 

endothelial cells (PAECs) by targeting fibroblast growth factor 2 (FGF2) and fibroblast 

growth factor receptor 1 (FGFR1) (J. Kim, Kang et al., 2013). In the in vivo PH modes, 

increase levels of miR-424/503 in the lung reduce the pulmonary arteries remodeling (J. 

Kim, Kang et al., 2013). 

 

 

Figure 11. Summary of PAH-related changes in miRNA levels in pulmonary vascular cells. 
Adapted from (A. Lee, McLean et al., 2014). 
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 Exosomes 

Exchange of microRNAs (miRNAs), messenger RNAs (mRNAs), small DNA fragments and 

proteins between cells can be facilitated by secretion and uptake of extracellular vesicles.  

Extracellular vesicles (EVs) can be found in a variety of biofluids including blood, urine, 

tears, saliva and nasal secretions (Mathivanan, Ji et al., 2010) (Dragovic, Gardiner et al., 

2011) (Caby, Lankar et al., 2005) (Lasser, Alikhani et al., 2011). EVs consist of three 

categories, depending on their size and biogenesis: apoptotic bodies, microvesicles, and 

exosomes. Exosomes are the smallest (approximately 30-100 nm in diameter) vesicles 

released by the cells, involved in the regulation of cell-to-cell communication (Ciardiello, 

Cavallini et al., 2016; McCoy-Simandle, Hanna et al., 2016). In contrast to microvesicles 

(100-1000 nm) (Minciacchi, Freeman et al., 2015) that are formed by the outward budding 

of the plasma membrane, exosomes are formed by inward budding of late endosomes, 

producing multivesicular bodies (MVBs) (Momen-Heravi, Balaj et al., 2013). Due to the 

fusion of MVBs with the plasma membrane, exosomes are released into the extracellular 

microenvironment. Exosomes play an important role in cell interactions, allowing the 

exchange of proteins, lipids and genetic material such as mRNA and micro RNA (miRNA) 

between the cells. Therefore, they represent a great diagnostic tool and a vehicle for 

therapeutic delivery of microRNAs, due to their small size that helps avoid rapid clearance 

by the immune system and enhances passage through fenestrations of the vessel wall 

during inflammation (Momen-Heravi, Balaj et al., 2013). 
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1.10.1 Exosome biogenesis  

Exosomes generation initiate from extracellular vehicles (EVs) by engulfment of the 

plasma membrane, which encapsulates a small amount of cytoplasm  (Thery, Zitvogel et 

al., 2002). These extracellular vesicles, early endosomes, then interact with the Golgi 

complex (GC) in order to form the maturation late endosomes, leading to multi-vesicular 

bodies (MVBs) development, containing ‘intraluminal vesicles’ (ILVs) (Keller, Sanderson et 

al., 2006). Initiate the formation of ILVs by reverse budding of the MVB membrane is 

induced by cytosolic proteins named Endosomal-Sorting Complex Required for Transport 

(ESCRT) (Colombo, Moita et al., 2013; Ha, Yang et al., 2016; McGough & Vincent, 2016). 

The MVBs/ ILVs either fuse with lysosomes for degradation or fuse with the plasma 

membrane to be released to the extracellular environment. The released vesicles are 

referred to as ‘’exosomes’’ (Waldenstrom & Ronquist, 2014) (Beach, Zhang et al., 2014) 

(Figure 12). Rab family of small GTPases including Rab27a and Rab27b regulate secretion 

and intracellular trafficking of exosomes (Drake, Shenoy et al., 2006). Following the 

secretion, exosomes can be endocytosed and undergo back-fusion with the membrane, 

allowing the release of their cargo into the cytoplasm  or they may fuse directly with the 

plasma membrane. They can also be internalised via receptor-mediated endocytosis 

(Emanueli, Shearn et al., 2015; Valadi, Ekstrom et al., 2007). 
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Figure 12. Schematic diagram of exosomal microRNA biogenesis.  Exosomes generated by invagination of 

the multivesicular bodies (MVB) membrane form intraluminal vesicles (ILVs). To release the exosome into 

the extracellular space, multivesicular bodies (MVBs) fuse with the plasma membrane. Otherwise, MVBs can 

fuse with the lysosome for degradation. Exosomal miRNAs are transferred from donor cells to recipient cells 

and function as cellular miRNAs for gene regulation. Adapted from (Takahashi, Prieto-Vila et al., 2017).  

1.10.2 Exosome composition 

Several techniques have been used to reveal the content of exosomes, which includes 

proteins, carbohydrates, lipids, and nucleic acids. The composition of exosomal cargo is 

determined by their cellular origin, the release sites and physiological or pathological 

condition of the cell (Yanez-Mo, Siljander et al., 2015). Exosomes contain high levels of 

plasma membrane lipids, including cholesterol, sphingomyelin, hexosylceramides, 

phosphatidylserine and saturated fatty acids (Kalluri, 2016). Exosomes are also 

enrichened in proteins such as tetraspanins (CD9, CD63, CD81, and CD82) and cell 
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adhesion molecules (CD11b and CD54). Heat shock proteins (HSP70 and HSP90), integrins, 

major histocompatibility complex (MHC) class Ⅱ proteins, epithelial cell adhesion 

molecules (EpCAM), and members of the human epidermal growth factor receptor (HER) 

family are also considered as markers of exosomes (Beach, Zhang et al., 2014; Ciravolo, 

Huber et al., 2012). The presence of some exosomal proteins can be attributed to MVB 

biogenesis, such as Alix and TSG101, and cytoplasmic proteins such as actin, annexins, and 

Rab proteins (Mathivanan, Ji et al., 2010). Beside the lipids and proteins, exosomes also 

contain DNA, mRNA, miRNA, long noncoding RNAs (lncRNAs), circular RNAs (circRNAs) 

and viral RNA (Gusachenko, Zenkova et al., 2013) (H. Yang, Fu et al., 2016).  

1.10.3 The function of exosomes 

The best-characterised function of exosomes is the mediation of the cell-to-cell 

communication, which has an impact on cell behavior and cell responses to extracellular 

stimuli. The effects of exosomes strongly depend on the type of donor and recipient cells 

involved. For example, delivery of platelet-derived exosomes to human umbilical vein 

endothelial cells (HUVECs) promotes endothelial cell proliferation and migration (Y. Sun, 

Liu et al., 2018), while exosomes induced by mesenchymal stem cells (MSCs) inhibit 

proliferation and migration of endothelial cells in vitro (J. K. Lee, Park et al., 2013). 

 Exosomes can also modulate immune responses (Théry et al., 2009). For example, the 

expression of T-cell activation signalling components is inhibited by exosomes released by 

tumour cells (Taylor & Gercel-Taylor, 2005).  Tumor cell exosomes can modify the immune 
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cell response to Interleukin-2 (IL-2) by suppressing cytotoxic natural killer (NK) and CD8+T-

cell activity (Clayton, Mitchell et al., 2007; C. Liu, Yu et al., 2006).  In addition, exosomes 

induced by lipopolysaccharides (LPS)-treated dendritic cells (DCs) carry intercellular 

adhesion molecule 1 (ICAM1) and can stimulate T-cells in vitro and in vivo (Segura, Nicco 

et al., 2005). 

An abundance of exosomes in body fluids and tissues may be potentially important for 

clinical diagnosis (J. Lin, Li et al., 2015). Exosomes have been implicated in the 

pathogenesis of cancer (X. Zhang, Yuan et al., 2015) and cardiovascular diseases (W. Zhao, 

Zheng et al., 2015). They can be used as biomarkers of cardiovascular diseases including 

atherosclerosis (Perrotta & Aquila, 2016) and pulmonary hypertension (Ferrer, Dunmore 

et al., 2018). 

KLF2-induced endothelial exosomes have atheroprotective effects in vivo. Transfer of 

these exosomes, enriched in miR-143 and miR-145 from endothelial cells to smooth 

muscle cells was shown to significantly reduce atherosclerotic lesion formation in mouse 

aortas (Hergenreider, Heydt et al., 2012).  

1.10.4 The role of exosomes in pulmonary arterial hypertension  

 Stem cell-based therapeutic approach has been emphasised as a great potential 

treatment for PAH (Loisel, Provost et al., 2018; van der Laarse, Cobbaert et al., 2015).  

Intravenous administration of exosomes derived from mesenchymal stromal/stem cells 

(MSCs) was shown to attenuate the development of pulmonary hypertension in animal 
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models of PH. The beneficial effect of MSCs-derived exosomes resulted from inhibition of 

proliferation and inflammatory activation of pulmonary vascular cells in chronic hypoxic 

mice (C. Lee, Mitsialis et al., 2012). The anti-inflammatory effect of these exosomes was 

linked to the inhibition of STAT-3 signalling in pulmonary endothelial cells in vivo (C. Lee, 

Mitsialis et al., 2012). Injection of MSC-derived microvesicles in the monocrotaline rats 

improvement of mean pulmonary artery pressure (mPAP), mean right ventricular 

pressure (mRVP), right ventricle hypertrophy (RVH), and pulmonary arteriole area and 

thickness index (J. Y. Chen, An et al., 2014). 

The therapeutic or pathogenic effects of exosomes depend on the physiological condition 

of donor and recipient cells. For example, exosomes isolated from plasma and lungs of 

MCT mice can induce pulmonary hypertension in healthy mice. Microarray analyses have 

shown clear differences in miRNA content between exosomes from healthy and PH 

animals/individuals. The exosomes isolated from plasma of MCT- mice and human IPAH 

patients showed increased levels of miR-19b, 20a, 20b, and -145 (Aliotta, Pereira et al., 

2016). In contrast, miRNAs isolated from exosomes derived from healthy individuals 

showed elevated expression of anti-inflammatory, anti-proliferative miRNAs, including 

miR-34a, -122, -124, and -127 (Aliotta, Pereira et al., 2016) (Aliotta, Pereira et al., 2013). 

Role of exosomes in vascular cell communication has also been documented in a co-

culture system. A recent study shows that translationally controlled tumour protein 

(TCTP), the pro-survival and anti-apoptotic mediator can be transferred from blood 

outgrowth endothelial cells (BOECs) to pulmonary artery smooth muscle cells (SMCs) 
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through exosomes.  In vivo, the same study confirmed that TCTP is highly expressed in the 

lungs of PH patients and animals. These results demonstrated the role of ECs-derived 

TCTP in vascular remodeling and pathogenesis of PH (Ferrer, Dunmore et al., 2018). 

Furthermore, exosomes released by lipopolysaccharide (LPS)- or hypoxia-stimulated 

pulmonary artery endothelial cells (PAECs) can enhance proliferation and apoptosis 

resistance of pulmonary artery smooth muscle cells (PASMC) in vitro, suggesting that 

exosome-mediated communication between endothelial and smooth muscle cells may 

play a contributory role in pulmonary vascular remodeling (L. Zhao, Luo et al., 2017).   
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 Main hypothesis and project aims  

MAIN HYPOTHESIS: KLF2-induced exosomal miRNAs have endothelium-protective 

properties and attenuate the development of pulmonary hypertension. 

Study aims  

1. To study the effect of KLF2 overexpression on pulmonary endothelial function in 

vitro.  

2. To establish optimal methods of purification and quantification of exosomes 

isolated from conditioned culture media of pulmonary artery endothelial cells.  

3. To investigate the effect of KLF2-induced exosome delivery on pulmonary 

endothelial function in vitro.  

4. To characterise KLF2-induced changes in human pulmonary endothelial exosome 

miRNA expression profile.  

5. To identify miRNAs/miRNA clusters of potential therapeutic significance. 

6. To investigate the effect of selected miRNAs/miRNA clusters on endothelial 

function in vitro.  

7. To investigate the potential therapeutic role of exosomal miRNA delivery in 

prevention of PH in a pre-clinical model of PAH.  
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Chapter 2 – Materials & Methods  

 Cell Culture 

2.1.1 Human pulmonary artery endothelial cells (HPAECs) 

All cell culture experiments were done under sterile conditions using class Ⅱ Biological 

Safety vertical laminar flow cabinet.  Human pulmonary artery endothelial cells (HPAECs; 

PromoCell, C-12241) were cultured in endothelial cell growth medium 2 (ECGM2; 

PromoCell, C-22111) in polystyrene 75 cm2 culture flasks (Sarstedt, Germany) coated with 

10 mg/L solution of bovine plasma fibronectin (Sigma F1141) in PBS. Alternatively, the 

cells were cultured in 96-well cell culture plates (Sarstedt; 10,000 cells/well) or on 

fibronectin-coated Thermanox® Plastic Coverslips (13 mm; Thermo Scientific, UK, 174950) 

in a 24-well plate (Sarstedt; 50,000 cells/well). Only actively growing cells (~48-hour 

population doubling time), showing morphology typical for endothelial cells (cobblestone 

when confluent, VE-cadherin+), were used for experiments.  

The cells were cultured under normoxic conditions in a humidified incubator (37°C, 20% 

O2, 5% CO2) until 80% confluency and were used between passages 4-10. In some 

experiments, the cells were incubated with human recombinant TNF-α (R&D, 210-TA-020; 

10 µg/L) or exposed to hypoxia (5% CO2, 2% O2) for 24 hours. All the PAECs used in this 

study is derived from 4-5 different donors. 
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In order to passage the cells after reaching the 80% confluency, cells were grown in 

polystyrene 75 cm2 culture flasks (Sarstedt, Germany) were washed twice with 5 ml of 

warm sterile phosphate buffered saline (PBS) (Sigma-Aldrich, D8537-500ml). After 

discarding the PBS, 5 ml of 0.05% Trypsin-EDTA (Gibco™ Trypsin, 25300104) was added 

to the cells and incubated at 37 °C / 5% CO2 until cells detached from the flasks. 5 ml of 

Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich, D6546-500ML) containing 

10% FBS then was immediately added to the flask to neutralise trypsin. Next, the cell 

suspension was transferred into a 50 ml tube and pelleted by centrifugation at 1500g for 

5 minutes at room temperature. After discarding the supernatant, the pellet then was 

resuspended in fresh media. In order to assess cell density, cell counting was done using 

a haemocytometer. The cells were split at a 1:3 ratio and plated at the cell density of 

10,000 cells /cm2. 

2.1.2 Human pulmonary artery smooth muscle cells (HPASMCs)  

Human pulmonary artery smooth muscle cells (HPASMCs; Lonza, CC-2581) were cultured 

in 75 cm2 tissue culture flasks (Sarstedt, Germany) or 96-well cell culture plates (Sarstedt; 

10,000 cells/well) in smooth muscle cell growth medium 2 (SMCGM2, PromoCell, C-

22062), supplemented with 5% fetal calf serum (FCS) and growth factor supplement 

(PromoCell, C-39267) containing epidermal growth factor (EGF) (0.5 ng/mL), basic 

fibroblast growth factor (B-FGF) (2 ng/mL), insulin (5 μg/mL), and 1% streptomycin/ 

penicillin (100 μg/mL, ThermoFisher, 15070063). Only actively growing cells (~48-hour 

population doubling time), showing morphology typical for smooth muscle cells 
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(elongated, mesenchymal, α-SMA+), were used for experiments. All the PASMCs used in 

this study is derived from 4-5 different donors. Passage the cells after reaching the 

confluency was described in Chapter 2, section 2.1.1. 

 Adenoviral gene transfer  

~90% confluent HPAECs were infected with adeno-GFP (Adcontrol; Vector Biolabs, 1060, 

Titre: 1x1010 PFU/mL) at the multiplicity of infection (MOI) 1:50, or adeno-KLF2-GFP 

(AdKLF2; Vector Biolabs, ADV-213187, Titre: 1x1010 PFU/mL) at the multiplicity of 

infection (MOI) 1:250. Two hours later, media were changed, and some cells were treated 

with TNF-α (R&D, 210-TA-020; 10 µg/L) or were exposed to hypoxia (5% CO2, 2%O2) for 

24 hours. Increase in the expression level of KLF2 in adeno-KLF2-GFP-infected cells was 

confirmed by western blotting and immunofluorescence.  

Adenoviral constructs used in the study were recombinant human adenoviruses type 5 

(dE1/E3) with cytomegalovirus (CMV) promoter. They were genetically modified by 

deletion of E1 region to ensure replication deficiency of the virus for safe use as a gene 

delivery tool. Since the E3 region is not vital for the viral growth, E3 was also deleted to 

accommodate larger recombinant genes (up to 8 Kb).  

The adenovirus construction process goes through five steps: cloning gene of interest 

(GOI), transferring the entire expression cassette into the adenovirus vector and 

production of the first generation (low-titer virus stock). By linearizing and transfecting 

the recombinant adenoviral DNA into packaging cells, virus amplification and 
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concentration and finally virus titration takes place (Figure 13). Adenoviruses used in this 

study were obtained from Vector Biolabs, multiplied in 293 HEK cells, concentrated by 

centrifugation in caesium chloride and titrated (purification of the adenoviral stock was 

carried out by Dr Beata Wojciak-Stothard).  

 
 

Figure 13. Five steps of the adenovirus construction process. 

Adapted from https://www.vectorbiolabs.com. 

 Western blotting 

2.3.1 Preparation of cell samples for western blotting 

HPAECs grown in 6-well plates (Sarstedt; 200,000 cells/well) were transfected with Ad-

GFP or Ad-KLF2-GFP, as previously described. Cells were placed on ice, cell culture media 

was aspirated, and the cells were washed twice with ice-cold PBS. Ice-cold RIPA lysis 

buffer (Sigma Aldrich, R0278) with protease inhibitor cocktail (1 tablet added to 10 ml of 

RIPA buffer) (Sigma Aldrich, R8346) was then added to the cells for 5 minutes (200 µl of 

RIPA buffer/1 well). The cells were harvested using a cell scraper, and cell lysates were 

1 2 3 4 5 
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collected in a 1.5 ml Eppendorf tube. Samples were centrifuged at 14000 rpm at 4°C for 5 

minutes, and protein supernatant was collected for protein quantification.    

2.3.2 Protein quantification 

The protein concentration was measured using Pierce™ bicinchoninic acid (BCA) protein 

assay kit (ThermoScientific, 23225), according to the manufacturer’s instructions. Bovine 

serum albumin was diluted at different concentrations ranging from 0.2 mg/ml to 1 

mg/ml to prepare diluted BSA standards. 

The working reagent was prepared by mixing 50 parts of reagent A with 1 part of reagent 

B. For each well in 96-well plate, 10 μl of protein sample was added with 200 μl of working 

reagent, protected from light and incubated at 37 ℃ for 15 min. Absorbance at 490nm 

was measured in the Glomax™ luminometer (Promega, E6501). Sample protein 

concentrations were calculated using the curve generated by the protein standard (Figure 

14).   

Figure 14. Typical protein standard curve for bovine serum albumin (BSA) in BCA protein assay.  Standard 

linear curve equation used to calculate sample protein concentrations. R2 is calculated to measure of how 

close the data are to the fitted regression line. 

y = 0.472x + 0.0115
R² = 0.9967

0
0.1
0.2
0.3
0.4
0.5
0.6

0 0.2 0.4 0.6 0.8 1 1.2

Ab
so

rb
an

ce
 4

90
nm

Concentration mg/ml

Series1 Linear (Series1)



93 | P a g e  
 
 

2.3.3 SDS-PAGE (Electrophoresis) 

Samples containing equal amounts of protein were denatured in 4xSDS loading buffer 

containing β-mercaptoethanol (Alfa Aesar by Thermo Fisher Scientific; J60015) and 

heated at 80°C for 5 minutes. The lysates were then either stored at -20 °C or were directly 

prepared for western blot analysis. 

Proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE; 12% gel 1.5 mm) at 120 V for approximately 2 hours in migration buffer (25 

mM Tris base, 190 mM glycine 0.1% SDS, pH 8.8). The spectra multicolour broad range 

protein ladder (10 to 260kDa; Thermo Scientific 26623) was run on each gel to show the 

migration of marker proteins for molecular estimation weight of protein. 

Proteins were transferred onto nitrocellulose membrane (GE Healthcare, RPN303D) using 

the wet transfer method (BioRad). The gel and the nitrocellulose membrane were 

sandwiched in between sponges and filter papers in a transfer cassette soaked with 

transfer buffer (20% methanol, in 1xTris-glycine-SDS) and were placed in a transfer tank 

(BioRad) filled with transfer buffer and run at 100V for 1 h and 30 min with an ice pack to 

avoid overheating. Successful protein transfer was confirmed with protein staining on the 

membrane with Ponceau S (Sigma Aldrich, P7170). 
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2.3.4 Immunoblotting 

The membranes were washed with phosphate buffered saline and 0.1% Tween-20 (Sigma 

Aldrich, 94158) (PBS-T). To prevent unspecific protein binding, the membranes were 

blocked using 5% BSA in PBS-T (blocking solution) (from Sigma Aldrich) for 1 hour at room 

temperature (RT) and then incubated on a shaker overnight at 4°C with primary 

antibodies in PBS-T.  KLF2 was detected with goat polyclonal anti-KLF2 antibodies (Santa 

Cruz; sc-18690; 200μg/ml). After washing 3 times with PBS-T, 10 min each wash, the 

membranes were incubated for 1h at RT with secondary rabbit anti-goat IgG HRP-linked 

antibodies (R&D system; HAF017; 1:3000) and then washed 3 times in PBS-T, 10 

mins/each wash. 

Afterwards, protein bands were visualized using the Luminata Crescendo Western HRP 

Substrate (Millipore, WBLUR) in ChemiDoc™ (BioRad, 170-8070) system. The membranes 

were then stripped using stripping buffer (Restore™ Thermoscientific) for 15 minutes at 

room temperature, blocked in PBS-T buffer with bovine serum albumin as described 

before and then re-probed for β-actin expression to confirm equal protein loading (mouse 

monoclonal anti-β-actin antibodies (Sigma, A1978; 0.4 μg/ml). The optical density of 

immunoreactive bands was analyzed using ImageJ 1.50f, and proteins of interest were 

normalised to the loading control β-actin. Primary and secondary antibodies were used 

in Table 7. 
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Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti-KLF2 goat 
polyclonal 

Santa Cruz 
sc-18690 200 μg/ml 1/1000 rabbit anti-

goat 
R&D system 

HAF017 1:3000 WB 

Anti-β-actin mouse 
monoclonal 

Sigma 
A1978 0.4 μg/ml 1/10000 Sheep anti-

mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

 

Table 7. Primary and secondary antibodies were used in western blotting to detect KLF2. 

WB-Western Blot. 

 Immunofluorescence and confocal microscopy of cultured cells  

To stain KLF2, HPAECs cells were seeded onto coverslips (Nunc, 174950) inserted into 24-

well dishes (Sarstedt; 50,000 cells/well). The cells then were washed twice in PBS and 

fixed with 4% formaldehyde solution in PBS for 15 minutes at room temperature. After 

that, the cells were washed twice in PBS, permeabilised for 3 minutes with 0.1% Triton X-

100 in PBS (Sigma-Aldrich, 9002-93-1) and washed twice with PBS.  Next, the cells were 

incubated in methanol at -20°C for 5 minutes. After blocking in 2% bovine serum albumin 

(BSA) in PBS (Sigma-Aldrich, A2058) for 15 minutes, the cells were incubated with mouse 

monoclonal anti-KLF-2 antibody (R&D systems, MAB5466; 1:100) or mouse monoclonal 

anti VE-Cadherin (Santa Cruz, SC-9989; 1:100) for 1 hour, washed 3 times in PBS and then 

incubated with appropriate secondary antibodies: TRITC-Goat Anti-Mouse IgG (Sigma-

Aldrich, T5393; 1:100) or FITC-Goat Anti-Mouse IgG (Jackson ImmunoResearch Inc.,115-

095-003; 1:100), Cy5 goat anti mouse IgG (Zymed laboratories, 816516) and 1 µg/mL 

TRITC-phalloidin (P1951, Sigma; 1:100) to stain actin filaments for 1 hour. The cells were 

washed 3x in PBS, mounted in Vectashield Antifade Mounting Medium containing nuclear 

stain DAPI (Vector Laboratories, H-1200) and examined under the fluorescent confocal 
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microscope (Leica, TCS SP5, Leica Biosystems, Bretton, Peterborough).  Primary and 

secondary antibodies were used in table 8. 

Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti-KLF2 mouse 
monoclonal 

R&D systems 
MAB5466 0.5 µg/ml 1:100 TRITC-goat 

anti-mouse 
Sigma-Aldrich  

T5393 1:100 IF 

Anti VE-
Cadherin 
Mouse 

mouse 
monoclonal 

Santa Cruz 
sc-9989 5 μg/ml 1:100 FITC-goat 

anti-mouse 

Jackson 
ImmunoResearch 

115-095-003 
1:100 IF 

     
TRITC-

phalloidin 
(F-actin) 

Sigma 
P1951 1:100 IF 

 

Table 8. Primary and secondary antibodies were used in immunofluorescence to detect KLF2.                            

IF- immunofluorescence. 

 Exosome purification and quantification  

HPAECs were seeded in a 75 cm2 culture flasks (Sarstedt, Germany) at 80% confluency in 

ECGM2 medium supplemented with 2% exosome-depleted serum (Thermo Fisher 

Scientific, A2720801). The day after, the cells were infected with AdGFP or AdKLF2, as 

previously described in Chapter 2, section 2.2.  

Exosomes were isolated from 10 mL of conditioned media 24 hours post-infection using 

miRCURYTM Exosome Isolation kit (Exiqon; 300102), according to the manufacturer’s 

protocol (http://www.exiqon.com/ls/Documents/Scientific/exosome-kit-cells-urine-csf-

manual.pdf).  The principle of exosomes purification using this kit is based on capturing 

of water molecules which results in precipitation of smaller hydrophobic vesicles at low-

speed centrifugation. 
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Briefly, after spinning the 10 mL of conditioned media in a centrifuge for 5 minutes at 

3200 x g, the pellet was discarded, and the supernatant was transferred to a new 15 ml 

tube.  4 mL of the precipitation buffer than was added to the conditioned culture media 

and incubated for 60 minutes on a rolling shaker at 4°C. After that, the media were spun 

for 30 minutes at 3,200 x g at 20°C, and the resultant exosome pellet was re-hydrated in 

200 μL of re-suspension buffer, sonicated for a few seconds on the ice and stored at -

20°C. The particle size distribution and number were studied with NanoSight LM10 

Particle Size Analyzer and Particle Counter (Malvern Instruments Ltd). Exosome marker 

proteins were analysed by western blotting. The purity of the exosome fraction was also 

evaluated with Exosome Array (System Biosciences, EXORAY-4).  

2.5.1 Nanoparticle tracking analysis (NTA) 

The isolated exosomes from conditioned culture media were analysed using NanoSight 

LM10 Particle Size Analyzer and Particle Counter (Malvern Instruments Ltd) to obtain the 

size distribution and density measurement of exosomes in liquid suspension. Movement 

of particles illuminated with a laser beam was recorded with the use of the light 

microscope equipped with a high-sensitivity camera, and tracking analysis was performed 

with NTA software. Particles with a diameter of 30 nm -100 nm were classified as 

exosomes (Figure 15). All samples were diluted in PBS (1:500), and 3 samples per 

treatment were analysed.  Particle movement in each sample was recorded for 60 

seconds 3 times.  
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Figure 15. Nanoparticle Tracking Analysis system. A) An image of the NanoSight TM LM10 instrument. 

B) Diagram of the laser illumination device. Adapted from online catalogue at 

https://www.malvernpanalytical.com. 

2.5.2 Western blot analysis of exosome marker proteins 

Protein content in exosome fractions was measured with a Pierce BCA Protein Assay Kit 

(Thermo Scientific). Exosome samples in sample buffer were loaded onto 12% SDS/PAGE 

gels (10 μg protein/lane) and subjected to electrophoresis followed by immunoblotting, 

as previously described in Chapter 2, section 2.3. The membranes were probed for 3 

different exosome markers: cluster differentiation protein 63 (CD36), heat shock protein 

70-kD (HSP70) and tumor susceptibility gene 101 (TSG101) with primary antibodies: 

mouse monoclonal anti-CD63 antibody (E-12) (Santa Cruz; sc-365604; 200 μg/mL); mouse 

monoclonal anti-HSP70 antibody (6D444) (Santa Cruz; sc-71278; 200 μg/mL); mouse 

monoclonal anti-TSG101 clone 51/TSG101 (RUO) antibody (BD Transduction 

Laboratories; 612696; 250 μg/mL). HRP-linked Sheep Anti-Mouse IgG (GE Healthcare Life 

Sciences, NAG31V; 1:2000) was used as secondary antibody. 

A B 



99 | P a g e  
 
 

Bands were visualized using Luminata Crescendo Western HRP Substrate (Millipore) in 

ChemiDoc™ Imager (Bio-Rad). The relative intensity of the immunoreactive bands was 

determined by densitometry using Image J software. Primary and secondary antibodies 

were used in Table 9. 

Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti-CD63 
(E-12) 

mouse 
monoclonal 

Santa Cruz 
sc-365604 

200 μg/mL 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anti-HSP 70 
(6D444) 

mouse 
monoclonal 

Santa Cruz 
sc-71278 

200 μg/mL 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anti-TSG101 
clone 

51/TSG101 
(RUO) 

mouse 
monoclonal 

BD 
Transduction 
Laboratories 

612696 

250 μg/mL 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

 

Table 9. Primary and secondary antibodies were used in western blotting to detect exosomes.  

WB-Western Blot. 

2.5.3 Exosome array analysis  

The purity of exosome fraction was also studied with Exo-CheckTM Exosome Antibody 

Array (System Biosciences, EXORAY200A-4) which includes 8 different types of antibodies 

directed against exosome markers: (FLOT1, ICAM, ALIX, CD81, CD63, EpCAM, ANXA5, 

TSG101) and 4 controls (Table 10). Two negative controls, which are blank and GM130 

cis-Golgi marker as indicators of cellular contamination in exosome isolations as well as 

two positive controls. According to the manufacturer’s protocol,  

https://www.systembio.com/wp-content/uploads/Exo-Check_Manual-1.pdf 
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Following exosome purification (Exiqon kit) and protein concentration measurement, 10X 

Lysis Buffer was added to 50 µg of exosomal fractions. After vortexing for 15-30 seconds, 

1 µl of Labeling Reagent was added to the samples, and the entire content was vortexed 

again. Then, the sample mixture was incubated at room temperature for 30 mins with 

constant mixing. Excess labelling reagent was removed using columns provided with the 

kit. In a new 15 ml conical tube, 50 µg of the labelled exosome lysate was combined with 

5 ml Blocking Buffer and mixed by inverting the tube 3 times. Nitrocellulose membranes 

were pre-wetted in 5 ml distilled water for 2 mins at room temperature and then 

incubated overnight with 5 ml labelled exosome mixture at 2-8°C, with shaking. Next day, 

the membranes were washed twice by adding 5 ml of 1X Wash Buffer and rocked gently 

for 5 min at room temperature. Then, the membranes were visualized using Luminata 

Crescendo Western HRP Substrate (Millipore, WBLUR) in ChemiDoc™ (BioRad, 170-8070) 

system. 

Location ID Gene Name 
A1 Positive Positive control for HRP detection 
A2 GM130 cis-Golgi matrix protein 
A3 FLOT1 Flotillin 1 
A4 ICAM1 Intercellular adhesion molecule 1 
A5 ALIX PDCD6IP, Programmed cell death 6 interacting protein, AIP1/DRIP4/HP95 
A6 CD81 IGSF8, Immunoglobulin superfamily, member 8 
B1 CD63 CD63, LAMP-3 
B2 EpCAM Epithelial cell adhesion molecule 
B3 ANXA5 Annexin A5 
B4 TSG101 Tumor susceptibility gene 101 
B5 BLANK No antibody loaded to test for background 
B6 Positive Positive control for HRP detection 

Table 10. Exosome markers with coordinates on the microarray membrane. 
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 Cell treatment with exosomes and imaging of exosome 

internalization  

Exosomes were purified from 10 mL of conditioned medium, providing a total of 4.12 ± 

0.13x1011 particles using Exiqon kit, as previously described in Chapter 2 section 2.5. The 

exosomal pellet was re-suspended in ECGM2 and approximately 1x105 exosomes/cell 

were added to HPAECs grown in 96- or 24-well dishes (Sarstedt; 10,000, 50,000 cells/well, 

respectively). To visualise the internalised exosomes, exosomal cell membrane was 

stained with PKH26 Red Fluorescent Cell Membrane Linker Kit (Sigma-Aldrich; PKH26GL-

1KT), prior to the addition of exosomes to the cells, according to the manufacturer’s 

protocol, (http://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/pkh26glbul.pdf).  

Briefly, following incubation with PKH26, the exosomes were washed 3 times with PBS by 

ultracentrifugation at 400 x g for 10 minutes at 20-25°C to remove the unbound stain and 

were seeded onto endothelial cells cultured on plastic coverslips (13 mm; Thermo 

Scientific, UK, 174950) in 24-well dishes (Sarstedt; 50,000 cells/well). Following 2 hours 

incubation at 37°C, the cells were fixed in 4% formaldehyde and permeabilised with 0.1% 

Triton X-100 in PBS. The cells were then incubated with 1 μg/mL FITC-phalloidin (P5282, 

Sigma) to visualise filamentous actin, washed 3x in PBS and the coverslips were mounted 

in Vectashield with DAPI. The cells were visualised under the Leica TCS SP5 Confocal 

Microscope with the objective x 63. 
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 Universal RT microRNA PCR human panel I+II 

miRNA profile in HPAECs overexpressing AdGFP (controls) and AdKLF2-GFP was analysed 

with Exiqon miRCURY LNATM Universal RT (microRNA PCR Human panel I+II). The 

universal RT microRNA PCR was performed on 3 exosome fractions/group in 2 groups: (1) 

control (AdGFP-overexpressing) HPAECs, (2) HPAECs showing ~3-fold increase in AdKLF2-

GFP increase in expression. 

All experiments were conducted at Exiqon Services, Denmark. Exosomes were lysed in 

700μL QIAzol Lysis Reagent (Qiagen) in a Qiagen TissueLyzer with one 5 mm stainless steel 

bead. The lysate was transferred to a new tube with 140 μL chloroform, mixed, incubated 

for 2 min at room temperature and centrifuged at 12.000 x g for 15 min at 4°C. The upper 

aqueous phase was transferred to a new tube, and 1.5 volume of 100% ethanol was 

added. The contents were mixed gently, transferred to a Qiagen RNeasy® Mini spin 

column, and total RNA was extracted from the exosomes using the miRNeasy® Mini Kit 

(Qiagen) following the manufacturer’s instructions. The RNA was eluted in 50 μL of RNase-

free water and stored at -80°C until analysed. 

Nineteen μL of RNA was reverse transcribed in 95μL reactions using the miRCURY LNATM 

Universal RT microRNA PCR, Polyadenylation and cDNA synthesis kit (Exiqon). cDNA was 

diluted 50x and assayed in 10µL PCR reactions according to the manufacturer’s protocol. 

Each microRNA was assayed once by qPCR on the microRNA Ready-to-Use PCR, Human 

panel I+II using ExiLENT SYBR® Green master mix. A “no template” sample in the RT step 
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was included as a negative control and profiled like the samples. The amplification was 

performed in a LightCycler® 480 Real-Time PCR System (Roche) in 384-well plates. The 

amplification curves were analysed using the Roche LC software, both for determination 

of quantitation cycle (Cq) and for melting curve analysis.  

To ensure that the quality of the input RNA, the RNA spike-in kit (Exiqon) was used. The 

RNA isolation controls (UniSp2, UniSp4 and UniSp5) were added during the purification 

step to detect any differences in extraction efficiency, whereas the cDNA synthesis control 

(UniSp6) was added in the reverse transcription reaction. In addition, a DNA spike-in 

(UniSp3) consisting of a premixed combination of DNA template and primers was added 

to all panels. 

The amplification efficiency was calculated using algorithms similar to the LinReg 

software. All assays were inspected for distinct melting curves, and the temperature was 

checked to be within known specifications for the assay. To be included in the further 

analysis, assays had to be detected with 5 Cqs less than the negative control. The upper 

limit of detection was set to Cq=37. Cq was calculated as the 2nd derivative. All data were 

normalized to the average of assays detected in all samples (n=6) (Mestdagh, Van 

Vlierberghe et al., 2009). 

The list of differentially expressed KLF2-induced miRNAs that passed Benjamini-Hochberg 

correction with a cut off p-value<0.05 at least a 1.5 fold change in expression, was then 

compared with the published lists of differentially expressed miRNAs in PAH patients and 



104 | P a g e  
 
 

PH animals (Caruso, MacLean et al., 2010; Rhodes, Wharton et al., 2013) using Ingenuity 

Pathway Analysis software (IPA, Qiagen). miRNAs that were reduced in severe PAH but 

significantly elevated by KLF2 were selected for further analysis.  

 Transfection of cells with miRNA mimics and inhibitors  

Cell transfections with miRNA mimics and inhibitors were carried out with Lipofectamine 

RNAiMAX Transfection Reagent, according to the manufacturer’s instructions (Thermo 

Fisher, 13778150). Briefly, HPAECs was seeded to be 60-80% confluent at transfection. 

Lipofectamine RNAiMAX Transfection Reagent and miRNA were diluted in optimal 

medium Opti-MEM® Reduced Serum Medium (Invitrogen, 31985-062). Both dilutions 

were mixed at (1:1 ratio) and incubated for 15 minutes at room temperature before 

added to the cells.  

To select endothelium-protective exosomal miRNAs of potential therapeutic importance 

in PAH, HPAECs were left untreated (control) or were transfected with 10 nmol/L of 

control miRNA (non-targeting transfection control; Ambion Life Technologies, 4464076) 

or let-7a-5p (ID MC10050), miR-10a-5p (ID MC10787), miR-125b-5p (ID MC10148), miR-

181a-5p (ID MC10421), miR-191-5p (ID MC11717), miR-30a-3p (ID MC10611), miR-30c-

5p (ID MC11060), miR-324-5p (ID MC10253) at a concentration of 10 nmol/L (all 

miRVanaTM miRNA mimic, 4464066; Ambion Life Technologies). Cy3 Dye-Labeled Pre-

miRNA Negative Control (10 nmol/L, Ambion, AM17120) was used to assess transfection 

efficiency.  
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In the following experiments, HPAECs were left untreated or were transfected with 

control miRNA at 20 nmol/L or control miRNA (10 nmol/L) plus either miR-181a-5p (10 

nmol/L; miRVanaTM miRNA mimic, 4464066, ID MC10421; miRVanaTM miRNA inhibitor, 

4464084, ID MH10421) or miR-324-5p (10 nmol/L; miRVanaTM miRNA mimic, 4464066, ID 

MC10253; miRVanaTM miRNA inhibitor, 4464084, ID MH10253) or a combination of miR-

181 and miR-324 together (10 nmol/L of each miRNA).  

After 5 hours, the media were changed, and cells were exposed to hypoxia or were 

treated with TNF-α for 24 hours. Alternatively, the untransfected and transfected cells 

were starved for 9 hours before caspase 3/7 assay. 

 Exosomal miRNA transfer underflow  

Cell culture under shear was conducted in μ–Slides VI 0.4 flow chambers (Figure 16). As 

the uncoated μ–Slides were manufactured from hydrophobic plastic to which cells do not 

easily attach, the channels were coated with fibronectin.  Sixty thousand cells in 100 µl 

ECGM2 medium were seeded into each of six chambers of µ-Slide VI 0.4 (Ibidi, 80606). 

The medium was changed after 3 hours to remove non-adherent cells. On the following 

day, the cells grown in the first chamber were transfected with fluorescent Cy3-miRNA 

(10nmol/L, Ambion, AM17120) and washed several times before connecting the chamber 

to other two flow chambers in tandem, so that the medium from chamber 1 would flow 

through chamber 2 and then chamber 3 and out. A peristaltic pump (Ismatec REGLO ICC 

Digital Peristaltic Pump, Cole-Parmer) created a laminar flow of media over the 



106 | P a g e  
 
 

endothelial cells at 4 dynes/cm2. Two independent flow systems were set on one Ibidi 

slide (two sets of 3 chambers in two separate flow circuits), and the experiment was 

repeated in triplicate. 

 

Figure 16. Schematic drawing of a flow chamber μ–Slide VI 0.4 (ibidi) with six flow channels.  

Adapted from online catalogue at http://www.ibidi.com. 

 Caspase 3/7 apoptosis assay 

HPAECs apoptosis was analysed by measuring Caspase 3/7 activity using Cell MeterTM 

Caspase 3/7 Activity Apoptosis Assay Kit (AAT Bioquest, ABD-22797) according to the 

manufacturer’s protocol. 

Caspases 3 and 7 are widely used indicators of cell apoptosis (Wolf, Schuler et al., 1999). 

The peptide sequence Asp-Glu-Val-Asp (DEVD) is a selective substrate for Caspase 3/7 

(Tyas, Brophy et al., 2000). Apoptosis Assay Kit uses Z-DEVD-ProRed as a fluorogenic 

indicator for caspase-3 activity. Cleavage of these peptides by caspase 3/7 generates a 

strong fluorescent signal, which can be detected using the plate reader. 
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HPAECs were seeded in 96-well plates (Sarstedt; 10,000 cells/well) and subjected to 

different transfections/treatments. HPAECs were left untreated or were treated with 

exosomes, infected with AdGFP or AdKLF2-GFP or were transfected with non-targeting 

transfection control, miR-181 or miR-324. After overnight incubation, HPAECs were left in 

full medium or were incubated in serum- and growth factor-depleted medium for 9 hours 

in order to induce apoptosis. 100 µL/well of Caspase 3/7 working solution was added and 

the plate was incubated at room temperature for 1 hour, protected from light. 

Fluorescence intensity, proportional to the number of apoptotic cells was analysed in 

GlomaxTM luminometer (Promega; E6501) at Ex/Em =535/620nm.  

 NFκB luciferase reporter assay  

HPAECs grown in 96-well black polystyrene microplates with clear bottom (Corning, 

CLS3603) were infected with adenoviral NFκB luciferase reporter construct, AdNFκB-luc, 

at the MOI 1:100 for 2 hours. AdNFκB-Luc contains the Luc gene driven by four tandem 

copies of the NFκB consensus sequence, fused to a TATA-like promoter from the Herpes 

simplex virus thymidine kinase gene (Wojciak-Stothard, Abdul-Salam et al., 2014). The 

cells were then left untreated or were infected with AdGFP (adenoviral control) at the 

MOI 1:50 or AdKLF2-GFP at the MOI 1:250 for 2 hours then the medium was changed and 

the cells were incubated for 24h in normoxic or hypoxic conditions (5% CO2, 2% O2) at 

37°C. In some experiments, the cells were treated with exosomes or were transfected 

with non-targeting transfection control, miRNA mimics or inhibitors. TNF-α (10 µg/L) was 

added to the cells 1 hour after the adenoviral infection/miRNA transfection and incubated 
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for 24 hours. At the end of the experiment, the cells were lysed in 1x lysis buffer (Promega, 

E1500) and the plate was briefly frozen at -80C for 15 minutes and then defrosted on ice 

to facilitate cell lysis. After adding 100 µl of luciferase assay reagent (Promega, E1500) in 

each well. Luminescence, proportional to the level of NFκB-driven expression of 

luciferase, was measured in Promega Luciferase Assay in the Glomax™ luminometer 

(Promega, E6501), according to the manufacturer’s instructions. 

 RNA extraction, purification and quantification 

2.12.1 RNA extraction from cultured cells 

Total RNA was extracted from the untreated or treated HPAECs using miRCURYTM RNA 

Isolation Kit (Exiqon, 300110), according to the manufacturer’s instructions 

https://www.exiqon.com/ls/Documents/Scientific/RNA-Isolation-Kit-manual-cell-and-

plant.pdf. 

Before the start of the experiment, all working surfaces and instruments were cleaned 

from RNase using RNaseZap (Invitrogen, USA, AM9780), which promotes the breakdown 

of RNA. Conditioned media were then aspirated, and HPAECs were washed twice pre-

warmed, sterile phosphate buffered saline (PBS) (Sigma-Aldrich, D8537-500ml). The cells 

then were trypsinised and pelleted by centrifugation in a 15 mL tube at 1500g for 5 

minutes. Media were aspirated, and the cell pellet was re-suspended in PBS and re-

pelleted. The dry cell pellet was then resuspended in 350 μL of lysis solution (Exiqon) 

containing 1% β-mercaptoethanol, incubated for 5 minutes and transferred to an RNase-
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free microcentrifuge tube. 200 μL of 96-100% ethanol was added to the lysate and mixed 

by vortexing for 10 seconds before centrifugation for 1 minute at 3,500 x g. The 

supernatant was then added to the column provided with the kit (Exiqon) and was 

centrifuged for 1 minute at 3,500 x g. In order to remove any DNA contamination, on-

column DNase I digestion was performed using the Quiagen RNase-free DNase Set (Cat. 

no. 79254) following the manufacturer’s instructions. Briefly, 75 μL of DNase I were added 

to the column and the samples were spun at 8,000 x g for 2 minutes at room temperature. 

Flow-through was pipetted back onto the top of the column and incubated at room 

temperature for 15 minutes. 

Each column was then washed 3 times with 300 μL of Wash Solution (Exiqon) with 

centrifugation at 14,000 x g for 1 minute at room temperature. The column was placed 

into a fresh 1.7 mL Elution tube (Exiqon) before adding 50 μL of Elution Buffer with 

centrifugation for 2 minutes at 200 x g, followed by 1 minute at 14,000 x g. In order to 

ensure maximum RNA recovery, a second elution was performed by pipetting the eluate 

back onto the column and centrifuging for 2 minutes at 200 x g, followed by 1-minute spin 

at 14,000 x g. RNA eluate was aliquoted into two 0.5 mL RNase-free tubes, evaluated by 

nanodrop and stored at -80°C for qPCR step. 

2.12.2 RNA extraction from tissues 

The right lungs were cut into small pieces (5-15 mg), placed in 5 volumes of RNAlater® 

RNA Stabilization Solution (Ambion, AM 7021) and stored at 4°C overnight to allow the 
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solution to penetrate the tissue thoroughly. The day after, the supernatant was removed, 

and samples were stored at -80°C.  

RNA was extracted from lung tissue (~10 mg) using miRCURYTM RNA Isolation Kit as 

described before. 600μL of Lysis Solution (Exiqon) was added directly to the frozen tissue 

samples and incubated on ice. Then the samples were homogenised on ice using a rotor-

stator homogeniser (~6,000 rpm) until full tissue disruption was achieved (~30 seconds). 

Following homogenization, the lysate was spun for 2 minutes at 14,000 x g to pellet cell 

debris. The supernatant was transferred to a new 1.5 mL RNase-free microcentrifuge tube 

and an equal volume of 70% ethanol was added to the lysate.  The mixture was vortexed 

for 10 seconds, centrifuged for 1 minute at 3,500 x g and the supernatant was loaded onto 

a column provided with the kit and RNA isolation was carried out as described in section 

2.12.1. 

2.12.3 NanoDrop 

RNA purifcation were assessed using NanoDrop 2000 spectrophotometer (Thermo 

Scientific). The A260/230 (~2.0) and A260/280 (≥1.8) ratios were used to evaluate the 

existence of contaminants. RNA was then stored at -80°C for future experiments.  

2.12.4 Reverse transcription for miRNA expression 

RNase-free water was used to equalize RNA samples at 100 ng/μl. Input 100 ng/μl of RNA 

was reverse-transcribed to cDNA using TaqMan MicroRNA Reverse Transcription Kit 
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(Thermo Fisher Scientific, 4366597). TaqMan® miRNA Assays primers were used: hsa-miR-

181a-5p (Thermo Fisher Scientific, Assay ID 000480), hsa-miR-324-5p (Thermo Fisher 

Scientific, Assay ID 000539), and U6 snRNA (Assay ID 001973, Thermo Fisher Scientific). 

Prior to the experiment, 5 μl of each individual 5X RT primer for miR-181a-5p, miR-324-

5p, and U6 were added into a 1.5 ml microcentrifuge tube to prepare a custom Multiplex 

RT Primer pool and 1X Tris- EDTA (TE) (Alfa Aesar, J60234) was then used to reach the 

final volume to 500 μl. Tris- EDTA (TE) buffer was used to maintain primers from 

degradation and store the solution at -20°C at a defined pH.  

To prepare master mix for each sample, the following componants were added on ice: 3 

μl of 10X RT Buffer, 0.6 μl of 100 mM dNTPs with DTTP, 12 μl of multiplex RT primer pool, 

0.4 μl of 20 U/μl RNase inhibitor, and 6 μl of 50 U/μl MultiScribe Reverse Transcriptase. A 

10% access was taken into consideration for pipetting error. No-template samples were 

included as negative controls. In a semi-skirted 96-well PCR plate (StarLab, UK, I1402-

9800), 22 μl of master mix plus 8 μl of diluted RNA (total volume 30 μl) were pipetted in 

each well (Table 11). 

Component Volume for 1 sample (total 30)/ well 
10X RT Buffer 3 µl 

dNTPs with DTTP (100 mM) 0.6 µl 
RT primer pool 12 µl 

Rnase Inhibitor (20 U/µl) 0.4 µl 
MultiScribe Reverse Trascriptase (50 U/µl) 6 µl 

RNA sample 8 µl 
Total 30 µl 

 

Table 11. Reverse transcription preparation for miRNA expression. 
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The plate was then sealed with adhesive PCR plate seals (Thermo Fisher Scientific, 

AB0558) vortexed and spun briefly at 2,500 rpm for 1 minute. After 5 minutes incubation 

on ice, the plate was placed in SimpliAmp™ Thermal Cycler (Applied Biosystems) to go 

through a cycle of heating and cooling (Table 12). Samples were then either stored at -20 

ºC or proceed for quantitative PCR. 

 

 

Table 12. TaqMan MicroRNA Reverse Transcription thermal cycling conditions. 

2.12.5 Reverse transcription for gene expression  

Input RNA (100 ng/µL) was reverse-transcribed using SuperScrip™ II Reverse 

Transcriptase (Invitrogen, 18064014). To prepare master mix for each sample, the 

following componants were added on ice: 8 μl of UltraPure™ DNase/RNase-Free Distilled 

Water (Thermo Fisher Scientific, 10977035), 1 μl of 500 μg/ml Oligo(dT)12-18 Primer 

(Thermo Fisher Scientific, 18418012), and 1 μl of 10 mM dNTP Mix (Thermo Fisher 

Scientific, 10610851). A 10% access was taken into consideration for pipetting error. No-

template samples where included as negative controls. In a 96-well PCR plate, 10 μl of 

master mix plus 2 μl of diluted RNA (total volume 12 μl) were pipetted in each well (Table 

13). 

 

Temperature (°C)  Time (min)  
16 30 
42 30 
85 5 
4 ∞ 
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Component Volume for 1 sample (total 12)/ well 
UltraPure™ DNase/RNase-Free Distilled Water 8 µl 

Oligo(dT)12-18 Primer (500 μg/ml) 1 µl 
dNTP Mix (10 mM) 1 µl 

RNA sample 2 µl 
Total 12.00 µl 

Table 13. Master Mix preparation of reverse transcription for gene expression. 

The plate then was sealed, vortexed and spun briefly as previously mentioned. The 

samples were exposed to heat at 65°C for 5 minutes before they placed quickly on ice and 

centrifuged. 

Another mix was prepared by adding: 1 μl of DNase/RNase-free water, 4 μl of 5X First-

Strand buffer, and 2 μl of 0.1M DTT (both, Invitrogen, 18064014). In each well, the 7 μl of 

this mix was added to each well (total of 19 μl with master mix) and mixed by pipetting. 

The plate was sealed and spun down. The samples were left at room temperature for 2 

minutes and centrifuged again. Finally, 1 μl of SuperScript II Reverse Transcriptase was 

pipetted in each well (total reaction mixture of 20 μl) and mixed by pipetting (Table 14). 

Component Volume for 1 sample (total 20)/well 
DNase/RNase-free water 1 µl 

5X First-Strand buffer 4 µl 
DTT (0.1M) 2 µl 

Master mix ( see Table 13) 12 µl 
SuperScript II Reverse Transcriptase 1 µl 

Total 20 µl 
 

Table 14. Final mixture of reverse transcription for gene expression. 

The plate then was sealed, centrifuged, and PCR reactions were performed in a 

SimpliAmp™ Thermal Cycler (Applied Biosystems) (Table 15). 
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Table 15. SuperScript II Reverse Transcriptase thermal cycling conditions. 

2.12.6 Real time quantitative PCR for miRNA expression 

In order to perform quantitative PCR (qPCR), Luna® Universal qPCR master mix (New 

England Biolabs, M3003) and 20X TaqMan® miRNA Assays (Thermo Fisher Scientific, 

4427975) for hsa-miR-181a-5p (Assay ID 000480), hsa-miR-324-5p (Assay ID 000539), and 

U6 snRNA (Assay ID 001973) were used. To prepare master mix for each miRNA assay 

separately, the following components were added: 2.9 μl of DNase/RNase-free water, 0.5 

μl of 20X TaqMan® miRNA Assay, and 5 μl of Luna® Universal qPCR master mix per sample. 

A 10% access was taken into consideration for pipetting error. In a 384-well Skirted PCR 

Plates (StarLab, UK, E1042-3840), 8.4 μl of master mix plus 1.6 μl of undiluted cDNA 

samples were pipetted to each well (Table 16). 

Component Volume for 1 sample (total 10)/ well 
DNase/RNase-free water 2.9 µl 

20X TaqMan miRNA Assay 0.5 µl 
Luna® Universal qPCR master mix 5 µl 

cDNA sample 1.6 µl 
Total 10 µl 

 

Table 16. Real time quantitative PCR preparation for miRNA expression. 

No-template samples were included as negative controls. The plates were sealed using a 

MicroAmp Optical Adhesive Film (Thermo Fisher Scientific, 4311971), inverted several 

Temperature (°C)  Time (min)  
42 50 
70 15 
4 ∞ 
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times and centrifuged at 2,500 rpm until become free of air bubbles. The qPCR was carried 

out using a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems, USA), 

following the manufacturer's protocol (Table 17). 

 

Table 17. TaqMan® Gene Expression Assay Protocol Thermal Cycling conditions. 

2.12.7 Real time quantitative PCR for gene expression 

First, 1X Tris- EDTA (TE) was used to dilute cDNA samples (10 μL cDNA in 90 μL 1X TE). To 

prepare master mix for each assay, the following components were added: 2.5 μl 

DNase/RNase-free water, 0.5 μl 20X TaqMan® Gene Expression Assay from Thermo Fisher 

Scientific (KLF2, Hs00360439_g1; GAPDH, Hs02786624_g1), and 5 μl of Luna® Universal 

qPCR master mix per sample. As mentioned before, 10% of access was included. In a PCR 

Plates, 8 μl of master mix plus 2 μl of diluted cDNA were pipetted to each well (Table 18). 

Component Volume for 1 sample (total 10)/ well 
DNase/RNase-free water 2.5 µl 

20X TaqMan miRNA Assay 0.5 µl 
Luna® Universal qPCR master mix 5 µl 

cDNA sample 2 µl 
Total 10 µl 

 

Table 18. Real time quantitative PCR preparation for gene expression. 

 

Step Temperature (°C)  Time   
Hold 95 10 minutes 

Cycle (40 cycles) 95 15 seconds 
60 60 seconds 
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No-template samples were included as negative controls. The plates were sealed, mixed, 

centrifuged and subjected to qPCR following the thermal cycling conditions in Table 17, 

as previously described in Chapter 2, section 2.12.6. 

2.12.8 PCR data analysis  

Data were analysed By Dr Giusy Russomanno using QuantStudio 12K Flex Software 

version 1.2 (Applied Biosystems). By applying a fixed fluorescence threshold level of 0.2, 

cycle threshold (Ct) values were determined for all miRNAs or genes (Figure 17). Only Ct 

values lower than 35 were defined as detectable expressions. The Ct is defined as the 

number of cycles required for the fluorescent signal to cross the threshold (exceed 

background level) and be detectable in real-time PCR. All reactions were conducted in 

triplicate, and all outliers were removed from the analysis. For relative quantification, the 

data were analysed using the 2-ΔΔCt method, where:  

ΔΔCt = ΔCt sample – ΔCt control 

ΔCt represents values of any sample of interest whither for miRNA or gene expression 

that were normalised to ΔCt of the endogenous normalization control (U6 snRNA and 

GAPDH, respectively).  
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Figure 17. An example of quantitative Real-Time PCR amplification plot. X-Axis=Cycle number; Y-Axis=Log 

of the change in fluorescence. Threshold line is around 0.2 which is the point at which a reaction reaches a 

fluorescent intensity above background levels. 

 Stimulation of KLF2 expression by shear stress 

Parallel plate apparatus represents a convenient and inexpensive way of analysing cells 

under flow (Wojciak-Stothard & Ridley, 2003). The chambers are transparent and 

portable allowing direct observation of cells. The design of the parallel plate flow system 

is shown in Figure 18 below.  HPAECs were cultured in 9-cm2 Nunc slide flasks coated with 

10 μg/ml human fibronectin solution in PBS until confluent. Then the slide was detached 

and inserted into the cultured flow chamber.  A peristaltic pump created a laminar flow 

of media over the endothelial cells in a closed sterile system via microtubes connected to 

the media reservoir, forming a continuous flow loop. Flow chambers were placed in an 

incubator with 5% CO2 levels and incubated at 37°C. Laminar flow was applied to cells at 

10 dynes/cm2 for 24 hours. This level of shear stress falls within the physiological range 
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for arterial cells (Tang, Pickard et al., 2012). The KLF2 expression level in cells grown under 

the static or flow conditions was measured by qPCR. 

 

Figure 18. Schematic diagram of a parallel plate flow chamber system.  

Figure adapted from  (Wojciak-Stothard, 2011). 

 

 RNA-sequencing 

Next-generation RNA sequencing of HPAECs transfected with miR-181 or miR-324 with 

two biological replicates was performed at the Imperial BRC Genomics Facility (Imperial 

College London, UK). RNA quality and quantity were assessed using an Agilent 2100 

Bioanalyzer (Agilent Technologies) and a Qubit 4 Fluorometer (Thermo Fisher Scientific). 

RNA libraries were prepared using TruSeq® Stranded mRNA HT Sample Prep Kit (Illumina 

Inc.) according to the manufacturer’s protocol. Briefly, 1 µg of high-quality total RNA (RNA 
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Integrity Number Score ≥ 8.0) was used for polyadenylated RNA selection using poly-T 

oligo-attached magnetic beads, followed by the fragmentation of poly-A containing 

mRNA. Cleaved RNA fragments were copied into first strand cDNA using reverse 

transcriptase with random primers. The cDNA was further converted into double-

stranded DNA that was end-repaired to incorporate the specific index adapters for 

multiplexing, followed by purification and amplification. The amplified libraries were 

examined using an Agilent 2100 Bioanalyzer and a Qubit. The samples were then pooled 

and run over 4 lanes (2 x 100 bp) on a HiSeq 2500 using TruSeq SBS V3-HS kit (Illumina 

Inc.) in high output run mode. Average sequencing depth across samples was 34.4 million 

reads (Figure 19). 

 Bioinformatics and data analyses  

Sequence data were de-multiplexed using bcl2fastq2 Conversion Software v2.18 (Illumina 

Inc.) and converted from BCL to FASTQ file format. Base and sequencing quality, GC 

content, sequence length, duplication, and adapter content was assessed using FastQC 

(available online at http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Transcripts from paired-end stranded RNA-Seq data were quantified with Salmon v 0.8.2 

using hg38 reference transcripts (Patro, Duggal et al., 2017). Count data were normalised 

to accommodate known batch effects and library size using DESeq2 (Anders, Pyl et al., 

2015; Love, Huber et al., 2014) (Figure 19).  
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Pairwise differential expression analysis was performed based on a model using the 

negative binomial distribution and p-values were adjusted for multiple test correction 

using the Benjamini-Hochberg procedure (Hochberg & Benjamini, 1990). Genes were 

considered differentially expressed if the adjusted p-value was greater than 0.05 and 

there was at least a 1.5 fold change in expression. Enrichment analysis was performed 

using DAVID v6.8 (D. W. Huang, Sherman et al., 2007) and Ingenuity Pathway Analysis 

(IPA, Qiagen) (Kramer, Green et al., 2014), where significant enrichment was determined 

if the adjusted p-value was > 0.05. Network mapping of protein-protein interactions was 

obtained using STRING v10.5 (Szklarczyk, Morris et al., 2017). 
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Figure 19. RNA-sequencing and data analyses methodology. 
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 Animal experiments 

All experiments were performed in accordance with UK Home Office Animals (Scientific 

Procedures) Act 1986. All animals were assigned to groups in a randomly manner. The 

personnel involved in data collection and analysis were blinded to the groupings of the 

animals analysed. All animals were age and weight matched. Only males were used in this 

study as most animal studies have shown that female sex and oestrogen supplementation 

protects them from developing PAH (de Jesus Perez, 2011). 

Eight-twelve-week-old C57/BL male mice (20 g; Charles River, UK) were injected 

subcutaneously with Sugen (SU5416; 20mg/kg; Tocris Bioscience), suspended in 0.5% 

[w/v] carboxymethylcellulose sodium, 0.9% [w/v] sodium chloride, 0.4% [v/v] polysorbate 

80, 0.9% [v/v] benzyl alcohol in deionized water once/week. Control mice received the 

vehicle only. Mice were either placed in normal air or kept in a normobaric hypoxic 

chamber (10% O2) for 3 weeks (n= 8/group).  

miR-181a-5p (ID MC10421) and miR-324-5p (ID MC10253) together, or Negative Control 

1 mirVana miRNA mimics In Vivo Ready (all from Ambion), were complexed with 

Invivofectamine® 3.0 reagent (Invitrogen) and injected intravenously twice a week at 2 mg 

per kg body weight. At 3 weeks, the mice were removed from the hypoxic chamber and 

anaesthetised by intraperitoneal injection of Ketamine/Dormitor (75mg/kg + 1mg/kg). 

Development of PH was verified as described previously (L. Zhao, Long et al., 1999). Right 

ventricular systolic pressure (RVSP) was measured via direct cardiac puncture using a 
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closed-chest technique in the spontaneously breathing, anaesthetized animal (Figure 20). 

The animals were then euthanized, the hearts were removed, and the individual 

ventricular chambers were weighed, right ventricular hypertrophy was assessed as the 

right ventricle to left ventricle/septum ratio (RV/LV+S). The right lungs were snap-frozen 

in liquid nitrogen and stored at -80°C for biochemical measurements or placed in 

RNAlater® RNA Stabilization Solution for RNA isolation. The left lungs were fixed by 

inflation with 10% formalin, embedded in paraffin, and sectioned for histology. 

Transverse formalin-fixed lung sections were stained with an anti-smooth muscle actin 

antibody (Sigma) or Verhoeff’s van Gieson stain (EVG) to visualise elastic lamina. 

Muscularization of small intrapulmonary arteries was determined by counting all 

muscularised vessels with a diameter smaller than 50 μm in each section and expressed 

as a % of all (muscularised + non-muscularised) vessels. Counting was performed by two 

blinded investigators. 

A preliminary experiment was carried out to evaluate the effects of miR-181 and miR-324 

alone or in combination on NFĸB activation. Eight-week-old C57/BL male mice (20 g; 

Charles River, UK; n= 5/group) were injected intravenously with Negative Control 1, miR-

181a-5p, miR-324-5p, or miR-181a-5p plus miR-324-5p, as previously described. The day 

after, the mice were injected subcutaneously with Sugen or vehicle and either housed in 

normal air or placed in a normobaric hypoxic chamber (10% O2) for 48 hours for tissue 

collection. 
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Figure 20. Representative recording of right ventricular systolic pressure. A) Measurement of right 

ventricular systolic pressure in normoxia mice. B) Measurement of right ventricular systolic pressure in Sugen 

hypoxic mice. 

 SMA staining using immunohistochemistry 

Immunohistochemical staining was performed following method that established in our 

laboratory (Wojciak-Stothard, Abdul-Salam et al., 2014). Paraffin-embedded mouse lung 

tissue sections of healthy and Sugen/hypoxia mice were used for immunohistochemical 
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staining. Sections were dewaxed in xylenes (Sigma, 534056) and rehydrated in a series of 

ethanol (100%, 70% and 50%) (VWR, 20821.330).  Tissue sections were then boiled in 

antigen retrieval buffer (10 mM citric acid with 0.05% Tween20 at pH6) for 10 min. After 

slides cooling, the endogenous peroxidase was blocked using in 0.3% (v/v) hydrogen 

peroxide (Sigma-Aldrich, H1009) in phosphate buffer saline (PBS) for 30 minutes at room 

temperature. The Slides then were washed in PBS three times for 5 min before they were 

blocked with 3% normal serum from the same species in which the secondary antiserum 

was raised [v/v; in PBS containing 0.1% (w/v) bovine serum albumin (BSA) (Sigma, A7906) 

and 0.01% sodium azide] for 30 minutes at room temperature. Sections were incubated 

with primary antibody mouse monoclonal anti-human smooth muscle actin antibody 

(Dako, M0851; 1:1000) in a humid atmosphere for overnight at 4°C in [PBS containing 

0.1% (w/v) BSA and 0.01% sodium azide]. Sections were then rinsed 3 times in PBS and 

incubated with a biotinylated anti-mouse IgG (Vector Laboratories, BA-2000; 1:100) as a 

secondary antibody diluted in PBS, containing 0.1% (w/v) BSA for 30 minutes at room 

temperature and then washed 3 times with PBS. The sections were then probed with 

avidin-biotin-peroxidase complex (ABC) (Vectastain Elite ABCKit-PK-6100) diluted 1:200 in 

PBS containing 0.1% (w/v) BSA for 1 hour at room temperature and then washed 3 times 

with PBS. Then, tissue sections were coated with 3,3’diaminobenzidine 

tetrahydrochloride (DAB) (Sigma-Aldrich, D3939); 1mL of solution A [D6190] plus a drop 

of solution B [D6065]) for 2-3minutes. The optimal time for the intensity of staining was 

checked under a light microscope and then washed using PBS and water. The slides were 
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dipped into Gill’s haematoxylin Solution No. 2 (Sigma-Aldrich, GHS216) and for 5 seconds 

and then rinsed in running tap water until the sections appear blue. Finally, sections were 

dehydrated through different sets of graded ethanol (50%, 70% and 100%), cleared in 

xylene and mounted in DPX (Sigma-Aldrich) with a 22 x 50 mm cover glass (VWR 

International, UK, 631-0137). Primary and secondary antibodies were used in Table 19. 

Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti- smooth 
muscle actin 

mouse 
monoclonal 

Dako 
M0851 

200 μg/mL 1:1000 biotinylated 
anti-mouse 

Vector 
Laboratories 

BA-2000 

1:100 IHC 

 

Table 19. Primary and secondary antibodies were used in immunohistochemistry to detect smooth 

muscle actin. IHC- immunohistochemistry. 

 Tissue homogenate preparation and western blotting analysis 

Lung tissue from healthy and Sugen/hypoxia mice were homogenised in RIPA buffer 

(Sigma) for 1 min using PT-K Polytron® Stand Homogenizer (Kinematica AG). Samples were 

kept on ice throughout the procedure and frozen at -80°C in aliquots of 0.1 mL until 

analysed. Protein content was estimated using the bicinchoninic acid (BCA) protein assay 

kit (ThermoScientific, 23225) with bovine albumin as standard. 

Proteins were separated by 4-12% NuPAGE® Bis-Tris gels (Invitrogen) using MES buffer at 

200V constant for 35 min (5 µg equivalent of protein/lane). Primary antibodies used in 

western blot analysis included mouse monoclonal anti-β-actin (Sigma, A1978, 1:10,000), 

NOTCH4 (Santa Cruz, sc-393893, 1:1000), ETS-1 (Santa Cruz, sc-55581, 1:1000), α-SMA 

(Sigma, A5228, 1:1000) and human/mouse pSer536-p65 (Cell Signaling, 3033, 1:1000). 
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Secondary antibodies were HRP-linked Goat Anti-Rabbit IgG (Sigma-Aldrich, A6154; 

1:3000) and HRP-linked Sheep Anti-Mouse IgG (GE Healthcare Life Sciences, NAG31V; 

1:2000). Bands were visualized using Luminata Crescendo Western HRP Substrate) in 

ChemiDoc™ Imager. The relative intensity of the immunoreactive bands was determined 

by densitometry using Image J software. Primary and secondary antibodies were used in 

Table 20. 

Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti-β-actin mouse 
monoclonal 

Sigma 
A1978 

0.4 μg/ml 1/10000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anit-NOTCH4 mouse 
monoclonal 

Santa Cruz 
sc-393893 

200 µg/ml 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anti-ETS-1 mouse 
monoclonal 

Santa Cruz 
sc-55581 

200 µg/ml 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anti-α-SMA mouse 
monoclonal 

Sigma 
A5228 

2000 µg/ml 1:1000 Sheep anti-
mouse 

GE Healthcare Life 
Sciences 
NAG31V 

1:2000 WB 

Anti-pSer536-
p65 

rabbit 
polyclonal 

Cell Signaling 
3033 

57 µg/ml 1:1000 Goat anti-
rabbit 

Sigma-Aldrich 
A6154 

1:3000 WB 

Table 20. Primary and secondary antibodies were used in western blotting to detect NOTCH4, ETS-1, α-

SMA, and pSer536-p65. WB-Western Blot. 

 Nuclear translocation of p65NFκB 

Immunofluorescent staining of paraffin lung tissue sections from healthy and 

Sugen/hypoxia mice (21 days or 2 days) was carried out in the same manner as 

immunohistochemical staining described in Chapter 2, section 2.17. Nuclear translocation 

of p65 NFκB was studied with Image J by measuring colocalization of nuclear stain DAPI 

(Vector Laboratories, H-1200) with p65NFκB labelled with rabbit p-NFκB p65 (Ser 276) 

(Santa Cruz, sc-101749; 1:200) and secondary antibody, TRITC-labelled goat anti-rabbit 
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antibody (Jackson ImmunoResearch Laboratories, 111-025-144, 1:200) in confocal 

microscope (Zeiss LSM780). The white pixel area, marking nuclear NFκB, was used to 

quantitate p65 NFκB translocation in cells and tissues. Primary and secondary antibodies 

were used in Table 21. 

Primary 
Antibody 

Source Manufacturer 
& 

Catalogue No. 

Antibody 
concentration 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

Anti-p-NFκB 
p65 

(Ser 276) 

rabbit 
polyclonal 

Santa Cruz 
sc-101749 

100 µg/ml 1:200 TRITC- goat 
anti-rabbit 

Jackson 
ImmunoResearch 

111-025-144 

1:200 IF 

 

Table 21. Primary and secondary antibodies were used in immunofluorescence to detect p-NFκB p65. IF- 

immunofluorescence.    

 RNAscope® in situ hybridisation  

Histological sections of lung tissue from healthy, and Sugen/hypoxia mice were used for 

the RNAscope analysis. RNAscope® Multiplex Fluorescent Reagent Kit v2 (Advanced Cell 

Diagnostics) and TSATM Cyanine 3 & 5, TMR, Fluorescein Evaluation Kit System 

(PerkinElmer) were used to stain formalin-fixed, paraffin-embedded tissues (FFPE 

tissues), according to manufacturers’ protocols (F. Wang, Flanagan et al., 2012).  

Briefly, 5-µm- thick tissue sections were left for 1 hour in a dry oven (Agilent G2545A 

Hybridization Oven, Agilent Technologies) at 60°C. After deparaffinization in xylene and 

dehydration in 100% ethanol, tissue slides were incubated with RNAscope® Hydrogen 

Peroxide for 10 minutes at room temperature. Tissue sections were washed twice with 

distilled water followed by manual target retrieval step. The sides were subjected to 

boiling in 1X Target Retrieval Reagents (100°C to 103°C) using a hot plate for 15 minutes.  
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After rinsing the slides in deionized water and 100% ethanol, the slides were incubated 

with RNAscope® Protease Plus for 30 minutes at 40°C in a HybEZ hybridization oven 

(Advanced Cell Diagnostics). Hybridization was performed using target probes (mouse: 

Mm-ETS1-C1, NM_011808.2; Mm-NOTCH4-C2, NM_010929.2; Mm-KLF2-C3, 

NM_008452.2) in the hybridization oven for 2 hours at 40°C. Up to three different 

probes/channels (C1-C3) were multiplexed. The sections then were washed twice using 

Wash Buffer and were stored overnight in 5X SSC buffer (0.75M NaCl, 0.075M sodium 

citrate). The next day, the tissue sections were incubated at 40°C with the following 

reagents: Amplifier 1 (30 min), Amplifier 2 (30 min), Amplifier 3 (15 min); HRP-C1 (15 min), 

TSA® Plus fluorophore for channel 1 (fluorescein, cyanine 3, or cyanine 5, PerkinElmer; 

1:1000; 30 min), HRP blocker (15 min); HRP-C2 (15 min), TSA® Plus fluorophore for channel 

2 (30 min), HRP blocker (15 min); HRP-C3 (15 min), TSA® Plus fluorophore for channel 3 

(30 min), HRP blocker (15 min). Following each hybridization step, sections were rinsed 

three times with Wash Buffer at room temperature.  

In some experiments, RNAscope hybridisation was carried out together with 

immunofluorescence (Duncan, Elliott et al., 2015; Kersigo, Pan et al., 2018). Sections were 

blocked for 1 hour at room temperature with 3% normal horse serum (Vector 

Laboratories) in 1X PBS containing 0.1% bovine serum albumin (Sigma-Aldrich), and 0.01% 

sodium azide (Sigma-Aldrich) before they were incubated with rabbit polyclonal anti-von 

Willebrand Factor (vWF) antibody (Dako, A0082; 1:500)  at 4°C overnight. The following 

day, the tissues were washed three times in PBS and incubated with fluorescently-labelled 
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TRITC Goat Anti-Rabbit (Jackson ImmunoResearch, 111-025-003; 1:100) as secondary 

antibody for 30 minutes at room temperature. Following immunostaining, tissues were 

mounted in Vectashield with DAPI and visualised under a fluorescent confocal microscope 

(Leica, TCS SP5, Leica Biosystems, Bretton, Peterborough). Primary and secondary 

antibodies used in Table 22. 

Primary 
Antibody 

Manufacturer & 
Catalogue No. 

Working 
Dilution 

Secondary 
Antibody 

Manufacturer 
& 

Catalogue No. 

Working 
Dilution 

Application 

ETS1 
Advanced Cell 

Diagnostics 
NM_011808.2 

1:1000 Cyanine 3  
C1 PerkinElmer 1:1000 RNAscope 

NOTCH4 
Advanced Cell 

Diagnostics 
NM_010929.2 

1:1000 Cyanine 5  
C2 PerkinElmer 1:1000 RNAscope 

KLF2 
Advanced Cell 

Diagnostics 
NM_008452.2 

1:1000 Fluorescein 
C3 PerkinElmer 1:1000 RNAscope 

Anti-von 
Willebrand Factor 

(vWF) 

Dako 
A0082 1:500 TRITC-goat 

anti-Rabbit 

Jackson 
ImmunoResearch 

111-025-003 
1:100 IF 

Table 22. Primary and secondary antibodies used in RNAscope and immunofluorescence. IF- 

immunofluorescence; C1-Channel 1, C2- Channel 2, C3- Channel 3. 

 Statistical analysis 

All experiments were perforemed at least in triplicate. Results are shown as means with 

standard error of the mean (means ± SEM). To assess the normality of data distribution, 

Shapiro-Wilk test in GraphPad Prism 7.03 downloaded from https://www.graphpad.com  

(GraphPad Software Inc California, USA). Comparisons between two groups were made 

with Student t test while multiple groups ≥3 were anaysed by use of ANOVA with Tukey’s 

post hoc test. Statistical significance was accepted at P<0.05.  
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Chapter 3 – Studies on the effect of KLF2 on endothelial function 

in vitro 

 Introduction 

Pulmonary hypertension (PH) is a severe lung disorder characterised by increased 

pulmonary vascular resistance caused by increased vasoconstriction and progressive 

vascular remodeling. Recently, a missense mutation in the transcription factor Krüppel-

like factor 2 (KLf2) gene was identified in the heritable pulmonary arterial hypertension 

(HPAH) (Eichstaedt, Song et al., 2017), suggesting a potential role of this transcription 

factor in the pathogenesis of the disease. 

KLF-2 was initially named as ‘Lung KLF’ as it is highly expressed in the lung and played a 

key role in the regulation of lung function and development (Anderson, Kern et al., 1995). 

It was first isolated from the lung and cloned by Anderson et al. in 1995, but its function 

was not known until 2002, when Dekker et al. demonstrated that KLF2 can be induced by 

prolonged laminar shear stress in cultured endothelial cells (ECs) (Dekker, van Soest et al., 

2002). KLF2 acts as a master regulator of endothelial cell quiescence and homeostasis. It 

critically regulates the expression of endothelial genes during vasculogenesis and 

orchestrates adaptation of vascular endothelium to flow conditions (Hergenreider, Heydt 

et al., 2012). Further, systemic deletion of KLf2 gene leads to embryonic lethality and 

endothelium-specific deletion of the gene leads to adult mice death vascular complication 
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such as change in vascular tone, induces bleeding and causes cardiac dysfunction (Alaiti, 

Orasanu et al., 2012; Sangwung, Zhou et al., 2017). 

KLF2  regulates numerous processes involved in the pathogenesis of pulmonary 

hypertension, including  vascular tone, differentiation and proliferation, migration, 

coagulation, thrombosis, inflammation, endothelial barrier function, antioxidative 

capacity and vascular growth/remodeling (Ali, Hamdulay et al., 2007; Dekker, Boon et al., 

2006; Eichstaedt, Song et al., 2017; Z. Lin, Natesan et al., 2010). 

Over the past two decades, it has been increasingly recognized that PAH is associated with 

an inflammatory reaction driven by the activation of nuclear factor kappa B (NF-κB), 

particularly prominent in the end-stage disease in both animal and human PAH (Price, 

Caramori et al., 2013). Moreover, TNF-α and hypoxia are key mediators of inflammatory 

responses in PAH (Hurst, Dunmore et al., 2017; Pugliese, Poth et al., 2015). 

Numerous studies and reviews highlighted the role of NFκB as a key regulator of 

proinflammatory signalling in various conditions (Baker, Hayden et al., 2011; Hoesel & 

Schmid, 2013; Lawrence, 2009; T. Liu, Zhang et al., 2017). Recently, it has been reported 

that most of the NF-κB-mediated activities are regulated by KLF2 (Jha & Das, 2017). KLF2 

inhibits expression of endothelin -1 (ET-1), adrenomedullin and angiotensin-converting 

enzyme (ACE), all of which increase vascular contractile tone and activate NFκB and 

increase expression of proinflammatory cytokines, including TNF-α, IL-1, and IL-6  (Dekker, 

van Thienen et al., 2005; Kowalczyk, Kleniewska et al., 2015; Pleguezuelos, Hagi-Pavli et 
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al., 2004; Ruiz-Ortega, Lorenzo et al., 2001; Schiffrin, 2001). Overexpression of KLF2 

suppresses IL-1β, TNF-α and expression of adhesion molecules such as VCAM-1 and E-

selectin in endothelial cells (Parmar, Larman et al., 2006). These proteins mediate the 

rolling and adhesion of lymphocytes, monocytes, eosinophils and basophils to the 

vascular endothelium.  

Overexpression of KLF2 in endothelial cells reduces hypoxia-mediated expression of HIF-

1α and its target genes such as interleukin 8, angiopoietin-2, and vascular endothelial 

growth factor (VEGF) (Kawanami, Mahabeleshwar et al., 2009). Conversely, KLF2 

knockdown increases the expression of HIF-1α and its target genes (Kawanami, 

Mahabeleshwar et al., 2009).  Inhibition of KLF2 expression correlates with increased PH 

severity in apelin knockout mice exposed to hypoxia (Chandra, Razavi et al., 2011), while 

KLF2 overexpression improves pulmonary haemodynamics in hypoxic rats (Dungey, Deng 

et al., 2011). Apelin is an endogenous peptide involved in the regulation of blood 

pressure, body fluid homeostasis, cardiac contractility, angiogenesis, and energy 

metabolism (Wysocka, Pietraszek-Gremplewicz et al., 2018).  

Endothelial cell apoptosis can be caused by the environmental stress (such as hypoxia, 

MCT, inflammation) (Jin & Choi, 2012) or reduced levels of VEGF (Dela Paz, Walshe et al., 

2012). A study by Dela Paz shows that shear stress mediated by KLF2 overexpression plays 

an important role in improving endothelial cell survival (Dela Paz, Walshe et al., 2012). 

KLF2 inhibits endothelial apoptosis while promoting metabolic quiescence and reduction 

in metabolic dependence on glucose (Doddaballapur, Michalik et al., 2015). 
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All these data suggest that KLF2 may have an endothelium-protective effect, potentially 

important in the prevention and treatment of PH. Therefore, in this chapter, I studied the 

effect of KLF2 overexpression on pro-inflammatory and pro-apoptotic responses in 

cultured human pulmonary artery endothelial cells. 

 Aims & Objectives 

The experemental aims and objectives described in this chapter were to:  

1- Optimize conditions for adenoviral overexpression of KLF2 in HPAECs and confirm 

nuclear localization of the recombinant KLF2 using immunofluorescence and 

western blotting. 

2- Confirm that KLF2 is induced by shear stress in HPAECs using a parallel chamber 

flow system and by measuring KLF2 mRNA levels in cells grown under static 

conditions and under flow using qPCR. 

3- Investigate the effect of KLF2 overexpression on hypoxia- and TNF-α- induced 

activation of NFκB using luciferase reporter assay.  

4- Investigate the effect of KLF2 overexpression on HPAECs viability/apoptosis using 

caspase 3/7 assay. 

I hypothesized that KLF2 exerts its homeostatic effect through anti-inflammatory and 

antiapoptotic actions in cultured primary human pulmonary artery endothelial cells. 
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Figure 21. Experimental outline for Chapter 3. 

 

 Methods 

Please See Chapter 2 for a detailed description of experimental materials and protocols. 

3.3.1 KLF2 overexpression and dose response 

Briefly, all cell populations (passages 3-9) used for functional assays were selected 

according to the following criteria:  

• Endothelial phenotype confirmed by immunofluorescent staining of VE-cadherin 

(cobblestone morphology, junctional localization of VE-cadherin). 

• Population doubling time 2-3 days. 

KLF2 overexpression was achieved by adenoviral gene transfer. Briefly, HPAECs growing 

in 6-well dished were left untreated or were infected with different concentrations of 

AdKLF2-GFP (1µl, 5µl, 10µl, 20µl and 30µl corresponding to (MOI) of 1:12, 1:62, 1:125 

1:250 and 1:375). AdGFP was used as an adenoviral control. After 2h the medium was 
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changed, and the cells were incubated for 24h at 37 °C / 5% CO2. After incubation, the 

cells were lysed, and the protein lysates were resolved by electrophoresis followed by 

western blotting to confirm the overexpression and select an optimal MOI of the 

adenovirus for further experiments. The optimal MOI would increase in KLF2 expression 

to the level induced by a physiological level of shear stress. Please see Material and 

Methods Chapter 2 section 2.2. 

3.3.2 Western blotting  

The cells were lysed in RIPA lysis buffer with protease inhibitors. Following SDS-PAGE and 

western blotting, the membranes were probed with goat polyclonal anti-KLF2 antibody 

(1:1000) and secondary rabbit anti-goat IgG HRP-linked antibodies (1:3000). Bands were 

visualized using Luminata Crescendo Western HRP Substrate in ChemiDoc™ Imager. 

Please see Material and Methods chapter 2 section 2.3. 

3.3.3 Immunofluorescence and confocal microscopy of KLF2 nuclear localization 

KLF2 overexpression and nuclear localization were confirmed by immunofluorescence 

followed by confocal microscopy. Briefly, HPAECs were fixed with 4% formaldehyde and 

permeabilized with 0.1% Triton X-100 then cells were incubated with methanol at -20 ⁰C 

for 5 minutes. After blocking in 2% BSA for 15 minutes, mouse monoclonal anti-KLF-2 

antibody (1:100, 1h) was used. Then, the appropriate concentration of secondary 

antibody TRITC-goat anti-mouse (1:100, 1h) was added and mount with DAPI to stain 
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nuclei. The images were analysed by confocal microscopy. Please see Material and 

Methods Chapter 2 section 2.4. 

3.3.4 Stimulation of KLF2 expression by shear stress 

HPAECs were cultured in 9-cm2 Nunc® Lab-Tek™ Flaskettes® (VWR, 62407-340). The slides 

were detached and inserted into flow chambers in a parallel chamber flow apparatus. 

Endothelial cells were subjected to laminar flow at 10 dynes/cm2 for 24 hours. KLF2 

expression levels in cells grown under the static and flow conditions were measured by 

qPCR. Please see Material and Methods chapter 2 section 2.13. 

To stain HPAECs after exposure to fluid shear stress, the cells were fixed as previously 

described and immunostained for mouse monoclonal anti VE-Cadherin (1:100, 1h). Then 

coverslips were incubated with FITC-Goat Anti-Mouse (1:100, 1h) with 1 µg/mL TRITC-

phalloidin to stain actin filaments and mounted in DAPI to visualise nuclei. For more 

details, please see Material and Methods Chapter 2 section 2.4. 

3.3.5 Measurement of KLF2 expression using qPCR 

After exposure to shear stress, HPAECs were first harvested by trypsinization before RNA 

was purified and reverse transcribed to cDNA. The cDNAs were then subjected to a real-

time PCR. Please see Material and Methods chapter 2 section 2.12. 
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3.3.6 Caspase 3/7 apoptosis assay 

HPAECs were left untreated or were infected with AdGFP or AdKLF2-GFP and incubated 

overnight in normoxic conditions at 37⁰C. To induce apoptosis, HPAECs were left in full 

medium or were incubated in growth factor-depleted medium containing no serum for 9 

hours. The apoptosis was measured by caspase 3/7 assay. Fluorescence intensity, 

proportional to the number of apoptotic cells was analysed in GlomaxTM luminometer at 

Ex/Em= 535/620 nm. Please see Material and Methods chapter 2 section 2.10. 

3.3.7 NFκB luciferase reporter assay  

HPAEC grown in 96-well plates were infected with AdNFκB-luc at the MOI 1:100. The cells 

were left untreated or were infected together with AdGFP (adenoviral control) or AdKLF2-

GFP at the MOI: 1:250 for 1h then the media was changed, and the cells were incubated 

for 24h in normoxic or hypoxic conditions (2% O2) at 37⁰C. In some experiments, TNF-α 

(10 µg/L) was added to the cells 1 hour after adenoviral infection and incubated for 24 

hours. At the end of the experiment, the cells were lysed, and luminescence was 

measured in Promega Luciferase Assay in the Glomax™ luminometer, according to the 

manufacturer’s instructions. Please see Material and Methods chapter 2 section 2.11. 
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 Results 

3.4.1 KLF2 overexpression in endothelial cells 

In order to recapitulate the effects of shear stress in ECs (Atkins & Jain, 2007; Dekker, 

Boon et al., 2006), we overexpressed KLF2 using an adenovirus-mediated gene transfer.  

Initial experiments which aimed to optimize adenoviral gene transfer conditions showed 

a dose-dependent increase in KLF2 expression in HPAECs (Figure 22). Transduction 

efficiency was ~70%, as demonstrated by the number of GFP-overexpressing cells, typical 

for adenoviral gene transfer in HPAECs (Wojciak-Stothard, Abdul-Salam et al., 2014) 

(Figure 23). Recombinant KLF2 localized predominantly to the cell nuclei (Figure 23), 

consistent other reports (Dang, Pevsner et al., 2000).  KLF2 overexpression induced 

elongation of ECs, also seen in cells subjected to flow (Dekker, Boon et al., 2006), although 

the cells did do not align in any particular direction (Figure 23). 

The addition of 20 µl of adenoviral stock (corresponding to the MOI of 1:250), induced a 

~3-fold increase in KLF2 expression, corresponding to the expression level induced by 

physiological shear stress (10 dynes/cm2) in medium-sized pulmonary arteries (Tang, 

Pickard et al., 2012). This concentration was chosen for further experiments. 
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Figure 22. Dose-response of KLF-2 overexpression in HPAECs. KLF-2 overexpression was achieved by 

adenoviral gene transfer. HPAECs were left untreated or were infected with AdGFP (adenoviral control) or 

different volumes of AdKLF2-GFP stock solution, as indicated.  The lysates then were collected after using 

RIPA lysis buffer with protease inhibitors. (A) Western blot of KLF2 protien and loading control (β-actin). (B) 

corresponding graph show change in KLF2 protein expression in HPAECs, values were normalized to loading 

control values, n=1.  

A
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Figure 23. Intracellular localization of KLF2 in HPAECs. KLF-2 overexpression was achieved by adenoviral 

gene transfer. HPAECs were left untreated or were infected with AdGFP (adenoviral control) at the MOI: 

1:250 for 2h then the media were changed, and the cells were incubated for 24h in normoxic conditions at 

37⁰C. Next day, the cells were fixed and permeabilised in ice-cold methanol. After blocking, mouse 

monoclonal anti-KLF-2 antibody (1:100) was used to label KLF2. Transduction efficiency was evaluated in 3 

separate experiments in cells grown in 24-well plates with 3 technical repeats/treatment group by counting 

the number of GFP-labelled cells in 3-4 images taken under the fluorescent microscope  with 20x objective, 

with approximately 100 cells per image. In the merged images, KLF-2 is red (TRITC), nuclei are blue (DAPI) 

and cells infected with AdGFP or AdKLF2-GFP, are green. The images were analysed by confocal microscopy. 

Scale bar= 10µm, n=3. 
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3.4.2 Measurement of KLF2 expression levels in shear stress-stimulated endothelial 

cells 

In order to confirm that laminar shear stress induces KLF2 expression in pulmonary 

endothelial cells, HPAECs were exposed to fluid shear stress (10 dynes/cm2) for 24h, while 

HPAECs cultured under static conditions were used as controls. Shear stress- exposed cells 

showed an elongated morphology and alignment within the direction of flow. The flow-

stimulated cells showed a ~ 1.8-fold increase in KLF2 mRNA levels, compared with the 

cells cultured in static conditions.  (Figure 24).  

Figure 24. KLF2expression levels in shear stress-stimulated HPAECs. HPAECs were exposed to fluid shear 

stress (10 dynes/cm2) for 24h or kept under static condition. (A) RNA was isolated from HPAECs, and KLF2 

expression level was measured by real-time PCR. ***P< 0.001 comparisons, as indicated. Data presented as 

mean±SEM and the statistics was performed using T-test. The values were compared to the static control; 

n=3. (B) Images show HPAECs grown under static conditions or under flow (24 hours), as indicated. The cells 

were fixed and immunostained for VE-cadherin (green) and F-actin (red) and mounted in Vectashield with 

DAPI to visualise nuclei (blue). 
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Flow 
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3.4.3 KLF2 overexpression modifies the function of cultured endothelial cells in vitro  

Initially,  HPAECs were starved for 3-24 hours to identify optimal conditions for caspase 

3/7 activation. A significant increase was observed at 9 hours of starvation, with a 

maximal response observed after overnight starvation. However, 24h starvation also 

induced cell death (observed by increased numbers of cell nuclei cells stained with 

propidium iodide; data not shown) and therefore a shorter, 9-hour exposure was chosen 

for further experiments. (Figure 25). 

 

Figure 25. Optimization of apoptosis assay. HPAECs were starved for varying periods of time, ranging from 

3-24 hours. *P<0.05; ****P<0.0001, comparison with untreated control. One-way ANOVA with Tukey post-

test. Values are mean fold-changes of untreated control ± SEM, n=3.  
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Endothelial apoptosis is a feature of vascular dysfunction in PAH (Yeager, Halley et al., 

2001). Serum and growth factor starvation is commonly used to induce apoptosis in 

cultured cells (Aghababazadeh & Kerachian, 2014).  

Here KLF2 overexpression was induced in HPAECs cultured in full media or in serum and 

growth factor- depleted media for 9 hours. Fluorescence-based caspase 3/7 activity assay 

showed a significant anti-apoptotic effect of KLF2 overexpression (Figure 26A). The results 

indicate that KLF2 has anti-apoptotic, endothelium-protective effect in cultured HPAECs. 

KLF2 can attenuate inflammatory responses by inhibiting LPS-induced activation of 

nuclear factor kappa B (NFκB) (H. Das, Kumar et al., 2006). PAH is associated with a 

prominent inflammatory reaction driven by the activation of NFκB in the end-stage 

disease in both animal and human PAH (Price, Caramori et al., 2013). Hypoxia and TNF-α 

are important contributory factors in the inflammatory responses in PAH (Groth, Vrugt et 

al., 2014; Pugliese, Poth et al., 2015) and therefore these factors were used as activators 

of NFκB in our study. 

TNF-α and hypoxia stimulated NFκB activity in HPAECs (~12-fold and ~6-fold increase 

respectively, comparison with untreated control). Overexpression of KLF2 had a strong 

inhibitory effect in all experimental conditions, ####P<0.0001, comparison with 

corresponding adenoviral controls (Figure 26B). 
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Figure 26. KLF2 prevents endothelial apoptosis and inflammatory activation in HPAECs. (A, B) show effects 

of KLF2 on caspase 3/7 activation in serum- and growth factors-starved HPAECs (9h), hypoxia-induced NFκB 

activation and TNF-α-induced (10 µg/L, 24h) NFκB activation in HPAECs, as indicated. **P<0.01; 

***P<0.001; ****P<0.0001, comparison with untrated adcontrols. ##P<0.01, ####P<0.0001, comparison with 

treatment controls. One-way ANOVA with Tukey post-test. Values in (A, B) are mean fold-changes of 

Adcontrols ± SEM, n=4-7.  
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 Summary  

Ø Overexpression of KLF2 in endothelial cells was confirmed by protein expression 

measurement and nuclear localization of the transcription factor in AdKLF2-

infected cells. 

Ø Endothelial cells stimulated by flow showed increased intracellular levels of KLF2.  

Ø KLF2 exerted endothelium-protective effects under several experimental 

conditions: 

o KLF2 reduced caspase 3/7 activity in HPAECs   

o KLF2 reduced activation of NFκB induced by TNFα or hypoxia. 

 Discussion 

Experiments described in this chapter aimed to evaluate potential anti-apoptotic and 

anti-inflammatory effects of KLF2 in cultured primary human pulmonary artery 

endothelial cells. 

Overexpression of KLF2 in endothelial cells recapitulates many aspects of shear stress 

stimulation, including induction of cellular quiescence (Atkins & Jain, 2007; Dekker, Boon 

et al., 2006). The expression levels of KLF2 induced by adenoviral gene transfer were set 

to correspond to the levels of KLF2 induced by physiological shear stress (Morris, Kameny 

et al., 2018; Tang, Pickard et al., 2012).   
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Caspase 3 and caspase 7 are regarded as universal indicators of apoptosis as they cleave 

key protein substrates that trigger cell apoptosis (J. Li & Yuan, 2008). Caspase inhibition 

can stabilize progressive vascular remodeling in established pulmonary hypertension in 

Sugen/hypoxia rat model of PAH (Taraseviciene-Stewart, Gera et al., 2002).  Our data 

shows that KLF2 overexpression can reduce early caspase 3,7 activation (9 hours) induced 

by starvation media in HPAECs. The significance of this observation in PAH pathogenesis 

will require further studies. While endothelial apoptosis is thought to be an early event in 

the disease development, subsequent selection and proliferation of apoptosis-resistant 

endothelial cell clones and resistance to apoptosis of vascular smooth muscle cells are 

typical in the late stages of the disease. Considering this, KLF2 signaling is more likely to 

make a a positive impact during the early stages of vascular remodeling. 

In order to investigate the role of KLF2 on inflammatory responses, NFκB activity was 

induced by two different stimuli, TNF-α and hypoxia, implicated in the pathogenesis of 

PAH. KLF2 was shown to have an anti-inflammatory effect in acute and chronic 

inflammatory diseases such as sepsis, rheumatoid arthritis and atherosclerosis (H. Das, 

Kumar et al., 2006; Jha & Das, 2017; Mahabeleshwar, Kawanami et al., 2011), and 

consistent with this, the experiments showed a significant anti-inflammatory effect of 

KLF2 in cells stimulated by hypoxia and TNF-α. Some activation of NFκB was observed in 

adenoviral control, likely to result from adenoviral infection.  The use of adenoviral 

vectors for protein overexpression results in high transduction efficiency but has its 

limitations, as it causes a low level of endothelial cell activation.  
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Taking the above into account, it is conceivable that therapeutic supplementation of KLF2 

or its effectors may have a beneficial effect in the prevention and treatment of pulmonary 

hypertension.  
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Chapter 4 – Studies on the effect of KLF2- induced exosome 

delivery on endothelial function in vitro 

 Introduction 

Exosomes are small vesicles approximately 30-100 nm in diameter, secreted by most 

types of cells and detected in body fluids, such as plasma, urine and saliva. Exosomes play 

an important role in cell-cell communication (Ciardiello, Cavallini et al., 2016; McCoy-

Simandle, Hanna et al., 2016) by carrying different types of molecules including proteins, 

DNAs, mRNAs, micro RNA (miRNA) and long non-coding RNA (lncRNA), depending on the 

cell type originates, the host health status and environmental stressors or stimuli (Kalluri, 

2016). Soon after the discovery of miRNA in exosomes, interesting reports and studies 

have acknowledged the role of exosomal miRNAs in cancer (Salehi & Sharifi, 2018) and 

cardiovascular diseases (Emanueli, Shearn et al., 2015; Iaconetti, Sorrentino et al., 2016). 

Remarkably, exosomes induced by cancer cells are enriched in main components of 

microRNA biogenesis such as RISC, AGO2, Dicer, and TRBP, which promote the formation 

of mature miRNAs from precursor miRNAs (Melo, Sugimoto et al., 2014). 

A wide array of studies have demonstrated the emerging regulatory role of exosomes in 

PAH. Indeed, exosomes released by mesenchymal stromal/stem cells (MSCs) have been 

shown to reverse of vascular remodeling and right ventricular hypertrophy in 

experimental pulmonary hypertension (C. Lee, Mitsialis et al., 2012).  In addition, a recent 

study showed that inflammation and hypoxia can induce pulmonary artery endothelial 
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cells (PAEC) to release exosomes. These exosomes augmented proliferation and induced 

apoptosis resistance in cultured pulmonary artery smooth muscle cells (PASMC), 

suggesting that this mechanism may play a contributory role in the pathogenesis of 

pulmonary hypertension (L. Zhao, Luo et al., 2017). 

The studies described above demonstrate that exosomes can participate in the 

development of PAH but can also act as anti-inflammatory and anti-apoptotic elements, 

which attenuate the disease. Moreover, exosomes derived from endothelial cells, 

specifically those induced by KLF2, can transfer miRNAs to vascular smooth muscle cells 

and reduce vascular remodeling in experimental models of atherosclerosis (Hergenreider, 

Heydt et al., 2012). The effects of KLF2-induced exosomes on endothelial cell-to-cell 

signalling or its impact on pulmonary vascular remodeling have not been investigated. 

Here, I aimed to determine the effect of KLF2-induced exosomes on inflammatory 

activation of NFκB and apoptosis in cultured pulmonary artery endothelial cells.  

I hypothesized that exosomes isolated from KLF2-overexpressing endothelial cells can 

mimic the protective effects of KLF2 in cultured primary human pulmonary artery 

endothelial cells. 
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 Aims & Objectives 

The aims and objectives of the studies described in this chapter were to:  

1. Establish optimal methods of purification and quantification of exosomes isolated 

from conditioned culture media of pulmonary artery endothelial cells using two 

different methods (i) sequential ultracentrifugation and (ii) commercially available 

kit with lipid-based fractionation (Exiqon) and to confirm the effectiveness of 

exosome purification using nanoparticle tracking analysis (NanoSight), western 

blotting and exosome marker microarray. 

2. Investigate the effect of KLF2-induced exosomes on hypoxia-and TNF-α-induced 

activation of NFκB in pulmonary artery endothelial cells and smooth muscle cells 

using NFκB luciferase reporter assay. 

3. To investigate the effect of KLF2 exosomes on HPAECs viability/apoptosis in vitro 

using caspase 3/7 assay. 
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Figure 27. Experimental outline for Chapter 4. 

 

 Methods 

This is a brief outline of the experimental methods used in this chapter. A more detailed 

description of experimental materials and protocols can be found in Chapter 2. 

4.3.1 Exosome Isolation 

4.3.1.1 Isolation of exosomes by ultracentrifugation  

Exosomes were isolated from conditioned media of HPAECs overexpressing AdGFP or 

AdKLF2-GFP cultured in ECGM2 medium supplemented with 2% exosome-depleted fetal 

bovine serum. Conditioned media were spun down at 3200 x g for 10 minutes, and pellets 

are containing unattached cells were discarded. The supernatants were then spun down 

at 20,000 x g for 1 hour to collect large cell fragments. The supernatants were centrifuged 

at 100,000 x g for 1h, 2h or 5h in Thermo Scientific™ Sorvall™ MX Plus Series Floor Model 
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Micro-Ultracentrifuge (ThermoFisher Scientific, 50135643). The exosome pellet was re-

hydrated in 200µl of re-suspension buffer (Exosome Isolation Kit; Exiqon, 300102), 

sonicated for a few seconds on the ice and stored at -20oC. Exosomes were quantified by 

Nanosight spectrophotometry, and the presence of exosome membrane markers was 

confirmed by Western blotting.  

4.3.1.2 Isolation of exosomes with miRCURY™ Exosome Isolation kit (Exiqon; 300102) 

 Following the infection with AdGFP or AdKLF2-GFP, exosomes were isolated according to 

the manufacturer’s protocol. Briefly, 4 mL of precipitation buffer (Exosome Isolation Kit) 

was added to 10ml of conditioned culture media and incubated for 60 minutes on a rolling 

shaker at 4°C. After that, the media were spun for 30 minutes at 3,200 x g at 20°C, and 

the resultant exosome pellet was re-hydrated in 200μl of re-suspension buffer, sonicated 

for a few seconds on the ice and stored at -20°C. Exosomes were then quantified with 

NanoSight LM10 Particle Size Analyzer, and the presence of exosome membrane markers 

was confirmed by Western blotting and exosome marker microarray analysis. For more 

details, please see Chapter 2 section 2.5. 

4.3.2 Exosome quantification: Nanonsight technology LM10  

NanoSight LM10 Particle Size Analyzer and Particle Counter (Malvern Instruments Ltd) 

was used to directly visualise, analyse, size and count exosomes in liquid suspension. The 

device was used in collaboration with Prof. Mark Green (King's College London; Strand; 

London; WC2R 2LS; United Kingdom). For more details see Chapter 2 section 2.5.1. 
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4.3.3 Detection of exosomal proteins  

4.3.3.1 Western blot analysis  

Protein content in exosome fractions was measured with a Pierce BCA Protein Assay Kit 

(Thermo Scientific). Exosome samples in sample buffer were loaded onto 12% SDS/PAGE 

gels (10μg protein/lane) and subjected to electrophoresis followed by western blotting. 

The membranes were probed for 3 different exosome markers: Cluster Differentiation 

protein 63 (CD36), Heat Shock Protein 70-kD (HSP70) and Tumor Susceptibility Gene101 

(TSG101). For more details see Chapter 2 section 2.5.2. 

4.3.3.2 Exosome array analysis  

The purity of exosome fraction was also studied with Exosome Array analysis (System 

Biosciences, EXORAY-4) which includes 8 different types of antibodies directed against 

exosome markers: FLOT1, ICAM, ALIX, CD81, CD63, EpCAM, ANXA5 and TSG101, 

according to the manufacturer’s protocol. Full experimental details are provided in 

Chapter 2 section 2.5.3. 

4.3.4 Exosomal imaging  

Exosomal cell membrane was stained with PKH26 Red Fluorescent Cell Membrane Linker 

Kit (Sigma-Aldrich; PKH26GL-1KT), according to the manufacturer’s protocol. PKH26 is a 

lipophilic dye that binds to cell membrane, resulting in a uniform fluorescent staining of 

the cell surface. Therefore, adding PKH26 alone to recipient cells would have resulted in 
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fluorescent staining of cells. PKH membrane dyes are commonly used for exosome 

tracking (Franzen, Simms et al., 2014; Riches, Campbell et al., 2014). 

Briefly, the exosomes were washed with PBS by ultracentrifugation at 400 x g to remove 

the unbound stain then were seeded onto endothelial cells cultured on plastic coverslips 

in 24-well dishes. After 2h incubation at 37°C, the endothelial cells were fixed in 4% 

formaldehyde and permeabilised with 0.1% Triton X-100 in PBS. The cells were then 

incubated with 1μg/ml FITC-phalloidin to visualise filamentous (F) actin, and the 

coverslips were mounted in DAPI. The cells were examined under the Leica TCS SP5 

Confocal Microscope. For more details see Chapter 2 section 2.6. 

4.3.5 Caspase 3/7 apoptosis assay 

HPAECs were left untreated or were treated with control (AdGFP-induced) or KLF2 (KLF2-

induced) exosomes. After overnight incubation, HPAECs were left in full medium or in 

growth factor- and serum- depleted medium for 9 hours. Caspase 3/7 assay solution was 

added at the end of the experiment to detect changes in caspase activity measured as 

changes in the intensity of fluorescence analysed in GlomaxTM luminometer at Ex/Em= 

535/620 nm. For more details, please see Chapter 2 section 2.10. 

4.3.6 NFκB luciferase reporter assay  

HPAEC or HPASMCs grown in 96-well plates were infected with AdNFκB-luc at the MOI 

1:100 for 1h. Exosomes isolated from AdGFP-overexpressing cells or AdKLF2-GFP-
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overexpressing cells were added to the cells with, or without TNF-α 10ng/ml and 

incubated for 24h in normoxic or hypoxic conditions at 37⁰C. Luminescence of cell lysates 

was measured in Luciferase Assay with the Glomax™ luminometer. For more details see 

Chapter 2 section 2.11. 

 Results 

4.4.1 Optimization of exosome purification from cultured HPAECs in vitro 

In the first series of experiments I optimized methods of exosome purification by 

comparing two standard protocols: exosome purification by sequential 

ultracentrifugation and exosome purification with exosome purification kit (Exiqon) 

(Goswami, Banerjee et al., 2016; Taylor, Homesley et al., 1983). The size and number of 

vesicles in the obtained fractions were analysed with Nanosight spectrophotometry. The 

presence of exosome membrane markers was confirmed by Western blotting and 

exosome microarray analysis. Moreover, I confirmed the ability of pulmonary artery 

endothelial cells to internalise exosomes. 

4.4.2 Nanosight 

Nanosight LM10 analysis revealed that Exiqon exosome purification kit provided a 

fraction containing predominantly exosome-sized (<100 nm in diameter) particles, with 

approximately ~2 x 1010 particles in each mL of medium. Following sequential 
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ultracentrifugation, the final fraction contained ~1.25 x 1010 particles/ml (data not 

shown).  

No significant differences in the total exosome number were isolated from conditioned 

media collected, from control (AdGFP) and AdKLF2-GFP-overexpressing (AdKLF2) HPAECs 

(Figure 28). Purified exosomes were added to the cultured HPAECs at 1:1 donor-to-

recipient cell ratio, i.e. exosomes produced by 10 KLF2-overexpressing cells were added 

to 10 recipient cells in culture, corresponding to ~105 particles/cell. 

 

Figure 28. Exosome quantification.  (A) and (B) show an example of particle distribution in conditioned 

media and purified exosome fraction from control HPAECs (Adcontrol), as indicated. (C) Total number of 

particles and (D) number of exosomes (particles <100 nm in diameter) in control (untreated) HPAECs and 

10µm 10µm 
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HPAECs infected with AdGFP (Adcontrol) or AdKLF2-GFP, as indicated. Quantification was carried out with 

NanoSight LM10 Particle Size Analyzer; n=4.  

 

4.4.3 Western blot and microarray 

Western blot analysis showed that sequential centrifugation of 10 ml of conditioned 

media from control cells resulted in gradual enrichment of fractions with exosomes, as 

indicated by increased levels of exosomal marker protein CD63. However, Exiqon 

exosome purification method resulted in a higher exosomal yield, confirming the 

quantification results described in the previous section. The obtained purified fraction 

was also positive for other exosome markers, including HSP70 and TSG101 (Figure 29). To 

summarise, we found that the Exiqon exosome purification method was faster and more 

effective in providing a purified exosome fraction than sequential ultracentrifugation. 

Therefore, this method was selected for use in future experiments. In addition, the purity 

of the exosome fraction was confirmed with the exosome marker microarray (Figure 30). 

 

Figure 29. Detection of exosomal proteins using western blot analysis.  CD63, TSG101 and HSP70 protein 

expression in culture media, supernatant and exosome fractions isolated by ultracentrifugation or Exiqon 

exosome isolation kit, as indicated, n=3. Exosomes were isolated from 10ml of conditioned media taken from 
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control (untreated) HPAECs, and the final fraction was re-suspended in 200µl of Exiqon re-suspension buffer. 

10 ml of conditioned media from control (untreated) HPAECs were centrifuged at 100,000g for 1-5h to 

establish optimal time for exosome collection. 

 

   

Figure 30. Exosome marker microarray analysis. (A) Representative microarray membranes are showing 

an increase in the levels of exosome markers in the final exosome fraction following exosome purification 

with Exiqon kit, compared with conditioned medium. (B) A decrease in the levels of GM130 (a marker of 

cellular contamination) in the purified exosome fraction following exosome purification n=2. 

 

4.4.4 Exosomes released from endothelial cells are internalized by cultured HPAECs 

In order to confirm the ability of endothelial cells to internalise exosomes, HPAECs were 
incubated with PKH26-labelled exosomes for 2h. Confocal microscopy analysis revealed 
the intracellular accumulation of fluorescently-labelled exosomes in HPAECs (Figure 31).  

A B 
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Figure 31. Confocal microscope reveals intracellular accumulation of 

exosomes taken up by HPAECs. (A) The cells were incubated for 2h 

with exosomes stained with red fluorescent membrane marker PKH26 

or with the supernatant obtained during the final step of isolation of 

fluorescently-labelled exosomes (Exiqon kit). Exosomes are red 

(PKH26), nuclei are blue (DAPI) and F-actin is green (FITC-phalloidin). 

Bar=10µm. (B) 3µm-thick longitudinal optical slices were taken mid-

way from top to bottom of the cell, at the level of cell nucleus. 

Arrowheads point to exosomes. Bar=2µm. n=3. 
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4.4.5 Exosomes modify the function of cultured pulmonary vascular cells 

Endothelial apoptosis is thought to occur in the early onset of PAH (Sakao, Tatsumi et al., 

2009). In experimental conditions, cell apoptosis can be induced by serum and growth 

factor- starvation (Aghababazadeh & Kerachian, 2014). Here, exosomes isolated from 

conditioned media of AdGFP and AdKLF2-GFP overexpressing cells were added to HPAECs 

in fresh serum- and growth factor- depleted medium or full growth medium containing 

exosome-depleted serum (negative control) and endothelial apoptosis was measured 9 

hours later in caspase 3/7 activity assay. The results show a significant anti-apoptotic 

effect of KLF2 exosomes compared with exosomes from adenoviral controls (Figure 32A). 

As previously mentioned in Chapter 3, hypoxia and TNF-α were used as activators of NFκB 

due to their role in the inflammatory responses in PAH (Groth, Vrugt et al., 2014; Pugliese, 

Poth et al., 2015). In both animal and human PAH, an inflammatory response mediated 

by NFκB is significantly activated at the end-stage of the disease (Price, Caramori et al., 

2013).  

TNF-α and hypoxia stimulated NFκB activity in HPAECs measured in a luciferase reporter 

assay (~15-fold and ~4-fold increase respectively, compared with the untreated controls). 

Exosomes isolated from KLF2-overexpressing cells (referred to as KLF2 exosomes) 

reduced this effect in all experimental conditions (Figure 32B).  Moreover, NFκB levels 

were also decreased in HPASMCs treated with TNF-α or exposed to hypoxia (~30-fold and 

~2-fold reduction respectively, comparison with untreated controls; (Figure 33) 
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Figure 32. KLF2-induced exosomes prevent endothelial apoptosis and inflammatory activation in HPAECs. 

(A, B) Show the effect of control and KLF2 exosomes on caspase3/7 activity (9h), NFκB activity in hypoxia-

and TNF-α-treated cells (10 μg/L, 24h), as indicated. Control exosomes were purified from AdGFP expressing 

cells, while KLF2 exosomes were purified from AdKLF2-overexpressing HPAECs. *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001, comparison with Adcontrols. #P<0.05, ##P<0.01, comparison with treatment 

controls. One-way ANOVA with Tukey post-test. Values are mean fold-changes of Adcontrols ± SEM, n=4-7. 

 

Figure 33. KLF2-induced exosomes prevent endothelial inflammatory activation in HPASMCs. (A, B) Show 

the effect of control and KLF2 exosomes on NFκB activity in hypoxia-and TNF-α-treated cells, as indicated. 

Control exosomes were purified from AdGFP-expressing cells, while KLF2 exosomes were purified from 

AdKLF2-overexpressing HPAECs. ****P<0.0001, comparison with Adcontrols. #P<0.05; ###P<0.001, 

comparison with treatment controls. One-way ANOVA with Tukey post-test. Values are mean fold-changes 

of Adcontrols ± SEM, n=3. 

A B 

A B 
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 Summary  

The results presented in this chapter showed that: 

Ø Exosomes are internalised by pulmonary endothelial cells within 1-2 hours of 

incubation. 

Ø KLF2 exosomes inhibit TNF-α- and hypoxia-induced activation of NFκB in 

pulmonary vascular endothelial and smooth muscle cells. 

Ø KLF2 exosomes have an anti-apoptotic effect in HPAECs. 

Ø Treatment of cells with KLF2 exosomes recapitulates, to some extent, anti-

inflammatory and anti-apoptotic effects of KLF2. 

 Discussion 

This part of the study aimed to verify potential anti-inflammatory and anti-apoptotic 

effects of exosomes released by endothelial cells overexpressing KLF2. NFκB-driven 

expression of luciferase was chosen as an indicator of inflammatory activation of cells 

(Carlsen, Moskaug et al., 2002). The results confirmed a potent pro-inflammatory effect 

of TNF-α and showed that pre-treatment of cells with KLF2 exosomes has a protective 

effect, though less potent than the effect of KLF2 overexpression (~ 2-fold decrease in 

exosome-treated cells, compared with ~5-fold decrease in KLF2-overexpressing cells). 

KLF2 is a transcription factor which, in addition to its role in inducing the release of 

exosomes, binds to the promoter region of the target genes to regulate their 

transcription. Basal levels of the NFκB activation observed in control AdNFκB-luc-infected 
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cells are likely to result from the use of adenoviral vectors, known to cause some degree 

of inflammatory activation in cells (Borgland, Bowen et al., 2000). The anti-inflammatory 

effects of exosomal treatment were also seen in HPASMCs, confirming the observations 

by Hergenreider et al. showing protective effects of exosomes obtained from KLF2-

overexpressing HUVECs on cultured vascular smooth muscle cells (Hergenreider, Heydt et 

al., 2012). This observation may have important implications in pulmonary vascular 

remodeling, where inflammatory responses are also observed in the medial layer of the 

pulmonary artery  (Stenmark, Nozik-Grayck et al., 2011).  

The anti-apoptotic effects of KLF2 in endothelial cells have been widely reported (Dela 

Paz, Walshe et al., 2012; Doddaballapur, Michalik et al., 2015) and our observations show 

that this effect can be recapitulated, at least in part, by KLF2 exosomes.  

Exosomes may carry a number of different signalling molecules, including membrane 

proteins, kinases, DNA, mRNA and miRNAs (Zaborowski, Balaj et al., 2015). An increasing 

number of studies, however, show that miRNAs are main signalling components of 

exosomes (Bhome, Del Vecchio et al., 2018; Hergenreider, Heydt et al., 2012). Therefore, 

the focus of this investigation was to identify miRNAs that could act as signalling 

mediators of the effects induced by KLF2 exosomes. 
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Chapter 5 – Identification of KLF2-induced exosomal miRNAs of 

potential therapeutic significance in PAH 

 Introduction 

MicroRNAs (miRNAs, or miRs) are small, ~22 nucleotide-long, non-coding RNA molecules. 

miRNAs regulate gene expression by binding to target mRNA and produce the silencing 

effects (Winter, Jung et al., 2009). 

In recent years, miRNAs have emerged as important regulators of many aspects of cellular 

functions including cell cycle progression and differentiation, proliferation, survival, 

angiogenesis, migration and morphogenesis of ECs (Inui, Martello et al., 2010; Niwa & 

Slack, 2007; F. Wu, Yang et al., 2009). 

Studies in animal and human PAH have demonstrated an association between several 

miRNAs such as miR-21, miR-204, miR-145, miR-130/301, miR-20a, miR17-92 with disease 

signalling pathways and revealed differential expression of miRNAs in PAH lung, 

compared with healthy controls (Gupta & Li, 2015). Changes in miRNA content were also 

seen in pulmonary arterial fibroblasts and lung tissues exposed to chronic hypoxia or 

monocrotaline in rats (Caruso, MacLean et al., 2010). Moreover, the reduction of Dicer 

expression, the important enzyme involved in microRNAs biogenesis, was shown in 

hypoxic and MCT rats (Caruso, MacLean et al., 2010). Rhodes and colleagues conducted 

a microarray screen on plasma samples from eight PAH patients and eight healthy sex-

and age-matched controls and identified 58 miRNAs that were differentially expressed in 
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PAH. In particular, they found that reduced plasma levels of miR-150 correlated with poor 

survival (Rhodes, Wharton et al., 2013). This study also suggests that KLF2-regulated 

microRNAs may play a role in the regulation of vascular remodeling as KLF2 modulates 

expression of miR-150 in endothelial extracellular vesicles and KLF2 mRNA levels are 

reduced in lungs of monocrotaline PH rats (Rhodes, Wharton et al., 2013).  

Hergenreider et al. showed that extracellular vesicles secreted by shear-stimulated and 

KLF2-overexpressing HUVECs were enriched in miRNAs belonging to 143/145 cluster. 

Interestingly, intravenous injection of these vesicles into mice reduced atherosclerotic 

lesion formation (Hergenreider, Heydt et al., 2012).  This effect was attributed, at least in 

part, to KLF2-driven communication between endothelial cells (ECs) and smooth muscle 

cells (VSMCs) involving the microvesicles-mediated transfer of regulatory microRNAs.  

Results in Chapter 4 showed anti-apoptotic and anti-inflammatory effects of exosomes 

isolated from KLF2-overexpressing endothelial cells. We hypothesized that these 

endothelium-protective effects of KLF2 exosomes might result from the exosome-

mediated transfer of KLF2-induced microRNAs. 
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 Aims & Objectives 

The experimental aims and objectives described in this chapter were to: 

1- Characterise KLF2-induced changes in the endothelial exosome miRNA expression 

profile using MiRCURY LNATM Universal RT microRNA PCR Human panel I+II.   

2- Identify KLF2-regulated miRNAs/miRNA clusters likely to regulate pathways 

important in the pathogenesis of PAH using literature data search and Ingenuity 

Pathway Analysis software (IPA).  

3- Study the effects of selected miRNAs and miRNA inhibitors on viability/apoptosis 

(caspase 3/7 assay) or/and inflammatory activation (luciferase reporter assay) of 

pulmonary endothelial cells. 

4- Measure expression levels of selected miRNAs using qPCR.: 

a. in HPAECs treated with KLF2-induced exosomes  

b. in flow-stimulated HPAECs 

5- Investigate whether miRNAs can be transferred between endothelial cells under 

flow using IBIDI flow chambers. 
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Figure 34. Experimental outline for Chapter 5. 
 

 Methods 

Please See Chapter 2 for a detailed description of experimental materials and protocols. 

5.3.1 Universal RT microRNA PCR human panel I+II  

Exosomes were isolated from conditioned media of HPAECs overexpressing AdGFP or 

AdKLF2-GFP, as described in chapter 2 section 2.2. miRNA profile in HPAECs 

overexpressing AdGFP (controls) and AdKLF2-GFP was analysed with Exiqon miRCURY 

LNATM Universal RT (microRNA PCR Human panel I+II). The detailed description of the 

experimental materials and procedures can be found in chapter 2 section 2.7. 
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The analyses were performed using Ingenuity Pathway Analysis software (IPA, Qiagen). 

The KLF2-induced miRNAs differentially expressed list, that passed a Benjamini-Hochberg 

correction with a cut-off p-value<0.05, compared with the published lists of differentially 

expressed miRNAs in PAH patients and PH animals (Caruso, MacLean et al., 2010; Rhodes, 

Wharton et al., 2013).   

5.3.2 Transfection of cells with miRNA mimics and inhibitors  

Transfection of miRNA mimics and inhibitors was carried out with Lipofectamine 

RNAiMAX Transfection Reagent. Briefly, HPAECs were transfected with control miRNA 

(non-targeting transfection control) or let-7a-5p, miR-10a-5p, miR-125b-5p, miR-181a-5p, 

miR-191-5p, miR-30a-3p, miR-30c-5p, miR-324-5p at a concentration of 10 nmol/L. Cy3 

Dye-Labeled Pre-miRNA (negative, non-targeting control) ranging from 0.6μl to 6μl (stock 

5 nmol) using 2 types of Lipofectamine: Lipofectamine 2000 or Lipofectamine RNAiMAX 

was used to assess transfection efficiency in 24-well plates. 

In the following experiments, HPAECs were left untreated or were transfected with 

control miRNA at 20 nmol/L or control miRNA at (10 nmol/L) plus either miR-181a-5p (10 

nmol/L; miRNA mimic/miRNA inhibitor) or miR-324-5p (10 nmol/L; miRNA mimic/miRNA 

inhibitor) or a combination of miR-181 and miR-324 together (10 nmol/L of each). After 5 

hours, the media were changed, and cells were exposed to hypoxia or treated with TNF-

α for 24 hours. Alternatively, the untransfected and transfected cells were starved for 9 
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hours before caspase 3/7 assay. The detailed methodology can be found in Chapter 2 

section 2.8. 

5.3.3 Exosomal miRNA transfer under flow 

60 000 cells in 100 μl ECGM2 medium were seeded into each of six chambers of μ-Slide 

VI 0.4. On the following day, the cells grown in the first chamber were transfected with 

fluorescent Cy3-miRNA (10 nmol/L) and washed several times before connecting the 

chamber to other two flow chambers in tandem, so that the medium from chamber 1 

would flow through chamber 2 and then chamber 3 and out. A peristaltic pump created 

a laminar flow of media over the endothelial cells at 4 dynes/cm2. Two independent flow 

systems were set on one Ibidi slide (two sets of 3 chambers in two separate flow circuits), 

and the experiment was repeated in triplicate.  For more details, please see Chapter 2 

section 2.9. 

5.3.4 Caspase 3/7 apoptosis assay 

The apoptosis was measured in caspase 3/7 assay in the untransfected or miR-transfected 

HPAECs cultured in growth factor- and serum-depleted medium for 9 hours in normoxic 

conditions at 37⁰C. This assay was applied after optimization described in detail in Chapter 

2 section 2.10.  
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5.3.5 NFκB luciferase reporter assay  

Luminescence of untransfected/transfected (with or without exosomes treatment) cell 

lysates was measured in Luciferase Assay using the Glomax™ luminometer after overnight 

incubation in normoxic or hypoxic conditions at 37⁰C, in the presence or absence of TNF-

α 10ng/ml. Protocol details can be found in Chapter 2 section 2.11. 

5.3.6 Measurement of the miRNA transfection efficiency  

The levels of miR-181a-5p and miR-324-5p were quantified by qPCR. HPAECS were 

transfected with miR-181a-5p, miR-324-5p or both miRNAs for 5 hours then the medium 

was changed, and the cells were incubated overnight in normoxic conditions at 37⁰C. Next 

day, the cells were harvested by trypsinisation before RNA was purified and reverse 

transcribed to cDNA. The cDNAs were then subjected to a real-time PCR. The detailed 

protocol of the procedure can be found in Chapter 2 section 2.12. 

5.3.7 Measurement of miRNA expression after treatment with exosomes 

HPAECs were left untreated or were treated with exosomes isolated from AdGFP- or 

AdKLF2-GFP-overexpressing cells for 24 at 37⁰C. Next day, the cells were trypsinised and 

harvested by centrifugation. RNA was purified from harvested cells to obtain cDNAs for 

real-time PCR analysis detailed in Chapter 2 section 2.12. 
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5.3.8 Measurement of miR-181a-5p and miR-324-5p expressions in HPAECs cultured 

under flow conditions 

HPAECs were cultured in 9-cm2 Nunc® Lab-Tek™ Flaskettes. The slides were detached and 

inserted into flow chambers in a parallel chamber flow apparatus (Wojciak-Stothard & 

Ridley, 2003).  Endothelial cells were subjected to laminar flow at 10 dynes/cm2 for 24 

hours. miRNA expression levels in cells grown under the static and flow conditions were 

measured by qPCR. More details in Chapter 2 section 2.12. 
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 Results 

5.4.1 MiRCURY LNATM universal RT microRNA PCR human panel I+II analysis 

To characterize KLF2 -induced changes in exosome miR-profile, miRNA profiling was 

carried out with miRCURY LNATM Universal RT microRNA PCR (Human panel I+II) on 

exosome fractions from control (AdGFP) HPAECs and KLF2-overexpressing (AdKLF2) 

HPAECs showing ~3-fold increase in KLF2 expression. A detailed description of sample 

quality analysis and subsequent steps of miRNA profiling are described in the Chapter 2 

section 2.7. 330 miRNAs were detected per sample, with 183 miRNAs shared amongst 

all samples and 110 miRNAs differentially expressed, with a cut-off p-value<0.05. Eighty-

six of these miRNAs passed a Benjamini-Hochberg correction (p-adj<0.05). Heat map 

and unsupervised hierarchical clustering performed on the 86 differentially expressed 

miRNAs is shown in Figure 35, and a list of miRNAs is provided in Supplementary Table 

S1. 
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Figure 35. KLF2-induced changes in miRNA expression. Heat map and unsupervised hierarchical clustering. 

The clustering was performed on 3 samples of exosomal pellets collected 24h post-infection with AdGFP or 

AdKLF2-GFP. Each row represents one miRNA, and each column represents one sample. The miRNA 

clustering tree is shown on the left. The colour scale illustrates the relative expression level of a miRNA across 

all samples: yellow colour represents an expression level above mean, purple colour represents expression 

lower than the mean. 
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5.4.2 Pathway analysis and identification of miRNAs of potential therapeutic 

significance in PAH 

Ingenuity Pathway Analysis software (IPA) was used to identify 60 clusters of KLF2-

regulated miRNAs sharing the same seed sequence and targeting mediators of apoptotic, 

inflammatory and proliferative pathways. This list was then compared with published lists 

of miRNAs differentially expressed in human PAH and chronic hypoxia and MCT rat 

models of PAH (Figure 36) (Caruso, MacLean et al., 2010; Rhodes, Wharton et al., 2013). 

Eight miRNAs increased by KLF2 but reduced in human or animal PAH, were selected for 

further studies. The selected miRNAs included let-7a-5p, miR-10a-5p, miR-125b-5p, miR-

181a-5p, miR-191-5p miR-30a-3p, miR-30c-5p, miR-324-5p (Table 23).  

Figure 36. Flow charts show the identification of potential protective miRNAs in PAH. The left chart shows 

the identification of potential miRNAs in plasma PAH patients while right chart shows potential miRNAs in 

lung PAH rats. Ingenuity Pathway Analysis (IPA) software was used. miR-181a-5p is overlapped between 

patients (2 miRNAs) and animal models lists (7 miRNAs), resulting in 8 miRNAs.  
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Table 23. Eight selected miRNAs upregulated by KLF2 and reduced in human PAH or animal models of 

PAH. 

5.4.3 Optimization of miRNA transfection 

Following identification of candidate miRNAs of potential therapeutic significance, 

miRNAs were transfected into HPAECs. In order to optimise methods of transfection, 

HPAECs were transfected with various concentrations of Cy3 Dye-Labeled Pre-miRNA 

Negative Control ranging from 0.6μl to 6μl (stock 5nmol), using 2 types of Lipofectamine: 

Lipofectamine 2000 or Lipofectamine RNAiMAX (Figure 37).  Lipofectamine RNAiMAX 

(volume/24 well) and 0.6μl concentration of mimic gave the highest (~80-90%) 

transfection efficiency and therefore was selected for further experiments.  

miRNA ID in Ingenuity pathway analysis program (IPA) 

1 let-7a-5p (and other miRNAs w/seed GAGGUAG) 

2 miR-10a-5p (and other miRNAs w/seed ACCCUGU) 

3 miR-125b-5p (and other miRNAs w/seed CCCUGAG) 

4 miR-181a-5p (and other miRNAs w/seed ACAUUCA) 

5 miR-191-5p (and other miRNAs w/seed AACGGAA) 

6 miR-30a-3p (and other miRNAs w/seed UUUCAGU) 

7 miR-30c-5p (and other miRNAs w/seed GUAAACA) 

8 miR-324-5p (and other miRNAs w/seed GCAUCCC) 
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Figure 37. Optimization of miRNA transfection. The left panel shows Lipofectamine 2000 reagent 1μl 

(1mg/ml) combined with different volumes of Cy3 Dye-Labeled Pre-miRNA Negative Control (3μl, 4μl and 

6μl). The right panel shows Lipofectamine RNAiMAX reagent 1μl (1mg/ml) with different volumes of Cy3 

Dye-Labeled Pre-miRNA Negative Control: 0.6μl,1.5μl and 2μl. n=3. 

5.4.4 Exosomal miRNA transfer under flow 

Additional experiments were set up to confirm that miRNAs can be exchanged between 

endothelial cells under flow. HPAECs were cultured in IBIDI flow chambers connected in 

series (Figure 38A-C). The cells grown in the first chamber were transfected with 

fluorescent Cy3-miRNA and then washed several times, before being connected with the 

second chamber and then the third one in series. The medium flowed at 4 dynes/cm2, 

from an inlet media reservoir to chamber 1 and then chambers 2 and 3, before being 

collected in an output media reservoir. The analysis of cell fluorescence showed the 

transfer of fluorescent miRNA mimic from chamber 1 to chamber 2 and then chamber 3, 
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6μl 
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following an overnight incubation (Figure 38A, C), which illustrates exosome-mediated 

communication between endothelial cells under flow.  

 

Figure 38. miRNA transfer under flow. (A) Schematic representation of flow setup. (B) Cy3-labelled miRNA 

transfer in HPAECs under flow (fold-change of fluorescence in Channel 1 ± SEM); n=3. Cells in Channel 1 were 

transfected with Cy3-miRNA and washed several times to remove fluorescent miRNA. The flow of medium 

(4 dynes/cm2, 24h) was directed from Channel 1 to Channel 2 and Channel 3. (C) Representative images of 

cells in Channels 1, 2 and 3; Bar=50µm. **P<0.05, ***P<0.001, compared with negative control (transfection 

reagent only), one-way ANOVA with Tukey post-test, n=4-8. 

5.4.5 Effects of selected KLF2-induced miRNAs on endothelial function in vitro 

To verify the role of selected miRNAs in exosome-induced responses, HPAECs were 

transfected with 8 selected miRNA mimics prior to starvation or stimulation with hypoxia 

or TNF-α.   

To induce apoptotic effects, the untreated or miRNA-transfected HPAECs were serum- 

and growth factor-starved for 9 hours to reach ~ 2.5-fold increase in caspase 5/7 activity, 
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compared with non-starved transfected cells (Figure 39A). Only miR-181a-5p, miR-324-5p 

and miR30c-5p showed significant anti-apoptotic effects compared with starved 

transfection control (Cy3 Dye-Labeled Pre-miRNA Negative Control) (Figure 39A). 

 To study potential anti-inflammatory effects of selected miRNAs, HPAECs were infected 

with AdNFκB-luc and then transfected with Cy3 Dye-Labeled Pre-miRNA Negative Control 

or the selected 8 miRNA-mimics. Following transfection, the cells were incubated in 

normoxic or in hypoxic conditions or were treated with TNF-α (10ng/mL) for 24 hours. 

Hypoxia and TNF-α induced significant activation of NFκB by ~1.5-fold and ~5-fold 

increase respectively, compared with normoxic transfection control (Figure 39B, C). Only 

miR-181a-5p and miR-324-5p were effective in reducing NFκB activity in hypoxia- and 

TNF-α-stimulated cells (Figure 39B, C).  

While most of the selected miRNAs showed some anti-inflammatory and/or anti-

apoptotic effects, only miR-181a-5p and miR-324-5p were protective in all study 

conditions (Figure 39A, B and C) and therefore these two miRNAs were selected for 

further experiments.  
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Figure 39. Effects of 8 selected miRNAs on HPAEC function. (A) Apoptosis (caspase 3/7 activity) in serum-

starved HPAECs transfected with control miRNA or miR-125, let-7, miR-10a, miR-191, miR-30, miR-181, miR-

324, miR-30c, as indicated. (B, C) NFκB activity in HPAECs transfected with miRNAs and cultured in hypoxic 

conditions or treated with TNF-α (10 µg/L) for 24h, as indicated. Bars show the mean fold-change of 

untreated, untansfected controls +/-SEM. **P<0.01; ***P<0.001; ****P<0.0001, comparison with 

transfection controls; #P<0.05; ##P<0.01, comparison with treatment controls. One-way ANOVA with Tukey 

post-test. n=3-5. 
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5.4.6 The effect of single and combined treatments of cells with miR-181 & miR-324 

While only miR-181a-5p and miR-334-5p showed both anti-inflammatory and anti-

apoptotic effects, compared with the other six selected miRNAs, their impact was not as 

pronounced as seen in exosome-treated cells (Figure 32). Therefore, we further 

investigated the effect of a combination of the two miRNA mimics. Interestingly, a 

combined treatment had a greater protective effect than single treatments. This response 

did not depend on the dose of miRNA, as the same overall amount of microRNA was 

delivered to the cells in all studied groups (Figure 40). 

 

Figure 40. Combination of miR-181 and miR-324 improves endothelial cell function. (A) Anti-apoptotic and 

(B, C) anti-inflammatory effects of single and combined treatments with miR-181a-5p and miR-324-5p. 

HPAECs transfected with specific miRNAs and then were serum-starved for 9h or infected with AdNFκB-luc 

and stimulated with hypoxia or TNF-α (10 µg/L) for 24h. Bars show mean fold-change of controls +/-SEM. 

*P<0.05; **P<0.01;***P<0.001;****P<0.0001, comparison with transfection controls; #P<0.05, ##P<0.01, 
###P<0.001, ####P<0.0001, comparison with treatment controls; &P<0.05, comparison as indicated. One-way 

ANOVA with Tukey post-test, as appropriate. n=4-9. 
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5.4.7 Measurement of miR-181 & miR-324 levels in HPAECs transfected with miRNA 

mimics 

In order to verify the effectiveness of miRNA transfection, the levels of miR-181a-5p and 

miR-324-5p were measured in control miRNA (pre-miRNA negative control), miR-181a-5p 

and miR-324-5p- transfected HPAECs.  The results showed a significant increase in the 

levels of both miRNAs in cells transfected with either of the miRNAs alone, or in 

combination (Figure 41). 

 

Figure 41. Measurement of miR-181 & miR-324 levels in HPAECs following transfection with miRNA 

mimics. (A) Expression of miR-181a-5p. (B) Expression of miR-324-5p. HPAECs were left untreated or were 

transfected with control miRNA at 20 nmol/L or control miRNA at (10 nmol/L) plus either miR-181a-5p (10 

nmol/L; miRNA mimic/miRNA inhibitor) or miR-324-5p (10 nmol/L; miRNA mimic/miRNA inhibitor) or a 

combination of miR-181 and miR-324 together (10 nmol/L of each). Bars show means ± SEM, ***P< 0.001, 

****p < 0.0001, comparison with transfection controls; ##p <0.01, ###P< 0.001, comparison with treatment 

control (single). One-way ANOVA with Tukey post-test, as appropriate, n=3. 
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5.4.8 MiR181 and miR324 inhibitors reverse the protective effect of KLF2 exosomes 

To verify whether the protective effects of KLF2 exosomes were mediated by miR-181 and 

miR-324, HPAECs were transfected with miRNA inhibitors prior to the addition of KLF2 

exosomes. The results, shown in Figure 42 confirm that miR-181 and miR-324 acted as 

mediators of KLF2 exosome signalling. They show that ~4-fold increase in NFκB activity 

induced by TNF-α was reduced in the presence of KLF2 exosomes and that this protective 

effect was prevented by combined transfection with miR-181 and miR-324 inhibitors.  

 

Figure 42. miR-181 and miR-324 inhibitors reverse the protective effects of KLF2 exosomes. AdNFκB-luc-

treated HPAECs were transfected with KLF2 exosomes from endothelial cells transfected with control 

inhibitor or miR-181, miR-324 inhibitors, with or without TNF-α, as indicated. Bars show mean fold-change 

of luminescence in untreated, untransfected controls ± SEM. ****P<0.0001, comparison with untreated 

transfection controls; ###P<0.001, comparison with treatment controls. ANOVA with Tukey post-test, n=4-8. 
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5.4.9 The levels of miR-181 and miR-324 are increased in HPAECs after treatment with 

KLF2-exosomes 

To confirm the effectiveness of exosome-mediated miRNA transfer, the expression levels 

of miR-181 and miR-324 were measured in cells incubated with control or KLF2-induced 

exosomes for 5 hours or 24 hours using qPCR (Figure 43). The results show that miR-181 

and miR-324 levels were significantly increased (~2-fold increase) in cells treated with 

KLF2 exosomes for 24 hours.  

 

 

Figure 43. The level of miR-181 and miR-324 are increased in the HPAECs after KLF2-exosomes treatment. 
(A) miR-181 and (B) miR-324 leveles in HPAECs incubated with Adcontrol or KLF2 exosmes for 5 or 24h. Bars 

show mean fold-change of controls +/-SEM. **P<0.01, comparison with Adcontrols. One-way ANOVA with 

Tukey post-test, as appropriate. n=3-4. 
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5.4.10 Measurement of miR-181 & miR-324 expression levels in shear stress-stimulated 

endothelial cells 

To verify whether miR-181 and miR-324 were increased by flow, HPAECs were cultured 

under a laminar flow of 10 dynes/cm2 in a parallel chamber flow system for 24h.  RT qPCR 

analysis confirmed increased levels of miR-181 and miR-324 in flow-stimulated HPAECs 

by ~2.5 and ~2 -fold, respectively (Figure 44).  

 

Figure 44. Measurement of miR-181 & miR-324 expression levels in shear stress-stimulated endothelial 

cells. (A) miR-181a-5p and (B) miR-324-5p changes in HPAECs under flow (10 dynes/cm2, 24h). **P<0.01; 

***P<0.001 comparison with static controls. T-test, as appropriate. Values mean fold-changes of untreated 

controls +/-SEM, n=3. 
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 Summary 

Ø The analysis of microRNA profile in exosomes isolated from control and KLF2-

 overexpressing HPAECs (MiRCURY LNATM Universal RT microRNA PCR 

Human panel I+II) identified 86 differentially expressed miRNAs.      

Ø Using in silico pathway analysis, only 8 miRNAs known to be reduced in plasma 

PAH patients and animal models but elevated in KLF2- overexpressing cells, 

were identified. 

Ø Out of the 8 selected miRNAs, only miR-181a-5p and miR-324-5p mimics had 

endothelium-protective effects in all experimental conditions (apoptosis and 

inflammation with TNFα or hypoxia). 

Ø The combination of miR-181a-5p and miR-324-5p had stronger protective 

effects than single treatments and replicated the protective effect of 

exosomes. 

Ø Cells stimulated by flow and cells treated with KLF2 exosomes showed 

increased intracellular levels of miR-181a-5p and miR-324-5p. 

Ø Combined treatment with inhibitors of miR-181 and miR-324 abolished the 

protective effects of KLF2 exosomes. 
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 Discussion 

The work described in this chapter focused on the effect of KLF2-induced miRNAs on 

apoptotic and inflammatory responses of cultured primary pulmonary artery endothelial 

cells. Exosome miRNA profiling identified 86 differentially expressed miRNAs belonging to 

60 different families. In order to select miRNAs of potential therapeutic importance, a list 

of differentially expressed KLF2-induced miRNAs was compared with the lists of 

differentially expressed miRNAs in human PAH and two different pre-clinical models of 

PAH, chronic hypoxia (CH) and monocrotaline (MCT) rats (Caruso, MacLean et al., 2010; 

Rhodes, Wharton et al., 2013).  

8 miRNAs that were upregulated by KLF2 but reduced in human or animal PAH were 

identified: let-7a-5p, miR-10a-5p, miR-125b-5p, miR-181a-5p, miR-191-5p, miR-30a-3p, 

miR-30c-5p and miR-324-5p. Some of these miRNAs have previously been implicated in 

PH pathology. Wang and colleagues found that let-7 was down regulated in pulmonary 

arterial smooth muscle cells of patients with thromboembolic PH (L. Wang, Guo et al., 

2013). Other studies showed that miR-125 levels were decreased in mice with pulmonary 

hypertension (Huber, Ulrich et al., 2015). 

We found that only miR-181a-5p and miR-324-5p inhibited TNFα- and hypoxia-induced 

NFκB activity and reduced caspase 3/7 activation in serum- and growth factor-starved 

HPAECs. Interestingly, combinational treatment of cells with miR-181 and miR-324 had a 

stronger effect than single treatments. Moreover, only combinational treatment was able 
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to replicate the protective actions of KLF2 exosomes. These findings are consistent with 

other reports showing functional convergence of multiple miRNAs on disease-relevant 

pathways and cell phenotypes (Negi & Chan, 2017). For example, the beneficial effects of 

combined miRNA therapy have been demonstrated in the prevention of cardiac 

dysfunction and apoptosis (W. Huang, Tian et al., 2016), cancer cell  proliferation and 

survival (B. Chen, Duan et al., 2013; S. F. Su, Chang et al., 2013).  

miR-181 and miR-324 targets showed significant associations with key regulatory 

pathways in PAH, including TNF-α, MAPK, NFκB and Toll-like receptor signalling, with 

numerous functional links among their respective gene targets, which may explain, at 

least in part, their synergistic anti-inflammatory and anti-proliferative effects observed in 

vitro and in vivo.   

The miR-181 family suppress NFκB signalling and regulate endothelial cell activation, 

proliferation and immune cell homeostasis (X. Sun, Sit et al., 2014). Specifically, miR-181a-

5p downregulates TNF-α, the key mediator of inflammatory responses in PAH (Hurst, 

Dunmore et al., 2017). The miR-181a-5p expression is dysregulated in many types of 

cancer (S. Lin, Pan et al., 2013). In vascular SMCs miR-181a inhibits angiotensin II 

signalling, the adhesion of vascular SMCs to collagen and the expression of α-smooth 

muscle cell actin, suggesting that miR-181 might participate in the pathophysiology of 

PAH through modulation of the proliferative and migratory function of HPASMCs (Remus, 

Lyle et al., 2013). 
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miR-324 has been implicated in the regulation of cell proliferation and energy 

metabolism. In addition to the decrease in miR-324 seen in the remodeled PH lungs, miR-

324 was shown to be downregulated in exosomes isolated from hypoxic human prostate 

adenocarcinoma cells using microarray profiling approach (Panigrahi, Ramteke et al., 

2018). Reduction in mir-324-5p levels has also been associated with macrophage 

dysfunction in colon cancer (Y. Chen, Wang et al., 2014). Conversely, an increase in miR-

324-5p was shown to suppress hepatocellular carcinoma by counteracting extra-cellar 

matrix degradation by cancer cells (Cao, Xie et al., 2015). A recent study also shows that 

miR-324-3p acted as a tumor suppressor in nasopharyngeal carcinoma tissues and inhibits 

cancer cell migration and proliferation  (C. Liu, Li et al., 2017).  

Moreover, miR-324-5p was shown to inhibit mitochondrial fission, apoptosis and 

myocardial infarction through down regulation of mitochondrial fission regulator 1 

(Mtfr1) (K. Wang, Zhang et al., 2015). miR-324 was also found to mediate cardioprotective 

actions of urocortin 1 and 2 (Diaz, Calderon-Sanchez et al., 2017) by  inhibiting gene 

expression of proteins involved in cell death and apoptosis pathways, such as breast 

cancer type 1 susceptibility protein (BRCA1), Bcl-2-like protein 11 (BIM) and Signal 

transducer and activator of transcription (2STAT2) (Diaz, Calderon-Sanchez et al., 2017). 

qPCR analysis confirmed that miR-181 and miR-324 were elevated in HPAECs treated with 

KLF2 exosomes and in cells stimulated by physiological levels of flow. These observations, 

together with the fact that miR-181/miR-324 inhibitors abolished the protective effects 

of KLF2 exosomes, indicate that these two miRNAs are likely to mediate, at least in part, 
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KLF2 signalling in endothelial cells. The levels of miR-181 and miR-324 induced by KLF2 

exosomes or shear stress were however far lower than miRNA levels found in cells 

transfected with miR-181 and miR-324 mimics.  Despite these differences, the magnitude 

of cell responses was similar in all studied groups, indicating that the protective effect of 

exosomes/miRNAs requires certain miRNA concentration threshold, after which the 

response reaches a plateau. Importantly, this study shows that microRNAs can be 

transferred between endothelial cells under flow, which suggests that in the in vivo 

scenario, the endothelial cells from the vessels exposed to higher levels of shear (higher 

KLF2 expression) can pass on “therapeutic” exosomes to the lower branches of the 

vascular tree.  
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Chapter 6 – Identification of miR-181 and miR-324 targets using 

RNA-sequencing and pathway analysis 

 Introduction 

RNA-sequencing (RNA-seq) is a powerful quantitative technique used to determine the 

expression levels of genes in cell type or tissue population. RNA-seq can also detect the 

transcriptional structure of genes; the 5’ to 3’ ends, splice forms and as well as the 

multiple transcripts in the desired sample by quantifying the changes in expression level 

under certain conditions (Z. Wang, Gerstein et al., 2009). This high throughput technique 

uses next-generation sequencing (NGS) to generate thousands to millions of reads of 

transcribed RNA molecules in a short time. It is highly sensitive, able to detect very high 

(> 8000-fold) or low dynamic range of expression levels (Han, Gao et al., 2015). It is free 

of limitation compared to previous technologies such as microarrays and PCR, which need 

prior knowledge of the desired transcripts. Therefore, without any genome reference, it 

offered novel coding transcripts identification as well as non-coding transcripts such as 

Long noncoding RNAs (lncRNAs), short interfering RNA (siRNA) and microRNAs (miRNA) 

(Weirick, Militello et al., 2016).  

Data generated by RNA-seq can detect thousands of gene expression patterns involved in 

complex diseases. Beside its role as an RNA quantitative tool, it is also an exploratory 

technique contributing to the discovery of novel genes and its isoforms in a very precise 
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and manner. (G. Chen, Wang et al., 2011; Han, Gao et al., 2015; Oshlack, Robinson et al., 

2010; W. W. Soon, Hariharan et al., 2013).  

The previous chapter described anti-inflammatory and anti-apoptotic effects of miR-

181a-5p and miR-324-5p that mimicked the protective actions of KLF2 exosomes in 

HPAECs. The focus of this chapter is the characterization of gene expression patterns 

induced by miR-181 and miR-324 to help explain their effects on endothelial cells and 

identify potential therapeutic targets in PH using high-throughput RNA-seq technology.   

 Aims & Objectives 

The experimental aims and objectives described in this chapter were to: 

1. Determine miRNA-induced gene expression profiles in HPAECs transfected with 

control miRNA, miR-181 and miR-324 using RNA-sequencing of HPAECs 

transfected with miR-181a-5p or miR-324-5p mimics.  

2. Identify potential targets important in the pathogenesis of PAH using literature 

data search, Ingenuity Pathway Analysis software (IPA), DAVID and protein-

protein interactions database (STRING). 
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Figure 45. Experimental outline for Chapter 6. 
 

 Methods 

6.3.1 RNA sequencing  

Next-generation RNA-sequencing of HPAECs transfected with miR-181 or miR-324 was 

performed in duplicate at the Imperial BRC Genomics Facility (Imperial College of London, 

UK). RNA libraries were prepared using TruSeq® Stranded mRNA HT Sample Prep Kit 

(Illumina Inc., USA) according to the manufacturer’s protocol. Libraries were run over 4 

lanes (2 x 100 bp) on a HiSeq 2500 (Illumina Inc.) resulting in an average of 34.4 million 

reads per sample. Please see Material and Methods chapter 2 section 2.14. 

6.3.2 Bioinformatics and data analyses  

Sequence data was de-multiplexed using bcl2fastq2 Conversion Software v2.18 (Illumina 

Inc.), and quality analysed using FastQC. Transcripts from paired-end stranded RNA-Seq 

data were quantified with Salmon v0.8.2 using hg38 reference transcripts (Patro, Duggal 

et al., 2017). Count data were normalised to accommodate known batch effects and 

Aim 1 
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library size using DESeq2 (Anders, Pyl et al., 2015; Love, Huber et al., 2014). Pairwise 

differential expression analysis was performed based on a model using the negative 

binomial distribution and p-values were adjusted for multiple test correction using the 

Benjamini-Hochberg procedure. Genes were considered differentially expressed if the 

adjusted p-value was greater than 0.05 and there was at least a 1.5 fold change in 

expression. miRNA target prediction was carried out with TargetScan Human, miRecords 

and Ingenuity Expert Findings. For more details, please see Chapter 2 section 2.15. 

 Results 

6.4.1 RNAseq of HPAECs overexpressing miR-181a-5p and miR-324-5p 

To identify targets of potential therapeutic significance, unbiased analysis of changes in 

mRNA profile induced by specific miRNAs was performed on HPAECs transfected with 

non-targeting miRNA (miRNA control), and HPAECs transfected with miR-181a-5p and 

miR-324-5p mimics. The analysis yielded a list of 13771 differentially expressed genes 

induced by miR-181a-5p (comparison with control) and 13768 differentially expressed 

genes by miR-324. Results are shown in Figure 46.  
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Figure 46. RNA-seq analysis of differential gene expression after transfection of miRNA mimics using DESeq2. (A) 

The correlation of fold changes between both negative control and miR-181a-5p data. (B) The correlation of fold changes 

between both negative control and miR-324-5p data. Red dots represent differentially expressed genes compared with 

control (non-targeting miRNA,) while black dots are genes with no significant difference. X-Axis= represents how much 

each gene is transcribed; Y-Axis represents the log fold change of control; n=2. 

6.4.2 Potential target identification using pathway analysis 

The list of transcripts that were downregulated by miR-181 and miR-324 with fold-change 

>1.5 and an adjusted p-value <0.01 (977 for miR-181 and 930 for miR-324) and up-

regulated (240 for miR-181 and 251 for miR-324) was compared with the list of predicted 

in silico target genes. 36 target genes of miR-181 and 37 target genes of miR-324 were 

then selected for pathway enrichment analysis (Figure 47 and Tables 24, 25). The average 

fold change for downrgulated genes after the cut-off was ranging from -1.5 to -8.5.  

A B
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis of targets downregulated by miR-181 and miR-324 showed 

significant associations with TNF-α (p-adj=3.63x10-4), MAPK (p-adj=1.80x10-3), NFκB (p-

adj=6.35x10-3), and Toll-like receptor signalling pathways (p-adj=7.46x10-3) (Table 26). 

 Network mapping of protein-protein interactions revealed a number of functional links 

among miR-181 and miR-324 targets (Figure 48). Key targets of miR-181a-5p which were 

associated with inflammation, cell proliferation and vascular remodeling included α-SMA, 

TNF-α, IL-1, Notch4 and MMP10, while targets of miR-324-5p included MAPK, NFATC2, 

SOCS1, ETS-1 (Tables 24-26). No significant KEGG pathway associations were found for 

targets up-regulated by miR-181 and miR-324. 
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Figure 47. Identification of miR-181 and miR-324 targets using RNA sequencing. Flow chart shows the 

identification of potential miRNA targets in PAH. HPAECs were transfected with miRNA mimics to identify a 

number of endothelium-protective protein mediators of potential therapeutic significance. 
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NO 
miR-181a-5p 

targets 
(downregulated) 

Fold 
change Name/Function 

1.  NOTCH4 -7.987 
Notch 4; Functions as a receptor for membrane-bound ligands Jagged1, Jagged2 and Delta1 to 
regulate cell-fate determination. Affects the implementation of differentiation, proliferation 

and apoptotic programs. Regulates branching morphogenesis in the developing vascular system 

2.  CCL8 -5.703 CCL8 - Chemokine (C-C motif) ligand 8; Chemotactic factor that attracts monocytes, 
lymphocytes, basophils and eosinophils. 

3.  C15orf48 -4.601 Chromosome 15 open reading frame 48 

4.  LIF -3.952 
Leukemia inhibitory factor; induction of hematopoietic differentiation in normal and myeloid 

leukemia cells, the induction of neuronal cell differentiation, and the stimulation of acute-
phase protein synthesis in hepatocytes 

5.  AP1S3 -3.822 Subunit of clathrin-associated adaptor protein complex 1; plays a role in protein sorting in the 
late-Golgi/trans-Golgi network (TGN) and/or endosomes. Involved in TLR3 trafficking 

6.  NPIPA7 -3.569 NPIPA7 - Uncharacterized protein 

7.  CXCL9 -3.085 Chemokine (C-X-C motif) ligand 9; affects the growth, movement, or activation state of cells 
that participate in immune and inflammatory response. Chemotactic for activated T-cells. 

8.  ZNF788 -3 Zinc finger family member 788 

9.  HOXB8 -2.834 
Homeobox B8; Sequence-specific transcription factor which is part of a developmental 

regulatory system that provides cells with specific positional identities on the anterior-posterior 
axis 

10.  NSUN7 -2.695 NOP2/Sun domain family, member 7; May have S-adenosyl-L-methionine-dependent methyl- 
transferase activity 

11.  CD69 -2.606 Early activation antigen CD69; Involved in lymphocyte proliferation and functions as a signal 
transmitting receptor in lymphocytes, natural killer (NK) cells, and platelets 

12.  ZNF558 -2.569 Zinc finger protein 558; May be involved in transcriptional regulation 

13.  TTC39A -2.461 Tetratricopeptide repeat domain 39A 

14.  TNF -2.379 

Tumor necrosis factor; Cytokine that can induce cell death of certain tumor cell lines. Potent 
pro-inflammatory agent. It is potent pyrogen causing fever by direct action or by stimulation of 
interleukin-1 secretion and is implicated in the induction of cachexia, under certain conditions it 

can stimulate cell proliferation and induce cell differentiation. 

15.  LRRC32 -2.277 Leucine rich repeat containing 32 

16.  CXCL1 -2.275 Chemokine (C-X-C motif) ligand 1; chemotactic for neutrophils. May play a role in inflammation 
and exerts its effects on endothelial cells in an autocrine fashion. 

17.  PRG2 -2.144 
Proteoglycan 2, bone marrow (natural killer cell activator, eosinophil granule major basic 

protein); Cytotoxin and helminthotoxin. Also induces non-cytolytic histamine release from 
human basophils. 

18.  FHDC1 -2.137 FH2 domain containing 1 
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Table 24. Predicted and RNASeq-validated targets of miR-181a-5p associated with pathways regulating 

cell proliferation, inflammation and apoptosis. 

 

19.  MAMDC2 -2.024 MAM domain containing 2 

20.  ZFP28 -1.993 Zinc finger protein 28 homolog (mouse); May be involved in transcriptional regulation. May 
have a role in embryonic development 

21.  ZNF563 -1.971 Zinc finger protein 563; May be involved in transcriptional regulation 

22.  ZNF582 -1.969 Zinc finger protein 582; May be involved in transcriptional regulation 

23.  HMGB2 -1.929 
High mobility group box 2; Multifunctional protein, may act in a redox sensitive manner. In the 

nucleus is involved in transcription, chromatin remodeling and V(D)J recombination. Acts to 
promote activities on various gene promoters by enhancing transcription factor binding 

24.  IL1A -1.878 
Interleukin 1, alpha; stimulates thymocyte proliferation, B-cell maturation and proliferation, 

and fibroblast growth factor activity. Involved in the inflammatory response, reported to 
stimulate the release of prostaglandin and collagenase 

25.  NR4A3 -1.816 

Nuclear receptor subfamily 4, group A, member 3; Transcriptional activator. Plays a role in the 
regulation of proliferation, survival and differentiation of many different cell types and also in 

metabolism and inflammation. Promotes mitogen-induced vascular smooth muscle cell 
proliferation 

26.  CARD11 -1.794 Caspase recruitment domain family 11; T-cell activation, NF-kappa-B activation. Stimulates the 
phosphorylation of BCL10 

27.  FBN2 -1.788 Fibrillin 2; extracellular matrix component, occurs in association with elastin. Participates in 
elastic fiber assembly. Controls TGF-beta bioavailability and calibrates TGF-beta and BMP levels. 

28.  MMP10 -1.729 Matrix metallopeptidase 10 (stromelysin 2); Can degrade fibronectin, gelatins of type I, III, IV, 
and V; weakly collagens III, IV, and V. Activates procollagenase 

29.  CBX4 -1.71 
Chromobox homolog 4; SUMO-protein ligase which facilitates SUMO1 conjugation by UBE2I. 

Involved in the sumoylation, regulates p53/TP53 transcriptional activation resulting in 
p21/CDKN1A expression. 

30.  ACTA2 -1.702 Actin, alpha 2, smooth muscle, aorta; cell motility, proliferation 

31.  UNC5A -1.636 Unc-5 homolog A (C. elegans); Receptor for netrin required for axon guidance. It also acts as a 
dependence receptor required for apoptosis induction when not associated with netrin ligand 

32.  MATN3 -1.617 Matrilin 3; Major component of the extracellular matrix of cartilage and may play a role in the 
formation of extracellular filamentous networks 

33.  ZNF256 -1.603 Zinc finger protein 256; Transcriptional repressor that plays a role in cell proliferation. Requires 
TRIM28 for its activity 

34.  OGFRL1 -1.568 Opioid growth factor receptor-like 1 

35.  DUSP10 -1.53 Dual specificity phosphatase 10; Protein phosphatase involved in the inactivation of MAP 
kinases. Has a specificity for the MAPK11/MAPK12/MAPK13/MAPK14 subfamily. 

36.  CFAP161 -1.508 Chromosome 15 open reading frame 26; May play a role in motile cilia function, possibly by 
acting on dynein arm assembly 
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NO 
miR-324-5p 

targets 
(downregulate) 

Fold 
Change Function 

1.  MICA -7.274 MHC class I polypeptide-related sequence A 

2.  PRKCG -4.998 
Protein kinase C, gamma; Calcium-activated, phospholipid- and diacylglycerol (DAG)-dependent 

serine/threonine-protein kinase. Modulates cell survival after ischemia, and inhibition of gap 
junction activity after oxidative stress 

3.  CLDN6 -4.898 Claudin 6; Plays a major role in tight junction-specific obliteration of the intercellular space 

4.  IRF8 -3.556 Interferon regulatory factor 8; Plays a negative regulatory role in cells of the immune system. 

5.  GLI1 -3.469 GLI family zinc finger 1; Acts as a transcriptional activator. Regulator of cell proliferation and 
differentiation 

6.  SLC6A4 -3.333 Solute carrier family 6 (neurotransmitter transporter, serotonin), member 4; Serotonin 
transporter, plays a key role in mediating regulation of the availability of serotonin 

7.  SLC38A5 -3.187 Solute carrier family 38, member 5; Functions as a sodium-dependent amino acid transporter 
which countertransport protons 

8.  RHCG -3.12 Rh family, C glycoprotein; Functions as an electroneutral and bidirectional ammonium 
transporter. May regulate transepithelial ammonia secretion 

9.  GPR37L1 -2.951 G protein-coupled receptor 37 like 1; Regulates endocytosis and ERK phosphorylation cascade 

10.  SPECC1 -2.936 Sperm antigen with calponin homology and coiled-coil domains 1 

11.  MAPK13 -2.891 Mitogen-activated protein kinase 13; MAPK13 regulates cellular responses evoked by 
extracellular stimuli such as pro-inflammatory cytokines or physical stress 

12.  CORO2B -2.839 Coronin, actin binding protein, 2B 

13.  CRABP2 -2.775 Cellular retinoic acid binding protein 2; Transports retinoic acid to the nucleus. 

14.  CD69 -2.767 Early activation antigen CD69; Involved in lymphocyte proliferation and functions as a signal 
transmitting receptor in lymphocytes, natural killer (NK) cells, and platelets 

15.  CYTH4 -2.713 Cytohesin 4; Promotes guanine-nucleotide exchange on ARF1 and ARF5. Promotes the 
activation of ARF factors through replacement of GDP with GTP 

16.  ELFN1 -2.713 extracellular leucine-rich repeat and fibronectin type III domain containing 1; inhibits 
phosphatase activity of protein phosphatase 1 (PP1) complexes 

17.  XG -2.489 Glycoprotein, blood group antigen 

18.  SOCS1 -2.458 Suppressor of cytokine signalling 1; Major regulator of signalling by interleukin 6 (IL6) 

19.  TSPYL5 -2.421 
TSPY-like 5; Involved in modulation of cell growth and cellular response stress probably via 

regulation of the Akt signalling pathway. Suppresses p53/TP53 protein levels and promotes its 
ubiquitination 

20.  SH3RF2 -2.209 SH3 domain containing ring finger 2; Inhibits PPP1CA phosphatase activity. May be a E3 
ubiquitin-protein ligase and play a role in cardiac function 
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21.  F2RL3 -2.167 coagulation factor II (thrombin) receptor-like 3; Receptor for activated thrombin; plays a role in 
platelets activation 

22.  GGT7 -2.09 Gamma-glutamyltransferase 7; Cleaves glutathione conjugates 

23.  CDK18 -2.062 Cyclin-dependent kinase 18, regulation of cell cycle 

24.  GFPT2 -2.044 
Glutamine-fructose-6-phosphate transaminase 2; Controls the flux of glucose into the 

hexosamine pathway. Involved in regulating the availability of precursors for N- and O-linked 
glycosylation 

25.  GSG1L -1.992 GSG1-like; As a component of the inner core of AMPAR complex 

26.  SH2D5 -1.987 SH2 domain containing 5; May be involved in control of Rac-GTP levels 

27.  HIST2H4B -1.832 Histone cluster 2, H4b 

28.  RCAN1 -1.683 Regulator of calcineurin 1; Inhibits calcineurin-dependent transcriptional responses 

29.  DCLK3 -1.676 Doublecortin-like kinase 3 

30.  NKAIN1 -1.666 Na+/K+ transporting ATPase interacting 1 

31.  ZNF773 -1.654 Zinc finger protein 773; May be involved in transcriptional regulation 

32.  LDLRAD4 -1.618 Low density lipoprotein receptor class A domain containing 4; Regulator of TGF-beta signalling 

33.  ETS1 -1.614 
V-ets erythroblastosis virus E26 oncogene homolog 1 (avian); Transcription factor. Directly 

controls the expression of cytokine and chemokine genes in a wide variety of different cellular 
contexts. Regulates cell differentiation, survival, proliferation, migration and angiogenesis. 

34.  NFATC2 -1.609 Nuclear factor of activated T-cells, calcineurin-dependent 2; Plays a role in the inducible 
expression of IL-2, IL-3, IL-4, TNF-alpha or GM-CSF. Promotes invasive migration of cells 

35.  FAXDC2 -1.555 Chromosome 5 open reading frame 4 

36.  ZFP3 -1.538 Zinc finger protein 3 homolog (mouse); May be involved in transcriptional regulation 

37.  GPX3 -1.531 Glutathione peroxidase 3 (plasma); Protects cells and enzymes from oxidative damage 

Table 25. Predicted and RNASeq-validated targets of miR-324-5p associated with pathways regulating 

cell proliferation, inflammation and apoptosis. 
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Pathway ID Pathway description Genes FDR 
04380 Osteoclast 

differentiation 
TNF, TNFRSF1A, NFATC2, 
IL1A, IL1B, SOCS1, MAPK13 

9.71E-05 

04668 TNF signaling pathway TNF, TNFRSF1A, TNFRSF1B, 
IL1B, MAPK13, CXCL1 

0.000363 

04060 Cytokine-cytokine 
receptor interaction 

TNF, TNFRSF1A, TNFRSF1B, 
IL1A, IL1B, CXCL1, CXCL9, 
CCL8 

0.000389 

05133 Pertussis TNF, IL1A, IL1B, IRF8 
MAPK13 

0.000389 

04010 MAPK signaling 
pathway 

TNF, TNFRSF1A, IL1A, IL1B, 
MAPK13, PRKCG, DUSP10 

0.0018 

05014 Amyotrophic lateral 
sclerosis (ALS) 

TNF, TNFRSF1A, TNFRSF1B, 
MAPK13 

0.0018 

04621 NOD-like receptor 
signaling pathway 

TNF, IL1B, CXCL1, MAPK13 0.00217 

04064 NF-kappa B signaling 
pathway 

TNF, TNFRSF1A, IL1B, 
CARD11 

0.00635 

04210 Apoptosis TNF, TNFRSF1A, IL1A, IL1B,  0.00635 
05323 Rheumatoid arthritis TNF, IL1A, IL1B, CXCL1 0.00635 
05332 Graft-versus-host 

disease 
TNF, IL1A, IL1B 0.00635 

04940 Type I diabetes mellitus TNF, IL1A, IL1B 0.00684 

05164 Influenza A TNF, TNFRSF1A, IL1A, IL1B, 
MAPK13 

0.00684 

04660 T cell receptor signaling 
pathway 

TNF, NFATC2, MAPK13, 
CARD11 

0.00701 

04620 Toll-like receptor 
signaling pathway 

TNF, IL1B, CXCL9, MAPK13 0.00746 

 

Table 26. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway associations of miR-181 and miR-

324 targets. 
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Figure 48. Protein-protein functional association networks among targets of miR-181 (red) and miR-324 

(blue) (STRING), only interacting nodes shown. Number of nodes:75; number of edges: 56, expected 

number of edges: 28, PPI enrichment p-value:1.61x10-6. Coloured lines between the proteins indicate the 

various types of interaction evidence.  
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 Discussion 

RNA sequencing followed by pathway analysis revealed several targets of miR-181a-5p 

associated with vascular remodeling, known to be upregulated in PAH, including Notch4, 

TNF-α, IL-α1, α-SMA, and MMP10. Targets of miR-324a-5p included ETS1, MAPK, NFATC2 

and SOCS1. 

The Notch receptors (Notch1-Notch4) regulate cell fate decisions during development 

and in the adult organism (J. Wu, Iwata et al., 2005). Notch4 shows predominant 

endothelial localization and acts as a key regulator of cell proliferation, apoptosis and 

VEGF-driven angiogenesis. Its expression is elevated by vascular endothelial growth factor 

(VEGF) and fibroblast growth factor (FGF) (Marcelo, Goldie et al., 2013), both abundant 

in remodeled PAH lung (Voelkel & Gomez-Arroyo, 2014). Notch4 is a key regulator of 

angiogenic responses in tumour vasculature (J. F. Zhang, Chen et al., 2016). Expression of 

Notch 1-4 is elevated in the remodeled lungs of hypoxic rats, with Notch4 mRNA showing 

the highest (5-fold) increase, coupled with markers of apoptosis and smooth muscle cell 

de-differentiation (Qiao, Xie et al., 2012).  

TNF-α signalling is a key component of an inflammatory response and a major 

contributory factor in PAH (Hurst, Dunmore et al., 2017). Our sequencing data show that 

TNF-α was down-regulated by miR-181a-5p in HPAECs, an observation consistent with 

responses reported in dendritic cells, where miR-181a-5p inhibitors significantly 

upregulated the levels of this cytokine (Zhu, Wang et al., 2017). 
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Microarray analysis showed that matrix metalloproteinase 10 (MMP10) is the most up-

regulated gene in EPC-derived endothelial cells from patients with scleroderma-

associated PH. Circulating levels of pro MMP10 are also markedly increased in patients 

with systemic sclerosis (SSc) - associated PH compared with healthy controls (Avouac, 

Guignabert et al., 2017). Increased expression and activity of matrix metalloproteinases 

10 (MMP10) facilitates vascular remodeling (Rodriguez, Orbe et al., 2008).  

E-26 transformation-specific (ETS) transcription factors have been reported to be an 

essential regulator of proliferation, apoptosis, inflammation, and fibrosis. (Meadows, 

Myers et al., 2011; Shah, Birdsey et al., 2016; Thistlethwaite, 2017). In our studies, 

transcription factor ETS-1 was increased in sequencing data. ETS-1 expression is reported 

to play an important role in inflammation, angiogenesis and vascular remodeling (J. Chen, 

Fu et al., 2017; Zhan, Brown et al., 2005). Studies show that the expression level of ETS-1 

is up-regulated by pro-inflammatory stimuli such as tumor necrosis factor alpha (TNF-α) 

(F. McLaughlin, Ludbrook et al., 1999) and hypoxia via hypoxia-inducible factor-1 (HIF-1) 

(Oikawa, Abe et al., 2001). Moreover, High level of ETS-1 is participating in vascular 

smooth muscle cells (VSMC) of rat neointimal lesions and in macrophages of 

atherosclerotic lesions (Goetze, Kintscher et al., 2001).  Endothelin-1 (ET), platelet-derived 

growth factor-BB (PDGF-BB), which are involved in PH pathogenies, also reported to 

stimulate this transcription factor (Chester & Yacoub, 2014; Naito, Shimizu et al., 1998; Y. 

Zhao, Lv et al., 2014).  
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ETS-1 activation is associated with expansive cell proliferation; high expression levels of 

ETS-1 facilitate the invasive behaviour of tumour cells (X. Zhou, Zhou et al., 2018) and are 

predictive of the poor prognosis in multiple types of carcinoma (Dittmer, 2015). In 

hepatocellular carcinoma cells, miR-324-5p was shown to reduce the expression of ETS1, 

contributing to the inhibition of cancer cell migration and invasion (Cao, Xie et al., 2015). 

Previous work has demonstrated that the activation of the p38 mitogen-activated protein 

kinase (MAPK) pathway is essential to fibroblast proliferation and plays a key role in the 

development and progression of pulmonary hypertension (Mortimer, Peacock et al., 

2007). Increased p38 MAPKα activity and expression are observed in human PAH and pre-

clinical rodent models of PAH. Inhibition of p38 MAPKα attenuates the disease, possibly 

via reduced production of IL-6 (Church, Martin et al., 2015). 

Expression of nuclear factor of activated T-cells (NFATC2) is increased in PASMCs in both 

human PAH and in monocrotaline (MCT) rats (El Chami & Hassoun, 2012; Hassoun, 

Mouthon et al., 2009; Stenmark, Tuder et al., 2015). NFATC2 is thought to contribute to 

the development of PAH by increasing the release of inflammatory chemokines by 

immune cells, which then recruit other inflammatory cells to the remodelled vessels (Fric, 

Zelante et al., 2012). Moreover, activation of NAFTC2 in PASMCs from patients with IPAH 

was shown to decrease Kv1.5 K+ channel expression, increase intracellular free Ca2+ and 

K+ concentration and increase PASMC contraction and proliferation (Bonnet, Rochefort et 

al., 2007). Therefore, lowering NFATC2 expression would be of benefit in the treatment 

of PAH. 
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The mRNA levels of suppressor of cytokine signalling 1 (SOCS1) are often elevated in 

cancer. Overexpression of SOCS1 can trigger anchorage-independent growth and 

resistance to death stimuli (Tobelaim, Beaurivage et al., 2015). 

Taken altogether, the data show that miR-181 and miR-324 downregulate the number of 

target proteins which are implicated in the pathogenesis of pulmonary hypertension. 

While miRNAs targets do not overlap, they are linked together by a number of 

interactions. This may explain, at least in part, a synergistic effect of the two miRNAs in 

preventing endothelial cell death and inflammatory responses in vitro.  
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Chapter 7 – The effect of intravascular delivery of miR-181 and 

miR-324 in Sugen/Hypoxia mice 

 Introduction 

Identification of a disabling mutation in Krüeppel-like factor 2 (KLF2) gene in 3 patients 

with hereditary PAH, suggests a potential role of this transcription factor in the disease 

pathogenesis (Eichstaedt, Song et al., 2017). We hypothesized that some KLF2-induced 

miRNAs may have an endothelium-protective effect and can help reduce vascular 

remodelling. The results described in previous chapters showed that miR-181-5p and miR-

324-5p have anti-apoptotic and anti-inflammatory effects on cultured endothelial cells 

and that their combined effects are stronger than single treatments. This chapter 

describes the effects of intravenous delivery of miR-181a-5p and miR-324-5p in 

Sugen/hypoxia mouse model of PAH.  

 Aims & Objectives 

The aims and objectives of the studies described in this chapter were to: 

1- Measure 

a.  Right ventricular systolic pressure (via direct cardiac puncture 

using a closed-chest technique).  

b.  Right ventricle hypertrophy in healthy and Sugen-Hypoxia mice 

(right ventricle and left ventricle plus septum were weighed). 
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c. To determine small vessel muscularization in mouse lungs by 

counting muscularised vessels <50 μm in diameter in each section 

of the lung.  

2- Study the levels of miR-181 and miR-324 and KLF2 in the lungs of healthy and Sugen-

Hypoxia mice using RT-PCR. 

3- Analyse changes in 

a. Distribution and mRNA levels of KLF2, Notch4 and ETS-1 mRNA using 

fluorescent in situ hybridization (RNAscope).  

b. Protein levels of α-SMA, NOTCH4 and ETS-1 using protein electrophoresis 

and western blotting.  

4- Investigate NFκB activity in lungs of Sugen-Hypoxia mice using immunofluorescence 

and confocal microscopy. 
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Figure 49. Experimental outline for Chapter 7. 
 

 Methods 

A detailed description of experimental materials and protocols can be found in Chapter 

2.  

The phenotyping of Sugen/Hypoxia mice model, measurement of right ventricular systolic 

pressure (RVSP) and right ventricular hypertrophy (RVH) were carried out by Dr Giusy 

Russomanno, Dr Vahitha B. Abdul- Salam, Dr Beata Wojciak-Stothard and Olivier Dubois. 
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I performed immunohistochemistry, RNA extraction and real-time quantitative PCR, 

RNAscope® in-situ hybridization, western blot and nuclear translocation of p65NFκB 

staining.  

7.3.1 Animal experimentation 

All studies were preformed according to the UK Home Office Animals (Scientific 

Procedures) Act 1986. 8-12 weeks old C57/BL male mice (20 g; Charles River, UK) were 

injected subcutaneously with Sugen (SU5416; 20mg/kg), suspended in 0.5% [w/v] 

carboxymethylcellulose sodium, 0.9% [w/v] sodium chloride, 0.4% [v/v] polysorbate 80, 

0.9% [v/v] benzyl alcohol in deionized water once/week. Control mice received an only 

vehicle. Mice were either placed in normal air or kept in a normobaric hypoxic chamber 

(10% O2) for 3 weeks (n= 8/group).  

miR-181a-5p (ID MC10421) and miR-324-5p (ID MC10253) together or Negative Control 

1 mirVanaTM miRNA mimics in vivo Ready (Ambion Life Technologies) were complexed 

with Invivofectamine® 3.0 reagent (Invitrogen) and injected intravenously twice a week 

at 2 mg per kg body weight. Invivofectamine is commonly used for the in vivo delivery of 

therapeutic miRNAs and siRNAs into organs without pulmonary specificity (Schlosser, 

Taha et al., 2018). 

 At 3 weeks, the mice were anaesthetised by intraperitoneal injection of 

Ketamine/Dormitor (75 mg/kg + 1 mg/kg). Development of PH was verified by the 

measurement of right ventricular systolic pressure (RVSP), right ventricular hypertrophy 
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assessed as the right ventricle to left ventricle/septum ratio (RV/LV+S) and 

muscularisation of small intrapulmonary arteries, as described previously (Wojciak-

Stothard, Abdul-Salam et al., 2014). For more details, please see Chapter 2 section 2.16. 

A pilot experiment was performed to evaluate the effects of miR-181 and miR-324 alone 

or in combination on NFĸB activation. Eight-week old C57/BL male mice (20 g; Charles 

River, UK; n= 5/group) were injected intravenously with Negative Control 1, miR-181a-5p, 

miR-324-5p, or miR-181a-5p plus miR-324-5p, as previously described. The following day, 

mice were injected subcutaneously with Sugen or vehicle and either housed in normal air 

or placed in a normobaric hypoxic chamber (10% O2) for 48 hours for tissue collection. 

7.3.2 α-SMA staining using immunohistochemistry 

Immunostaining of paraffin-embedded lung sections was carried out as previously 

described (Wojciak-Stothard, Abdul-Salam et al., 2014). Briefly, for ABC-peroxidase 

staining, dewaxed and rehydrated lung sections were subjected to heat-induced antigen 

retrieval in 10 mM sodium citrate (pH 6.0), 0.05% Tween 20, at 80°C for 10 minutes, and 

immunostained using the avidin-biotin-peroxidase complex method and 3,3'-

diaminobenzidine as a substrate (DAB Enhanced Liquid Substrate System) . Sections were 

incubated with a mouse monoclonal anti-human smooth muscle actin antibody (1:1000) and 

a biotinylated anti-mouse IgG (1:100) as a secondary antibody. Sections incubated with 

purified non-immune rabbit IgG were used as staining controls. Slides were mounted in DPX 

mountant for histology and analysed under the under a fluorescent confocal microscope. For 

more details see Chapter 2 section 2.17. 



218 | P a g e  
 
 

7.3.3 RNA extraction and real-time quantitative PCR 

RNA was extracted from trypsinised HPAECs or lung tissue (~10 mg) using miRCURYTM 

RNA Isolation Kit (Exiqon), according to manufacturer’s instructions. Input RNA (100 

ng/μL) was reverse-transcribed using custom Multiplex RT Primer pool in a SimpliAmp™ 

Thermal Cycler (Applied Biosystems). The cDNAs were then subjected to quantitative PCR 

(qPCR), described in detail in Chapter 2, section 2.12. 

7.3.4 RNAscope® in-situ hybridization 

Histological sections of lung tissue from healthy, and Sugen/hypoxia mice were used for 

the analysis. RNAscope® Multiplex Fluorescent Reagent Kit v2 and TSATM Cyanine 3 & 5, 

TMR, Fluorescein Evaluation Kit System (PerkinElmer) were used For formalin-fixed, 

paraffin-embedded tissues, according to manufacturers’ protocols (F. Wang, Flanagan et 

al., 2012). Hybridization was carried out using target probes (mouse: Mm-ETS1-C1, 

NM_011808.2; Mm-Notch4-C2, NM_010929.2; Mm-KLF2-C3, NM_008452.2). For more 

details, please see Chapter 2 section 2.20. 

7.3.5 Western blot analysis  

Primary antibodies used in western blot analysis included goat polyclonal anti-KLF2 

antibody (1:1000), mouse monoclonal anti-β-actin (Sigma, A2228, 1:3000), Notch4 

(1:1000), ETS-1 (1:1000), α-SMA (1:1000) and human/mouse pSer536-p65 (1:1000). 

Secondary antibodies were HRP-linked Goat Anti-Rabbit IgG (1:3000) and HRP-linked 

Sheep Anti-Mouse IgG (1:2000). Bands were visualized using Luminata Crescendo 
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Western HRP Substrate in ChemiDoc™ Imager. The relative intensity of the 

immunoreactive bands was analysed using Image J software. For more details, please see 

Chapter 2 section 2.18. 

7.3.6 Nuclear translocation of p65NFκB 

Nuclear translocation of p65 NFκB was studied with Image J by measuring colocalization 

of nuclear stain DAPI with p65NFκB stained with rabbit p65 antibody (1:1000) and TRITC-

labelled goat anti-rabbit antibody (1:200) in confocal images of cells or lung sections. The 

white pixel area, marking nuclear NFκB, was used to quantitate p65 NFκB translocation in 

cells and tissues. The method detailed in Chapter 2 section 2.19. 

 Results 

7.4.1 NFκB activity in the lungs of Sugen/hypoxia mice treated with control miRNA 

and single or combined of miR-181 and miR-324 

As a proof-of-concept, the Sugen/hypoxia mouse model of PAH was employed to study 

changes in the expression of KLF2 and miR-181 and miR-324 target genes in the 

remodelled lung, and to evaluate the therapeutic potential of miR-181 and miR-324. In 

Sugen/hypoxia pre-clinical models of PAH, inhibition of VEGF receptor by Sugen (SU5416) 

induces an exaggerated vascular repair, driven largely by VEGF signalling, which further 

increases disease severity (Voelkel & Gomez-Arroyo, 2014). Pilot experiments confirmed 

the enhanced effect of combined treatment and showed elevated levels of both miRNAs 

in the lungs of treated mice (Figure 50). 
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Figure 50. NFκB activity in the lungs of Sugen/hypoxia mice treated with control miRNA, miR-181 and 

miR-324. (A) Nuclear localization of p65NFκB in control or Sugen/hypoxia mice treated with miRNA control 

or with single or combined miR-181 and miR-324, two days after post-injection. Nuclear localization of p65 

NFκB was studied by immunofluorescence and confocal microscopy. In confocal images on the left, nuclei 

are blue (DAPI), and p65NFκB is red. White pixels in the middle and the right images show colocalization of 

p65NFκB with nuclear DNA (Image J). In the magnified inset below the panel, the arrow points to nuclear 

localization of p65 NFκB. Bar=25µm. (B) NFκB activity in the lungs of mice treated, as indicated; n=5. (C) 

Representative western blots show changes in the phosphorylation of p65 NFκB on Ser534 in mouse lungs; 

(D) miR-181 and miR-324 levels in the lungs of Sugen/hypoxia mice following treatment with scrambled 

miRNA control or miR-181/miR-324. *P<0.05, **P<0.01, ****P<0.0001.  One-way ANOVA with Tukey post-

test, n=8.   
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7.4.2 The effect of miRNA treatment on the right ventricular systolic pressure, right 

ventricle hypertrophy and pulmonary vascular muscularization in Sugen-hypoxia 

mice  

3-week exposure to Sugen/hypoxia induced a significant increase in right ventricular 

systolic pressure (RVSP), right ventricular hypertrophy (RVH) and pulmonary vascular 

muscularization in mice, which was prevented by miRNA treatment (Figure 51A-D and 

Figure S1 in the supplement). Changes in mouse body weight are shown in Figure 51E. 

Figure 51. Delivery of miR181 and miR-324 attenuates pulmonary hypertension. (A) Right ventricular 

hypertrophy (RV/LV+S); (B) RVSP; (C) Muscularization of small intrapulmonary arteries in Sugen/hypoxia 

mice treated, as indicated. ***P<0.001, ****P<0.0001, comparison with untreated controls; #P<0.05, 

comparisons as indicated. Values are means ± SEM; one-way ANOVA with Tukey post-test, n=6-8. (D) 

Representative images of α-SMA staining in the untreated and miR-181+miR324-treated mice lungs. 

Arrowheads point to muscularised intrapulmonary arteries. Bar=25µm. (E) Weight migration in mice from 

different treatment groups. n=8. 

D E 
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7.4.3 Identification of miRNA targets in the lungs of Sugen-hypoxia mice treated with 

miR-181 & miR-324 

RNAscope fluorescent in situ hybridization analysis, which allows specific identification 

and quantification of single transcripts (F. Wang, Flanagan et al., 2012), revealed a 

significant reduction in the expression of KLF2 mRNA and increase in the expression of 

Notch4 and ETS-1 mRNA in the pulmonary vascular endothelium in Sugen/hypoxia mice 

(Figure 52). Conversely, therapeutic supplementation of miR-181 and miR-324 resulted in 

a decrease in the mRNA of Notch4 and ETS-1 (Figure 52 A-C, E and Figures 53).  

Interestingly, endothelial KLF2 mRNA expression was partially restored in miRNA-treated 

mice, possibly as a result of improved flow conditions, secondary to the reduction in 

vascular remodeling (Figure 52A, E and Figure 53). Endothelial localisation of the 

transcripts was confirmed by co-staining with vWF (Figure 52D). 
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Figure 52. Delivery of miR181 and miR-324 attenuates pulmonary hypertension and reduces expression 

of Notch4 and ETS-1 in Sugen/hypoxia mice. Changes in (A) KLF2, (B) ETS-1 and (C) Notch4 mRNA levels in 

the lungs of Sugen/hypoxia mice; fluorescence (arbitrary units). **P<0.01, ***P<0.001, ****P<0.0001, 

comparison with untreated controls; #P<0.05, ##P<0.01, ###P<0.001, comparisons as indicated. Values are 

means ± SEM; one-way ANOVA with Tukey post-test, n=6-8. (D) Co-localisation of KLF2 mRNA with vWF in 

mouse lung endothelium. (E) Representative images of KLF2, ETS-1, Notch4 mRNA and nuclei in lung 

endothelial cells from healthy, pulmonary hypertensive (PH) and miRNA-treated mice, as indicated. 

Fluorescent in situ hybridization, confocal microscopy. Each fluorescent dot corresponds to a single 

transcript; arrowheads point to endothelial cells. In (D) Bar=25μm and in (E) Bar=10μm. 

A B C 

D 

E 
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Figure 53. Localization of KLF2, Notch4 and ETS-1 mRNA in the lungs of control and Sugen/hypoxia mice. 
Localization of specific transcripts was carried out with fluorescent RNAscope in situ hybridization followed 

by fluorescent confocal microscopy analysis of lung tissues from control, pulmonary hypertensive and miR-

181/miR-324-treated Sugen/hypoxia mice. Bottom panel shows magnified images of lung tissues. Each 

fluorescent dot corresponds to a single transcript; arrowheads point to endothelial cells. Bar=25µm; n=8. 
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Changes in the expression of αSMA, miR-181 target Notch4 and miR-324 target ETS-1 in 

lungs of healthy, pulmonary hypertensive and treated mice were verified by western 

blotting. miR-181/miR-324-treated mice showed a significant reduction in protein 

expression of Notch4 and ETS-1 and α-SMA (Figure 54) and a significant decrease in the 

activation (nuclear localization) of NFκB in the lung (Figure 55).  

 

Figure 54. Changes in selected targets of miR-181 and miR-324 in the lungs of Sugen/hypoxia mice.  
Protein levels of (A) α-SMA; (B) NOTCH4 and (C) ETS-1 in the lungs of control mice, Sugen/hypoxia mice 

injected with control miRNA or treated with miR-181/miR-324 mimics, as indicated. (D) Representative 

western blots are corresponding to graphs (A-C). Bars are means±SEM, one-way ANOVA with Tukey post-

test. **P<0.01, ***P<0.001, comparison with untreated controls; #P<0.05, ##P<0.01 comparisons as 

indicated; n=7-8. 
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Figure 55. Nuclear translocation of NFκB in the lungs of Sugen/hypoxia mice treated with control miRNA, 

miR-181 and miR-324.  (A) Nuclear localization of p65 NFκB was studied by immunofluorescence and 

confocal microscopy in Sugen/hypoxia mice treated by intravenous injection of control miRNA or 

combination of miR-181 and miR-324 for 21 days. In confocal images on the left, nuclei are blue (DAPI), and 

p65NFκB is red. White pixels in the middle and in the right images show colocalization of p65NFκB with 

nuclear DNA (Image J). Bar=50μm; n=8. (B) Corresponding graph shows delivery of miR-181 and miR-324 

reduces expression of NFκB activity in Sugen/hypoxia mice. ***P<0.001, comparison with untreated 

controls; ###P<0.001, comparisons as indicated. Values are means ± SEM; one-way ANOVA with Tukey post-

test, n=8. 

 

B 

A 
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 Summary  

Ø Sugen-Hypoxia mice developed pulmonary hypertension characterized by 

increased right ventricular systolic pressure (RVSP), right ventricular 

hypertrophy (RVH) and pulmonary vascular muscularization. Treatment of mice 

with miR-181 and miR-324 attenuated RVSP, RVH and reduced pulmonary 

vascular muscularization. 

Ø PH mice showed reduced expression levels of KLF2, miR-181 and miR-324. 

Intravascular delivery of miR-181 and miR-324 increased the levels of these 

miRNAs and KLF2 and in mouse lungs. 

Ø RNAscope technique revealed a marked reduction in the expression of KLF2 

mRNA and increased in the expression of Notch4 and ETS-1 mRNA in the 

pulmonary vascular endothelium in Sugen/hypoxia mice.  

Ø Western blotting showed a decrease in miR-181 and miR-324 targets αSMA, 

Notch4 and ETS-1 in the lung. 

Ø miR-181/miR-324-treated mice showed a significant reduction in the activation 

(nuclear localization) of NFκB in the lung. 

 Discussion 

In this chapter, my aim was to assess the effect of combinational treatment of 

Sugen/hypoxia mice with miR-181a-5 and miR-324-5p. Consistent with the observations 

in vitro, miR-181 and miR-324 had vasculoprotective effects in vivo. This beneficial 
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synergistic effect cannot be attributed to the miRNA dose, as the same amount of total 

miRNA was used in all studied groups, irrespective of whether miRNAs were delivered 

alone or in combination.  Treatment with the two miRNAs significantly attenuated 

pulmonary vascular remodelling, reduced right ventricular hypertrophy and reduced right 

ventricular systolic pressure in Sugen/hypoxia mouse model of PAH. Our findings are 

consistent with other reports showing that complex disease pathways are often better 

targeted by networks of miRNAs. For instance, the protective effects of combined miRNA 

treatment have been reported in the suppression of cardiac dysfunction and apoptosis 

(W. Huang, Tian et al., 2016), cancer cell proliferation and survival (B. Chen, Duan et al., 

2013; S. F. Su, Chang et al., 2013). 

We observed a co-temporary, opposing changes in the expression of miR-181 and its 

target, Notch4 in the remodelled lungs of human PAH patients and Sugen/hypoxia mice.  

Notch4 is mainly expressed in the vascular endothelium and mediate cell apoptosis, 

proliferation and VEGF-driven angiogenesis (Funahashi, Shawber et al., 2011; Hainaud, 

Contreres et al., 2006). Its level is upregulated by vascular endothelial growth factor 

(VEGF) and fibroblast growth factor (FGF) (Marcelo, Goldie et al., 2013), both enriched in 

the remodelled PAH lung (Voelkel & Gomez-Arroyo, 2014).  Moreover, Notch4 mRNA 

level is up-regulated with the highest (5-fold) increase in remodelled lungs of hypoxic rats  

(Qiao, Xie et al., 2012).  

miR-324 controls angiogenesis and oxygen metabolism in cells. This study showed that 

miR-324 expression was significantly reduced, while the expression of its key target, 
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transcription factor ETS-1, was increased in animals from pre-clinical Sugen/hypoxia 

model of PAH. ETS-1 also regulates VEGF-induces transcriptional responses and 

stimulates endothelial angiogenesis, extracellular matrix remodeling and glycolysis 

(Verschoor, Wilson et al., 2010). Mechanisms leading to a reduction in KLF2 expression 

and signalling in PAH will require further studies, but it is likely that disruption of BMPR2 

function (Eichstaedt, Song et al., 2017) or inflammatory activation (Kumar, Lin et al., 2005) 

may play a role. Consequences of reduced  KLF2 signalling may include maladaptive 

responses to flow (Bonnet & Provencher, 2016), likely to interfere with endothelial repair 

mechanisms. Interestingly, endothelial cells isolated from subpleural lung 

microcirculation of patients with PAH at the time of transplantation or necropsy and 

submitted to ex vivo high shear stress exhibit delayed morphological adaptation, 

compared with controls (Szulcek, Happe et al., 2016). 

In summary, this study provides evidence of dysregulated KLF2 signalling in PAH and 

highlights the potential therapeutic role of KLF2-regulated exosomal miRNA delivery. 

KLF2-induced vesicle-mediated transfer of miRNAs may also provide a promising strategy 

to combat other diseases associated with inflammation and propensity for vascular cell 

enlargement, proliferation and resistance to apoptosis.  
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Chapter 8 – General Discussion 

In this study, I hypothesized that KLF2-induced exosomal microRNAs have endothelium-

protective effects and may attenuate the development of pulmonary hypertension. 

 Summary 

This study provided the following novel findings: 

• KLF2 has anti-apoptotic and anti-inflammatory effects in cultured human primary 

pulmonary endothelial cells.  

• KLF2 exosomes recapitulate, to a large extent, the anti-inflammatory and anti-

apoptotic effects of KLF2.  

• miR-181a-5p and miR-324-5p are mediators of anti-apoptotic and anti-

inflammatory effects of endothelial KLF2 exosomes  

• The combination of miR-181a-5p and miR-324-5p has a stronger protective effect 

than single treatments. 

• RNA-Seq analysis and pathway analysis identified a number of likely mediators of 

endothelium-protective effects of miR-181 and miR-324, including key regulators 

of endothelial proliferation, angiogenesis, inflammation and vascular remodeling, 

TNF-α, IL-α1, MMP10, and α-SMA, ETS1, MAPK, SOCS1, NFATC2 and Notch4. 

• The delivery of miRNA mix (miR-181a-5p and miR-324-5p) in Sugen/hypoxia mice:  



232 | P a g e  
 
 

o Reduced the right ventricular systolic pressure (RVSP), right ventricular 

hypertrophy (RVH) and pulmonary vascular muscularization. 

o Decreased expression of αSMA, Notch4 and ETS-1 in the lung. 

o Significantly reduced the activation of NFκB in the lung. 

Pulmonary hypertension (PH) is a rare, severe and progressive lung disorder that affects 

15-50 patients per million of the population (O'Callaghan, Savale et al., 2011). It is 

characterized by a variety of aetiologies and symptoms which, in severe cases may lead 

to the right heart failure and death (O'Callaghan, Savale et al., 2011). After patient’s 

diagnosis, the median survival without treatment is less than three years for adults 

(D'Alonzo, Barst et al., 1991) and around ten months in children (Takatsuki & Ivy, 2013). 

Even with modern therapeutic developments, the survival of PH patients is still 

unacceptably low. Therefore, new treatments and therapeutic elements (such as 

microRNAs) that target disease progression are urgently needed to improve the 

outcomes. 

The focus of this investigation was the potential endothelium-protective role of Krüppel-

like factor-2-induced exosomal microRNAs. Anti-inflammatory effects of KLF2 have been 

documented in atherosclerosis (Hergenreider, Heydt et al., 2012), Alzheimer’s disease (X. 

Fang, Zhong et al., 2017), kidney disease (Zhong, Lee et al., 2018) and other inflammatory 

diseases including sepsis and rheumatoid arthritis (Jha & Das, 2017).  
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Identification of disabling mutation in KLf2 in hereditary PAH (HPAH) (Eichstaedt, Song et 

al., 2017) is of significance and suggests the potential role of this transcription factor in 

the disease pathogenesis.  

Hypoxia and TNF-α are key contributory factors in PAH (Groth, Vrugt et al., 2014; Pugliese, 

Poth et al., 2015) (Price, Caramori et al., 2013). Overexpression of KLF2 in pulmonary 

endothelial cells reduced starvation-induced apoptosis and prevented the activation of 

NFκB induced by hypoxia and TNF-α. These findings are consistent with other reports 

showing the inhibitory effect of KLF2 on NFκB activation in monocytes and HUVECs (H. 

Das, Kumar et al., 2006; Kumar, Lin et al., 2005).  

Endothelial apoptosis is a key feature of endothelial dysfunction in PAH, and caspase 

inhibition suppresses the progression of experimental pulmonary hypertension 

(Taraseviciene-Stewart, Gera et al., 2002). Considering the endothelium-protective 

actions of KLF2 in vitro, one would expect beneficial effects of therapeutic overexpression 

of KLF2 in vivo. However, pharmacological activators of KLF2 have not been characterized, 

and overexpression of KLF2 in patients lungs would be difficult to achieve. In addition, 

KLF2 may have harmful effects on the liver function, as it inhibits liver regeneration by 

restricting hepatocyte proliferation (Manavski, Abel et al., 2017). 

KLF2-induced microRNAs can potentially be utilized as therapeutic agents in diseases 

associated with medial hypertrophy, as demonstrated in the experimental model of 

atherosclerosis (Hergenreider, Heydt et al., 2012; Rhodes, Wharton et al., 2013). 
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Therefore, I examined the effect of exosomes released by KLF2-overexpressing 

endothelial cells in stress-induced responses in HPAECs and found that they mimicked, to 

a large extent, the anti-inflammatory and anti-apoptotic effects of KLF2. Exosome-

mediated therapies are used in immunotherapy (Chaput, Taieb et al., 2005), cancer 

therapy (Z. Sun, Shi et al., 2018) and chemotherapy (Alharbi, Zuniga et al., 2018), and anti-

inflammatory therapies in cardiovascular diseases (Hulsmans & Holvoet, 2013), liver 

injury (Lou, Chen et al., 2017) , renal injury (Lv, Wu et al., 2018), neural injury (Xin, Li et 

al., 2013) and lung injury (C. Lee, Mitsialis et al., 2012). Although exosomes contain 

numbers of different signalling molecules, miRNA are regarded as the main mediators of 

exosome actions (Gilligan & Dwyer, 2017; T. Liu, Zhang et al., 2019; Santulli, 2018). 

Therapeutic application of single or multiple exosomal miRNAs may have advantages over 

exosomal teratment, considering that liposomal preparations of synthetic miRNA mimics 

can be obtained more easily and at a lower cost compared with therapeutically relevant 

quantities of exosomes. This system is also better defined, allowing more direct 

interpretation  of the observed effects and characterization of the mechanisms involved. 

Exosomal miRNA content changes dynamically in response to various stimuli, depending 

on the cell type and environmental conditions (Yanez-Mo, Siljander et al., 2015). While 

some reports showed that selected exosomal miRNAs are regulated by KLF2, the analysis 

of KLF2-induced changes in exosomal miRNA profile has not been carried out 

(Hergenreider, Heydt et al., 2012; Rhodes, Wharton et al., 2013). Therefore, in this study, 

an unbiased Universal RT microRNA PCR was performed on exosome fractions from 
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control and KLF2-overexpressing human pulmonary endothelial cells. I selected eight 

KLF2-regulated miRNAs out of 86 differentially expressed miRNAs, as potential regulators 

of vascular remodeling in PAH. The approach was to find miRNAs that were 

downregulated in PAH but upregulated by KLF2, with the view of potential therapeutic 

supplementation. The choice of selection criteria is difficult as many miRNAs are 

simultaneously up- and down-regulated in a pathological setting and the changes are 

likely to differ, depending on the stage of the disease.  The IPAH patient cohort which 

provided information on human miRNA profile was quite small n=8 (Rhodes, Wharton et 

al., 2013) and will require further validation in a larger cohort of patients. Genomic, 

transcriptomic, metabolomic and proteomic analyses are currently being carried out on 

plasma, and blood cells from healthy individuals and PAH patients and data are collected 

in Translational Research in Pulmonary Hypertension at Imperial College (TRIPHIC) 

database. This information was not available during my study and will help validate the 

findings reported in this study.   

The 8 selected miRNAs were transfected into HPAECs, but only miR-181a-5p and miR-324-

5p had endothelium-protective effects in all experimental conditions (apoptosis and 

inflammation with TNF-α or hypoxia). This is the first time miR-181 and miR-324 are 

implicated in the pathogenesis of PAH and selected as potential therapeutic agents. The 

expression levels of these two miRNAs are reduced in plasma of PAH patients or animal 

PAH (Caruso, MacLean et al., 2010; Rhodes, Wharton et al., 2013) and this study is first to 

demonstrate their endothelium-protective effects in vitro and anti remodeling effects in 
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vivo. Interestingly, only the combined treatment of cells with miR-181 and miR-324 was 

more potent than single treatments and fully replicated the protective effect of 

exosomes.  

KLF2 encourages selective sorting of miRNAs into exosomes (Jae, McEwan et al., 2015). 

Although the mechanism of miRNA sorting is not well understood (J. Zhang, Li et al., 

2015), specific consensus sequence motifs (EXOmotifs) have been implicated (Villarroya-

Beltri, Gutierrez-Vazquez et al., 2013). miR-181a-5p has two EXOmotifs that differ from 

consensus sequence in one nucleotide (GGAC, UGAC), while miR-324-5p shows three 

motifs, one with the perfect match to the consensus sequence (CCCU) and two showing 

alteration in one nucleotide (UCCG, GGAC). 

An increasing body of evidence shows that many microRNAs act simultaneously and 

cooperatively and “fine tune” regulatory pathways in cells, rather than act as sole 

regulators of single gene targets (Chun, Bonnet et al., 2017). In this study, RNA sequencing 

was carried out followed by pathway analysis, to reveal numerous targets of miR-181a-

5p and miR-324a-5p associated with vascular remodeling and upregulated in PAH, 

including α-SMA, TNF-α, IL-1, Notch4, MMP10, MAPK, NFATC2 and ETS-1. 

This study showed significant associations of miR-181 and miR-324 with key regulatory 

pathways in PAH, including TNF-α (p-adj=3.63x10-4), MAPK (p-adj=1.80x10-3), NFκB (p-

adj=6.35x10-3), and Toll-like receptor signalling (p-adj=7.46x10-3). Consistent with my 

findings, other studies have shown that miR-181 family suppresses NFκB signalling in ECs 
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by targeting importin-α3, a crucial protein for NFκB nuclear translocation, both in 

vitro and in vivo (X. Sun, Icli et al., 2012). miR-181 has also been reported to reduce the 

expression of TNF-α mRNA during maturation of dendritic cells (Sun, Sit and Feinberg, 

2014; Zhu et al., 2017). Conversely, miR-181 knockdown can trigger expression of 

inflammatory cytokines such as TNF-α, IL-6, IL-1β, and IL-8 in LPS-stimulated cells 

(Hutchison, Kawamoto et al., 2013), while miR-181 supplementation can suppress 

inflammation (Xie, Li et al., 2013). miR-181 has been reported as biomarker in several 

types of cancer as well as potential therapeutic mediator (He et al., 2015; Du, Zhang and 

Gao, 2017). Anti-apoptotic and pro-survival effects of miR-181a are likely to result from 

the inhibition of JNK and/or NFκB (Y. Liu, Song et al., 2017; Y. Wang, Zhou et al., 2018).  

miR-181 target gene Notch4 is distinctly expressed in the vasculature. Endothelial-specific 

expression of constitutively active Notch4 decreases small vessel branching and 

negatively affects vessel integrity (Carlson et al., 2005). On the other hand, Notch4 is 

required for VEGF-induced angiogenesis (Funahashi, Shawber et al., 2011) indicating that 

dynamic changes in Notch4 activity are important in the coordination of this complex 

process. Notch4 is abundant in the remodelled vasculature of PAH lung (Voelkel & Gomez-

Arroyo, 2014) and plays a key role in the abnormal remodeling of tumour vessels (J. F. 

Zhang, Chen et al., 2016). 

miR-324 has been implicated in the regulation of cell proliferation and energy 

metabolism. The miR-324 expression is reduced in the remodeled PH lungs and is 

downregulated in exosomes isolated from hypoxic human prostate adenocarcinoma cells 
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(Panigrahi, Ramteke et al., 2018). Increase in miR-324-5p levels is associated with reduced 

proliferation and migration of breast cancer cells, colorectal cancer cells (KUO et al., 

2016), hepatocellular carcinoma (Cao, Xie et al., 2015) and nasopharyngeal carcinoma (C. 

Liu, Li et al., 2017). 

ETS1, the gene targeted by miR-324, is a member of the ETS transcription factor family, 

known to promote angiogenesis, wound healing and migration of endothelial cells as well 

as cell growth and survival during embryonic angiogenesis (Sato, 1998; SATO et al., 2006; 

Wei et al., 2009; Russell and Garrett-Sinha, 2010). In addition, high expression levels of 

ETS-1 facilitate the invasive behavior of tumour cells (X. Zhou, Zhou et al., 2018) and are 

predictive of the poor clinical outcome in different forms of carcinoma (Dittmer, 2015). 

Homeostatic effects of KLF2 exosomes are likely to result from the cumulative reduction 

in the expression of miR-181 and miR-324 targets. Considering that miRNAs regulate the 

expression levels of multiple genes simultaneously and often cooperatively (Small & 

Olson, 2011), delineating individual contributions of miR-181 and miR-324 gene targets is 

beyond the scope of this study.   

In this study, I used Sugen/hypoxia mice as a proof-of-principle to test the effect of 

vascular delivery of miR-181 and miR-324. Consistent with the results obtained in vitro, 

the two miRNAs inhibited activation of NFκB in the lung, reduced right ventricular systolic 

pressure (RVSP), right ventricular hypertrophy (RVH) and pulmonary vascular 

muscularization. These changes were accompanied by a reduction in the expression of 
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miRNA targets, αSMA, Notch4 and ETS-1 in the lung. Sugen-hypoxia mouse model is not 

fully reflective of changes seen in human PAH, and therefore other pre-clinical models, 

such as monocrotaline and Sugen/hypoxia rat model should be used to evaluate the 

therapeutic potential of miR-181/miR-324.   

Mechanisms responsible for the reduction in KLF2 expression and signalling in PAH are 

poorly understood but may involve dysregulation of BMPR2 function (Eichstaedt, Song et 

al., 2017) or inflammation (Kumar, Lin et al., 2005). My preliminary data show that KLF2 

expression in the PH lung increases after treatment, even though KLF2 mRNA is not a 

primary target of miR-181 or miR-324. This observation suggests that a reduction in KLF2 

expression may secondary to inflammation or other types of vascular insult. Future 

studies should also establish functional implications of KLF2 inhibition.  Reduction in KLF2 

expression/activity may result in maladaptive responses to flow and endothelial damage 

(Bonnet & Provencher, 2016). Interestingly, endothelial cells isolated from the lungs of 

patients with PAH at the time of transplantation or necropsy and submitted to ex vivo 

high shear stress show delayed morphological adaptation, compared with controls 

(Szulcek, Happe et al., 2016). 

KLF4 is also expressed in the lung and has recently been implicated in the pathogenesis 

of PAH (Shatat, Tian et al., 2014). Endothelial KLF4 knockdown elevated the pulmonary 

arterial pressure, right vascular hypotrophy and muscularization. High levels of 

endothelin-1 and eNOS reduction are associated with endothelial KLF4 deficiency in vitro 

and in vivo (Shatat, Tian et al., 2014)  Considering that KLF2 and KLF4 have overlapping 
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activities, future studies should characterize the individual contributions of these 

transcription factors to vascular remodeling in PAH.  

To summarise, this study suggests the potential therapeutic applications of miRNA 

delivery which could compensate for the loss of specific miRNAs in PAH patients, in 

particular regarding KLF2-regulated miRNAs, such as miR-181 and miR-324. The main 

findings of the study and postulated role of miR-181 and miR-324 in PAH are illustrated in 

the diagram below. 

Figure 56. Diagram summarizing the main findings of this study. 
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 Study limitations 

• In this study, I used adenoviral overexpression system in a luciferase reporter 

assay. Adenoviral infection induces a low-level activation of NFκB in basal 

conditions, which may have impacted the overall level of NFκB activation in TNF-

α and hypoxia-stimulated cells. Other methods of evaluating NFκB activity, such 

as measuring the expression levels of NFκB-dependent genes, p65 NFκB 

phosphorylation and nuclear translocation should be tested to validate these 

results further. 

• The use of adenoviral gene transfer to induce KLF2 expression may have resulted 

in contamination of exosomal fraction with viral particles. Exosomes contain 

cytoplasmic components of the producer cell so it is conceivable that some viral 

particles may have travelled within the exosomal fraction.  However, exosome-

treated cells did not show GFP fluorescence so it is unlikely that this effect would 

have a significant impact on cell responses reported here. To confirm this, 

evaluation of GFP and KLF2 mRNA expression in cells treated with exosomes by 

qPCR, would be required. 

• Transfection of cells with miRNA mimics increased the intracellular levels of miR-

181 and miR-324 several-fold, likely to exceed physiological levels of these miRNAs 

in flow-stimulated cells. In future studies, the level of miR-181 and miR-324 

overexpression should be matched with the fold-increase in expression levels seen 

in response to physiological stimuli. 
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• Purified exosomes were added to the cultured HPAECs at 1:1 donor-to-recipient 

cell ratio to reflect cell-to-cell communication in physiological conditions. Further 

dose-response studies will be required to establish minimal effective dose and the 

dose required to induce the maximal response in cells.  

• In this study, I have shown that the combination of miR-181 and miR-324 in 1:1 

ratio has a more potent anti-apoptotic and anti-inflammatory effect than single 

treatments. Testing combinations of different doses of miR-181 and miR-324 will 

help identify find the most favourable conditions for therapeutic intervention.  

• Computational prediction algorithms (i.e., TargetScan 5, DIANA) suffer from a 

variable level of false-positive prediction (i.e. about 30% of predicted mammalian 

targets are likely to be false positives in TargetScan) (D. Yue, Liu et al., 2009). I 

validated the selection of targets by RNAseq and then confirmed the changes by 

qPCR. In the target selection, I focused on genes involved in the regulation of pro-

apoptotic, pro-inflammatory and pro-proliferative pathways. Such selection may 

be too restrictive, and some key targets may be lost during the filtering process.  

Taking into account bioinformatics and technical limitations and the fact that 

miRNAs can act simultaneously and cooperatively on many gene targets, it is 

difficult to make definite conclusions regarding the mechanism of miRNAs actions. 

• Patient cohort in the study by Rhodes et al. (Rhodes, Wharton et al., 2013) used 

for selection of miRNAs of interest was relatively small and may not be 
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representative of a larger population of PAH patients. Analysis of plasma miRNA 

content from a larger patient cohort will be needed to validate the results further.  

• Using the hypoxia/SU5416 induced PH mice model to investigate the therapeutic 

role of KLF2-induced miRNAs. This model shows a less severe phenotype in mice 

than in rats and does not fully reflect human pathology (Stenmark et al., 2009).  

Other animal models should be used to evaluate the therapeutic potential of miR-

181/miR-324. 

• Pathway analysis is commonly used in selection of “targets of interest” but may 

also introduce bias, eliminating less familiar, previously unreported 

genes/proteins. New, unbiased methods of analysis of large data sets need to be 

developed. 

 Future studies 

Future studies should address the role of exosome-mediated miRNA delivery in other pre-

clinical models of PAH and in human disease. The use of blood outgrowth endothelial cells 

(BOECs) from healthy individuals and PAH patient would help to evaluate the therapeutic 

potential of these treatments. BOECs from IPAH patients display many of cellular 

abnormalities associated with the disease, including hyperproliferation, mitochondrial 

dysfunction and impaired ability to form vascular networks, reflective of the exaggerated 

repair processes in the remodelled lung (Caruso, Dunmore et al., 2017; Duong, Erzurum 

et al., 2011; Ormiston, Toshner et al., 2015; Smits, Tasev et al., 2018; Wojciak-Stothard, 

Abdul-Salam et al., 2014). The use of additional genomic, metabolomic, transcriptomic 
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and proteomic data from TRIPHIC database will help to strengthen our model and build 

an interactome illustrating complex relationships between the key signalling molecules 

specific to PAH.  

Exosomes and miRNAs released by endothelial cells can be transferred to HPASMCs. 

While endothelial responses were the main focus of this study, understanding how 

HPASMCs respond to treatment is equally, if not more important in the context of 

vascular remodeling. In addition, future experiments should address the role of KLF2-

induced exosomes and exosomal miRNAs in the regulation of vascular cell proliferation 

and angiogenesis, the two key contributory processes in PAH. As mentioned in Discussion, 

KLF2 and KLF4 are thought to have overlapping functions during development and adult 

life and establishing their roles in the disease would be important.  

Our aim was to identify KLF2-induced exosomal miRNAs of potential therapeutic 

significance. We elected to overexpress KLF2 rather than stimulate cells with flow, as 

shear stress can induce activation of several other transcription factors, including AP-1, 

Nrf-2 and NFkB (Boon & Horrevoets, 2009) or Hath6  (ATOH8), in addition to KLF2 (F. Fang, 

Wasserman et al., 2014) While  some of our observations were validated in endothelial 

cells cultured under physiological flow conditions, future studies should address the 

effects of flow on exosome-mediated signaling within the pulmonary vasculature.  
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 Conclusion 

This study shows that KLF2-induced miRNAs can serve as a communication tool within the 

vascular endothelium. It also shows that KLF2 signaling is compromised in PAH and 

highlights potential therapeutic importance of vascular delivery of KLF2-regulated 

miRNAs in pulmonary hypertension. 
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Chapter 10 – Appendix 

 Supplement data and tables 

Table S1. List of differentially expressed KLF2-induced miRNAs; comparison between 

AdKLF2 and Adcontrol. 

Assay Fold change KLF high / 
Adcontrol 

t-test p-value Benjamini-Hochberg FDR 

miR-19a-3p -678.048044 1.20E-05 0.000944072 

miR-216a-5p -6.249853233 1.43E-05 0.000944072 

miR-222-3p -4.31940014 1.65E-05 0.000944072 

miR-32-5p -225.0788287 1.84E-05 0.000944072 

miR-133b -40.06999277 2.93E-05 0.001148513 

miR-30c-5p 12.01858916 3.51E-05 0.001148513 

miR-374a-5p 6.28982903 3.92E-05 0.001148513 

miR-138-5p -12.79690083 6.93E-05 0.001776134 

miR-21-3p -7.973287944 8.76E-05 0.001996236 

let-7d-5p 13.07984808 0.000127348 0.002368834 

miR-449a -27.77133754 0.000142987 0.002368834 

let-7a-5p 19.64292753 0.000155388 0.002368834 

miR-125a-5p 2.945137006 0.000176063 0.002368834 

miR-122-5p -6.877036412 0.000176804 0.002368834 

miR-34a-3p -4.672742394 0.000183009 0.002368834 

miR-887-3p -3.359354582 0.000184885 0.002368834 

miR-26a-5p 8.013287559 0.000200452 0.002417219 

miR-18a-3p 5.309469128 0.000288552 0.003286283 

miR-423-3p 4.024750615 0.000374417 0.003849113 

miR-339-5p 1.944410728 0.000375523 0.003849113 

miR-19b-3p -251.2646609 0.000539535 0.00526689 

miR-191-5p 12.33029968 0.00062517 0.005579615 

miR-345-5p -4.201525036 0.000626006 0.005579615 

let-7d-3p -6.094145735 0.000671162 0.005732841 

miR-29b-3p -52.17155579 0.000828729 0.006795578 
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miR-33a-5p -206.9169658 0.000899755 0.006980693 

miR-30a-5p -2.962199179 0.000919408 0.006980693 

let-7f-5p 18.76872495 0.000985341 0.007214106 

miR-29c-3p -3.467378229 0.001203602 0.008508224 

miR-497-5p -8.799499639 0.001339269 0.008636102 

miR-374b-5p 10.96461448 0.00135387 0.008636102 

let-7e-5p 10.39432937 0.001382485 0.008636102 

miR-663a 18.88776335 0.001408569 0.008636102 

miR-421 12.41733139 0.001471309 0.008636102 

miR-106b-5p -8.982369587 0.001474456 0.008636102 

miR-324-5p 2.683113069 0.001674373 0.009534624 

miR-155-5p 8.026920297 0.002256686 0.012319582 

miR-30d-3p 1.74756363 0.002294868 0.012319582 

miR-130b-3p -1.986369701 0.002343725 0.012319582 

miR-130a-3p -8.283820051 0.002458013 0.012597316 

miR-137 5.858978865 0.002562774 0.012813869 

miR-744-5p 5.71063063 0.002687812 0.013119084 

miR-652-3p -2.16548831 0.002813207 0.013411803 

miR-93-5p 2.384318594 0.003038364 0.014156015 

miR-133a-3p -46.92609151 0.003383325 0.015412926 

let-7g-5p 4.132315381 0.003516855 0.01567294 

miR-221-3p 5.24176575 0.003733719 0.01605327 

miR-22-5p -2.394003792 0.003758814 0.01605327 

miR-181a-5p 2.343276512 0.004016857 0.016424314 

miR-10a-5p 2.109710608 0.004048085 0.016424314 

miR-34a-5p -2.8914282 0.004086049 0.016424314 

miR-136-5p -13.53579255 0.004376448 0.017253306 

miR-99b-5p 4.518692412 0.004597793 0.017783915 

miR-100-5p 2.665107751 0.004983394 0.018918442 

miR-30e-5p -19.45237613 0.005084273 0.018950471 

miR-382-5p 10.93265041 0.005274828 0.019309636 

miR-193a-5p 1.934859045 0.005609297 0.020173787 

miR-125b-5p 1.812592674 0.005772119 0.020218873 

miR-101-3p -49.83025244 0.00581909 0.020218873 
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miR-766-3p 5.455884548 0.005999583 0.020498576 

miR-28-5p 7.653549225 0.006386619 0.021368795 

miR-99a-5p 2.454410068 0.006481543 0.021368795 

miR-423-5p -2.015589866 0.006566996 0.021368795 

miR-107 1.358338057 0.007072717 0.022654797 

miR-146a-5p -12.22799824 0.00729646 0.023011913 

miR-26b-5p 2.897060378 0.007656657 0.023782039 

miR-491-5p 2.466439294 0.00826466 0.025287392 

miR-31-3p -4.485743966 0.008458387 0.025499549 

miR-326 1.420852038 0.009095812 0.027023791 

miR-140-3p -1.893160051 0.009455821 0.027542734 

miR-151a-5p 4.104591929 0.009666552 0.027542734 

let-7c-5p 7.258909766 0.009673545 0.027542734 

miR-451a -33.88772576 0.010688589 0.030015899 

miR-663b 6.346162144 0.010949352 0.030332664 

miR-409-3p 11.84976264 0.011926117 0.032598052 

miR-181b-5p 4.326400767 0.012744974 0.034284009 

miR-181c-5p -3.344480262 0.01302467 0.034284009 

miR-15a-5p -6.149100492 0.013044647 0.034284009 

miR-548b-3p -13.27156988 0.013937329 0.036166487 

miR-181d-5p 2.469456985 0.014446816 0.037019965 

miR-425-5p 1.690974342 0.014929626 0.037784856 

miR-103a-3p 2.128636617 0.019031225 0.046863267 

miR-22-3p -20.27394674 0.019034339 0.046863267 

miR-877-5p 2.149441078 0.01920251 0.046863267 

miR-29a-3p -1.626595312 0.020069792 0.048403616 

miR-30e-3p 
 

2.358635645 0.020411747 0.048655908 
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Figure S1. The expression of α-SMA staining in the untreated mice lung. 
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