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Abstract 
Background:  

Pulmonary arterial hypertension (PAH) is a severe and currently incurable disease characterised 

by progressive pulmonary vascular remodelling and right heart hypertrophy. PAH bears many 

hallmarks of cancer, including apoptosis resistance, increased cell proliferation and 

mitochondrial dysfunction characterised by membrane hyperpolarization, mitochondrial fission 

and metabolic switch from mitochondrial oxidative phosphorylation to glycolysis. Chloride 

intracellular channel proteins CLIC1 and CLIC4 are highly expressed in the remodelled pulmonary 

vasculature in PAH, and these redox-sensitive proteins regulate cell proliferation and 

angiogenesis. New data suggests that CLIC1, CLIC4 and CLIC5 may also act as structural 

components of mitochondrial membranes but their role has not been investigated.  

Hypothesis:  

Increased expression of CLIC proteins induces mitochondrial dysfunction in human pulmonary 

vascular endothelial cells (HPAECs) in vitro, consistent with pathological changes seen in PAH.  

Methods:  

CLIC1, CLIC4 and CLIC5 expression was manipulated by adenoviral gene transfer. The effects of 

CLIC expression changes on mitochondrial fission/fusion, mitochondrial membrane potential 

(Δψm), mitochondrial reactive oxygen species (mtROS) generation, expression of mitochondrial 

proteins, glycolysis and mitochondrial respiration were studied in human pulmonary artery 

endothelial cells (HPAECs) and endothelial colony forming cells (ECFCs) derived from PAH 

patients and healthy individuals. The subcellular localization of CLIC proteins and their effect on 

mitochondrial structure were studied using transmission electron microscopy. Mitochondrial 

content, mitochondrial fragmentation, mitochondrial membrane potential, microtubule 

dynamics and microtubule-mitochondrial interaction were studied using immunofluorescence 



 

 

vii 
 

and confocal microscopy. Fluorescence-activated cell sorting (FACS) scans were used to detect 

changes in mitochondrial reactive oxygen species (ROS) generation, while the expression levels 

of proteins regulating mitochondrial dynamics were analysed by electrophoresis and western 

blotting. Agilent Seahorse bioenergetics assays were carried out in order to evaluate the 

potential contribution of CLIC proteins to the Warburg effect. Mitochondrial proteomic analysis 

of HPAECs overexpressing CLIC proteins was used to identify key signalling pathways. Finally, the 

effect of CLIC1 and CLIC4 silencing and mitofusin-2 (MFN2) overexpression on CLIC-induced 

mitochondrial dysfunction in HPAECs, and ECFCs was also investigated.  

Results:  

CLIC1 and CLIC4 overexpression induced mitochondrial fission, and this effect was accompanied 

by a significant decrease in the expression of fission regulators MFN2 and optic atrophy 1 (OPA1) 

and the increased activation of fission regulator DRP1. Mitochondrial fragmentation was 

accompanied by changes in the ultrastructure of mitochondrial cristae and the reorganization of 

microtubule cytoskeleton. CLIC proteins significantly reduced mitochondrial respiration, 

increased mitochondrial membrane potential and mitochondrial reactive oxygen species (ROS) 

generation and stimulated glycolysis in HPAECs. These changes were partially prevented by the 

overexpression of MFN2. Endothelial cells from PAH patients showed increased expression of 

CLIC1 and CLIC4 accompanied by mitochondrial fragmentation, increased mitochondrial 

membrane potential and reduced expression of MFN2. The disease phenotype was reversed by 

CLIC1 and CLIC4 silencing or overexpression of MFN2.  

Conclusion CLIC proteins are likely to play a contributory role in mitochondrial dysfunction in 

PAH. 
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CHAPTER 1: General Introduction 

1.1. Pulmonary vasculature: Structure, function and development 

The cardiovascular system comprises the systemic and pulmonary circulation. The systemic 

circulation moves blood between the heart and the rest of the body, delivering oxygenated 

blood to cells and deoxygenated blood back to the heart. Meanwhile, the pulmonary circulation 

transports blood between the heart and lungs. It carries deoxygenated blood from the right 

ventricle of the heart to the lungs, where it absorbs oxygen and releases carbon dioxide. The 

lungs then send the oxygenated blood to the left ventricle of the heart (Fishman, 1978).  

In the pulmonary loop, the right ventricle of the heart pumps deoxygenated blood into the 

pulmonary trunk – the main pulmonary artery which branches into the right and left pulmonary 

arteries. These arteries further sub‐divide into muscular pulmonary arteries, arterioles and 

alveolar capillaries, where gas exchange takes place. The oxygenated blood then travels through 

a network of pulmonary venules and veins to the left atrium of the heart (Harris & Heath, 1977).  

The respiratory airways that run alongside the pulmonary vasculature extend from the 

respiratory bronchioles to the alveoli, and are made up of respiratory bronchioles, alveolar 

ducts, alveolar sacs and alveoli. They increase the maximum surface area available for gas-

exchange (Kandathil & Chamarthy, 2018; Leslie, Wick, & Smith, 2017) (Figure 1.1).  
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Figure 1.1: Schematic illustration of different areas in the respiratory system. The tracheobronchial 

vascular tree branches from the trachea to the bronchi, bronchioles and alveoli. The upper panel shows 

the cell composition of the trachea. The middle panel shows the respiratory bronchioles, which consists 

of a few alveoli scattered along their walls and the low cuboidal epithelium. The lower panel shows the 

typical surface area of the lungs, the alveoli. The respiratory bronchiole is divided into between 2 and 

11 alveolar ducts that contain smooth muscle fibres in their walls. Along these walls, the alveolar ducts 

split into single alveoli and groups of alveolar sacs. The epithelium surface of the alveoli contains two 

distinct cells, known as type I and type II pneumocytes. Abbreviations: PNEC: pulmonary 

neuroendocrine cell (van der Vaart & Clevers, 2020). Illustration created by the author using 

BioRender.com  
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The size and structure of blood vessels in the pulmonary arterial tree change according to their 

function, from elastic, to muscular and finally to partially muscularised and non-muscularised 

vessels (Wagenvoort & Wagenvoort, 1979).  

The wall of the pulmonary arteries comprises three distinct layers: tunica intima, tunica media, 

and tunica adventitia (Figure 1.2). The pulmonary arteries have thinner walls than the systemic 

arteries, which are built to withstand higher blood pressures (Leslie et al., 2017). 

The inner layer (tunica intima) is also referred to as the tunica interna, and is made up of a single 

layer of endothelial cells (ECs), and is supported by the connective tissue of internal elastic 

lamina. The middle layer (tunica media) consists of elastic fibres, pulmonary artery smooth 

muscle cells (PASMCs), and extracellular matrix. The outermost layer (tunica externa) is also 

known as tunica adventitia, and consists of fibroblasts, extracellular matrix rich in collagen 

fibers, and external elastic lamina (Leslie et al., 2017; Robertson & Watton, 2013). 

 

Figure 1.2: Schematic representation of pulmonary arterial wall. Vascular wall consists of three layers: 

(1) Tunica intima, consisting of an endothelial layer supported by an internal elastic membrane, (2) 

Tunica media, composed of elastic fibres, smooth muscle cells, and extracellular matrix, and (3) Tunica 

externa, consisting of connective tissue, fibroblasts, and external elastic membrane (Robertson & 

Watton, 2013). Illustration created by the author using BioRender.com. 
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The structure and thickness of the three vascular layers varies among different types of blood 

vessels. Based on the structure of the medial layer, pulmonary arteries can be divided into two 

main types: elastic, which contain elastic lamina, and muscular, which contain layers of vascular 

smooth muscle cells (SMCs). Within the pulmonary vascular tree, arteries are identified as 

elastic, transitional (with features of both elastic and muscular arteries), muscular, partially-

muscular and non-muscular (Rhodin, 2011; Townsley, 2011). In the main pulmonary artery 

trunk, the tunica media consists of multiple layers of smooth muscle cells separated by elastin 

fibres for distensibility and collagen fibres for rigidity. In the smaller pulmonary arteries, the 

muscular layer is often absent, and a single elastic lamina splits the intima from the adventitia 

(Hall et al., 2000; Townsley, 2011). 

The vascular endothelium constitutes a single layer of endothelial cells (ECs) that make up the 

inner cellular lining of arteries, veins and capillaries and contact the blood components directly. 

Vasorelaxants, anti-thrombotic and anti-proliferative substances released by endothelial cells 

are required to maintain pulmonary vascular homeostasis (Yong et al., 1963). An imbalance in 

the release of these substances, for example high levels of endothelium-derived fibroblast 

growth factor 2 (FGF2), serotonin or endothelin-1 and low levels of prostacyclin and nitric oxide 

lead to increased medial SMCs proliferation and migration (Izikki et al., 2009). 

New blood vessels are mainly produced by three cellular processes: vasculogenesis, 

angiogenesis, or arteriogenesis. Vasculogenesis is the differentiation of endothelial precursor 

cells (EPCs) or angioblasts, into endothelial cells (ECs) and de novo formation of primitive blood 

vessels or endothelial tubes. This is believed to occur very early during the embryonic 

development (Kubis & Levy, 2003).  
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The development of pulmonary circulation starts in the first 4-16 weeks of gestation, while the 

blood gas barrier had begun to form by 24 weeks of gestation (Hislop, 2005). Pulmonary arteries 

and veins are formed de novo as endothelial tubes in the mesenchyme around the airways by 

the process of vasculogenesis (Hall et al., 2002). The endothelial tubes then join together to 

form the pulmonary circulation, which develops in parallel with the airways in the lungs. 

Alveolar capillaries are formed by angiogenesis (Hall et al., 2002; Parera et al., 2005). A number 

of growth factors such as platelet-derived growth factor (PDGF), vascular endothelial growth 

factor (VEGF), angiopoietin and fibroblast growth factors (FGF) are involved in the stabilisation 

and formation of the pulmonary vasculature (Hislop & Pierce, 2000). 

1.2. Pulmonary hypertension 

1.2.1. Definition and classification   

Pulmonary arterial hypertension (PAH) is a progressive disease that affects between 15 and 50 

patients per million. It affects 1% of the global population at some stage, and around 10% of 

sufferers are over 65 years old. PAH prognosis is poor, with estimated median survival time 2.8 

years and annual mortality rate of approximately 15%. The median time of survival from the 

time of diagnosis is about 3 years (Humbert et al., 2010; Thenappan et al., 2010). PAH is defined 

by a mean pulmonary artery pressure (mPAP) at rest of ≥ 25 mmHg, with a normal (≤15 mmHg) 

pulmonary artery wedge pressure (PAWP) (Hoeper et al., 2017; Leopold & Maron, 2016; 

O'Callaghan et al., 2011).  

In 1973, the World Health Organisation (WHO) first classified pulmonary hypertension into 

primary pulmonary hypertension (PPH) and secondary pulmonary hypertension, depending on 

the presence or absence of recognizable causes or risk factors (Simonneau et al., 2004). The 

latest classification of PH, which was proposed at the Fifth World Symposium on Pulmonary 
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Hypertension in Nice, France in 2013, divides PH into five subgroups, summarized in Table 1.1. 

The five groups are:  

• Group (1) Pulmonary Arterial Hypertension (PAH), which is further subdivided into: (1.1) 

idiopathic PAH due to unrecognized risk factors, (1.2) heritable or familial PAH, (1.3) PAH 

caused by certain drugs or toxins, and (1.4) PAH associated with other conditions such as 

connective tissue diseases like scleroderma or lupus, congenital heart problems or high 

blood pressure. 

• Group (2) Pulmonary hypertension due to left heart disease. 

• Group (3) Pulmonary hypertension caused by lung disease and/or hypoxia. 

• Group (4) Pulmonary hypertension due to thrombotic and embolic obstruction of the lung 

vasculature, also known as chronic thromboembolic pulmonary hypertension (CTEPH).  

• Group (5) Pulmonary hypertension with unclear multifactorial mechanism (Galiè et al., 

2016; Simonneau et al., 2004; Simonneau et al., 2013). 

 According the current clinical classification, PH may also be divided into two categories pre-

capillary PH, and post-capillary PH (see Table 1.2) (Galiè et al., 2016). 
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Table 1.1: Latest clinical classification of pulmonary hypertension from the Fifth World Symposium on 

Pulmonary Hypertension held in Nice, France. Abbreviations: 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; HIV, human 

immunodeficiency virus inside the same subcategories of pulmonary arterial hypertension. Adapted 

from Galiè et al., 2016; Simonneau et al., 2013. 

Group 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 
Group 1’ Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis* 
Group 1’’ Persistent pulmonary hypertension of the newborn (PPHN) 

Group 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 
Group 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 patterns 
3.4. Sleep-disordered breathing 
3.5. Alveolar hypoventilation disorders 
3.6. Chronic exposure to high altitude 
3.7. Developmental lung diseases 
Group 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) 
Group 5: Pulmonary hypertension with unclear and/or multifactorial mechanisms 
5.1 Haematologic disorders: myeloproliferative disorders, splenectomy 
5.2 Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: lymphangioleiomyomatosis, 
neurofibromatosis, vasculitis 
5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 
5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis 
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Table 1.2: Pulmonary hypertension classification according to haemodynamic parameters: pre-

capillary pulmonary hypertension and post-capillary pulmonary hypertension. Clinical groups 

according to the latest clinical classification of pulmonary hypertension. Abbreviation: PH, pulmonary 

hypertension. Adapted from Galiè et al., 2016.  

Definition Characteristics Clinical group(s) 

Pulmonary 

hypertension (PH) 

➢ Mean pulmonary artery pressure 

(mPAP) ≥ 25mmHg 
ALL 

 

Pre-capillary PH 

➢ Mean pulmonary artery pressure 

(mPAP) ≥ 25mmHg 

➢ 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 

➢ Mean pulmonary artery pressure 

(mpap) ≥ 25mmhg 

➢  Pulmonary artery wedge pressure 

(pawp) > 15mmhg 

(2) PH due to left heart disease 

 

(5) PH with unclear and/or 
multifactorial mechanisms 

 

1.3. Pathobiology of pulmonary arterial hypertension 

Pulmonary arterial hypertension is characterised by the progressive remodelling of small 

intrapulmonary arteries caused by endothelial dysfunction, excessive proliferation of smooth 

muscle cells, sustained vasoconstriction, inflammation, thrombosis and adventitial fibrosis 

(O'Callaghan et al., 2011). These changes increase pulmonary vascular resistance, leading to 

right heart hypertrophy and failure (Leopold & Maron, 2016) (Figure 1.3). The first reference to 

PAH pathology was provided by German physician Ernst Von Romberg in 1891, who described 

it as pulmonary vascular sclerosis. Several decades later, the first comprehensive article 

describing the clinical entity of PAH was published in 1951 by David Dresdale (Dresdale et al., 
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1951; Heath & Whitaker, 1956). This opened the way to expanding our understanding of the 

pre-mortem features of PH (Barst, 2008).  

1.3.1. Pulmonary vasoconstriction 

Pulmonary arterial vasoconstriction in PAH is induced by endothelial dysfunction, which is 

observed in the early stages of the disease. The endothelium regulates pulmonary vascular 

homeostasis and is a key source of vasodilators such as nitric oxide (NO) and prostacyclin (PGI2), 

as well as potent vasoconstrictors such as thromboxane A2 (TXA2), endothelin-‐1 (ET-1), 

serotonin, and 5-‐hydroxytryptamine (5-HT) (Schermuly et al., 2011; Wilkins, 2012). 

PGI2 is an effective vasodilator, and reduces vascular tone by increasing cyclic adenosine 

monophosphate (cAMP) levels and decreasing endothelin-1 levels. This vasodilator also inhibits 

platelet aggregation and reduces inflammatory response and vascular smooth muscle 

proliferation, which are implicated in the development of PAH (Clapp et al., 2002; Stitham, 

Midgett, Martin, & Hwa, 2011).  

PGI2 expression is reduced in pulmonary arteries of PAH patients, while the levels of 

vasoconstrictor thromboxane A2 are elevated (Christman et al., 1992).  

Nitric oxide is a potent vasorelaxant. It is synthesised from oxygen and L-arginine by endothelial 

nitric oxide synthase (eNOS), its activity is mediated by cyclic guanosine monophosphate 

(cGMP). cGMP induces the relaxation of vascular smooth muscle cells and is degraded by 

phosphodiesterases (PDEs)  (Corbin, 2004; Corbin & Francis, 1999). PDE5 has been shown to be 

an abundantly expressed PDE isoform within the pulmonary circulation (Hanson et al., 1998) 

and its levels are elevated in PAH lungs and heart (Corbin et al., 2005; Murray et al., 2002; 

Wharton et al., 2005). Nitric oxide prevents platelet aggregation and leukocyte adhesion to 
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endothelial cells (Gaboury et al., 1993; Nong et al., 1997) and inhibits vascular smooth muscle 

cell migration and proliferation (Tsihlis et al., 2011). 

Endothelin-1 is a potent endothelium-derived vasoconstrictor involved in PAH pathogenesis. 

PAH patients show elevated ET-1 levels in blood and lung tissues (Said, 2006). ET-1 activity is 

mediated by two receptors, ET-A and ET-B. Smooth muscle cells express both receptor types 

and their stimulation induces vasoconstriction. Endothelial cells express ET-B receptors, which 

can induce vasodilation by releasing nitric oxide and prostacyclin and promoting the clearance 

of circulating ET-1 (Eddahibi & Adnot, 2001; Hirata et al., 1993).  

Thromboxane A2 is another important pulmonary vasoconstrictor, and is produced by the 

endothelium and platelets. Both ET-1 and TXA2 enhance platelet aggregation, smooth muscle 

cell proliferation and migration (Budhiraja et al., 2004; Feng et al., 2016; Undem et al., 2012).  

1.3.2. Pulmonary vascular remodelling 

Alterations in pulmonary vascular structure, termed as pulmonary vascular remodelling, are 

characterised by the progressive thickening of all three layers of the blood vessel wall (the 

adventitia, the media, and the intima). Vascular remodelling severely reduces blood supply to 

the lung and decreases the vasodilation capacity of the vessels (Jeffery & Wanstall, 2001; Tuder 

et al., 2009). Although the causes of the disease are different in different forms of PAH, the 

structural abnormalities found in the pulmonary vasculature are remarkably similar (Strange et 

al., 2002). 

The pathological mechanisms underlying this condition remain elusive. PAH is thought to be 

initiated by endothelial damage due to gene mutations or environmental stresses such as 

hypoxia, drugs and toxins, DNA damage or inflammation. Endothelial damage is followed by the 

clonal selection of apoptosis-resistant, highly proliferative endothelial cells, leading to the 
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formation of obliterative plexiform lesions, which are characteristic of PAH (Masri et al., 2007). 

Smooth muscle cell proliferation, endothelial-to-mesenchymal transition (EndoMT) and 

vasoconstriction also play a contributory role to the onset of the disease (Davie et al., 2009; 

Schermuly et al., 2011) (Figure 1.3). 

 

Figure 1.3: Diagram illustrating pulmonary vascular remodelling and pathogenesis of pulmonary 

arterial hypertension. Risk factors and drivers of the disease pathogenesis include gene mutations in 

BMPR2 and other pathways, gender, somatic mutations, DNA damage, exposure to hypoxia or drugs 

and toxins. These are shown at the top of the diagram. The left image illustrates injury to a healthy 

vessel resulting in a loss of endothelial cell viability and barrier integrity. The central image shows the 

most common molecular pathways altered in idiopathic (I) PAH: altered miRNA expression, increased 

release of growth factors, mitochondrial dysfunction and metabolic changes related to glycolysis. 

Endothelial cell dysfunction and apoptosis, proliferation of smooth muscle cells and adventitial 

fibroblasts drive both inward and outward vascular remodelling. The vascular remodelling of resistance 

pulmonary arteries generates the concentric and plexiform lesions characteristic of PAH (right image). 

Abbreviations: BMP, bone morphogenetic protein; EC, endothelial cell; ECM, extracellular matrix; PDGF, 

platelet-derived growth factor; RV, right ventricle; SMC, smooth muscle cell; TGF, transforming growth 

factor. Adapted from Thompson & Lawrie, 2016. 
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Pulmonary vascular changes in PAH include the excessive proliferation of endothelial and 

smooth muscle cells, inflammation, adventitial fibrosis and in situ thrombosis. The right 

ventricle of the heart has to work hard to push blood through the narrowed arteries, leading to 

right ventricular hypertrophy which can progress to the right heart failure (Leopold & Maron, 

2016).  

Pulmonary vascular remodelling occurs in all layers of the vascular wall, and is manifested by 

proliferation and migration of endothelial cells, smooth muscle cells, fibroblasts, inflammatory 

cells and progenitor cells, as well as platelet aggregation and the increased deposition of 

extracellular matrix (ECM) components such as collagen, elastin and fibronectin (Tuder et al., 

2009; Xu & Shi, 2014).  

PAH pulmonary arteries show several abnormalities, including the muscularization of small 

precapillary arteries, the loss of precapillary arteries, thickening of large pulmonary arteries, 

neointima formation in small vessels <100-500 μm in diameter and the formation of obliterative 

plexiform lesions. The abnormalities are characterized by excessive endothelial cell proliferation 

and abnormal angiogenesis (Jonigk et al., 2011; Rabinovitch, 2012) (Figure.1.4). 

The inhibition of bone morphogenetic protein receptor type II (BMPR2) function due to genetic 

mutations, reduced expression or abnormal receptor recycling is one of the key pathological 

processes associated with PAH. BMPR2 belongs to the transforming growth factor-β (TGF-β) 

superfamily, and is important for the regulation of vascular development and function (Rol et 

al., 2018). TGF-β stimulates vascular remodelling and inflammation in the lung as well as 

hypertrophy and fibrosis in the heart. Mutation in the activin receptor-‐like kinase type 1 

(AKL-1) gene, a different member of the TGF-‐β superfamily, has also been identified in 
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patients with hereditary haemorrhagic telangiectasia (HHT) who develop severe plexiform 

pulmonary hypertension (Trembath et al., 2001).  

BMPR2 mutations in PAH are associated with increased expression and activity of the platelet-

derived growth factor (PDGF) receptor and 5-HT serotonin transporter, as well as the  de novo 

expression of the anti-apoptotic protein survivin (Hassoun et al., 2009). 

Many other factors have been implicated in the remodelling process, including a higher 

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) 

(Hassoun et al., 2009; Humbert et al., 2004). Meanwhile, increased expression of hypoxia-

inducible factor-1 (HIF-1), angiopoietin-1 (ANG-1), Tie-2, thrombospondin-1 (THBS1), stem cell 

growth factor receptor c-kit, angiogenesis regulators (Notch 3 and 4) and matrix 

metalloproteinase 9 (MMP-9) have also been linked to vascular alterations in PAH (Jonigk et al., 

2011). 
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Figure 1.4: Schematic illustration of vascular remodelling in pulmonary arterial hypertension. Healthy 

endothelial cells regulate the balance between vasodilation and vasoconstriction and inhibits smooth 

muscle cell proliferation to maintain a low-resistance pulmonary vasculature. 1) In PAH, endothelial 

dysfunction reduces release of vasodilators (NO and PGI2) and increases release of vasoconstrictors (ET-

1 or TXA2). This results in vasoconstriction and reduction in blood flow. 2) Vascular remodelling is a 

feature of PAH, characterised by excessive smooth muscle cell proliferation and migration, leading to 

muscularization of peripheral pulmonary arteries and medial hypertrophy. 3) Vascular remodelling 

results in plexiform lesion formation and in situ thrombosis, which cause occlusions of the vessels in the 

late stage of disease progression. Abbreviations: NO, nitric oxide; PGI2, prostacyclin; ET-1 endothelin-1; 

TXA2, thromboxane A2. Adapted from Lai et al., 2014.  
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1.4. Role of endothelium in pulmonary hypertension 

As mentioned in section 1.3, PAH is thought to be initiated by endothelial damage due to 

inhibition of BMPR2 function, DNA damage, hypoxia or drugs and toxins. Endothelial 

dysfunction results in the increased release of growth factors and vasoconstrictions as well as 

inflammatory cytokines that promote medial and adventitial cell proliferation. Subsequent 

clonal selection and the activation of highly proliferative, intimal endothelial cells leads to the 

formation of obliterative plexiform lesions in severe human PAH (Sakao et al. 2009). 

1.4.1. Vascular endothelial cells 

The pulmonary endothelial layer acts as a barrier between the blood and the underlying tissues, 

by regulating the exchange of fluids, nutrients, growth factors and cells. Alterations in vascular 

endothelial permeability allow the access of proliferative mediators to the underlying layers of 

the vascular wall, resulting in excessive cell proliferation, migration and extracellular matrix 

production. Changes in the endothelial barrier integrity have been linked to the early 

pathogenesis of PH both in animal models and patients with PAH (Dejana et al., 2009; Krüger-

Genge et al., 2019). Endothelial permeability is regulated by several factors, including hypoxia, 

flow, growth factors and inflammatory cytokines (McQuaid & Keenan, 1997; van Wetering et 

al., 2002; Wojciak-Stothard et al., 2005). The endothelium also plays an essential role in 

regulating blood coagulation. Under normal physiological conditions, the endothelium releases 

anti-coagulants which exert anti-inflammatory, anti-proliferative and vasodilatory effects. 

These anticoagulants include nitric oxide, prostacyclin, tissue factor pathway inhibitor, heparan 

sulphate proteoglycan, thrombomodulin, tissue-type plasminogen activator (tPA) and annexin 

V (Aytekin et al., 2012; Chen et al., 2005; Liu & Pedersen, 2007). Changes in blood flow and 

shear stress affect the expression of coagulation regulators and the fibrinolytic pathways. 

Endothelium-derived pro-coagulants include endothelin-1, tissue factor, von Willebrand Factor 
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(vWF) and plasminogen activator inhibitor-1. One of the key functions of the pulmonary 

endothelium under normal conditions is to prevent thrombus formation, but in order to prevent 

blood loss upon vascular injury, the endothelium can release pro-thrombotic factors and 

promote the formation of thrombi. Excessive thrombotic responses can be seen in chronic 

thromboembolic pulmonary hypertension (CTEPH) and other forms of PH (Jeffery & Wanstall, 

2001; Matthews & Hemnes, 2016; Yau et al., 2015). 

The onset of pulmonary hypertension begins with early apoptosis of the pulmonary endothelial 

cells (Sakao et al., 2009; Wilkins, 2012), triggering the excessive release of anti-apoptotic, pro-

proliferative and pro-angiogenic factors by endothelial and smooth muscle cells. This process is 

followed by the clonal selection and expansion of apoptosis-resistant, highly proliferative 

endothelial cells and smooth muscle cells, leading to the formation of occlusive plexiform 

lesions and thickening of the arterial wall (Sakao et al., 2005; Sakao et al., 2009).  

1.4.2. Blood vessel formation and endothelial progenitor cells (EPCs) 

Angiogenesis is a process by which new blood vessels form from pre-existing vessels. The 

process consists of a series of morphogenic events including sprouting, branching, lumen 

formation, anastomosis (making new connections) and rearrangement. Angiogenesis is 

regulated by proteases, growth factors and micro-environmental cues (Kubis & Levy, 2003) 

(Figure 1.5).  
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Figure 1.5: Illustration of vasculogenesis and angiogenesis. Vasculogenesis (top left) begins in the wall 

of the yolk sac in early embryonic development. Cells in the extraembryonic mesoderm form capillary 

tubes, while cells located in the centre differentiate into hemangioblasts and primitive blood cells. In 

the intraembryonic mesoderm (lower left), a similar process of aggregation occurs, with mesodermal 

differentiation into capillary tubes, without the formation of primitive blood cells. The capillary tubes 

grow contentiously and merge to form a network. The existing vessels of the network can grow by 

sprouting angiogenesis, as indicated top right. One of the endothelial cells becomes a tip cell, which 

starts to migrate into the surrounding mesenchyme. The tip cell is followed by adjacent endothelial 

cells; the following cells maintain a lumen, then a new vessel buds off the existing vessel. Intussusceptive 

angiogenesis (lower left) occurs in areas where there may be demand for a parallel vessel. The parent 

vessel splits into two vessels, each with a single lumen. Illustration adapted from DeSesso, 2017. 
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Arteriogenesis refers to the formation of collateral arterioles through which the blood flow is 

increased to tissues. Arteriogenesis is also a vital compensation mechanism for restoring tissue 

perfusion where the key vascular pathway has been obstructed, and the process can occur in 

response to several stimuli, including alterations in shear stress and tissue hypoxia (Castro et 

al., 2018). Arteriogenesis, defined by an increase in the diameter of small arterioles, may occur 

via two distinct mechanisms: de novo formation or the remodelling of pre-existing collateral 

arterioles. The de novo formation process comprises the formation and expansion of new 

vessels from a pre-existing arteriolar network, localised near a blocked artery and reconnecting 

the distal arterial segment. The remodelling of pre-existing collateral arterioles involves 

promoting a steady enlargement of arterioles and increasing elasticity and reactivity through 

the recruitment of smooth muscle cells and other mesenchymal cells that secrete specific ECM 

components until the arterioles are able to increase blood flow and restore local perfusion 

(Carmeliet & Jain, 2011; Castro et al., 2018) 

Circulating progenitor endothelial cells have a considerable proliferative potential, and can 

participate in vascular repair and morphogenesis (Robinson et al., 1995; Yoder, 2010). 

Endothelial progenitor cells, which can be found in adult human peripheral blood, can 

differentiate into ECs in vitro and contribute to postnatal vasculogenesis in vivo (Castro et al., 

2018). These cells, known as endothelial progenitor cells (EPCs), have become widely recognised 

as a normal component of the blood. They comprise a heterogeneous group of cells with the 

potential to form mature ECs and/or participate in angiogenesis. Several studies have 

attempted to define the circulating levels of EPCs in many clinical disorders, but given the low 

numbers of circulating true endothelial progenitor cells, an ex vivo study is required in order to 

examine their functional activity and differentiation into endothelium (Hirschi et al., 2008). 
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1.4.2.1. Endothelial colony‐forming cells  

Endothelial colony forming cells (ECFCs) are also referred to as blood outgrowth endothelial 

cells (BOEC), or late outgrowth endothelial cells. Over the last few years, different acronyms has 

been used by different groups, but it was recently proposed that the term ECFC should be used 

to harmonize the literature (Medina et al., 2017). ECFCs are proliferative endothelial cells that 

can be found in the vessel wall but are rarely found in the peripheral blood. ECFCs were 

originally identified by Ingram et al. using a single cell in vitro colony forming assay (Ingram et 

al., 2004; Duong et al., 2011). 

ECFCs display similar properties to original endothelial progenitor cells (EPCs). They show the 

ability to form de novo tubular networks independently in vitro (Case et al., 2007; Hur et al., 

2004; Sieveking et al., 2008). In vitro, cord blood ECFCs exhibit robust human blood vessel 

formation upon implantation in immunodeficient mice, and also display clonal proliferative 

potential. Characteristic features of typical endothelial cells were confirmed through the 

upregulation of activated endothelial cell marker vascular cell adhesion molecule-1 (VCAM-1) 

on tumour necrosis factor-α (TNF-α) and interleukin-1 (IL-1) stimulation (Ingram et al., 2004; 

Shepherd et al., 2006). Previous reports have demonstrated that the ability to isolate and 

culture ECFCs depends largely on the source of their isolation and varies from one animal 

system to another. For example, ECFCs are abundant in the bloodstream of nonhuman 

primates, human, pigs, dogs, and cows, but are so rare in mice that the entire blood volume of 

5 or more 8-week-old mice was required to identify endothelial colonies in 11% of attempts to 

isolate at least 1 endothelial colony (Yoder, 2010). Cord blood-derived ECFCs present a higher 

vasculogenic capacity in vivo compared to adult peripheral blood ECFCs (Lin et al., 2000). 
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ECFCs do not express leukocyte common marker CD45 or monocytic/macrophage markers 

CD14 and CD115, and do not ingest bacteria or differentiate to hematopoietic progenitor cell 

(HPC) colonies (Case et al., 2007; Yoder et al., 2007). In order to distinguish ECFCs from early 

endothelial progenitor cells, many markers have been identified in ECFCs, such as the secretion 

of high levels of matrix metalloproteinase-2 (MMP-2), low levels of matrix metalloproteinase-9 

(MMP-9), and selective expression of bone morphogenetic proteins BMP-2 and BMP-4. These 

features are considered essential for differentiation and regulation in angiogenesis (Smadja et 

al., 2008; Yoon et al., 2005). Other factors may affect the survival and proliferation of ECFCs. It 

has been reported that the activation of thrombin receptor protease-activated receptor 1 

induces proliferation, migration, differentiation and interleukin-8 (IL-8) synthesis in these cells, 

resulting in a pro-angiogenic effect in vitro (Smadja et al., 2009; Smadja et al., 2005).  

Despite exhibiting features that are consistent with an endothelial lineage, ECFCs may also 

express specific proteins and have functional characteristics that set them apart from mature 

endothelial cells (Medina et al., 2010). ECFCs are reported to be highly proliferative and 

resistant to serum deprivation in comparison with mature endothelial cells, and may also differ 

in terms of their in vivo vasculogenic potential (Finkenzeller et al., 2009; Hur et al., 2004). ECFCs 

appeared to have a higher rate of spreading and expression of α5β1 (the primary cellular 

receptor for the extracellular matrix protein fibronectin) than human aortic endothelial cells 

(Stroncek et al., 2009). ECFCs and mature endothelial cells also display different cellular 

responses to hypoxia and the deposition of extracellular matrix in culture (Kusuma et al., 2012). 

ECFCs have attracted considerable attention because of their multiple potential applications for 

translational studies, gene therapy and vascular regeneration (Paschalaki & Randi, 2018). They 

have been used to study endothelial dysfunction in patients with various diseases including 
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ischemic heart disease (Dauwe et al., 2016; Massa et al., 2009), venous thromboembolic disease 

(VTD) (Alvarado-Moreno et al., 2016; Hernandez-Lopez et al., 2017), chronic obstructive 

pulmonary disease (COPD) (Fish et al., 2008; Paschalaki et al., 2013; Paschalaki et al., 2018), 

idiopathic pulmonary fibrosis (IPF) (Bacha et al., 2018; Smadja et al., 2013), bronchopulmonary 

dysplasia (BPD) (Baker et al., 2009; Borghesi et al., 2009), and pulmonary arterial hypertension 

(PAH) (Caruso et al., 2017; Dunmore et al., 2013; Wojciak-Stothard et al., 2014). As well as 

providing insights into the possible molecular mechanisms that lead to endothelial dysfunction, 

ECFCs can be used to define new pharmacological targets (Paschalaki & Randi, 2018).  

Elevated and dysregulated angiogenesis is a hallmark of many diseases such as cancer, and 

highly proliferative ECFC is believed to contribute to angiogenesis via cell proliferation and 

respond to vascular injury and hypoxia by sprouting angiogenesis. The presence of ECFC in the 

human pulmonary arteries and their role in PAH pathogenesis is poorly understood at present 

(Duong et al., 2011). 

1.5. Current therapies in pulmonary arterial hypertension 

Despite extensive pre-clinical investigations and numerous clinical trials, there is currently no 

cure for pulmonary hypertension, and the existing treatments focus on helping patients cope 

with the symptoms, which include shortness of breath, fatigue, chest pain or pressure, irregular 

heartbeat, pain on the upper right side of the abdomen and decreased appetite (O'Callaghan et 

al., 2011). Patients who suffer from pulmonary hypertension have been treated with 

conventional therapies such as oral anticoagulants, diuretics, digoxin, oxygen supplements, 

prostacyclin analogs, phosphodiesterase inhibitors and spirono lactone (Galiè et al., 2016; 

McLaughlin et al., 2015).  
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The only therapies available for PAH treatment were those described above until the 1990s. 

With a better understanding of the pathophysiological mechanisms involved – in particular 

alterations in the endothelial prostacyclin, endothelin and nitric oxide pathways – several PAH-

specific vasodilator therapies have been approved for targeting one of these three key 

pathways. These include prostacyclin (PGI2), nitric oxide (NO) and endothelin (ET-1) (Humbert 

et al., 2014; Sitbon et al., 2019) (Figure 1.6). Drugs that are currently approved are listed in Table 

1.3 (Kondo et al., 2019). 

 

Figure 1.6: Illustration of currently approved targeted therapies in pulmonary arterial hypertension. 

There are three main vasoreactive pathways (endothelin-1, nitric oxide, and prostacyclin) targeted in 

PAH. Endothelial dysfunction leads to decreased levels of endogenous vasodilatory mediators (nitric 

oxide and prostacyclin) and increased endothelin-1 levels, promoting vasoconstriction and smooth 

muscle cell proliferation. The endothelin-1 pathway can be inhibited either by selective or nonselective 

endothelin-1 receptor antagonists. The nitric oxide pathway can be manipulated directly by exogenous 

nitric oxide, the inhibition of phosphodiesterase type-5 to block the downstream degradation of cGMP 

to GMP or by the stimulation of soluble guanylate cyclase. The prostacyclin signalling can be enhanced 

by prostanoid analogues or nonprostanoid IP receptor agonists. Abbreviations: NO, nitric oxide; ET-1, 

endothelin-1; PDE5, phosphodiesterase type-5; PGI2, prostacyclin; cAMP, cyclic adenosine 

monophosphate; iNO, inhaled nitric oxide; cGMP, cyclic guanosine monophosphate; PAH, pulmonary 

arterial hypertension. Adapted from Unegbu et al., 2017. 
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Table1.3: Approved Drugs for pulmonary hypertension (PAH). Modified from Kondo et al., 2019. 

Mechanism of Action Drug Name Indication Route 

Endothelin-receptor antagonists 

Bosentan PAH Oral 

Ambrisentan PAH Oral 

Macitentan PAH Oral 

 

Phosphodiesterase type 5 inhibitors 
Sildenafil PAH Oral 

Tadalafil PAH Oral 

 

Guanylate cyclase stimulators Riociguat PAH Oral 

 

Prostacyclin analogues 

Epoprostenol PAH Intravenous 

Iloprost PAH Inhaled 

Treprostinil PAH 
Subcutaneous 

Intravenous 

    

Prostaglandin I2 receptor agonists 
Beraprost PAH Oral 

Selexipag PAH Oral 
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1.6. Role of mitochondria in PAH 

Defects in energy metabolism underlie the pathology of many disorders including cancer, 

diabetes and pulmonary hypertension (Archer et al., 2008; Youle & Van Der Bliek, 2012). Cells 

from PH arteries and the right ventricle show numerous abnormalities in mitochondrial 

structure and function, suggesting their role in disease pathogenesis (Freund-Michel et al., 

2014). Mitochondrial alterations that are characteristic of PH are summarised in Figure 1.7 

(Freund-Michel et al., 2014). 

 

Figure 1.7: Summary of mitochondrial alterations in pulmonary hypertension. Mitochondrial 

abnormalities occur in pulmonary arterial fibroblasts, smooth muscle and endothelial cells, and the right 

ventricle. Abbreviations: ER: endoplasmic reticulum; eNOS: endothelial nitric oxide synthase; HIF-1α: 

hypoxia induced factor-1α; MnSOD: manganese superoxide dismutase; NFAT: nuclear factor of 

activated T cells; PDH: pyruvate dehydrogenase; PDK: pyruvate dehydrogenase kinase; ROS: reactive 

oxygen species; UCP2: uncoupling protein 2. Schematic adapted from Freund-Michel et al., 2014. 
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1.6.1. Mitochondrial alterations in pulmonary arterial endothelial cells 

Mitochondrial dysfunction in pulmonary arterial endothelial cells in PH has been less extensively 

studied compared to pulmonary arterial smooth muscle cells. Mitochondrial numbers are 

decreased in these cells, with increased glucose uptake, reduced oxygen consumption and 

reduced mitochondrial pyruvate dehydrogenase (PDH) activity, leading to increased glycolytic 

metabolism (Xu et al., 2007). Recent studies show that mitochondria compose only 2-6% of the 

endothelial cell volume, in contrast to 28% in hepatocytes and 32% in cardiac myocytes 

(Dromparis & Michelakis, 2013; Kluge et al., 2013), indicating that energy metabolism in 

endothelial cells relies predominantly on glycolysis. Reduction in the number of mitochondria 

may result from the increased expression of hypoxia induced factor-1α (HIF-1α), seen in PH 

lungs. Decreased mitochondrial content can also be linked to the reduced expression of 

manganese superoxide dismutase (MnSOD or SOD2), which results in an increase in ROS levels 

and endothelial cell damage (Fijalkowska et al., 2010).  

Increases in the level of endogenous NOS inhibitor asymmetric dimethylarginine (ADMA) in PH 

endothelial cells induces the redistribution of eNOS from the plasma membrane to the 

mitochondria, resulting in an increase in mitochondrial NO levels. This leads to nitric oxide-

derived mitochondrial protein nitration and the dysregulation of mitochondrial respiration (Sud 

et al., 2008; Sun et al., 2013). 

1.6.2. Metabolism: general overview 

Cellular metabolism is a dynamic process that can change rapidly in a pathophysiological 

environment. As well as the production of ATP, mitochondria play a central role in the regulation 

of fatty acid oxidation (FAO), glucose oxidation, and glutaminolysis. Glycolysis occurs in the cell 

cytosol, converting glucose into pyruvate which is then transported to the mitochondria, where 
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it participates in glucose oxidation as a substrate for pyruvate dehydrogenase (PDH). 

Mitochondrial defects result in the uncoupling of glycolysis from glucose oxidation, leading to 

an increase in intracellular lactate levels when pyruvate dehydrogenase is inhibited (Paulin & 

Michelakis, 2014). Fatty acid β-oxidation is localised in the mitochondria to generate ATP and 

acetyl coenzyme A which enters the citric acid cycle (Kennedy & Lehninger, 1949). There is 

metabolic crosstalk between glycolysis and fatty acid oxidation, so we can conclude that an 

alteration in the activity of one pathway influences the other (Randle et al., 1963). 

1.6.3. Mitochondria and metabolism in PAH 

Mitochondrial metabolic defects observed in PAH are similar to the metabolic dysregulations 

originally defined in cancer by Otto Warburg in 1924, referred to as the Warburg Effect or 

aerobic glycolysis (Sutendra & Michelakis, 2014; Warburg, 1956). The Warburg effect describes 

the shift from mitochondrial oxidative phosphorylation (OXPHOS) towards aerobic glycolysis, 

which is followed by the fermentation of lactic acid instead of pyruvate oxidation in the 

mitochondria. This metabolic switch usually occurs as a response to the significant inhibition of 

mitochondrial pyruvate dehydrogenase or an increase in pyruvate dehydrogenase kinase. The 

advantage of the net gain from this metabolic shift (which was first defined in cancer cells) is 

the generation of ATP to meet cellular energy requirements and to promote cell growth and 

survival (Leopold & Maron, 2016; Warburg et al., 1927). Endothelial cells are the first cells to 

sense low oxygen levels, and they signal this to the surrounding cells, allowing them to make 

metabolic adaptations. In patients suffering from PH, the Warburg metabolic shift occurs at 

both higher and normal oxygen levels (Gebb & Stevens, 2004; Marshall et al., 2018).  

Pulmonary vascular cells show increased aerobic glycolysis as a result of the normoxic 

upregulation of HIF-1α and the inhibition of pyruvate dehydrogenase. HIF-1α upregulates 
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pyruvate dehydrogenase kinase isoforms 1 and 2, which phosphorylate and inhibit pyruvate 

dehydrogenase (a key OXPHOS enzyme), resulting in the Warburg Effect. Pyruvate 

dehydrogenase kinase inhibitor improves the structural integrity and function of the 

mitochondria, decreases pulmonary artery smooth muscle cell proliferation and regresses 

established pulmonary hypertension (Archer et al., 2008; Bonnet et al., 2006; Guignabert et al., 

2009; McMurtry et al., 2004).  

The Warburg metabolic shift contributes to disease pathogenesis by inducing hyperproliferation 

and apoptosis resistance in vascular cells. This effect partially inhibits the transcription of SOD2, 

reducing hydrogen peroxide (H2O2) production and creating a pseudo-hypoxic environment that 

activates HIF-1α despite normal oxygen availability (Bonnet et al., 2006; Ryan et al., 2015) 

(Figure 1.8).  

Glutaminolysis is a mitochondrial pathway process responsible for producing cellular energy 

that allows cells to metabolise the amino acid glutamine to enter Krebs’ cycle. This rewards cells 

with amino acid intermediates, which permit rapid cell growth. Glutaminolysis, which was 

originally identified in cancer cells, has recently been observed in the right ventricle in PH (Ryan 

& Archer, 2015).  
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Figure 1.8: Warburg effect pathways in pulmonary hypertension. The illustration shows the disruption 

of metabolic pathways in PH, exhibiting decreased oxidative phosphorylation and increased glycolysis 

in mitochondria in pulmonary vascular cells and the right ventricle. This is followed by the stabilization 

of HIF-1α, which increases the transcription of glycolytic mediators such as glucose transporter 1 

(GLUT1) and hexokinase (HK), which traps glucose via conversion to glucose-6-phosphate (G6P), as well 

as lactate dehydrogenase (LDHA), which converts pyruvate to lactate. The activity of pyruvate kinase 

isoform M2 (PKM2) is increased, slowing the production of pyruvate from phosphoenolpyruvate (PEP), 

and reducing pyruvate dehydrogenase (PDH) activity, driven by increased pyruvate dehydrogenase 

kinase (PDK1/2). The Warburg Effect induces cell survival and proliferation, and the simultaneous 

hyperpolarization of the mitochondrial membrane potential induces the evasion of mitochondria-

dependent apoptosis. This glycolytic switch in pulmonary vascular cells promotes extensive remodelling 

that results in increasing pulmonary vascular resistance and pulmonary artery pressures. Abbreviations; 

FADH2: flavin adenine dinucleotide 2; HIF-1α/β: hypoxia inducedfactor-1 alpha and beta; NADH: 

nicotinamide adenine dinucleotide; PFK: phosphofructokinase. ETC, electron transport chain. Schematic 

was adapted from Culley & Chan, 2018. 
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1.6.4. Mitochondrial membrane potential and ROS generation in PAH 

Mitochondrial respiration and ATP production represent two critical pathways in cellular 

metabolism. During respiration, the energy generated from the movement of electrons along 

multi-subunit enzyme complexes I–IV of the electron transport chain (ETC) is used to pump H+ 

protons against their electrochemical gradient across the inner mitochondrial membrane 

(IMM). The proton gradient across the IMM results in the accumulation of protons within the 

intermembrane space (Kadenbach et al., 2011; Perry et al., 2011). The electrical potential of the 

mitochondrial membrane or the electrochemical proton motive force is referred to as the 

mitochondrial membrane potential (Δψm). Δψm is a key factor that regulates respiratory rate, 

ATP production and the generation of reactive oxygen species, Δψm is controlled by electron 

transport and proton leaks (Nicholls, 2004). 

Reactive oxygen species (ROS) are free radicals that are naturally produced as by-products of 

oxygen metabolism, such as hydroxyl (OH•), superoxide (O2
• −), peroxyl (RO2•), and lipid peroxyl 

(LOO•). ROS includes a group of non-radical species, such as hydrogen peroxide (H2O2), 

hypochloric acid (HOCl), ozone (O3) and lipid peroxide (LOOH). The group of highly reactive 

oxygen derivatives includes superoxide anion (O2
•−), hydroxyl radical (OH•) and hydrogen 

peroxide (H2O2), which act as key regulators of numerous biological functions and cellular 

metabolic processes.  

Mitochondria are a major source of ROS in most mammalian cells, and are the main sites of ROS 

generation in the mitochondrial ETC. Mitochondrial ROS are generated during the process of 

oxidative phosphorylation at ETC complexes I, II, and III, which are localized in the inner 

mitochondrial membrane (Park et al., 2011). The leakage of electrons at complex I, II and 

complex III of ETC results in a partial reduction of oxygen to produce superoxide. Under normal 
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physiological conditions, superoxide is rapidly converted to hydrogen peroxide by superoxide 

dismutase (SOD) (Turrens, 2003). However, in PAH the function of superoxide dismutase is 

compromised, leading to the increased synthesis of mitochondrial superoxide. 

While base levels of ROS generation are critical for healthy vascular homeostasis, the 

accumulation of ROS causes oxidative stress and vascular damage (Aggarwal et al., 2013; Chen 

et al., 2018) and contributes to diseases such as atherosclerosis, diabetes and pulmonary 

hypertension (Chen et al., 2018; Tang et al., 2014). 

The major sites of ROS generation in the lungs are the endothelial cells, neutrophils, eosinophils, 

alveolar macrophages and alveolar epithelial cells. Pulmonary vasculature ROS can be 

generated from complexes in the cell membrane or cellular organelles such as, peroxisomes, 

mitochondria and the cytoplasm. Meanwhile, low levels of L-arginine and tetrahydrobiopterin 

(BH4) substrates or co-factors, lead to the uncoupling of eNOS, resulting in a shift from NO 

production to ROS generation. Several enzymatic sources of ROS are now recognized as being 

associated with elevated ROS generation in PH, including NADPH oxidase, uncoupled NOS, 

dysfunctional mitochondria and xanthine oxidase. 

There is a direct relationship between the Δψm and ROS generation. Even a slight increase of 

Δψm enhances ROS emission, while a decrease of Δψm attenuates ROS release (Korshunov et 

al., 1997; Seifert et al., 2010). 

In PH, mitochondrial ROS have been shown to promote pulmonary vascular remodelling by 

increasing intracellular Ca2+, depolarising or hyperpolarising the mitochondrial membrane and 

contracting and proliferating the pulmonary arterial smooth muscle cells (PASMC) (Jernigan et 

al., 2008). Treating PASMCs and PAECs with antioxidants such as dimethylthiourea, 

recombinant human superoxide dismutase (SOD) and N-acetyl-l-cysteine (the precursor to 
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nonenzymatic antioxidant glutathione) inhibits peroxide-induced mitochondrial iron uptake, 

oxidative damage and apoptosis, while reducing ΔΨm, showing the critical role of ROS in 

regulating mitochondrial function (Wedgwood & Black, 2003; Yu & Chan, 2017). In a regulatory 

feedback mechanism, the hyperpolarization of mitochondrial membrane affects ROS 

generation so that mitochondria with high ΔΨm generate higher levels of superoxide (Marshall 

et al., 2018). This also takes place in PAH, where the inhibition of apoptosis in pulmonary 

vasculature is associated with the hyperpolarization of mitochondrial membrane, leading to 

increased mitochondrial potential (Suliman and Nozik-Grayck, 2019). ROS regulate the effects 

of many vasoactive substances, such as thromboxane A2 (TXA2), endothelin-1 (ET-1) 

peroxisome proliferator-activated receptor-γ (PPAR-γ) and prostacyclin, which can significantly 

affect vessel tone, resulting in pulmonary vascular remodelling in PH (Aggarwal et al., 2013).  

The excessive production of mitochondrial ROS has been linked to increases in the circulating 

levels of asymmetric dimethylarginine (ADMA) in PH, which induces mitochondrial dysfunction 

by increasing the expression of uncoupling protein-2 (UCP-2), resulting in the reduction of 

cellular ATP levels in pulmonary arterial endothelial cells (PAECs) (Sud et al., 2008). 

1.6.5. Mitochondrial dynamics  

Mitochondrial function relies on structural integrity. Mitochondria are dynamic structures that 

move about within the cell and constantly undergo division (fission) or fuse together (fusion) to 

form mitochondrial networks. The connectivity of the mitochondrial networks, the shape of 

individual mitochondria and the intracellular trafficking of mitochondria reflect processes that 

are collectively referred to as mitochondrial dynamics (Youle & Van Der Bliek, 2012). Vascular 

function depends at least in part on the stability of the mitochondrial network in vascular 

endothelial and smooth muscle cells (Fang et al., 2012; Kluge et al., 2013). Mitochondrial fission 
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must be coordinated with nuclear division or the cell cycle checkpoint will be disrupted, leading 

to cell death (Dasgupta et al., 2011).  

Mitochondrial dynamics is controlled by several proteins. The fusion of the outer mitochondrial 

membrane is regulated by the transmembrane GTPases, mitofusin-1 and mitofusin-2 (MFN1 

and MFN2), while the fusion of the inner membrane is regulated by optic atrophy protein-1 

(OPA1). Fission is regulated by a GTPase dynamin-related protein-1 (DRP1), also known as 

dynamin-1-like protein (DNM1L) and Fission-1 (FIS1). DRP1 is recruited by FIS1 to the 

mitochondria to initiate fission (Yoon et al., 2003). Drp1 is mainly localised in the cytoplasm and 

is recruited to the outer mitochondrial membrane (OMM) by FIS1 in response to different 

cellular stimuli. Other OMM proteins have recently been reported to promote the recruitment 

of Drp1 and mitochondrial fission, i.e. mitochondrial dynamics of 51 kDa protein (MiD51), also 

known as mitochondrial elongation factor 1 (MIEF1), mitochondrial dynamics of 49 kDa protein 

(MiD49) (Chen et al., 2018; Ma et al., 2019). The phosphorylation of Drp1 on serine-616 (S616) 

promotes the translocation to OMM and mitochondrial fission, while DRP1 phosphorylation at 

serine-637 (S637) has an inhibitory effect. The inhibitory phosphorylation of DRP1 is carried out 

by adenosine monophosphate-activated protein kinase (AMPK), which prevents mitochondrial 

fission, protecting mitochondria from autophagosomal degradation (Chang & Blackstone, 2007; 

Cribbs & Strack, 2007; Toyama et al., 2016). 

 

 

1.6.6. Mitochondrial dynamics in PAH 

Mitochondria exist in filamentous networks under normal physiological conditions. However, in 

PAH the mitochondria are fragmented, showing an imbalance in mitochondrial fission and 
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fusion. Activation of the fission regulator DRP-1 leads to mitochondrial fragmentation and a 

decrease in the expression of complex I and superoxide dismutase, resulting in the 

hyperpolarization of the mitochondrial membrane (Marsboom et al., 2012).  

1.6.6.1. Regulation of mitofusin-2 in pulmonary hypertension 

Mitochondrial fusion facilitates the diffusion of mitochondrial matrix content within the 

network, which dilutes harmful substances and minimises mitochondrial damage. This dynamic 

process also improves mitochondrial communication within the endoplasmic reticulum (ER) to 

exchange contents between mitochondrial compartments and ER, regulating calcium influx and 

helping to cope with oxidative damage (Valera-Alberni & Canto, 2018; Westermann, 2012).  

Homolog proteins MFN1 and MFN2 were first characterized in Drosophila melanogaster. 

Mammalian MFN1 and MFN2 proteins belong to the large family of highly similar mitochondrial 

transmembrane GTPases (roughly 80% similar in humans), comprising 737 and 757 amino acids 

respectively (Figure 1.9) (Filadi, Pendin, & Pizzo, 2018).  
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Figure 1.9: Illustration of MFN2 structure. (A) Linear structure of MFN2 consisting of the N-terminal 

GTPase domain sequentially followed by the HR1-domain, two TM domains (TM1,TM2) and the PR 

domain with the C-terminal HR2 domain. The numbers above represent the initial and the terminal 

amino acids of the respective domains. (B) The representation on the left shows MFN2 topology, with 

two very close TM domains spanning the outer mitochondrial membrane (green helices) and the GTPase 

domain with two GTP-binding pockets. (C) Shows the structure of the OMM-fusion activity of MFNs. 

Tethering is regulated by interaction between HR2 domains belonging to MFNs on opposite OMMs. 

Recent data suggest that the dimerization of the GTPase domains, as well as a power stroke due to GTP 

hydrolysis, may be essential for fusion. Abbreviations: OMM; outer mitochondrial membrane; IMM; 

inner mitochondrial membrane; MFN2: mitofusin-2; HR1: heptad-repeat 1; HR2: heptad-repeat 2; TM: 

transmembrane Illustration adapted from Filadi et al., 2018. 
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1.6.6.2. Mitofusin-2 function 

MFN1- and MFN2-deficient cells show abnormal mitochondrial morphology with clear 

fragmentation of the mitochondrial network. In human disease and pre-clinical models of PAH, 

the downregulation of MFN2 expression is thought to contribute to excessive mitochondrial 

fragmentation and increased rates of PASMC proliferation (Dasgupta et al., 2011; Ryan et al., 

2013).  

Decreased levels of MFN2 induce apoptosis of endothelial cells in growth factor-reduced media, 

whereas MFN2 knockdown promotes mitochondrial fragmentation and reduces mitochondrial 

membrane potential (Lugus et al., 2011). In PAH, the overexpression of MFN2 increases 

mitochondrial fusion, inhibits cell proliferation and induces PASMC apoptosis, while the 

inhibition of MFN2 augments glycolysis and proliferation rate in PASMCs (Ryan et al., 2013).  

MNF2 is a key regulatory protein that tethers the mitochondria to the endoplasmic reticulum 

(ER), essential for Ca2+ homeostasis, lipid biosynthesis and for the regulation of mitochondrial 

metabolism and apoptosis (de Brito & Scorrano, 2009). The close interaction between ER and 

the mitochondria is essential for efficient calcium (Ca2+) transport to mitochondria. Meanwhile, 

Ca2+ uptake by mitochondria is necessary for the activation of intramitochondrial 

dehydrogenases and the maintenance of mitochondrial energy production (de Brito & Scorrano, 

2009). It has been found that mice homozygous deficient in the MFN2 gene die in mid-gestation 

due to structural and functional abnormalities in the mitochondria. Constitutive or conditional 

deletions of MFN2 compromise mitochondrial function (Chen et al., 2005). However, the 

overexpression of MFN2 is beneficial for several components of the respiratory chain 

(Chandhok et al., 2018). MFN2 is considered to be important for mitochondrial trafficking along 

axons, and is involved in their attachment to microtubules via interaction with the two key 
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motor proteins, Miro and Milton. MFN2 also plays a crucial role in modulating other intracellular 

pathways including cell cycle progression, maintenance of mitochondrial bioenergetics, 

apoptosis and autophagy (Filadi et al., 2018).  

All the factors discussed above indicate that reduced MFN2-mediated mitochondrial fusion is a 

common pathway in the disease pathogenesis of both human and experimental PAH. MFN2-

mediated cell cycle progression is involved in both health and disease (Ryan et al., 2015). 

However, further studies are needed to determine the specific nature of the relationship 

between imbalances in fusion and fission and PAH (Boucherat et al., 2017). 

1.6.7. Mitophagy changes in pulmonary arterial hypertension 

The proper maintenance of the mitochondrial network is key factor in cellular homeostasis, and 

constant mitochondrial turnover is required to eliminate damaged and dysfunctional 

mitochondria. Dysregulated or defective mitochondria are selectively removed through a 

process known as mitophagy (Kotiadis et al., 2014). Networks normally respond to 

mitochondrial damage through rearrangement and fission, generating different populations of 

daughter mitochondria in the process of mitochondrial biogenesis. New mitochondria are also 

provided through the peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α)-

dependent process, which is triggered by the activation of nuclear respiratory factor 1 (NRF1) 

and mitochondrial transcription factor A (TFAM). TFAM promotes the transcription of 

mitochondrial DNA (mtDNA) (Handschin & Spiegelman, 2006; Kluge et al., 2013; Tang et al., 

2014). Mitochondrial fusion and fission, mitophagy and biogenesis thus provide a unified 

mechanism for mitochondrial quality control. There are two distinct principal mechanisms by 

which mitochondria are marked for clearance, receptor-mediated mitophagy and ubiquitin-
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mediated mitophagy (Figure 1.10) (Ashrafi & Schwarz, 2013; Eiyama & Okamoto, 2015; Gregg 

et al., 2010; Hanna et al., 2012; Yamaguchi et al., 2016).  

Mitochondrial biogenesis is downregulated in PAH patients and in experimental PAH. There are 

several mediators that affect mitochondrial biogenesis in PH patients. It has been reported that 

the expression of PGC-1α, ETC subunits, and mtDNA copy numbers are reduced in PAH. Another 

study reported that mice that lacked endothelial BMPR2 developed PH and displayed inhibition 

in mitochondrial biogenesis (Dasgupta et al., 2011). The proteins that modulate mitochondrial 

dynamics are usually involved in mitophagy. Fission regulator DRP-1 plays a crucial role in 

eliminating dysfunctional mitochondria, and fusion regulator MFN2 helps to mitigate 

mitochondrial stress by redistributing defective DNA, proteins, and lipids within the 

mitochondrial network. MFN2 is also involved in the removal of dysfunctional mitochondria 

through selective autophagy (Chen & Dorn, 2013; Filadi et al., 2018; Shirihai et al., 2015). 
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Figure 1.10: Two mitophagy mechanisms in mammalian cells. Left, receptor-regulated mitophagy is 

localised in the OMM and is activated by receptor phosphorylation, increasing its binding affinity for 

Atg8-like proteins (LC3s or GABARAPs) which are then recruited to the mitochondria. Right, the 

ubiquitination pathway. Highly ubiquitylated OMM-proteins recruit bifunctional adapter proteins (e.g. 

p62) which then recruit Atg8-like proteins. Bottom, the binding of Atg8-like proteins induces the 

encapsulation of mitochondria into autophagosomes through the expansion of the phagophore 

membrane; fusion with the lysosome results in the formation of autolysosomes, ensuring the 

degradation of the selected cargo. OMM: outer mitochondrial membrane. Adapted from Zimmermann 

& Reichert, 2017. 
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A large body of evidence suggests that impaired mitophagy contributes to the pathogenesis of 

vascular diseases, including atherosclerosis and hypertensive heart diseases. A number of 

studies have examined the involvement of mitophagy in endothelial cells under conditions of 

oxidative stress and energy deficiency. Oxidative damage induced by the mitochondria-targeted 

irradiation of endothelial cells induces Parkin translocation to depolarized mitochondria and 

upregulates LC3-II level and autophagosome formation. Beclin-1/LC3-II-mediated autophagy is 

also a mechanism for endothelial cells to clear ox-LDL. Taken together, autophagy and 

mitophagy are important ECs responses to oxidative stress (Mai et al., 2012; Tang et al., 2014; 

Zhang et al., 2019). 

Studies show that LC3B is elevated in the lungs of hypoxic PH mice and in pulmonary artery 

endothelial cells (PAECs) and pulmonary artery smooth muscle cells (PASMCs) exposed to 

hypoxia, which is consistent with the observations in human PAH lungs (Aggarwal et al., 2016).  

Dysregulated mitophagy promotes PH. In mice exposed to intermittent hypoxia, the loss of 

endothelial mitochondria uncoupling protein 2 (UCP2) upregulates mitophagy, suppresses 

mitochondrial biogenesis and increases cell apoptosis (Haslip et al., 2015). Dysfunctional 

mitochondria undergo DRP1-mediated fission, membrane depolarization, accumulation of 

phosphatase and tensin homolog-induced putative kinase 1 (PINK1), and encourage the 

recruitment of E3 ubiquitin ligase PARKIN, which promotes the consumption of mitochondria 

by autophagosomes (Youle & Narendra, 2011). 
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1.7. Therapeutic development of metabolic drugs in pulmonary hypertension  

Since many metabolic changes in PH share similarities with cancer, metabolic therapies 

currently being examined for cancer may have a potential for PH. There are no approved 

metabolic treatments for PH, but the field is promising as the metabolic theory of PH has 

expanded, placing mitochondria centre stage for our understanding of metabolic dysregulation 

in disease pathogenesis and for the development of novel therapeutic tools. The development 

of novel small-molecule inhibitors, therapeutic antibodies or RNA-based therapies for PH 

continues to grow as new metabolic avenues are opened that extend beyond the original 

premise constrained by the Warburg effect (Archer et al., 2010; Tuder et al., 2012).  

Metabolic dysregulation can be partially improved by inhibiting pyruvate dehydrogenase 

kinase, the enzyme that phosphorylates and inactivates pyruvate dehydrogenase using 

dichloroacetate. Pyruvate dehydrogenase activity is then restored, enabling irreversible 

oxidation by converting pyruvate to acetyl-CoA, which can then enter the Krebs cycle to initiate 

normal mitochondrial aerobic metabolism. Dichloroacetate has also been shown to prevent and 

reverse pulmonary hypertension by inducing pulmonary artery smooth muscle cell apoptosis 

and by upregulating voltage gated potassium channels (Kv1.5) in animal models of PH. 

Dichloroacetate is currently under investigation in a phase I clinical trial in PAH (NCT01083524) 

(McMurtry et al., 2004; Michelakis et al., 2002). 

Alterations in the Krebs cycle and the electron transport chain are associated with changes in 

reactive oxygen species (ROS), which are known to control pulmonary vasodilation or 

vasoconstriction (Archer et al., 1986). The redox-sensitive nuclear factor erythroid 2-related 

factor 2 (Nrf2), for example, is a transcription factor that reduces ROS production and 

subsequent inflammation. In pre-clinical PH studies, Nrf2 activation has been shown to improve 
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mitochondrial dysregulation, reduce ROS and inflammatory signalling, and consequently 

improve arterial and RV remodelling. A phase II clinical study is currently under way to 

investigate a chemical inducer of Nrf2, bardoxolone methyl, in PAH patients (NCT02036970) 

(Eba et al, 2013; Wang et al., 2014). 

Currently, the mainstay of investigational metabolic therapies for PH takes the form of 

repurposing medications already approved by the US-FDA for other diseases. The development 

or repurposing of metabolic tracers and medications could provide an effective avenue for 

preventing or reversing disease progression, and further investigation is therefore necessary for 

accurate diagnostic and therapeutic options for PH (Figure 1.11) (Chan & Rubin, 2017).  
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Figure 1.11: Emerging targets and therapies for PAH. The figure summarises various emerging 

pathways that are amenable to therapeutic manipulation. Abbreviations: TGF-β: transforming growth 

factor-β; SMC: smooth muscle cells; LTB4: leukotriene B4; mTOR: mammalian target of rapamycin. 

Adapted from Hensley et al., 2018.  
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1.8. Chloride intracellular channel proteins 

1.8.1. The CLIC protein Family 

Chloride intracellular channel proteins are a novel class of widely expressed intracellular ion 

channels that exist as monomeric, soluble and integral membrane proteins, where they form 

poorly selective anion channels (Singh et al., 2007). There are six paralogs of the CLICs family 

that have been identified in mammals up to date, CLIC1 - CLIC6 (Ashley, 2003; Singh, 2010).  

CLIC proteins were identified using sequence homology (Chuang et al., 1999; Edwards, 1999; 

Heiss & Poustka, 1997) or isolating them from macromolecular complexes, as in case of CLIC3 

and CLIC5 (Berryman & Bretscher, 2000; Qian et al., 1999). CLIC5 is expressed in two different 

splice forms: a smaller and more abundant gene product named CLIC5A (CLIC5 short), and larger 

gene product named CLIC5B (CLIC5 long), along with an additional unique N-terminal region 

that includes an SH2 domain binding site. This site, at which tyrosine is phosphorylated, can 

interact with Src family kinases (Edwards & Kapadia, 2000), was identified in a complex 

alongside cytoskeletal components (Berryman & Bretscher, 2000; Shanks et al., 2002). The best-

studied isoform is CLIC5A. However, CLIC6 is the latest protein identified in the CLIC family 

(Friedli et al., 2003), and its high molecular mass (∼72 kDa) makes it an unusual member, the 

function of which is unknown. Mutations in CLIC2 and CLIC5 have been linked to heart disease 

and deafness respectively (Seco et al., 2015; Takano et al., 2012). 

CLIC proteins have also been implicated in several important cellular functions, such as 

membrane trafficking, cytoskeletal function (Berryman   et al., 2004), apoptosis (Fernández-

Salas et al., 2002; Suh et al., 2004), cell cycle control (Valenzuela et al., 2000), tubulogenesis 

(Berry et al., 2003), the vascular endothelial growth factor (VEGF)-mediated angiogenesis of 

endothelial cells (Tung et al., mitosis, and differentiation (Suh et al., 2007). Chloride channel 
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blocker indanyloxyacetic acid 94 (IAA94) is the only current inhibitor used in CLIC research, has 

a wide spectrum of intracellular targets and was initially used to identify and purify the first CLIC 

protein, p64/ CLIC5B (Landry et al., 1989).  

1.8.2. CLIC structure 

CLIC proteins are possible ion channels that belong to the p64 gene family and are members of 

the glutathione S-transferase (GSTs) fold family of proteins (Harrop et al., 2001). These unique 

features of CLICs distinguish them from other ion channel proteins. 

Structural studies have reported that soluble CLICs are similar to omega-class glutathione-S-

transferases (GSTs), which display a three-dimensional fold (Dulhunty et al., 2001), and contain 

an N-terminal thioredoxinlike domain followed by an all α-helical C-terminal domain. 

The N- and C-terminal domains consist of a putative transmembrane region (PTM) and a nuclear 

localization signal (NLS) respectively. Each member of CLIC family comprises ~241-amino acid 

protein. Only CLIC5B and CLIC6 contain an additional large hydrophobic N-terminal domain. Like 

the omega-class of GST proteins, mammalian CLICs consist of a conserved glutaredoxin-like site 

(Harrop et al., 2001; Dene R Littler et al., 2005), and a reactive cysteine residue (Cys24 and Cys35 

in CLIC1 and CLIC4 respectively). These unique features of CLICs suggest that CLIC functions can 

be controlled by redox-dependent processes (Harrop et al., 2001; D. R. Littler et al., 2004; Singh 

& Ashley, 2006). CLIC1 and CLIC4 share high structural similarities due to a 67 % sequence 

homology rate (Dene R Littler et al., 2008) (Figure 1.12).  
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Figure 1.12: Mammalian CLIC family and structural relationship with omega-class GST (GSTO-1). (A) 

Phylogenetic analysis of mammalian CLIC proteins based on homology screening. CLIC proteins are 236-

253 amino acids in length. CLIC5 has two isoforms, A and B, with CLIC5B (410 amino acid) having an 

extended N-terminal region. CLIC6 is the largest of the CLIC family (704 amino acid), and has a unique 

extended N-terminal region without sequence similarity to other proteins. (B) CLIC domain structure. 

Illustration was adapted from Argenzio & Moolenaar, 2016. 
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1.8.3. CLIC localization  

The cellular localization of CLIC proteins has not been systematically explored due to a lack of 

specific antibodies, although they have been identified as intracellular ion channels. However, 

some CLIC localization was identified, localized to various intracellular organelles (Ponnalagu & 

Singh, 2016; Singh, 2010) such as nuclear membranes (Ulmasov et al., 2007; Valenzuela et al., 

1997), secretory vesicles (Chuang et al., 1999), caveolae, the trans-Golgi network (Edwards & 

Kapadia, 2000), the endoplasmic reticulum, (Duncan et al., 1997; Ponnalagu et al., 2016b) and 

mitochondria (Edwards & Kapadia, 2000; Fernández-Salas et al., 1999; Ponnalagu et al., 2016a; 

Ponnalagu et al., 2016b).  

CLIC2 is mainly localized in the endoplasmic reticulum of adult cardiomyocytes (Ponnalagu et 

al., 2016a; Ponnalagu et al., 2016b), while CLIC3 is present on placental and foetal membranes 

and its distribution is regulated during trimesters (Money et al., 2007). 

Among all the CLIC proteins, only CLIC4 and CLIC1 are reported to be highly expressed in all 

endothelial cells (Bohman et al., 2005; Ulmasov et al., 2007), while CLIC5 is relatively less 

abundant (Money et al., 2007; Wegner et al., 2010). CLIC6 is localized in water and hormone 

secreting cells (Figure 1.13).  
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Figure 1.13: Intracellular activities and distribution of CLIC proteins. The illustration shows an overview 

of the cellular roles of CLIC1 to CLIC4. Aβ peptide promotes CLIC1 translocation and insertion into the 

plasma membrane, where it contributes to NADPH oxidase-mediated oxygen species (ROS) production. 

GPCR stimulates the translocation of CLIC2 and CLIC4 to the plasma membrane. TGFβ stimulates the 

translocation of CLIC4 into the nucleus, where it inhibits the dephosphorylation of SMAD proteins to 

enhance transcription. Abbreviations: Aβ ,Amyloid β; TGFβ, transforming growth factor β; GPCR, G-

protein-coupled receptor. Illustration adapted from Argenzio & Moolenaar, 2016. 

 

1.8.4. CLIC function 

CLIC proteins have been implicated in several important cellular functions, including membrane 

trafficking, cytoskeletal function (Berryman et al., 2004), apoptosis (Fernández-Salas et al., 

2002; Suh et al., 2004), cell cycle control (Valenzuela et al., 2000), tubulogenesis (Berry et al., 

2003), Vascular endothelial growth factor (VEGF)-mediated angiogenesis of endothelial cells 

(Tung et al., 2009), mitosis and differentiation (Suh et al., 2007).  
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Recent studies show that CLIC2 participates in modulating the function of ryanodine receptors 

(RyR1 and RyR2). Other functional roles of CLIC2 remain unknown (Board et al., 2004; Takano 

et al., 2012). It has been considered that CLIC3 interacts with extracellular signal-regulated 

kinase (ERK7), and that it may also play a role in chloride movement and the regulation of 

cellular processes (Singh, 2010). 

A recent study also revealed that the abrogation of CLIC5 increased ROS generation of cardiac 

mitochondria in mice (Ponnalagu et al., 2016a). Meanwhile, CLIC4 and CLIC5 also interact with 

filamentous (F)-actin, which can control the activity of ion channels, suggesting that CLIC can be 

specifically activated when the cell undergoes physiological changes such as cell cycle apoptosis. 

CLIC6 may play a role in the regulation of water and hormone secretion in cells (Singh, 2010; 

Singh et al., 2007). 

1.8.5. CLIC in PAH 

CLICs have been identified as new mediators of vascular dysfunction in PAH (Abdul-Salam et al., 

2010; Wojciak-Stothard et al., 2014). CLIC1 and CLIC4 are highly expressed in animal and human 

PAH lungs and are elevated in plasma and blood-derived endothelial colony‐forming cells 

(ECFCs) from PAH patients. CLIC1 and CLIC4 localise to the vascular endothelium, particularly in 

plexiform lesions, but can also be found in other vascular layers in the remodelled pulmonary 

vasculature (Wojciak-Stothard et al., 2014). CLIC5 levels are found to be low in placental 

endothelial cells (Money et al., 2007) but high in glomerular endothelial cells (Wegner et al., 

2010). CLIC1, CLIC4 and CLIC5 are the most abundant CLIC transcripts present in the heart (Singh 

et al., 2007). 
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This study focuses predominantly on the role of CLIC1 and CLIC4 in the regulation of 

mitochondrial function, as increased expression of these proteins has been linked to vascular 

dysfunction in PAH (Abdul-Salam et al., 2010). CLIC5 has been studied to a more limited extent, 

and has been identified as a component of cardiac mitochondria. A brief overview of tissue 

distribution and the function of all CLIC proteins is provided in Table 1.4 at the end of this 

chapter.  

1.8.6. Chloride intracellular channel 1 

Chloride intracellular channel 1 (CLIC1), is expressed extensively in epithelial and non-epithelial 

cells, where it shows tissue-specific distribution and sub-cellular localization. Low levels of CLIC1 

expression exist in the skeletal muscle and brain (Singh, 2010). In activated human 

macrophages, CLIC1 is cloned based on its enhanced expression, and is greatly conserved across 

several species (Ulmasov et al., 2007; Valenzuela et al., 1997). CLIC1 shows a wide tissue and 

subcellular distribution in mammalian cells, and is present in the cytoplasm and nucleoplasm in 

a soluble form under normal conditions. In contrast, under oxidizing conditions, CLIC1 is 

subjected to structural reorganization, undergoing membrane insertion within the plasma 

membrane and the nuclear membrane (Edwards & Kapadia, 2000; Fernández-Salas et al., 1999; 

Littler et al., 2004; Ong et al., 2015; Suh et al., 2005). The expression of CLIC1 vary in different 

stages of the cell cycle process, suggesting that the protein may contribute to the regulation of 

cell volumes (Valenzuela et al., 2000). In response to cellular stress, CLIC1 is transferred to the 

cell membrane and inserted into lipid membranes to form a functional chloride ion channel 

(Singh & Ashley, 2006; Valenzuela et al., 1997).  

CLIC1 is involved in the regulation of diverse cellular pathways, including cell-signalling, cell-

cycle regulation, endocytosis, exocytosis, and is known to be involved in the pathogenesis of 
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pulmonary arterial hypertension (Laudi et al., 2007; Y. Xu et al., 2016). CLIC1 is also involved in 

the stabilization of cell membrane potential, the maintenance of intracellular pH, and cell 

proliferation and differentiation (Harrop et al., 2001; Liao & Chang, 2012). CLIC1 overexpression 

increases cell proliferation, migration, invasion and tumour engraftment (Wojciak-Stothard et 

al., 2014).  

The N-terminal domain of CLIC1 includes a binding site for a reduced form of glutathione (GSH) 

(Dulhunty et al., 2001). Evidence from several studies shows that CLIC1 acts as a sensor for cell 

oxidation (Averaimo et al., 2010; Littler et al., 2004; Novarino et al., 2004).  

Macrophages exhibit decreased CLIC1 expression which suppressed tumour necrosis factor α 

(TNF-α) levels (Martínez-Solano et al.,2009). Previous studies have also shown that disruption 

of the CLIC1 gene in mice leads to mild platelet dysfunction (Qiu et al., 2010) and compromised 

phagosome acidification in macrophages and dendritic cells (Jiang et al., 2012; Salao et al., 

2016). These data indicate the importance of CLIC1 in regulating macrophage function via its 

ion channel activity, so CLIC1 is considered to be a suitable target for the development of anti-

inflammatory drugs (Jiang et al., 2012). 

1.8.7. Chloride intracellular channel 4 

Chloride intracellular channel 4 (CLIC4) is characterized as a putative mitochondrial ion channel 

protein, and proved to exist in mitochondria of keratinocytes (Fernández-Salas et al., 2002; 

Szabo & Zoratti, 2014), where it is involved in the Ca2+ induced differentiation of keratinocytes. 

CLIC4 is also known as mitochondrial CLIC4 (mtCLIC4) (Misak et al., 2013; Suh et al., 2007). 

Recent studies have confirmed that CLIC4 and CLIC5 are cardiac mitochondrial proteins which 

are localized to the outer mitochondrial membrane, where they regulate the endothelial 

function. Furthermore, the overexpression of CLIC4 in keratinocytes induces its mitochondrial 
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localization and reduces mitochondrial membrane potential, thereby triggering apoptosis 

(Fernández-Salas et al., 2002). It has also been shown that the suppression of CLIC4 enhances 

H2O2-induced glioma cell apoptosis (Xu et al., 2013). CLIC4 expression is also elevated in breast 

cancers and in myofibroblasts that form stroma (Rønnov-Jessen et al., 2002).  

CLIC4 is most abundantly expressed in endothelial cells, specifically in the plexiform and 

occlusive lesions that are characteristic of PAH. It is also expressed in macrophages and 

keratinocytes (Edwards & Kapadia, 2000; Fernández-Salas et al., 1999; Ong et al., 2015; Suh et 

al., 2005; Tuder & Voelkel, 2002). CLIC4 is localised to endocytotic vesicles, lysosomes, Golgi 

apparatus and the endoplasmic reticulum (Edwards & Kahl, 2010). CLIC4 induces a pseudo-

hypoxic state in HPAECs, which is characterised by the activation of HIF and the increased 

expression of HIF-dependent proteins, including ET-1, VEGF and glycolytic enzymes (Wojciak-

Stothard et al., 2014). CLIC4 expression is influenced by transforming growth factor- β (TGF-β), 

TNF-α, oxidative stress and DNA damage and cytokines (Suh et al., 2005; Yao et al., 2009). 

The depletion of CLIC4 has a protective effect on null mutant mice, which do not develop PH 

when exposed to hypoxia (Wojciak-Stothard et al., 2014). In patients with PAH, CLIC4 expression 

levels are raised in the lung tissues, compared with lung tissues from healthy donors (Wojciak-

Stothard et al., 2014). High levels of CLIC4 indicate early signs of endothelial dysfunction in PAH 

(Wojciak-Stothard et al., 2014), while in HPAECs, CLIC4 overexpression induces pro-angiogenic 

effects (Marshall et al., 2018).  

Proteomic analysis has identified numerous CLIC4-interacting proteins that are involved in 

vesicular transport, including GAP proteins (GIT1 and GIT2), clathrin heavy chain, dynein, actin 

crosslinking proteins and tubulin. A novel effector of CLIC4 named ADP Ribosylation Factor 6 

(Arf6) was proposed as a new therapeutic target in PH (Abdul-Salam et al., 2019). As well as 
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showing angiogenic defects, CLIC4 has been reported to play a role in the regulation of epithelial 

cell adhesion and morphology in a rat retinal detachment model. The knockdown of CLIC4 in 

pigment epithelium cells in situ results in a reduction in retinal adhesion, F-actin redistribution, 

and a loss of apical microvilli and basal infoldings, which is important in epithelial-mesenchymal 

transition (EMT) phenotype (Chuang et al., 2010). These effects of CLIC4 knockdown are 

associated with altered transmembrane transport mechanisms, leading to the accumulation of 

subretinal fluid (Argenzio & Moolenaar, 2016). 

CLIC4-null mice are smaller and display more still-births than wild-type animals (Ulmasov et al, 

2009). Deficiencies in CLIC4 lead to the impairment of tubulogenesis and vacuole formation in 

both endothelial and renal epithelial cells (Chou et al., 2016; Ulmasov et al., 2009). CLIC4 was 

reported as being present in the midbody and centrosome of cultured bovine aortic endothelial 

cells as well as at the cell-to-cell junctions, suggesting its involvement in establishing or 

maintaining cell polarization (Berryman & Goldenring, 2003). The discovery of the involvement 

of CLIC4 in PH is important and strongly supports the role for CLIC4 in lung remodelling (Gururaja 

Rao et al., 2020). 

1.8.8. Chloride intracellular channel 5 

Chloride intracellular channel 5 (CLIC5) was the first mitochondrial chloride channel to be 

identified in the inner mitochondrial membrane in adult cardiomyocytes, although regulatory 

mechanisms between CLIC5 activity and mitochondrial function are not well understood 

(Ponnalagu et al., 2016b). CLIC5A is known to interact with cytoskeletal proteins and its channel 

activity can be regulated by F-actin either through direct blocking of the pore or indirectly by 

removing the channel from the membrane (Kader et al., 2014). CLIC5B is localized mainly in 

osteoclasts and bone marrow cells, where it plays a crucial role in the process of acidifying 
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osteoclast vesicles. Osteoclast bone restoration and chloride conductance plays a major role in 

the stabilization of the resting membrane potential (Valenzuela et al., 2013).  

It has been reported that CLIC5 is associated with a radixin–actin cytoskeletal complex in the 

inner earstereocilia, where it may play a role in forming or stabilizing connections between the 

plasma membrane and the actin bundle of the stereocilium (Gagnon et al., 2006). In stereocilia, 

CLIC5 may be involved in cytoskeletal assembly, protein localization and signal transduction. 

CLIC5 was involved in cellular ROS generation, which was recently found to contribute to 

mitochondrial stress and the activation of inflammasome to regulate inflammatory response 

(Tang et al., 2017). CLIC5B is believed to be present in human orthologue of bovine p64 

(Valenzuela et al., 2013).  

Table 1.4: An overview of CLIC proteins family. The table lists tissue distribution and the gene knockout 

phenotype is given along with the known function for human CLICs (Argenzio & Moolenaar, 2016).  

CLIC Expression* 
Biological 
function 

Somatic 
mutation 

Gene knockout 
phenotype 

References 

C. elegans 
EXC-4 

 Tubulogenesis  Defective formation 
of excretory canal 

Argenzio & 
Moolenaar, 
2016 

Mammals 
CLIC1 

Wide (not in 
brain) 

Ion channel 
activity, 
phagosomal 
acidification 

 Mild platelet 
dysfunction, less 
phagosomal 
acidification, 
resistance to 
rheumatoid arthritis, 
reduced autoimmune 
encephalomyelitis 

Argenzio & 
Moolenaar, 
2016; 
Ashley, 
2003; 
Ponnalagu 
& Singh, 
2016  

CLIC2 Heart and liver Ryanodine 
receptor (RyR) 
activity 
modulation 

H101Q 
Implicated 
in RyR 
activity 

 Argenzio & 
Moolenaar, 
2016; 
Ashley, 
2003; 
Dulhunty et 
al., 2011 
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CLIC3 Skeletal 
muscle, heart, 
kidney, lung 
and placenta 

Endosomal 
trafficking 

 Slightly reduced 
phagosomal 
acidification in 
macrophages 

 Ashley, 
2003; Kim 
et al., 2013; 
Money et 
al., 2007  

CLIC4 Wide (not in T 
cells) 

Angiogenesis, 
vacuole 
formation, 
vesicle 
acidification, 
integrin 
trafficking 

 Reduced body weight 
at birth. More 
stillbirths, impaired 
endothelial and renal 
tubulogenesis. 
Impaired vacuolar 
acidification and 
fusion, defective 
wound healing and 
cornea. Mice 
protected from LPS 
induced death 

Ashley, 
2003; 
Duncan et 
al., 1997; 
Fernández-
Salas et al., 
1999; 
Ponnalagu 
& Singh, 
2016  

CLIC5A Kidney, heart, 
inner ear, 
lung, colon 
and placenta 

Membrane-
ERM interaction 
in cilia. 
Maintenance of 
podocyte and 
glomerular 
architecture. 
Actin-
dependent 
membrane 
remodelling 

c.96T>A 
(p.Cys32Te
r). Loss of 
CLIC5 
segregates 
with 
hearing 
loss. 

Also known as 
jitterbug mouse. 
Progressive hearing 
loss and vestibular 
dysfunction, altered 
podocyte 
morphology, renal 
dysfunction, 
proteinuria 

Argenzio & 
Moolenaar, 
2016; 
Ponnalagu 
& Singh, 
2016; 
Tavasoli et 
al., 2016 

 

CLIC5B Kidney, heart, 
bone morrow 
and skeletal 
muscle 

Actin-
dependent 
membrane 
remodelling, 
osteoclast 
differentiation 

  

 

Edwards & 
Kahl, 2010; 
Redhead et 
al., 1997 

 

CLIC4 and 
CLIC5 

   Development of 
spontaneous 
proteinuria, 
glomerular cell 
proliferation and 
matrix deposition. 

Tavasoli et 
al., 2016 

CLIC6 Bronchial 
epithelial cells, 
kidney, brain, 
gastric mucosa 
and choroid 
plexus* 

Unknown   (Ashley, 
2003; 
Nishizawa, 
Nagao, 
Iwatsubo, 
Forte, & 
Urushidani, 
2000)  
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1.9. Main hypothesis and project aims 

1.9.1. Hypothesis 

CLIC proteins induce mitochondrial dysfunction in human pulmonary arterial endothelial cells 

(HPAECs) in vitro, consistent with pathological changes seen in PAH (Figure 1.14). 

1.9.2. Study aims 

• To confirm the mitochondrial localization of CLIC1 and CLIC4 proteins in HPAECs. 

• To determine the effect of CLIC overexpression on mitochondrial dynamics, including 

mitochondrial content, fusion and fission, mitophagy and the organization of actin and 

microtubule cytoskeleton in control and CLIC-overexpressing human pulmonary artery 

endothelial cells (HPAECs). 

• To study the effect of CLIC overexpression on mitochondrial structure. 

• To determine the effect of CLIC proteins on mitochondrial function i.e. mitochondrial 

membrane potential, and mitochondrial ROS production in HPAECs.  

•  To study the effect of CLIC proteins on energy metabolism in HPAECs in vitro. 

• To characterise effects of CLIC1 and CLIC4 on mitochondrial protein expression profile 

utilising mitochondrial proteomic analysis. 

• To identify signalling mediators of CLIC proteins affecting mitochondrial structure and 

function. 

• To establish the role of MFN2 as a mediator of CLIC1/CLIC4-induced changes in 

mitochondrial dynamics and function. 

• To determine changes in CLIC protein expression and mitochondrial 

distribution/biogenesis/energy metabolism in blood-derived endothelial colony-forming 

cells from healthy volunteers and PAH patients.  



CHAPTER 1- General Introduction 

 

56 | P a g e  
 

 

 

Figure 1.14: Hypothesized role of CLIC proteins in the regulation of mitochondrial function in PAH 

endothelium. CLIC1 and CLIC4 are highly expressed in PAH endothelium. CLIC1 and CLIC4 

overexpression affects glycolysis, O2 consumption, microtubule polymerization, the levels of proteins 

regulating mitochondrial dynamics, mitochondrial ROS (mtROS) production and mitochondrial 

membrane potential: Δψm. 
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CHAPTER 2: Materials and Methods 

2.1 Cell culture techniques 

2.1.1 Cell culture 

All cell culture experiments were carried out under sterile conditions using class II biological 

safety vertical laminar flow cabinet.  

2.1.1.1 Human Pulmonary Artery Endothelial Cells. 

Human Pulmonary Artery Endothelial Cells (HPAECs) that had been isolated from the main 

human pulmonary artery (left and right branches) were purchased from Promocell (Germany, c-

12241) at passage 3. See Table 2.1 for more information about HPAEC donors. 

The cells were cultured in Endothelial Cell Basal Medium-2 (Promocell, Germany, C-22211) 

supplemented with Endothelial Cell Growth Medium-2 (EGM2) Supplement Pack (Promocell, 

Germany, C-39211) (see Table 2.2 for further details), penicillin (100 U/mL) and streptomycin 

(100 μg/mL; Thermo Fisher Scientific, UK, 15140). The cells were cultured in tissue culture flasks 

(T75) (Sarstedt, Germany, 83.3911.002) pre-coated with bovine plasma fibronectin (10 μg/mL; 

Thermo Fisher Scientific, UK, 33010018) and incubated in a humidified incubator (20% O2 and 5% 

CO2, 37°C). Endothelial cell growth medium was replaced with a fresh medium every third day. 

The cells were used for experiments between passages 4-10, and displayed a cobblestone-like 

morphology, typical for endothelial cells.  
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Table 2.1: Human pulmonary artery endothelial cells used in cell experiments. Table indicates HPAECs 

donors, age, gender, and doubling time in hour.  

Lot # Age Gender Doubling Time 

431Z031 23 Female 48.3h 

433Z034 34 Female 23.6h 

433Z034.1 34 Female 55.4h 

433Z034.2 34 Female 58.1h 

451Z031.14 
68 Male 25.4h 

458Z016.12 
51 Female 28.5h 

 

2.1.1.2 Blood-derived human endothelial cells 

All investigations were conducted in accordance with the Declaration of Helsinki ethical 

principles of research. Venous blood samples were obtained with the approval of the Brompton 

Harefield & NHLI and Hammersmith Hospitals Research Ethics committees and informed written 

consent was obtained from healthy volunteers (n=14) and patients with idiopathic PAH (IPAH, 

n=12) (Table 2.3). 

50 mL of peripheral blood samples from each participant were collected in EDTA vacutainers 

(blood collection tubes). Samples were diluted 1:1 with sterile PBS containing 0.2% EDTA and 2% 

FBS and layered on top of a Ficoll Plaque PLUS solution (GE Healthcare, Amersham, UK) for 

density gradient centrifugation. Tubes were centrifuged for 20 minutes at 1000 g and the buffy 

coat mononuclear cells (MNCs) (the white layer located between the Ficoll solution border and 

the aqueous phase – see Figure 2.1) was carefully aspirated, washed once with PBS and 

centrifuged for 7 minutes at 540 x g. The supernatant was discarded and the cellular pellet re-

suspended in 5 mL of EGM-2 medium supplemented with growth factors, 20% FBS and 1% 

antibiotic and antimycotic solution (Gibco, Invitrogen, Paisley, UK). MNCs were seeded in 6-well 
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plates that had been pre-coated with type 1 rat tail collagen (BD Biosciences, Bedford, MA, USA) 

at a density of 3-5 × 107 in 4 mL of EGM-2 medium per well. The culture medium was replaced 

daily for the first week to eliminate non-adherent cells, and every 48 hours thereafter. 

Most of the colonies appeared between days 14 and 28. However, earlier and later growth was 

also observed. Individual colonies were collected using an attaching cloning cylinder (8 or 10mm 

in diameter) (Millipore, Watford, UK) with vacuum grease. Pre-warmed 0.05% Trypsin-EDTA 

solution was used to remove all the cells from the inside of the cylinder. Detached cells were re-

suspended in a fresh EGM-2 medium, seeded at 3000–5000 cells per cm2 in 1% gelatin pre-coated 

culture vessels and sub-cultured when 70–80% confluent. Distinct colonies of cells were 

observed, capable of sequential proliferation for at least 8 serial passages and clonal growth. 

Cells displayed a stable population doubling time and endothelial phenotype, and were used 

between passages 4 to 7. 

The culture identity of blood-derived endothelial colony-forming cells (ECFCs) was confirmed 

with a cobblestone-like morphology that is typical of mature endothelial cells. Specific markers 

were also applied to confirm endothelial cell lineage, FITC-conjugated Ulex europaeus agglutinin-

1 (UEA-1) lectin, mouse monoclonal anti-human CD31 (JC/70 A, Dako, Glostrup, Denmark), anti-

human VE-Cadherin (sc-9989, Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit polyclonal 

anti-human von Willebrand factor (A0082, Dako), with Alexa-488 green-conjugated secondary 

antibodies. A three-colour FACSCalibur flow cytometer and CellQuest Pro software (BD 

Biosciences, Oxford, UK) were applied to analyse the stained cells by flow cytometry (Martin-

Ramirez et al., 2012; Sindi et al., 2020). 
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Table 2.2: Endothelial Cell Growth Medium-2 supplements. 

Media supplement Final supplement concentration 

Fetal Calf Serum 0.02 mL / mL 

Epidermal Growth Factor 5 ng / mL 

Basic Fibroblast Growth Factor 10 ng / mL 

Insulin-like Growth Factor 20 ng / mL 

Vascular Endothelial Growth Factor 165 0.5 ng / mL 

Ascorbic Acid 1 µg / mL 

Heparin 22.5 μg / mL 

Hydrocortisone 0.2 µg / mL 

Table 2-3: Demographics of IPAH patients and healthy volunteers. Data represented as median (range). 

mPAP; mean Pulmonary Arterial Pressure; ER, Estrogen-Receptor; PDE5; Phosphodiesterase type 5.  

 Control (n=14) IPAH (n=12) 

Male/Females 3/11 1/11 

Age (years) 30.0 (23.0 - 45.0) 38.33 (27.0 - 67.0) 

Time from diagnosis (months) - 13.0 (0.1 - 60.0) 

mPAP (mmHg) - 65.0 (28.0 - 94.0) 

Six minute walk distance (m) - 396.0 (300.0 – 540.0) 

WHO Functional Class 

I - 1 

II - 3 

III - 5 

IV - 3 

Treatment Naïve - 2 

Warfarin - 4 

Calcium Antagonists - 1 

ER Antagonists - 7 

PDE5 Inhibitors - 8 

Prostanoids - 4 

Statins - 0 

 



CHAPTER 2-Materials and Methods 

 

62 | P a g e  
 

  

 

Figure 2.1: Establishing blood-derived endothelial colony forming cells from peripheral blood samples. 

The illustration shows the process of isolating ECFCs from human blood samples from healthy donors and 

PAH patients. Abbreviations: MNCs, mononuclear cells; ECFCs, blood-derived endothelial colony forming 

cells. Illustration created by the author using BioRender.com. 

 

 

2.1.2 Sub-culturing cells 

In order to passage cells, 80% confluent cell cultures growing in T-75 flasks (Sarstedt, Germany) 

were washed twice in 5 mL of pre-warmed sterile phosphate buffered saline (PBS) (Sigma-

Aldrich, UK, D8537-500ml) and were then trypsinised with 5 mL of Trypsin-EDTA solution 

containing 0.05% trypsin and 0.01% EDTA (Gibco™ Trypsin, 25300104) for 3 minutes at room 

temperature. The flasks were then tapped gently to dislodge cells and 5 mL of Dulbecco’s 

Modified Eagle’s Medium (DMEM; Sigma-Aldrich, UK, D6429) containing 10% foetal bovine 

serum (FBS; Thermo Fisher Scientific, UK, 10270098) and penicillin-streptomycin was added to 
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the flask to inactivate trypsin. The cell suspension was collected in 50 mL Falcon tubes and 

centrifuged at 1500 x g for 5 minutes. The supernatant was discarded and the cell pellet was re-

suspended in fresh culture media. The cells were split in a 1:3 ratio. For experiments, cells were 

seeded either in tissue culture flasks or in 6- or 24-well cell culture plates (Sarstedt, Germany, 

83.3920, 83.3922) as required. Further details regarding cell culture conditions in different assays 

are provided in sections 2.1.1.1 and 2.1.1.2. 

2.1.3 Establishment and storage of cells 

Thawing procedure- upon removal from -80°C/liquid nitrogen storage, HPAECs/ECFCs were 

defrosted in a 37°C water bath and carefully poured to 10 mL supplemented culture media. Cell 

suspension was then transferred to a T75 tissue culture flask and placed in a humidified 

incubator at 37°C, 5% CO2. Culture media were changed after 2 hours to allow sufficient cell 

attachment. Cultures were then maintained and sub-cultured as described in Section 2.1.2. 

Freezing procedure - cells were frozen in liquid nitrogen to generate stocks with low passage 

numbers. Cells of passages 3-4 were grown to 80% confluency, trypsinized and pelleted as 

described in Section 2.1.2 and then re-suspended in cell freezing medium-DMSO (ThermoFisher 

Scientific), supplemented with 10% FBS. Cell suspension was aliquoted into 1.5 mL cryotubes 

(Thermo Fisher Scientific, UK, 5011-0020) and placed in a Nalgene™ Cryo 1°C freezing container 

overnight at -80°C. Cell stocks were transferred to a liquid nitrogen tank for indefinite storage. 
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2.2 Manipulation of protein expression in cells by adenoviral gene transfer 

Overexpression of human chloride intracellular channel-1, -4, and -5 (CLIC1, CLIC4, CLIC5), 

mitofusin-2 (MFN2) was achieved by adenoviral gene transfer. AdTet-off was used as an 

adenoviral control (AdCTRL). The silencing of CLIC expression was achieved by the adenoviral 

gene transfer of CLIC1 and CLIC4 small hairpin RNA (shRNA), co-expressed with green fluorescent 

protein (GFP). 

2.2.1 Adenoviral constructs 

Short (sh) and long (L) isoforms of AdCLIC5, AdCLIC1 and AdMFN2 were purchased from Vector 

Biolabs (Philadelphia, USA) (please see Supplementary Figures S.1, S.2, and S.3 for adenoviral 

vectors map), while AdCLIC4 and AdTet-off were a kind gift from Professor Stuart Yuspa (National 

Cancer Institute, NIH, Bethesda, USA) a detailed procedure of its construction is described in (Suh 

et al., 2004).  

Recombinant human adenoviral (Ad) constructs used in this study were generated using 

backbone vectors (Ad5 ΔE1/ΔE3) with target protein expression driven by a cytomegalovirus 

(CMV) promoter. The Tet-off gene expression system was used to achieve the expression of the 

AdCLIC4 gene.  

Since the early three (E3) regions of the adenovirus are not involved in the replication of the 

virus, the E3 region was deleted to accommodate larger recombinant genes (up to 8 Kb). 

AdCLIC1, AdCLIC4, and AdMFN2 were haemagglutinin-tagged (HA), while AdCLIC5 (sh and L) was 

c-terminally tagged with Myc epitope to ensure the precise localization of the recombinant 

proteins within cells.  
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The adenovirus construction process consisted of five steps: (i) cloning the gene of interest (GOI) 

into appropriate vectors, (ii) transferring the entire expression cassette into the adenoviral 

vector, (iii) generating the first production of low-titre virus stock, (iv) virus amplification and 

concentration achieved by transfecting the recombinant adenoviral DNA into packaging cells and 

(v) virus titration (Figure 2.2).  

2.2.2 Adenoviral multiplication and purification 

The adenoviruses used in this study were multiplied in human embryonic kidney cells type A 

(HEK293A; Sigma-Aldrich, UK, 85120602), concentrated by centrifugation in caesium chloride 

and titrated. Purification was carried out by Dr Beata Wojciak-Stothard (Sindi et al., 2020). The 

titre of all adenoviruses was established as ~2 x 1011 pfu (plaque forming units)/mL.  

2.2.3 Cell infection 

At 80% confluency, HPAECs grown in 6- or 24-well cell culture plates or Thermanox® Plastic 

Coverslips (13 mm; Thermo Fisher Scientific, UK, 12-565-88) were infected with AdCLIC1, 

AdCLIC4, AdCLIC5/AdMFN2 or AdCTRL at a multiplicity of infection (MOI) of 1:100. After 2 hours, 

the media were changed and cells were then incubated for 24 hours at 37°C, 5% (v/v) CO2, prior 

to further experimentation.  

For CLIC protein silencing, CLIC1- and CLIC4- specific small hairpin RNAs (shRNAs) were expressed 

in HPAECs by adenoviral gene transfer 48 hours prior to experimentation. Scrambled (non-

targeting) shRNA co-expressed with GFP (AdshRNA-GFP), served as adenoviral infection controls 

(please see Supplementary Figures S.4 for adenoviral shRNA map). HPAECs were grown in 6-well 

plates and were infected with AdshCLIC1 and AdshCLIC4 at different dilutions to establish an 

optimal MOI. Changes in CLIC expression were evaluated by western blotting 48 hours post-

infection.  
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Figure 2.2: Illustration of the adenovirus construction process. The adenovirus construction process goes 

through five steps: (i) Cloning the gene of interest (GOI) into appropriate vectors. (ii) Transferring the 

entire expression cassette into the adenovirus genome vector. (iii) Generation of the first production of 

low-titre virus stock. (iv) Virus amplification and concentration achieved by transfecting the recombinant 

adenoviral vectors into packaging cells. (v) Virus titration. Illustration created by the author using 

BioRender.com (Modified from www.vectorbiolabs.com ).  

 

2.3  Transmission electron microscopy  

2.3.1 Preparation of culture dishes, cell culture and fixation 

Solutions and buffers were prepared prior to fixation: 

1- To prepare 200 mL of 0.4M PIPES solution (piperazine-N,N′-bis[2-ethanesulfonic acid]), pH 

7.2, 24.189g of PIPES (Sigma-Aldrich, UK, P6757) was dissolved in 150 mL of distilled water 

(dH2O2). NaOH solution (5N) (Sigma-Aldrich, UK, 1310-73-2) was added to the solution until 

the pH reached 7.2 (PIPES starts to dissolve as the pH is increased). The PIPES solution was 

aliquoted and stored at -20°C.  

2- To prepare 2.3 M of sucrose, 78.729g of sucrose (Sigma-Aldrich, UK, S0389) was dissolved in 

100 mL distilled H2O2, aliquoted and stored at -20°C for future use. 

 

http://www.vectorbiolabs.com/
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An acetate sheet was cut into circles of about 3cm in diameter using gloves to avoid fingerprints 

on the acetate sheet. Under a tissue culture hood, acetate circles were placed in a large Petri 

dish (Thermo Fisher Scientific, UK, 172931) and the dish was filled with 100% ethanol. Acetate 

sheets were immersed in the ethanol and incubated for 5 minutes. The sheets were then 

transferred into a sterile Petri dish to allow the ethanol to evaporate, after which they were 

rinsed 3 times with sterile PBS. The sheets were then incubated with bovine plasma fibronectin 

(10 μg/mL) and incubated for 2 hours at 37°C. The fbronectin solution was removed and the 

HPAECs were seeded on acetate sheets. 80% confluent HPAECs were infected with AdCLIC and 

AdCTRL as described above. 24 hours later, the media were removed and cells were rinsed in PBS 

and fixative solution containing 0.05% glutaraldehyde (Thermo Fisher Scientific, UK, 340855) and 

2% paraformaldehyde (Thermo Fisher Scientific, UK, 28906) in 0.2M PIPES pH 7.2 for 15 minutes 

at room temperature. Most of the fixative solution was then removed, leaving about 1 mL in the 

dish. The cells were gently scraped with a plastic cell scraper and the resultant cell suspension 

was collected in 1.5 mL Eppendorf tubes (Thermo Fisher Scientific, UK, 3448) and centrifuged at 

10,000 x g for 10 minutes. The supernatant was discarded and the cell pellet was gently washed 

3 times for 5 minutes with 0.2M PIPES pH 7.2. Samples were then immersed in 2.3M sucrose in 

PBS (1mL) for cryo-protection and kept at 4°C for further processing.  

2.3.2 Immunogold labelling of mitochondria in CLIC-overexpressing HPAECs 

For immunogold labelling, samples were processed according to the Tokuyasu method for cryo-

ultrathin sectioning (Tokuyasu, 1973). Control and CLIC-overexpressing HPAECs were fixed (see 

Section 2.3.1). To produce ultra-thin sections, small fragments of the cryo-protected cell pellet 

were mounted onto aluminium stubs and plunge-frozen into liquid nitrogen before sectioning at 

a nominal thickness of 60nm using an ultra-microtome (LN ultra powertome, RMC Boeckeler, 
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Tucson, USA) at -100°C. Sections were set in a 1:1 mix of 2% methyl cellulose (Sigma-Aldrich, UK, 

9004-67-5)/2.3M sucrose using a wire loop before being defrosted and transferred onto 

pioloform-coated 100 mesh copper grids (Agar scientific, UK, AGS134-1) in PBS, and were then 

stored at 4°C until further use. Cell sectioning was carried out by Dr Patricia Lovell (Electron 

Microscopy Facility, Imperial College London).  

Prior to labelling, grids were washed 3 times for 5 minutes by floating the grids upside down in 

PBS (cooled on ice) to remove sucrose and methyl cellulose. Unspecific binding sites were 

blocked using 0.5% fish skin gelatin (FSG, Sigma-Aldrich, UK, G7041) in PBS for 10 minutes before 

incubating sections with a primary antibody (mouse monoclonals anti-CLIC1, anti-CLC4, Santa 

Cruz, dilutions prepared in FSG) for 30 minutes at room temperature. 

After being washed 3 times for 5 minutes in PBS, the sections were incubated using a secondary 

rabbit anti-mouse antibody (see Table 2.3) (1 in 200 in FSG,) for 20 minutes followed by another 

set of washes in PBS (3 times for 5 minutes). Sections were then incubated in 10nm protein-A 

gold (Sigma-Aldrich, UK,P6855) (1 in 60 in FSG) for 20 minutes before being washed 6 times for 

5 minutes in PBS followed by 10 minutes in deionised water. Sections were then contrasted in 

droplets of 2% methyl cellulose/2% uranyl acetate (Thermo Fisher Scientific, UK, 73943, mixed 

9:1) on ice for 10 minutes. Grids were picked up using a wire loop and dried in air after removing 

excess contrasting solution using filter paper. Dried grids were analysed using a JEOL JEM 1400 

transmission electron microscope operated at 120 kV, and images were taken with a digital 

camera (Gatan, ES1000W CCD, Abingdon, UK). The dried grids were analysed using a JEOL JEM 

1400 transmission electron microscope operated at 120 kV and images taken with a digital 

camera (Gatan, ES1000W CCD, Abingdon, UK). Immunogold labelling was carried out by Dr 
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Christian Hacker, University of Exeter. TEM images were taken with the help of Dr Paul Simpson 

(Electron Microscopy Facility, Imperial College London). 

2.4 Fluorescent labelling of mitochondria and measurement of mitochondrial 

fragmentation  

To evaluate the total mitochondrial area and the mitochondrial fragmentation count (MFC) in 

cells, mitochondria were labelled by fluorescent immunostaining. Briefly, 80% confluent HPAECs 

cultured on Thermanox® Plastic Coverslips (13 mm) were washed twice in PBS, fixed in 4% 

formaldehyde solution in PBS for 15 minutes at room temperature, washed 3 times in PBS and 

then permeabilised in 0.1% Triton X-100 (Sigma-Aldrich, UK, 234729) in PBS for 10 minutes. The 

cells were then rinsed with PBS, blocked in 10% normal goat serum to reduce non-specific 

antibody binding for 1 hour and incubated with anti-mitochondria (Vector Laboratories, S-1000) 

at a dilution 1:200 in 10% goat serum and 5% BSA in PBS-T (see Table 2.4) for 1 hour in a 

humidified chamber. The cells were then rinsed with PBS and incubated in 50μL of fluorescently-

labelled secondary antibody (for the list of antibodies see Table 2.4) for 1 hour, with or without 

F-actin dye, tetramethylrhodamine (TRITC)-phalloidin (1μg/mL; Sigma-Aldrich, UK, P1951) in the 

humidified chamber. The cells were then washed 3 times in PBS and mounted in Vectashield 

mountant with nuclear dye DAPI (4′,6-diamidino-2-phenylindole) (Vector Laboratories, H-1200).  

Total mitochondrial coverage area and mitochondrial fragmentation count (MFC) analysis was 

performed using NIP2 image analysis software (Martinez & Cupitt, 2005). MFC provides an 

evaluation of the number of small mitochondrial particles, and MFC values reflect the extent of 

mitochondrial fission. Images were acquired using a Zeiss LSM 780 confocal microscope with 

20x/40x lens. The acquired images were filtered (according to median), thresholded, and 

binarized to identify individual mitochondrial segments (with less than 500-pixel <2 μm2 cut-off 

size). This cut-off size was found to be optimal in selecting mitochondria that were not associated 
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with the mitochondrial network. The normalization of particle counts was performed on the total 

mitochondrial area (in pixels). This helped us to define the MFC of each individual cell. 20 cells in 

3 separate experiments were randomly selected for measurement (Hong et al., 2013).  

2.5 Microtubule staining 

For the immunofluorescent staining of microtubules, control and CLIC-overexpressing HPAECs 

grown on Thermanox® Plastic Coverslips (13 mm diameter) were fixed in 4% formaldehyde as 

described above, and then incubated in 100% methanol for 5 minutes at -20°C and then in 

acetone for 1 minute at -20°C. The cells were air dried, re-hydrated in PBS, blocked in 5% BSA for 

15 minutes and then incubated with primary anti-α tubulin antibodies in PBS (see Table 2.4) for 

1 hour in a humidified chamber. The cells were then washed 3 times in PBS and incubated in 

fluorescently-labelled secondary antibodies for 1 hour. The cells were then rinsed 3 times in PBS 

and mounted in Vectashield with DAPI. Cell images were acquired using a confocal microscope 

(Zeiss LSM780) and analysed with Image J software. 

To assess microtubule dynamics in CLIC-overexpressing HPAECs, cells were treated with 

microtubule-stabilising agent taxol (Sigma-Aldrich, UK, PHL89806-10MG) or mirotubule 

depolymerising agent nocodazole (Sigma-Aldrich, UK, M1404-50MG). 24 hours post-infection, 

the control (AdCTRL) and CLIC-overexpressing HPAECs were rinsed 3 times in PBS, then incubated 

with taxol (10 µM) for 30 minutes or nocodazole (20 µM) for 10 minutes (Takesono et al., 2010). 

After that, the cells were fixed and stained as described above. Images of microtubules and 

mitochondrial networks were acquired under the confocal microscope (Zeiss LSM780) and 

analysed with Image J software. 
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Table 2.4: Summary of all primary and secondary antibodies used in immunostaining.  

Antibody Host Species Manufacturer Catalogue No. 
Working 
Dilution 

Anti-CLIC1 Mouse mAb 
Santa Cruz 

Biotechnology 
sc-271051 1:200 

Anti-CLIC4  Mouse mAb 
Santa Cruz 

Biotechnology 
sc-135739 :200 

Anti-CLIC1-Alexa 
flour 647 

Mouse mAb 
Santa Cruz 

Biotechnology 
sc-374202 1:250 

Anti-CLIC4-Alexa 
flour 488 

Mouse mAb 
Santa Cruz 

Biotechnology 
sc-135739 1:250 

Anti-CLIC1 Mouse mAb 
Santa Cruz 

Biotechnology 
sc-271051 1:200 

Anti-c-Myc Rabbit pAb Novus Biologicals 
 

NB600-336SS 

 

1:1000 

Anti-HA-Tag    Mouse mAb 
Santa Cruz 

Biotechnology 
sc-7392 1:1000 

Anti-Mitochondria       Mouse mAb abcam ab92824 1:1000 

Rhodamine (TRITC) 
Anti-Rabbit IgG  

Goat pAb 
Jackson Immuno 

Research 
Laboratories 

111-025-144 1:300 

Cy™5  
Anti-Mouse IgG  

Goat pAb 
Zymed® 

Laboratories 
81-6516 1:300 

Anti-Rabbit IgG, 
Alexa Fluor 488 

Goat pAb Invitrogen A11008 1:300 

Anti-Mouse IgG, 
Alexa Fluor 647 

Goat pAb Invitrogen A32728 1:300 

Anti-α-tubulin Mouse mAb Sigma-Aldrich T51681 1:200 
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2.6  Evaluation of mitochondrial function 

2.6.1 Measurement of mitochondrial membrane potential by TMRE staining 

Mitochondria are the main source of energy, generating adenosine triphosphate (ATP) in a 

process known as oxidative phosphorylation. This process involves the transfer of positively 

charged protons across a mitochondrial inner membrane, resulting in a negatively charged 

transmembrane potential (ΔΨm). This net negative charge can be detected by staining live cells 

with positively charged dyes such as Tetramethylrhodamine, methyl ester (TMRE), which emit 

red fluorescence that can be detected by flow cytometry or fluorescence microscopy (Crowley 

et al., 2016).  

To measure ΔΨm, 150 nM TMRE (Life Technologies T669) was added to HPAEC media for 30 

minutes, after which the cells were washed twice with PBS. Fresh culture medium was added 

and the imaging of live cells was performed using a Zeiss confocal microscope with a heated stage 

(Zeiss LSM780) and analysed using ImageJ (1.46r, NIH, USA). 

 

2.6.2 Measurement of mitochondrial reactive oxygen species (mtROS) 

MitoSOX Red (Thermo Fisher Scientific, UK, M36008) is a live-cell dye indicator that at low 

concentrations of 1μM is highly selective in terms of detecting mitochondrial superoxide/ROS 

production. MitoSOX is oxidized by superoxide, but not by other ROS, and exhibits red 

fluorescence (Kauffman et al., 2016). Following the manipulation of CLIC protein or mitofusin 2 

expression, HPAECs growing in 6-well plates were trypsinised and pelleted in 5 mL Falcon round-

bottom polystyrene tubes (Fisher Scientific, UK, 14-959-5) by centrifugation at 1,500 x g for 5 

minutes. The medium was carefully aspirated and the pellet re-suspended in 1 mL PBS, followed 

by a second centrifugation. 5mM of MitoSOX stock solution was prepared by diluting 50 μg of 

https://www.fishersci.co.uk/shop/products/falcon-15ml-conical-centrifuge-tubes-5/11507411
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MitoSOX Red in 13μL of 100% DMSO. The cells were then re-suspended in 300μL of Live Cell 

Imaging Solution, supplemented with 1% BSA (Thermo Fisher Scientific, UK, A14291DJ), 

containing 1μM MitoSOX Red. This was then incubated at 37°C, 5% (v/v) CO2 for 30 minutes, 

protected from light. Mitochondrial ROS production was measured by flow cytometry using a BD 

FACS Canto Flow Cytometer. 10,000 events were recorded for each sample with a selected FL2 

channel (EX/Em 510/580 nm). 

 

2.6.3 Mitochondrial bioenergetic profile 

To investigate the effects of CLIC proteins on mitochondrial bioenergetic profiles, the Agilent 

Seahorse XFp (Seahorse Bioscience, Billerica, MA, USA) Cell Mito Stress Test (Agilent, UK, 103010-

100) and Glycolysis Stress Test (Agilent, UK, 103017-100) were carried out. Cell-based Oxygen 

Consumption Rate (OCR) was measured directly according to the Mito Stress Test in response to 

the serial injection of the compounds involved in the regulation of different components of the 

electron transport chain (ETC), revealing a comprehensive view on the key parameters of 

mitochondrial function. Glycolytic function was evaluated by measuring the extracellular 

acidification rate (ECAR) using the Glycolysis Stress Test in response to the automated drug 

injections in real time (Figure 2.3).  
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Figure 2.3: An overview of the Agilent Seahorse XF Cell Mito Stress and Glycolysis Stress assays. (A) 

Illustrations of glycolysis (left) and oxidative phosphorylation (mitochondrial respiration) (right), showing 

the effect of serial metabolic drug injections used in the Seahorse assays in real time. (B) Evaluation of 

glycolytic function by the measurement of extracellular acidification rate (ECAR) in cells; (C) Evaluation of 

mitochondrial function by measuring the oxygen consumption rate (OCR) in cells. Image (A) modified from 

Traba et al, 2016, and (B, C) obtained from the Agilent Seahorse Cell Mito Stress and Glycolysis Stress Test 

User Guide (Agilent Technologies, 2019). 
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2.6.3.1 Cell preparation for the assay 

Visual assessment was used first in order to approximate optimal cell seeding numbers. The cells 

should be at 70-90 % confluent, evenly distributed within each individual well and across each 

well of the plate to ensure data accuracy and precision. HPAECs/ECFCs were plated in Seahorse 

96-well plates (Agilent, UK, 102601-100) at the optimized density of 2x104 cells/well. The next 

day, the cells were infected with AdCLIC and AdCTRL and incubated for a further 24 hours at 

37°C, 5% (v/v) CO2. A Seahorse utility plate, XFe96 Sensor Cartridge (Agilent, UK, 102601-100) 

was hydrated with Seahorse calibrant solution (200 μL/well) (Agilent, UK, 102601-100) and the 

sensor cartridge was lowered onto the utility plate, submerging the sensors in the calibrant 

solution. The Seahorse cartridge was placed in a 37°C incubator that was not supplemented with 

CO2, and incubated overnight at 37°C in a CO2-free incubator. 

2.6.3.2 Running the assay 

The cells were washed twice with pre-warmed PBS and then once with pre-warmed XF Seahorse 

DMEM medium (phenol red- and serum- free, pre-adjusted pH to 7.4) (Agilent, UK, 103575-100). 

The assay medium was supplemented for each assay, according to the manufacture’s protocol 

(Mito Stress Test: Seahorse XF Cell Mito Stress Test Kit User Guide (agilent.com); Glycolysis Stress 

Test: Seahorse XF Glycolysis Stress Test Kit User Guide (agilent.com) (Table 2.5). The cells were 

then incubated in the supplemented assay medium (175 μL/well) for 1 hour at 37°C in a CO2-free 

incubator.  
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Table 2.5: Seahorse assay medium preparation. XF seahorse DMEM medium was supplemented with L-

Glutamine, pyruvate, and glucose for the Mito Stress Test. L-Glutamine was the only supplement used for 

the Glycolysis Stress Test, according to the manufacture’s guidelines.  

Assay Supplement Concentration Supplier/cat.no 

 

 

Mito Stress Test 

L-Glutamine 2 mM Agilent, 103579-100 

Pyruvate 1 mM Agilent, 103578-100 

Glucose 10 mM Sigma-Aldrich, 68769 

Glycolysis Stress Test L-Glutamine 2 mM Agilent, 103579-100 

 

 

During cell incubation, the Mito Stress Test compounds (oligomycin, carbonyl cyanide-4 

(trifluoromethoxy), phenylhydrazone (FCCP) and a mix of rotenone and antimycin A, included in 

the assay kit) and/or the Glycolysis Stress Test compounds (oligomycin, glucose, 2-deoxy-glucose 

(2-DG), provided with the kit) were reconstituted in the prepared assay medium, according to 

the manufacturer’s instructions. The working concentration of each compound was previously 

optimised with help of Dr Daria Capece (Department of Immunology and Inflammation, Imperial 

College London) in accordance with the manufacturer’s guidelines. Stocks and final working 

concentrations of each compound are shown in Table 2.6. The compounds were loaded into the 

appropriate ports of the hydrated sensor cartridge.  
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Table 2.6: Concentrations of compounds used in the Seahorse Mito Stress Test and the Seahorse 

Glycolysis Stress Test. 

Assay Compound 
Stock 

concentrations 
Working 

concentrations 
Port 

Mito Stress Test 

Oligomycin 100 μM 1.5 μM A 

FCCP 100 μM 2 μM B 

Rotenone/Antimycin A 50 μM 0.5 μM C 

Glycolysis Stress 
Test 

Glucose 100 μM 1.5 μM A 

Oligomycin 100 mM 15 mM B 

2-DG 500 mM 65 mM C 

 

The utility plate with the loaded sensor cartridge was placed onto the Seahorse instrument tray 

for calibration for 15-30 minutes. Following calibration, the cell culture microplate was placed 

for the assay run.  

2.6.3.3 Seahorse XF data analysis 

After the run, the data were exported from Wave software into Excel, and the Mito Stress Test 

and/or the Glycolysis Stress Test parameters were then automatically calculated using the 

Seahorse XF Report Generators which were installed directly from the Agilent Cell Analysis 

website.1 

 
1 https://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-analysis/seahorse-xf-cell-mito-
stress-test-report-generators 

https://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-analysis/seahorse-xf-cell-mito-stress-test-report-generators
https://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-analysis/seahorse-xf-cell-mito-stress-test-report-generators
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2.7 Isolation of mitochondria 

The Isolation of mitochondria was performed using the Mitochondria Isolation Kit for cultured 

cells (Abcam, UK, ab110170), according to the manufacturer’s guidelines.2 The procedure used 

to isolate mitochondria from cells consists of three key steps. The first step involves rupturing 

the cell membrane by mechanical and/or chemical means using homogenizers and lysis buffers. 

The second step involves differential centrifugation at low speed in order to remove cell debris 

and very large cellular organelles (Spin 1). In the final step, the cells are centrifuged at a higher 

speed to isolate mitochondrial fractions (Spin 2). The detailed isolation procedure is described in 

section 2.6.2 below, and a summary of the isolation process is shown in Figure 2.4.  

2.7.1 Isolation of mitochondria from HPAECs  

HPAECs were cultured in 175 cm2 culture flasks (Sarstedt, Germany) in endothelial cell growth 

medium EGM-2 supplemented with growth factors, 20% FBS, and 1% antibiotic/antimycotic 

solution. At ~80% confluency, HPAECs were infected with AdCLICs, with or without AdCTRL (four 

175 cm2 flasks per treatment). From this point, the assay was carried out according to the 

manufacturer’s instructions. All reagents (A,B and C) provided were kept in the fridge at 4°C. 24 

hours after infection, the cells were trypsinised using 0.05% trypsin and pelleted by 

centrifugation at 1,000 x g. The total protein concentrations of each cell pellet was measured 

using a Pierce™ BCA Protein Assay Kit. The cell pellet was subjected to 3 freeze-thaw cycles to 

disrupt cell membranes, and the cell pellet was then re-suspended to provide 5 mg protein/mL 

in Reagent A (Tris, digitonin, triethanolamine, sucrose and EDTA) in a 2-mL microtube. The tube 

containing the cell solution was incubated for 10 minutes on ice.  

 
2 Mitochondria-Isolation-Kit-for-Cultured-Cells-protocol-book-ab110170 (website).pdf (abcam.com). 
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I. Rupturing step. The cells were transferred into a pre-cooled 2.0-mL Dounce Homogenizer and 

homogenized with 30 strokes using pestle B to rupture the cell membrane.  

II. Spin 1 step. The homogenate was transferred to a 2-mL centrifuge tube and centrifuged at 

1,000 x g for 10 minutes at 4°C. The supernatant (SN) was saved (SN #1) and the pellet was 

then re-suspended in Reagent B to provide 5 mg/mL protein (Tris, digitonin, sucrose and 

EDTA). After that, the rupturing and spin 1 steps were repeated. After the final spin, the 

supernatant was saved (SN#2) and the pellet was discarded. Supernatants (SNs #1 & #2) were 

combined, mixed thoroughly and transferred to a 2-mL centrifuge tube.  

III. Spin 2 step. The combined supernatants were centrifuged at 12,000 x g for 15 minutes at 4°C. 

The pellet was collected and the supernatant was discarded. The pellet containing the 

mitochondrial fractions was resuspended in 500μL of Reagent C (Tris, sucrose and EDTA), 

supplemented with protease inhibitors. The mitochondrial fractions were aliquoted and 

stored at -80°C until they could be used for mitochondrial quality assays or western blotting. 
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Figure 2.4: A summary of mitochondrial isolation process using a Mitochondria Isolation Kit for cultured 

cells (Abcam, UK, ab110170). Illustration created by the author using BioRender.com. 
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2.7.2  Mitochondrial proteomic analysis 

2.7.2.1 Preparation of samples for LC-MS/MS analysis 

Mitochondrial fractions that were isolated from HPAECs were infected with AdCTRL, AdCLIC1 or 

AdCLIC4 and incubated under normoxic conditions (5% CO2,) at 37⁰C. In order to compare the 

effects of CLIC proteins with the effects induced by hypoxia, control cells (AdCTRL) were also 

cultured under hypoxic conditions (2% O2 for 24 hours) at 37⁰C. 

Mitochondrial fractions were pooled from (n=4/group), and were dissolved in 300 µL of 9 mol/L 

urea and reduced by the addition of 50 mmol/L of dithiothreitol before being heated at 100°C for 

2 minutes and then carbamidomethylated by adding 200 mmol/L iodoacetamide and left in the 

dark for 30 minutes. SDS-PAGE was performed on 10 µg of each sample using 10% NuPAGE Novex 

bis-tris gels and reagents (Thermo Fisher Scientific, UK, NP0302BOX). Gels were stained with 

InstantBlue® (Sigma-Aldrich, UK, ISB1L). The gel lanes for each sample was divided into a series 

of regions based on the position of molecular weight (MW) markers (Invitrogen, UK,SeaBlue 

Marker®,  LC5925 ) and the distribution of proteins observed in the gel. Gel pieces were washed 

with 1 mL water and dehydrated in 1 mL acetonitrile (Sigma-Aldrich, UK, 576956) for 30 minutes. 

After that, proteins present in the gel pieces were digested in 300 µL of 50 mmol/L ammonium 

bicarbonate containing 1 ng/mL trypsin (Sigma-Aldrich, UK, A6141) at 37°C overnight. The next 

day, tryptic peptides from each group were extracted by adding 300 µL 0.1% formic acid (Sigma-

Aldrich, UK, 159013) in 2% acetonitrile and mixed for 30 minutes. 420 µL were then removed and 

dried. 
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2.7.2.2  LC-MS/MS analysis method 

The dried samples were reconstituted in 30 µL of 0.1% trifluoroacetic acid (TFA) (Thermo Fisher 

Scientific, UK, 85172), and 8 µL of the solution was injected onto a C18 trap-column (ProteCol, 

0.3 x 10 mm, Pore size: 300Å; SGE Analytical Science) followed by a high resolution reverse phase 

separation on a C18 column (PicoFrit, 75μm ID × 10 cm ProteoPrep column, New Objective) using 

Agilent 1200 LC series (Agilent, UK, Agilent 1200 LC series). The mobile phases comprised 0.1% 

formic acid in water (buffer A) and 0.1% formic acid in acetonitrile (buffer B). A linear gradient of 

0-54% buffer B was introduced at a flow rate of 300 nL/min for 48 minutes. After that, the 

peptides eluting from the reversed phase column were analysed online using a Thermo LTQ linear 

ion trap MS equipped with a dynamic nano-spray interface. The MS method consisted of a cycle 

combining one full MS scan (m/z 400-1600) with three data dependent MS/MS events (35% 

collision energy at each event) for 70 minutes. Dynamic activation time was set at 30 seconds 

with scans at every 2 seconds. 

2.7.2.3 MS data analysis 

MS data was evaluated on the basis of the ion intensity of peptide ions with coincident LC 

retention time and m/z values. The identity of peptides was determined by exporting the MS/MS 

output files from the matched analysis into the Turbo SEQUEST search engine (BioWorks Browser 

3.3, Thermo Electron Corporation) and interrogating it against the NCBI human RefSeq database 

Release 51. The search parameters were as follows: peptide tolerance was set to 2 atomic mass 

unit, MS/MS tolerance was set at 1 atomic mass unit, charge states allowed ranged from +1 to +3 

and up to two missed cleavages were allowed. Modifications were set to allow for the detection 

of S-carbamidomethylated cysteine (+57 Da). Each MS2 spectrum was matched to only a single 

peptide with the highest scoring SEQUEST peptide hit. Cross-correlating (XCorr) MS data, with 

values >1.5, >2.0 and >2.5 (for singly, doubly and triply charged ions, respectively) were used to 
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select peptides of high quality and reduce the possibility of including redundant peptides in 

subsequent data analysis. 

All keratins were excluded from the protein identification list. The current status of each protein, 

its name and molecular weight was updated by batch processing it on the NCBI protein database 

website. Where protein names contained the word ‘predicted’ or ‘like protein’, the accuracy of 

the assigned names were tested and if necessary corrected. The matter of redundancy in 

identified proteins was addressed by comprising all possible assignments in the results table to 

make the data as transparent as possible. In those cases where an identified protein shared its 

sequence with other entries in the database, all entries were listed. The uniqueness (or 

otherwise) of the assignment of peptides to the sequence of one or more proteins was used to 

determine whether assignment could be made to a specific protein or to a group of related 

proteins (isoforms).  

2.8 Protein identification methods 

2.8.1  Western blotting 

2.8.1.1 Sample preparation 

HPAECs were cultured in 6-well plates (Sarstedt; 200,000 cells/well) and infected with AdCLIC 

and AdCTRL, as described in section 2.2. 24 hours post infection, the 6-well plates were placed 

on ice, cell culture medium was aspirated, and the cells were rinsed twice with ice-cold 

phosphate buffered saline (PBS) (Sigma-Aldrich, UK, D8537-500mL). The PBS was removed and a 

180 μL lysis buffer of ice-cold radioimmunoprecipitation (RIPA) (Sigma-Aldrich, UK, R0278) 

supplemented with Protease and Phosphatase Inhibitor cocktail (100x, Thermo Fisher Scientific, 

UK, 78444) was added to each well for 5 minutes. Adherent HPAECs were mechanically dislodged 

using a cell scraper, collected in 1.5 mL Eppendorf tubes, centrifuged at 1200 x g at 4°C for 5 

minutes to remove cell debris, and the supernatant was reserved for protein quantification. 
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2.8.1.2 Protein quantification 

Total protein concentrations were measured using the Pierce™ BCA Protein Assay Kit (Thermo 

Fisher Scientific, UK, 23225), according to the manufacturer’s protocol.3 A bovine serum albumin 

(BSA) standard curve was prepared by diluting 2 mg/ml BSA standard to obtain concentrations 

ranging from 0.2 mg/mL to 1 mg/mL.  

The working solution was prepared by adding 50 parts of reagent A to 1 part of reagent B. 200 

μL of working reagent was then added to 10 μL of protein sample in a clear bottom 96-well plate, 

which was then protected from light and incubated at 37°C for 15 minutes. Optical densities were 

measured at 490nm using a Glomax™ luminometer (Promega, E6501). Sample protein 

concentrations were determined using the curve generated by the protein standard (Figure 2.5). 

 

Figure 2.5: Example of bovine serum albumin (BSA) protein standard curve of BCA Protein Assay. A 

standard curve was generated for each BCA assay using samples of a known concentration of BSA. BSA 

was diluted in dH2O2 at different concentrations ranging from 0.2 mg/mL to 1 mg/mL). The slope of the 

resulting best fit line was used to measure sample protein concentrations. R² = 0.9983 is a statistical 

calculator of how close the data are to the fitted linear regression. 

 
3 User Guide: Pierce BCA Protein Assay Kit (thermofisher.com). 

https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FMAN0011430_Pierce_BCA_Protein_Asy_UG.pdf&title=VXNlciBHdWlkZTogUGllcmNlIEJDQSBQcm90ZWluIEFzc2F5IEtpdA==
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2.8.1.3 SDS-polyacrylamide gel electrophoresis (PAGE) 

Samples containing equal amounts of protein were denatured in a Laemmli SDS sample buffer 

containing β-mercaptoethanol (4x) (Alfa Aesar by Thermo Fisher Scientific, UK, J60015) at 95°C 

for 5 minutes. The samples were then resolved by electrophoresis or were stored at -20°C for 

further analysis. Approximately 10– 20 μg of protein per well in 1.5mm thick NuPAGE 4-12% Bis-

Tris protein gels (Thermo Fisher Scientific, UK, WG1403BOX, NP0336BOX) were separated by 

electrophoresis in NuPAGE MES SDS Running Buffer (20X) (1X: 50 mM MES, 50 mM Tris Base, 

0.1% SDS, 1 mM EDTA, pH 7.3) (Thermo Fisher Scientific, UK, NP000202) at 200 V for 35 minutes. 

To monitor protein separation during SDS-PAGE and evaluate the size of proteins of interest, 5 

µl of pre-stained protein ladder covering a wide range of molecular weights from 10 to 260kDa 

was added into the first well of each gel (Thermo Fisher Scientific, UK, 26623). Proteins were then 

transferred onto polyvinylidene fluoride (PVDF) membranes (Bio Rad, UK, 1704156) using the 

wet transfer method (Bio Rad, UK) or Trans-Blot Turbo Transfer System.  

I.Wet transfer method. The gel and the membrane were put together in a “sandwich” of layers 

comprising filter papers, gel, membrane and sponges pre-soaked in transfer buffer (20% 

methanol, in 1xTris-glycine-SDS ( 0.025M Tris, 0.192M glycine, 0.1% SDS, pH 8.5)) (Thermo Fisher 

Scientific, UK, 28362) and locked in a transfer cassette. The transfer cassette was then placed in 

a transfer tank (BioRad), filled with transfer buffer and subjected to electrophoresis at 100 V for 

1 h and 30 minutes with ice packs in order to avoid overheating.  

II.Trans-Blot Turbo Transfer System (semi-dry blotting). Proteins were transferred in 7 minutes 

using the Trans-Blot Turbo Transfer System (Bio-Rad, UK) onto PVDF membranes contained 

within the Trans-Blot Turbo Transfer System (Bio-Rad, UK, 1704158, 1704156). The gel and 

https://www.thermofisher.com/order/catalog/product/NP0336BOX
https://www.thermofisher.com/order/catalog/product/NP000202
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membrane were sandwiched as described in the wet transfer method, then placed in the 

cassette. The cassette was then inserted into the bay and “run” for 7 minutes at 25 V.  

Successful protein transfer was confirmed by protein staining on the membrane using Ponceau 

S (Sigma-Aldrich, UK, P7170). 

2.8.1.4  Immunoblotting 

Membranes were washed with 1xTris Buffered Saline with Tween®20 (TBST-10X; Cell Signalling, 

UK, 9997). To avoid non-specific protein binding, membranes were blocked in 4% bovine serum 

albumin (BSA) in TBS-T for 1 hour at room temperature (RT), followed by overnight incubation 

with the primary antibodies on a shaker at 4°C. The following day, the membranes were washed 

3 times with TBS-T (15 minutes each wash) and incubated with horseradish peroxidase (HRP)-

labelled secondary antibodies in TBS-T for 1 hour at room temperature. A list of all primary and 

secondary antibodies were used in this study is provided in Table 2.7.  

Membranes were washed 3 times with TBS-T and then visualised using a chemiluminescent 

horseradish peroxidase (HRP) substrate, Luminata™ Crescendo (Millipore, UK, WBLUR0500) in 

the ChemiDoc™ MP System (Bio-Rad, UK). Where appropriate, membranes were stripped with 

Restore™ PLUS Western Blot Stripping Buffer (Thermo Fisher Scientific, UK, 46430) to remove 

primary and secondary antibodies from the membranes and re-probe using a new primary 

antibody. Membranes were incubated with stripping buffer for 30 minutes, washed with PBS, 

and then blocked for 1 hour at room temperature in 4% BSA in TBS-T, before probing with a 

different set of antibodies as described above. The measurement of band density was performed 

using ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA), protein 

quantification data were normalised to β-actin, the housekeeping protein control (Figure 2.6).  

 



CHAPTER 2-Materials and Methods 

 

87 | P a g e  
 

 

Table 2.7: A list of primary and secondary antibodies used in western blotting. 

Antibody  Host Species Manufacturer Catalogue No. Working 
Dilution 

Anti-CLIC4  Mouse mAb 
Santa Cruz 

Biotechnology 
sc-135739 1:1000 

Anti-CLIC1 Mouse mAb 
Santa Cruz 

Biotechnology 
sc-271051 1:1000 

CLIC4/5/6 Mouse mAb 
Santa Cruz 

Biotechnology 
sc-271863 1:1000 

anti-c-Myc Rabbit pAb Novus Biologicals NB600-336SS 1:1000 

Mitofusin2          Mouse mAb abcam ab56889 1:1000 

Mitofusin1    Mouse mAb abcam ab126575 1:1000 

VDAC Rabbit mAb Cell Signaling 4661 1:1000 

SDH Rabbit mAb Cell Signaling 11998 1:1000 

Pyruvate dehdrogenase Rabbit mAb Cell Signaling 3205 1:1000 

PHB1 Rabbit mAb Cell Signaling 2426 1:1000 

Cytochrome c Rabbit mAb Cell Signaling 4280 1:1000 

HSP60 Rabbit mAb Cell Signaling 12165 1:1000 

COX IV Rabbit mAb Cell Signaling 4850 1:1000 

β-actin Mouse mAb Sigma-Aldrich A1978 1:3000 

DRP1 Rabbit mAb Cell Signaling 8570 1:1000 

Phospho- 

DRP1 (Ser-616) 
Rabbit mAb Cell Signaling 3455 1:1000 

Phospho- 

DRP1 (Ser-637) 
Rabbit mAb Cell Signaling 4867 1:1000 

MFF Rabbit mAb Cell Signaling 84580 1:1000 

Phospho- 

MFF (Ser-146) 
Rabbit mAb Cell Signaling 49281 1:1000 

OPA1 Rabbit mAb Cell Signaling 80471 1:1000 

Tubulin Rat mAb abcam ab6161 1:1000 

Pyruvate 
dehydrogenase E1 

 

Rabbit mAb 

 

abcam 

 

ab168379 

 

1:1000 

Anti-VDAC1/ 
Mitochondrial Loading 
Control 

 

Rabbit mAb 

 

abcam 

 

ab15895 

 

1:1000 
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Pyruvate 
dehydrogenase kinase2 

 

Rabbit mAb 

 

abcam 

 

ab68164 

 

1:1000 

Pyruvate 
dehydrogenase kinase1 

 

Mouse mAb 

 

abcam 

 

ab110025 

 

1:1000 

PINK1  Rabbit mAb Cell Signaling 6946 1:1000 

LC3B  Rabbit mAb Cell Signaling 3868 1:1000 

Parkin (Prk8)  Mouse mAb Cell Signaling 4211 1:1000 

Optineurin  Rabbit mAb Cell Signaling 58981 1:1000 

HRP-linked  

Anti-Rabbit IgG  
Goat pAb Cell Signaling 7076 1:3000 

HRP-linked  

Anti-mouse IgG  
Horse pAb Cell Signaling 7074 1:3000 

HRP-linked  

Anti-rat IgG 
Goat pAb Cell Signaling 7077 1:3000 

 

 

 

 

Figure 2.6: Western blotting workflow. Illustration created by the author using BioRender.com. 
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2.9  RNA extraction, purification and quantification  

2.9.1 RNA extraction from cultured cells 

Total RNA was extracted from untreated and treated HPAECs (see Section 2.3, Materials and 

Methods) using Monarch® Total RNA Miniprep Kit (New England Biolabs UK, T2010S), according 

to the manufacturer’s instructions.4 Before the start of the experiment, RNaseZap solution 

(Invitrogen, USA, AM9780) was applied to all exposed working surfaces and instruments in order 

to decontaminate them from RNase on contact. To minimise RNase activity, all steps were 

performed in a frozen state, unless stated otherwise.  

The cell culture medium was aspirated and the cells were rinsed briefly twice with pre-warmed 

PBS. HPAECs were then trypsinised and pelleted by centrifugation in a falcon 15 mL conical 

centrifuge tube (Thermo Fisher Scientific, UK, 11507411) at 1,500 x g for 5 minutes. The 

supernatant was then aspirated and the cell pellet was re-suspended in PBS and re-pelleted again 

by centrifugation. Following the manufacturer’s guidelines, the dry cell pellet was resuspended 

in 300 μL RNA Lysis buffer by pipetting gently to avoid foaming and incubated for 5 minutes. All 

subsequent steps were carried out at room temperature to prevent precipitation, and all 

centrifugations were carried out at 16,000 x g.  

The lysate mixture was transferred to a gDNA Removal Column (light blue) (provided with the 

kit) fitted with a collection tube, and centrifuged for 1 minute to remove most of the gDNA. The 

flow-through was saved as it contained the RNA, and the gDNA Removal Column was discarded. 

300 μL of ethanol (≥ 95%) (not included in the kit) was added to the flowthrough and mixed 

thoroughly by pipetting to generate favourable conditions for the RNA to bind to the RNA 

Purification column.  

 
4 Quick Protocol for Total RNA Extraction (NEB #T2010) | NEB 

https://www.fishersci.co.uk/shop/products/falcon-15ml-conical-centrifuge-tubes-5/11507411
https://international.neb.com/protocols/2017/11/28/quick-protocol-for-monarch-total-rna-miniprep-kit-neb-t2010
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The mixture was then transferred to an RNA Purification Column (dark blue) (included in the kit), 

fitted with a collection tube. The mixture was centrifuged for 1 minute and the flow-through was 

discarded. 500 μL of RNA Wash Buffer (included in the kit) was added to the RNA purification 

column and centrifuged for 1 minute to remove all salts prior to the addition of DNase I. The 

flowthrough was then discarded. 5 μL of DNase I was mixed with 75 μL of DNase I Reaction Buffer 

in an RNase-free microfuge tube (Thermo Fisher Scientific, UK, AM12400). The mixture was 

pipetted directly to the top of the column matrix and incubated for 15 minutes at room 

temperature. 500 μL of RNA Priming Buffer (provided with the kit) was added and the mixture 

was centrifuged for 1 minute, then the flowthrough was discarded. 500 μL of RNA Wash Buffer 

was added and centrifuged for a further minute, and the flow-through was once again discarded. 

An additional 500 μL of RNA Wash Buffer was added and subjected to centrifugation for 1 minute, 

the flow-through was discarded. The column was then placed into a fresh RNase-free microfuge 

tube to ensure that no ethanol contamination was carried over. 

50 µl of Nuclease-free Water (Thermo Fisher Scientific, UK, R0581) was directly pipetted to the 

centre of the column matrix and centrifuged for 1 minute. For best RNA recovery, a second 

elution was performed by pipetting the eluted samples back onto the column matrix and re-

centrifuging them for a further 2 minutes. The RNA was aliquoted into two 0.5 mL RNase-free 

microfuge tubes (Thermo Fisher Scientific, UK, AM12300), assessed by nanodrop and stored at -

80°C for qPCR step. 
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2.9.2 RNA quality assessment  

The concentration and purification of the extracted RNA were assessed using a NanoDrop™ 

ND2000 spectrophotometer (Thermo Scientific). The purity of the RNA samples was evaluated 

by measuring the absorbance ratios A260/280 nm and A230/A260 nm. Acceptable ratios are 

generally in the range of 1.8-2.0. Higher values than this may indicate contamination with DNA 

or residual reagents used in the extraction protocol. The RNA was then stored at -80°C for future 

experiments. Reverse transcriptase polymerase chain reaction (RT-PCR) 

RNA samples were equalised at 100 ng/μL using RNase-free water. Input RNA was reverse-

transcribed into complimentary DNA (cDNA) by RT-PCR using SuperScrip™ II Reverse 

Transcriptase (Invitrogen, 18064014). All reagents for the cDNA master mix were placed on ice 

and prepared for each sample as shown in Table 2.8. 

Table 2.8: Composition of cDNA master mix used in the reverse transcription process gene expression. 

Reagent Master mix (X1) (µL) Supplier/cat.no 

DNase/RNase-free distilled water 8 
Thermo Fisher Scientific, 

10977035 

Oligo(dT)12-18 500 µg/mL 1 
Thermo Fisher Scientific, 

18418012 

dNTP Mix (10 mM each) 1 
Thermo Fisher Scientific, 

10610851 

Total 12  
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10 μL of the master mix was added to 2 μL RNA in a 96-well PCR plate (Thermo Fisher Scientific, 

A31728), at a total volume of 12 μL/well. The plate was then sealed with adhesive PCR plate seal 

(Thermo Fisher Scientific, AB0558) before being vortexed and centrifuged briefly. The PCR plate 

was incubated for 5 minutes at 65°C in SimpliAmp™ Thermal Cycler (Applied Biosystems) 

followed by a quick chill on ice before being subjected to centrifugation. Another mix was 

prepared for each sample, as shown in Table 2.9. 7 μL of the mix was added to each well to a 

final volume of 19 μL and mixed thoroughly by pipetting. 

Table 2.9: Final mixture of reverse transcription for gene expression. 

Reagent Volume (µl) Supplier/ Catalogue No. 

DNase/RNase-free water 1 
Thermo Fisher Scientific, 

10977035 

5X First-Strand Buffer 4 Invitrogen, 18064014 

0.1 M DTT 2 Invitrogen, 18064014 

Total 7  

 

The plate was sealed as described previously and centrifuged. The samples were incubated for 2 

minutes at room temperature and then centrifuged again. This was followed by adding 1 μL of 

SuperScript II Reverse Transcriptase to each well (a total reaction mixture of 20 μL) and mixed 

thoroughly by pipetting. The plate then was sealed again, centrifuged, and PCR reactions were 

performed in a SimpliAmp™ Thermal Cycler (Applied Biosystems, USA) (Table 2.10). A negative 

RT control was also included in the reaction in order to monitor the presence of DNA 

contamination. cDNA samples were then stored at -20°C for use in subsequent gene expression 

analysis. 

 

 

https://www.thermofisher.com/order/catalog/product/A31728
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Table 2.10: SuperScript II Reverse Transcriptase thermal cycling conditions 

Temperature Time (minute) 

42°C 50 

70°C 15 

4°C ∞ 

 

 

2.9.3 Real-time quantitative PCR (qPCR) for gene expression  

Gene expression was quantified using real time quantitative PCR (qPCR). In order to perform 

qPCR, a Luna® Universal qPCR master mix (New England Biolabs, M3003) and a 20X TaqMan® 

Gene Expression Assay (FAM™ dye-labeled MGB probe) (Thermo Fisher Scientific, 4331182) 

were used (Table 2.11). Each assay includes a pair of target primers and a sequence-specific 

TaqMan probe with a reporter fluorescent dye label (FAM) on the 5’ end and a quencher dye 

minor groove binder (MGB) and non-fluorescent quencher (NFQ) on the 3’ end. 

Table 2.11: List of genes used in qPCR. 

Target gene 
symbol 

5’ Reporter 
dye 

3’ Quencher Human Assay ID 

MFF FAM MGB Hs00697394_g1 

DNM1L FAM MGB Hs01552605_m1 

FIS1 FAM MGB Hs00211420_m1 

MFN1 FAM MGB Hs00966851_m1 

MFN2 FAM MGB Hs00208382_m1 

OPA1 FAM MGB Hs01047013_m1 

CLIC1 FAM MGB Hs00559461_m1 

CLIC4 FAM MGB Hs00749895_s1 

CLIC5 FAM MGB Hs00213494_m1 

GAPDH 
FAM MGB Hs02786624_g1 

 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00697394_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00208382_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00213494_m1?CID=&ICID=&subtype=
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cDNA samples were first diluted using 1X Tris-EDTA (TE) (Alfa Aesar, J60234) (10 μL cDNA in 90 

μL 1X TE). The Master mix for each qPCR reaction was then prepared according to Table 2.12.  

Table 2.12: Composition of 1X master mix used in qPCR. 

Reagent Volume (µl)/well 

DNase/RNase-free water 2.5 

20X TaqMan Gene Expression Assay 0.5 

Luna® Universal qPCR master mix 5.0 

Total 8 

 

8 μL of the qPCR master mix plus 2 μL of the diluted cDNA (10ng/μL) were pipetted to a 384-well 

Skirted PCR Plate (StarLab, UK, E1042-3840). Negative controls for each gene of interest were 

included in the plate containing no cDNA template. The plate was then sealed using a MicroAmp 

Optical Adhesive Film (Thermo Fisher Scientific, 4311971), inverted several times and centrifuged 

at 1,000 x g to ensure the plate was free of air bubbles. The qPCR was performed using a 

QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems, USA). The amplification process 

involved 2 steps, melting and annealing over 40 cycles according to the manufacturer’s instructions 

(Table 2.13).  

Table 2.13: Amplification steps for qPCR reactions. 

qPCR step Temperature Time 

Pre-incubation (hold) 95°C 10 minutes 

Melting 95°C 15 seconds 

Annealing 60°C 60 seconds 

 

X40 
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2.9.4 PCR data analysis 

Following the amplification curve, data were analysed at individual sample levels, where a 

single peak represented the amplification of a single product. A fixed fluorescence threshold 

level of 0.2 was applied to determine cycle threshold (CT) values for all genes. CT values 

represent the number of cycles required for the fluorescent signal to cross the threshold (above 

background level) and be detectable in real-time PCR, CT values over 35 cycles were excluded 

from the analysis and were defined as non-detectable expressions. All reactions were carried 

out in triplicate. Fluorescence data collection were also performed during the annealing step. 

An example of amplification plot is shown in Figure 2.7. CT values for the gene of interest were 

compared to reference values using housekeeping genes of stable expression (GAPDH), and the 

relative gene expression was then calculated using the 2-ΔΔCt method, where GAPDH was used 

as an endogenous normalisation control for messenger RNA (mRNA) expression: 

ΔΔCT = ΔCT sample – ΔCT control 

ΔCT represents the value of the gene of interest (sample)/housekeeping gene (control).  

 

Figure 2.7: An example of an amplification plot generated by quantitative Real-Time PCR (qRT-PCR) 

assay. Y-Axis = log of the change in fluorescence, X-Axis = Cycle number. Cycle threshold (CT) is around 0.2 

when the reaction exceeds background level and reaches the fluorescent intensity. 
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2.10 Statistical analysis 

Experiments were conducted at least in triplicate, with 3 technical replicates performed per 

experiment. All data are tested for normal distribution using Shapiro-Wilk test. Statistical 

analyses were performed by unpaired t-test (for normally distributed data) for two sample 

groups. For multiple comparisons between various groups with equal variances, a one-way 

analysis of variance (ANOVA) combined with Tukey’s post hoc test to compare every mean with 

every other mean or Dunnett’s post hoc test to compare every mean to a control mean were 

performed using GraphPad Prism 8 software (GraphPad Software Inc., USA). Data are presented 

as mean or + standard error of the mean (SEM). Values of P ≤0.05 was considered statistically 

significant. 
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CHAPTER 3 RESULTS: Effects of CLIC protein expression changes on mitochondrial 

structure and dynamics in HPAECs 

This chapter focuses on the effects of CLIC proteins on mitochondrial structure and mitochondrial 

dynamics in the context of pulmonary arterial hypertension. 

3.1 Introduction  

Intracellular chloride channel proteins (CLIC) have been identified as new mediators of vascular 

dysfunction in pulmonary arterial hypertension (PAH) (Wojciak-Stothard et al., 2014). Expression 

levels of CLIC1 and CLIC4 are elevated in PAH plasma, blood-derived late outgrowth endothelial 

colony forming cells (BOECs or ECFCs) and in animal and human PAH lung tissue (Abdul-Salam et 

al., 2010; Wojciak-Stothard et al., 2014). While no variations in the expression of CLIC5 were 

detected in PAH, CLIC5 is expressed in endothelial cells (Edwards & Kapadia, 2000; Money et al., 

2007) and cardiac tissue (Ponnalagu et al., 2016), and was therefore included in some 

experiments described in this study. There are two splice variants of CLIC5: the smaller and more 

abundant gene product CLIC5A (short CLIC5), and the larger and less abundant gene product 

CLIC5B (long CLIC5), which has an additional hydrophobic N-terminal sequence (Edwards & 

Kapadia, 2000).  

Mitochondria are cellular power generators that convert oxygen and nutrients into adenosine 

triphosphate (ATP). They are dynamic structures that move constantly within cells and undergo 

division (fission) or fusion to form mitochondrial networks. Changes in connectivity within the 

mitochondrial network, in mitochondrial shape and in intracellular trafficking are collectively 

referred to as mitochondrial dynamics (Youle & Van Der Bliek, 2012). Defects in mitochondrial 

dynamics underlie the pathology of many disorders, including cancer, diabetes and pulmonary 

hypertension (Mathew, 2014; H. Zhang et al., 2017).  
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Mitochondrial dynamics is controlled by various proteins. Fusion of the outer mitochondrial 

membrane (OMM) is regulated by the transmembrane GTPases mitofusin-1 and mitofusin-2 

(MFN1, MFN2), while fusion of the inner mitochondrial membrane (IMM) is controlled by optic 

atrophy protein-1 (OPA1). The key regulators of fission are dynamin-related protein-1 (DRP1) and 

Fission-1 (FIS1). FIS1 recruits DRP1 to the mitochondria to initiate fission (Yoon, Krueger, Oswald, 

& McNiven, 2003). Phosphorylation at Ser637 inhibits Drp1 (pSer637-DRP1) activity, while 

phosphorylation at Ser616 activates Drp1 (Cribbs & Strack, 2007; C. Hu, Huang, & Li, 2017).  

The activation of DRP-1 in PAH lung vasculature has been shown to reduce the expression of 

mitochondrial complex I and superoxide dismutase, leading to mitochondrial fragmentation and 

hyperpolarization of the mitochondrial membrane (Marsboom et al., 2012). In addition, the 

reduced expression of MFN2 has been shown to induce mitochondrial fragmentation and 

increased cell proliferation rates in PAH vascular cells (J. J. Ryan et al., 2013). 

Mitochondrial dynamics depends on the intracellular organisation and polymerization of 

microtubules and the actin cytoskeleton (Moore & Holzbaur, 2018). Microtubules allow the 

transport of mitochondria to metabolically active, energy-demanding regions of the cell, where 

they act as key regulators of mitochondrial fission and fusion (McCarron et al., 2013). The actin 

cytoskeleton is a complex network of polarised filaments that regulates cell contraction, motility, 

vesicle trafficking, intracellular organization, cytokinesis, endocytosis and apoptosis. CLIC 

proteins associate with cytoskeletal proteins including tubulin, molecular motor protein dynein 

and actin polymerization regulator, Arp2 and Arp3 (Abdul-Salam et al., 2019; Ackema et al., 2014; 

Mathur, 2005; Pimkina & Murphy, 2011; Yang et al., 2009) and may therefore indirectly affect 

mitochondrial dynamics. The depolymerisation of microtubules leads to mitochondrial 

fragmentation, while changes in actin polymerization can induce apoptosis and encourage the 
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accumulation of reactive oxygen species (ROS) in cells (Desouza et al., 2012; Jourdain et al., 

2009). 

The localization and function of mitochondrial proteins studied in this chapter is described in 

Table 3.1, while the localization of these proteins within the mitochondrion is illustrated in Figure 

3.1. 

Table 3.1 Localization and function of mitochondrial proteins studied in Chapter 3. Mitochondrial 

marker antibodies were provided in the mitochondrial marker antibody sampler kit (Cell Signalling, UK, 

8674T).  

Protein name Localization Function Reference 

Cytochrome c oxidase 
IV (COX IV) 

IMM -Terminal enzyme of the 
mitochondrial respiratory transport 
chain. 
-Transfers electrons from 
cytochrome c to an oxygen 
molecule. 

(Ostermeier et al., 

1996) 

Heat-shock protein-60 
(HSP60) 

Mitochondrial 

matrix 

-Member of the 'chaperonin' class 
of proteins. 
-Required for folding imported key 
proteins from the cytoplasm into 
the mitochondrial matrix. 

(Zeilstra-Ryalls et al., 

1991) 

Prohibition protein 1 
(PHB1) 

IMM -Essential for the stabilization of 

newly synthesized mitochondrial 

proteins. 

(Tatsuta et al., 2005) 

Pyruvate 
dehydrogenase (PDH) 

Mitochondrial 

matrix 

-Catalyses oxidative 

decarboxylation of pyruvate to 

form acetyl-CoA that participates in 

the Citric Acid Cycle to carry out the 

cellular respiration. 

(Sutendra et al., 2011) 

Succinate 
dehydrogenase (SDH) 

IMM -Key component of the citric acid 

cycle as well as the electron 

transport chain. 

(Oyedotun & Lemire, 

2004) 

Voltage-dependent 
anion channel (VDAC) 

OMM -Controls the diffusion of 

metabolites between mitochondria 

and other cell compartments. 

(Ponnalagu & Singh, 

2016) 
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Figure 3.1: Schematic illustration of localization of mitochondrial proteins examined in this study.  

Abbreviations: COX IV, cytochrome c oxidase IV; HSP60, heat-shock protein-60; PHB1, prohibition protein 

1; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; SDH, succinate dehydrogenase; 

MFN1, mitofusin-1; MFN2, mitofusin-2; OPA1, optic atrophy 1; DRP1, dynamin-related protein-1; FIS1, 

fission-1; MFF, mitochondrial fission factor; LC3B, microtubule-associated protein 1-B light chain-3B; 

PINK1, PTEN-induced kinase 1; VDAC, voltage-dependent anion channel; NADH, nicotinamide adenine 

dinucleotide (H = hydrogen); IMM, inner mitochondrial membrane; OMM, outer mitochondrial 

membrane; ETC, electron transport chain; ROS, reactive oxygen species; HIF-1α, hypoxia-inducible factor 

1 α. Illustration created by author using Servier Medical Art. 

 

The selective removal of dysfunctional or defective mitochondria by autophagy  is known as 

mitophagy. Initially, it was believed that mitophagy took place at random, but subsequent studies 

have shown the selective nature of the process (Chiu et al., 2009; Dasgupta et al., 2011). Clearing 

defective mitochondria through mitophagy requires two steps: firstly the induction of 

autophagy, and secondly the priming of dysfunctional mitochondria for selective autophagic 

recognition. Mitochondrial priming is mediated either by the PTEN-induced kinase 1 (PINK1)-

Parkin signalling pathway or the BCL2 interacting protein 3 (BNIP3) pathway (Ding & Yin, 2012). 

Another autophagic marker that has been investigated in the context of PH is microtubule-
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associated protein 1-B light chain-3B, known as LC3B (Aggarwal et al., 2016). Previous studies 

have shown that LC3B expression is elevated in the lungs of mice that were exposed to hypoxia 

for 3 weeks, and remains at higher levels in the pulmonary artery endothelial cells (PAECs) and 

the pulmonary artery smooth muscle cells (PASMCs) for 24 weeks (Lee et al., 2011). LC3B levels 

are also increased in the lungs of PH patients (Aggarwal et al., 2016). The PINK1/Parkin-mediated 

mitophagy pathway is also activated under hypoxia, promoting pulmonary vascular remodelling 

(Linqing et al., 2020).   

Changes in the density and morphology of mitochondrial cristae can alter mitochondrial 

bioenergetics and impair mitochondrial respiration. The structure of the cristae is controlled by 

a large protein complex located in the IMM comprising OPA1, the mitochondrial contact site and 

the cristae organizing system (MICOS), which connects the IMM with the OMM (Merkwirth et 

al., 2008; Quintana-Cabrera et al., 2018). Several studies have also confirmed that the loss of 

IMM structural proteins such as stomatin-like protein 2 (SLP2), and Prohibitin (PHB) family 

proteins affects cristae architecture and impairs mitochondrial respiration (Merkwirth et al., 

2008; Tondera et al., 2009). Fission and fusion proteins have also been implicated in regulating 

cristae morphology, including MFN1, MFN2, and DRP1, located in the OMM (Cogliati et al., 2016). 
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3.2 Experimental aims  

The aims of the experiments presented in this chapter were to: 

1. Optimize conditions for the adenoviral overexpression of CLIC proteins in HPAECs. 

2. Confirm the mitochondrial localization of CLIC1 and CLIC4 proteins in HPAECs. 

3. Determine the effect of CLIC overexpression on mitochondrial dynamics, including 

mitochondrial content, fusion and fission in control and CLIC-overexpressing HPAECs. 

4. Investigate the mechanisms involved in CLIC-induced effects by 

- studying changes in the expression of fusion and fission proteins in total cell lysates and 

purified mitochondrial fractions. 

- investigating the effect of CLIC overexpression on the organization of actin and the 

microtubule cytoskeleton. 

- verifying the potential role of mitophagy in CLIC-induced changes in mitochondrial dynamics 

by studying changes in the expression of mitophagy markers. 

5. Study the effect of CLIC overexpression on mitochondrial structure. 
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3.3 Experimental outline 

The outline of the experimental process is shown in Figure 3.2, and a brief description of the 

experimental methods is provided below. For further detail, see Chapter2 - Materials and 

Methods. 

 

 

Figure 3.2: Experimental outline of Chapter 3. CLIC overexpression induced by adenoviral gene transfer 

was confirmed by immunofluorescent staining and western blotting in HPAECs, 24 hours post-infection. 

The effect of CLIC proteins on mitochondrial structure and dynamics in HPAECs was studied using TEM, 

immunofluorescence, confocal microscopy, western blotting and qPCR. Illustration created by the author 

with BioRender.com.  
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3.3.1 Manipulation of CLIC expression in HPAECs 

CLIC proteins were overexpressed in HPAECs via adenoviral gene transfer. AdCLIC1 and AdCLIC4 

were c-terminally tagged with the haemagglutinin (HA) tag, while AdCLIC5sh and AdCLIC5L were 

myc-tagged, allowing the precise localization of recombinant proteins in cells. In this study, I used 

the most commonly expressed short isoform of CLIC5 (CLIC5sh) (Argenzio & Moolenaar, 2016). 

AdCLIC4 was expressed under tetracycline-off (Tet-off) gene expression system (Abdul-Salam et 

al., 2019; Wojciak-Stothard et al., 2014). Briefly, HPAECs growing in 6-well plates were left 

untreated or were infected with different dilutions of the adenoviral stock in order to modulate 

the overexpression levels of AdCLIC1, AdCLIC4, and AdCLIC5 (5 μL, 10 μL, and 20 μL of adenoviral 

stock, corresponding to MOI of 1:100, 1:200, and 1:400). Empty adenovirus or Ad-Tet-off were 

used as adenoviral controls. The cells were lysed 24 hours post-infection, and the protein lysates 

were resolved by electrophoresis, after which western blotting was used to confirm mutant 

protein expression and select an optimal adenoviral MOI for further experiments. An optimal 

MOI would increase the expression of CLIC proteins to the level seen in PAH. For further details 

see Chapter 2 - Materials and Methods, Section 2.2. 

3.3.2 Measurement of mitochondrial fragmentation 

The quantitative assessment of mitochondrial fission follows two main strategies. The first 

involves the measurement of mitochondrial length to determine the degree of fission, but this 

approach is impractical for situations in which there are numerous mitochondrial fragments 

and/or mitochondrial coiling and knotting (Farrand et al., 2013). The other strategy, which was 

used in this study, involves measuring the number of mitochondrial particles smaller than 2-3 µm 

in length (Farrand et al., 2013). The cut-off size is typically determined by individual observers to 

ensure that all mitochondrial particles are taken into account. 
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The Mitochondrial Fragmentation Count (MFC) determines the number of discrete mitochondrial 

particles per cell. The mitochondrial coverage area is the total area taken by mitochondria within 

a cell. Here, the MFC and the total mitochondrial area were determined using NIP2 imaging 

software (Martinez & Cupitt, 2005). Briefly, images of fluorescently-labelled mitochondria were 

acquired and filtered (by median), thresholded and binarized to identify individual mitochondrial 

segments in order to score the total area of the fragmented mitochondria. The combined area 

of mitochondrial fragments was normalized to the total mitochondrial area (in pixels) in each cell 

to define the cell’s MFC. For each intervention, 20 randomly selected cells were analysed in 3 

separate experiments (Hong et al., 2013) (Figure 3.3). For further details see Chapter 2 - Materials 

and Methods, Section 2.4. 

 

Figure 3.3: Schematic illustration of mitochondrial fragmentation analysis using NIP2 image software. 

 

3.3.3 Immunogold labelling of mitochondrial CLIC proteins in HPAECs 

For immunogold labelling, samples were processed according to the Tokuyasu method of cryo-

ultrathin sectioning (Tokuyasu, 1973). Control and CLIC-overexpressing HPAECs were fixed with 

0.05% glutaraldehyde and 2% paraformaldehyde in 0.2M PIPES pH 7.2 for 15 minutes at room 

temperature. The cells were scraped off, centrifuged at 400 x g and the cell pellet was then 

washed gently with PBS. Samples were kept in the PBS at 4ᵒC before further processing. To 

produce ultra-thin sections, small fragments of the cryo-protected cell pellet were frozen in liquid 

nitrogen before sectioning, and the sections were then defrosted and transferred onto copper 
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grids in PBS. Prior to labelling, grids were washed with PBS and blocked in 0.5% fish skin gelatine 

and PBS for 10 minutes, before incubating sections with a primary antibody (mouse monoclonals 

anti-CLIC1, anti-CLC4, Santa Cruz, dilutions prepared in FSG) for 30 minutes at room temperature. 

Afterwards, samples were washed in PBS and incubated with secondary rabbit anti-mouse 

antibodies (1 in 200 in FSG, Southern Biotech, Birmingham, UK) for 20 minutes, followed by 

another set of washes in PBS. Sections were then incubated in 10 nm protein-A gold (Sigma-

Aldrich, UK, P6855) for 20 minutes and were then washed in PBS and deionised water. Sections 

were contrasted in droplets for 10 minutes, and the grids were air-dried after removing any 

excess contrasting solution using filter paper. Dried grids were analysed using a JEOL JEM 1400 

transmission electron microscope operated at 120 kV, and images were taken using a digital 

camera. For further details see Chapter 2 - Materials and Methods, Section 2.3. 

3.3.4 Protein expression levels of key regulators of mitochondrial dynamics  

Whole cells or isolated mitochondrial fractions from control and CLIC-overexpressing HPAECs 

were lysed in a RIPA lysis buffer with protease inhibitors, and protein concentrations were then 

measured using Pierce™ BCA Protein Assay Kit using standard protocols. Samples were resolved 

with SDS-PAGE (10 μg – 20 μg protein/lane) and analysed by western blotting. Subsequently the 

membranes were probed with primary antibodies, followed by incubation with horseradish 

peroxidase (HRP)-labelled secondary antibodies. Bands were visualized using Luminata 

Crescendo Western HRP Substrate in a ChemiDoc™ Imager. For further details see Chapter 2 - 

Materials and Methods, Section 2.8. 
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3.3.5 mRNA expression levels of key regulators of mitochondrial dynamics  

HPAECs were harvested by trypsinization, and RNA was purified and reverse transcribed to cDNA. 

The cDNAs were then subjected to a real time qPCR. For details see Chapter 2- Materials and 

Methods, Section 2.9.  

3.3.6 Isolation of mitochondria from HPAECs 

Mitochondrial isolation was carried out using a Mitochondria Isolation Kit for Cultured Cells, 

according to the manufacturer’s guidelines. HPAECs grown in 175 cm2 culture flasks (4 flasks per 

condition), were infected with Adcontrol, AdCLIC1, AdCLIC4 or AdCLIC5. The following day the 

cells were collected and ruptured using a Dounce Homogenizer. Cell homogenates were 

centrifuged at low speed (1,000 x g) to remove debris and large cellular organelles and were then 

centrifuged at a higher speed (12,000 x g) to isolate the mitochondria. Mitochondrial fractions 

were collected and frozen at -80°C to be used later for mitochondrial fraction quality assay and 

western blotting. For further methodological detail, see Chapter 2- Materials and Methods, 

Section 2.7. 

3.3.7 Immunofluorescent staining of microtubules 

HPAECs were grown on coverslips, fixed and incubated in methanol and then in acetone, air 

dried, re-hydrated in PBS, blocked in 5% BSA and immunostained with primary mouse 

monoclonal anti-α tubulin antibodies and fluorescently-labelled secondary antibodies. The cells 

were then washed in PBS and mounted in Vectashield with DAPI. See Chapter 2- Materials and 

Methods, Section 2.5. 
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3.3.8 Manipulation of microtubule polymerization 

24 hours post-infection, the control (AdCTRL) and CLIC-overexpressing HPAECs were treated with 

microtubule-stabilising agent taxol (10 µM) for 30 minutes or mirotubule depolymerising agent 

nocodazole (20 µM) for 10 minutes (Takesono et al., 2010). After that, the cells were fixed and 

stained as described above. Images of microtubules and mitochondrial networks were acquired 

under the confocal microscope and processed for further analysis. For details see Chapter 2- 

Materials and Methods, Section 2.5. 
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3.4 Results 

3.4.1 CLIC overexpression in endothelial cells 

In the first set of experiments I optimized the conditions for adenoviral infection so that the 

expression levels of recombinant proteins corresponded to the ~4-5 fold increase in the 

expression of CLIC proteins, as seen in PAH lungs (Abdul-Salam et al., 2010). An MOI of 1:100 was 

found optimal for inducing a 4 to 5-fold increase in the expression levels of recombinant HA-

tagged CLIC1 and CLIC4 and myc-tagged CLIC5 in HPAECs 24 hours post-infection (Figures 3.4 and 

3.5). The specificity of CLIC1 and CLIC4 antibodies was confirmed by western blotting (see 

Supplementary Figures S.5).  

 

Figure 3.4: Example of optimization of viral infection. (A) Bar graph indicates fold changes in CLIC1 

protein levels in HPAECs infected with different dilutions of AdCLIC1 or AdCTRL (Adenoviral control) 24 

hours post-infection. 5µL=MOI 1: 100, 10µL=MOI 1: 200, and 20µL=MOI 1: 400. (B) Representative 

western blots corresponding to (A). Expression levels were normalised to β-actin. A similar strategy was 

used to optimise expression levels of recombinant proteins in AdCLIC4- and AdCLIC5-infected cells (not 

shown). 
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Figure 3.5: CLIC1, CLIC4 and CLIC5 protein overexpression in HPAECs. (A, B, C). Changes in CLIC protein 

levels in HPAECs infected with AdCLIC1, AdCLIC4, AdCLIC5sh (short) and AdCLIC5L (Long) and AdCTRL, are 

as shown. 24 hours post-infection at the MOI 1:100, HPAECs showed a ~4 to 5 fold increase in the 

expression level of recombinant AdCLIC1, AdCLIC4, and AdCLIC5 (sh and L), compared with viral control 

(AdCTRL) as shown. ***P<0.001 n=3, Student t-test. (D, E, F) Corresponding representative western blots 

show CLIC protein overexpression; β-actin was used as a loading control. 

 

The overexpression of recombinant proteins was also confirmed by the immunofluorescent 

staining of cells with anti-CLIC, anti-HA and anti-myc-tag antibodies, followed by confocal 

microscopy analysis. ~95-97% of the cells showed an overexpression of recombinant proteins 

(Figures 3.6, and 3.7). 



CHAPTER 3- Effects of CLIC protein expression changes on mitochondrial structure and dynamics in 
HPAECs 

 

112 | P a g e  
 

 

Figure 3.6: Overexpression of recombinant CLIC proteins in HPAECs. Representative confocal images 

show the immunostaining of recombinant HA-tagged CLIC1 (AdCLIC1), HA-tagged CLIC4 (AdCLIC4) and 

myc-tagged short isoform CLIC5 (AdCLIC5) 24h post-infection in cells treated as shown. In the merged 

images, F-actin is red and HA-CLIC1, HA-CLIC4 and Myc-CLIC5 are green. Bar=15 μm in the first top two 

panels; Bar=10 μm in the bottom two panels. Images were taken using a Zeiss LSM 780 confocal 

micrseaoscope with 40x objective. 
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Figure 3.7: Immunostaining of CLIC1, CLIC4 and CLIC5 in HPAECs. Representative images show the 

expression levels of CLIC1, CLIC4 and CLIC5 in control cells (AdCTRL) and cells treated with AdCLIC1, 

AdCLIC4 or short AdCLIC5 24 hours post-infection. Nuclei are blue, while CLIC1, CLIC4 and CLIC5 are green. 

The last two panels are primary and secondary antibody-only controls. Bar=10 μm. Images were obtained 

using a Zeiss LSM 780 confocal microscope with 40x objective. 
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3.4.2 Effect of CLIC overexpression on mitochondrial network in HPAECs 

Total mitochondrial coverage area was significantly increased in CLIC1- and CLIC4-overexpressing 

HPAECs, but was decreased in CLIC5-overexpressing HPAECs (Figure 3.8). 

The analysis of the mitochondrial fragmentation count (MFC) was carried out by measuring the 

area occupied by small (< 2µm2 in diameter) mitochondria, normalised to the total mitochondrial 

coverage area. CLIC1, CLIC4 and CLIC5-overexpressing cells showed a significant increase in the 

number of small, fragmented mitochondria compared with adenoviral controls, which is a likely 

indicator of increased mitochondrial fission or reduced mitochondrial fusion (Figure 3.8).  

Mitochondrial fragmentation was particularly prominent in CLIC1- and CLIC4-overexpressing 

cells. Figure 3.9 shows representative enlarged images of the mitochondrial network in different 

treatment groups, while Figure 3.10 shows the subsequent image analysis steps used to quantify 

mitochondrial coverage and mitochondrial fragmentation in HPAECs. The overexpression of 

exogenous HA-tagged CLIC1, HA-tagged CLIC4 and Myc-tagged CLIC5 in cells was confirmed by 

the immunofluorescent staining of HA-tag and Myc-tag (Figure 3.11). 
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Figure 3.8: Effect of CLIC overexpression on mitochondrial content and fragmentation in HPAECs.  (A) 

Total mitochondrial area per cell and (B) Mitochondrial Fragmentation Count (MFC) in HPAECs infected 

with AdCTRL, AdCLIC1, AdCLIC4 and AdCLIC5 as indicated. Total mitochondrial coverage area (in pixels) 

and MFC (in arbitrary units) were measured using NIP2 image software. 20 cells per treatment were 

analysed in in 3 separate experiments. *P < 0.05, **P <0.01 ***P<0.0001, comparison with AdCRTL; One-

way ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± SEM. 

 

 

Figure 3.9: Representative images of mitochondrial networks in control HPAECs and HPAECs 

overexpressing AdCLIC1, AdCLIC4, AdCLIC5sh and AdCLIC5L. CLIC1- and CLIC4-overexpressing HPAECs 

showed fragmented mitochondria, while the mitochondria of CLIC5 (sh,L)-overexpressing HPAECs are 

tubular and less fragmented. Images were taken using a Zeiss LSM 780 confocal microscope with 40x 

objective. Bar=10µm. 
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Figure 3.10: Mitochondrial fragmentation in CLIC-overexpressing HPAECs. Representative images of 

mitochondrial fragmentation analysis show FITC-labelled mitochondria (green; left column), black and 

white images of mitochondrial network (middle column), mitochondrial fragments identified by image 

processing with NIP2 image software (small, rod-shaped white particles, size < 2µm2; right column). The 

area covered by fragmented mitochondria was normalised to the area of the whole mitochondrial 

network to provide MFC. Images were taken using a Zeiss LSM 780 confocal microscope with 20x 

objective. Bar=10μm.  



CHAPTER 3- Effects of CLIC protein expression changes on mitochondrial structure and dynamics in 
HPAECs 

 

117 | P a g e  
 

 

Figure 3.11: Mitochondrial network in control and CLIC-overexpressing HPAECs. Representative confocal 

images show mitochondrial network, F-actin staining and HA-tag or Myc-tag staining, indicating the 

expression of HA-tagged recombinant CLIC1, CLIC4 and Myc-tagged CLIC5.  In the merged images on the 

right, mitochondria are in green, F-actin is red and recombinant CLIC1, CLIC4 and CLIC5 are cyan. Bar=10 

μm. Images were taken using a Zeiss LSM 780 confocal microscope with 20x objective.  
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3.4.3 Analysis of expression levels of fission and fusion proteins 

Fission and fusion processes are controlled by numerous mitochondrial proteins (Ong et al., 

2015). In the subsequent series of experiments, I examined the expression levels of fusion 

proteins, which are key regulators of mitochondrial dynamics. Mitofusin1 (MFN1), Mitofusin2 

(MFN2), and Optic atrophy-1 (OPA1) and fission proteins, Dynamin-related protein 1 (DRP1), 

Mitochondrial fission protein 1 (FIS1) and mitochondrial fission factor (MFF) were used in total 

cell lysates and purified mitochondrial fractions from HPAECs under normoxic (20% O2, 5% CO2) 

conditions at 37°C. 

3.4.3.1 Western blotting analysis of fission and fusion proteins in whole cell lysates 

The expression of fusion proteins MFN1, MFN2, and OPA1, and fission proteins FIS1, DRP1, and 

MFF were analysed using western blotting in total cell lysates of control HPAECs and HPAECs with 

overexpressed CLIC proteins. Meanwhile, the levels of pSer616-DRP1, which stimulates fission 

(Marsboom et al., 2012), pSer637-DRP1, which inhibits fission (Marsboom et al., 2012) and p-

Ser146 MFF, which promotes fission (Seabright et al., 2020), were also measured.  

Although some reduction in MFN2 protein levels was seen in CLIC1- and CLIC4- overexpressing 

HPAECs compared with controls, the difference was too small to be statistically significant (Figure 

3.12). No significant changes in the expression of fusion proteins MFN1, MFN2, and OPA1 were 

seen in other experimental groups. CLIC1 and CLIC4 proteins did not significantly affect DRP1 

expression, while CLIC5 had an inhibitory effect. CLIC4 significantly increased pSer637-DRP1 

levels in HPAECs (Figure 3.13).    
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Figure 3.12: Expression of mitochondrial fusion proteins in HPAECs whole cell lysates. Graphs show 

changes in expression levels of (A) Mitofusin 1 (MFN1), (B) Mitofusin 2 (MFN2), (C) Optic atrophy1 (OPA1) 

in whole cell lysates from HPAECs treated with AdCTRL, AdCLIC1, AdCLIC4, and AdCLIC5 as indicated, 24 

hours post-infection. Expression values were normalised to β-actin. (D) Corresponding representative 

western blots, showing the overexpression of CLIC1, CLIC4 and CLIC5 were confirmed, as shown in Figure 

3.5. One-way ANOVA was used, with Dunnett’s post hoc test. Data are presented as the mean ± SEM of 3 

experiments with 3 technical repeats.  
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Figure 3.13: Expression of mitochondrial fission regulators in HPAECs whole cell lysates.  Graphs show 

changes in expression of fission proteins in HPAECs treated as indicated. (A) Dynamin-related protein 1 

(DRP1), (B) pSer637-DRP1 levels normalised to total DRP1 expression; (C) Mitochondrial fission protein 

1 (FIS1), (D) Corresponding representative western blots showing the overexpression of CLIC1, CLIC4 and 

CLIC5 were confirmed as shown in Figure 3.5. *P<0.05, comparison with corresponding controls. One-way 

ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± SEM of 3 experiments with 

3 technical repeats.  

 

3.4.3.2 qPCR analysis of fission and fusion proteins in whole cell lysates 

Messenger RNA (mRNA) expression of mitochondrial dynamic proteins was determined by qPCR. 

Data analysis revealed a trend towards reduced MFN1 mRNA expression in CLIC1-, CLIC4- and 

CLIC5-overexpressing cells, while MFN2 mRNA levels remained relatively unchanged. There was 

a significant reduction in OPA1 in CLIC4 and CLIC5-overexpressing HPAECs, while no change was 

observed in CLIC1-overexpressing cells (Figure 3.14). The gene expression level of mitochondrial 
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fission protein DRP1 was significantly reduced in all treatment groups. mRNA levels of FIS1 were 

relatively unaffected by CLIC1, CLIC4 and CLIC5 (Figure 3.15). 

 

Figure 3.14: mRNA expression level of fusion proteins in HPAECs overexpressing CLIC1, CLIC4 and CLIC5. 

(A) MFN1 mRNA, (B) MFN2 mRNA and (C) OPA1 mRNA levels in cells treated with AdCTRL, AdCLIC1, 

AdCLIC4 and AdCLIC5, 24 hours post-infection. One-way ANOVA was used with Dunnett’s post-hoc test. 

*P < 0.05, **P <0.01 ***P<0.0001, comparison with AdCRTL. Data are presented as mean ± SEM. n=3 

experiments with 3 technical repeats. 

 

 

Figure 3.15: mRNA expression level of fission proteins in HPAECs overexpressing CLIC1, CLIC4 and CLIC5. 

(A) DRP1 mRNA, (B) FIS1 mRNA and (C) MFF mRNA in cells treated with AdCTRL, AdCLIC1, AdCLIC4 and 

AdCLIC5, 24 hours post-infection. One-way ANOVA was used with Dunnett’s post hoc test. *P < 0.05, **P 

<0.01 ***P<0.0001, in comparison with AdCRTL. Data are presented as mean ± SEM. n=3 experiments 

with 3 technical repeats. 
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3.4.4 Mitochondrial fraction purity analysis 

Because the analysis of CLIC-induced changes in the expression levels of mitochondrial fission 

and fusion proteins in total cell lysates did not provide conclusive results, the next set of  

experiments looked at the expression of these proteins in purified mitochondrial fractions. 

Mitochondrial enrichment was assessed by comparing changes in the expression of 

mitochondrial marker proteins SDH and VDAC in mitochondrial fractions and total cell lysates 

following cell fractionation. The analysis showed ~6-fold enrichment in mitochondrial content 

compared with the whole cell extract (Figure 3.16).  

 

Figure 3.16: Mitochondrial fraction quality analysis. Graphs (A) and (B) show SDH and VDAC expression, 

respectively (band optical density, AU). Bars are means +/- SEM. N=3, *P < 0.05 **P <0.01, comparison 

with whole cell lysates using the Student t-test.  (C, D) Corresponding representative western blots. 
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3.4.4.1 Localization of CLIC1 and CLIC4 to mitochondria in HPAECs 

The localisation of CLIC proteins to mitochondria was verified using western blotting, showing an 

increase in HA-CLIC1, HA-CLIC4 and Myc-CLIC5 in mitochondrial fractions of HPAECs infected with 

recombinant adenoviruses (Figure 3.17). 

 

 

Figure 3.17: Localization of recombinant CLIC proteins to mitochondria. Representative western blots 

show the expression of VDAC1 and recombinant HA-CLIC1, HA-CLIC4 and Myc-CLIC5 in mitochondrial 

fractions. VDAC1 was used as a loading control. 

 

Transmission electron microscopy (TEM) was also utilized to determine the localization of 

immunogold-labelled CLIC1 and CLIC4 within the mitochondrial structure. TEM images revealed 

the presence of CLIC1 and CLIC4 in the outer and inner mitochondrial membrane and in the 

mitochondrial cristae, with CLIC1 more frequently seen in the inner membrane and cristae, 

compared with CLIC4 (Figure 3.18).    
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Figure 3.18: CLIC1 and CLIC4 localization in mitochondria. Represetative TEM images of immunogold-

labelled CLIC1 and CLIC4 in mitochondria 24 hours post-infection with respective adenoviruses. White 

arrowheads point to CLIC localization in mitochondrial cristae, while black arrowheads point to CLIC 

localization in mitochondrial outer and inner membranes; m indicates mitochondria. Scale bar=200 nm. 
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3.4.4.2 Western blotting analysis of fission and fusion proteins in mitochondrial fractions 

In the next set of experiments, I examined changes in the expression of key regulators of 

mitochondrial dynamics, fusion proteins (MFN1, MFN2, and OPA1) and fission proteins (DRP1, 

FIS1, and MFF) in mitochondria-enriched fractions from HPAECs, 24 hours after adenoviral 

infection with AdCtrl, AdCLIC1, AdCLIC4 and AdCLIC5. 

CLIC1, CLIC4 and CLIC5-overexpressing cells showed reduced expression of fusion proteins MFN1, 

MFN2, and OPA1 in mitochondria, with CLIC1 and CLIC4 displaying the most prominent effect 

(Figure 3.19).  

The expression of fission regulator DRP1 was reduced in mitochondrial fractions from HPAECs 

that overexpressed CLIC1, CLIC4, and CLIC5. The phosphorylation of DRP1 on Ser637 (inhibitory 

effect) was significantly increased in mitochondria from CLIC1- and CLIC4- overexpressing 

HPAECs. The levels of pDRP1-S616 (representing the activating effect) were significantly reduced 

by CLIC1 and increased by CLIC4 in HPAECs. The levels of phosphorylated DRP1 were normalized 

to the total of DRP1 expression. The mitochondria from CLIC5-overexpressing HPAECs showed 

an increased level of FIS1 expression compared with the control group, while CLIC1 and CLIC4 

showed no significant effect. MFF expression levels were significantly decreased in mitochondrial 

fractions from HPAECs that overexpressed CLIC4 and CLIC5, while CLIC1, CLIC4, and CLIC5 

increased the phosphorylation of MFF on Ser146, which was normalized to the total expression 

level of MFF (Figures 3.20, 3.21).  
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Figure 3.19:  Expression of mitochondrial fusion proteins in mitochondrial fractions from HPAECs. (A) 

MFN1, (B) MFN2, (C) OPA1 expression in mitochondrial fractions from HPAECs treated with AdCTRL, 

AdCLIC1, AdCLIC4 and AdCLIC5 as indicated using western blotting. The expression of fusion proteins was 

normalised to mitochondrial loading protein VDAC1 (see Figure 3.17).  *P < 0.05, ***P<0.0001, 

comparison with AdCRTL; One-way ANOVA was used with Dunnett’s post hoc test. Data are presented as 

mean ± SEM, N=4. Representative examples of western blots are shown underneath the graphs. 
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Figure 3.20: Expression and phosphorylation of mitochondrial fission proteins in HPAECs. (A) DRP1 (B) 

pDRP1-S637, (C) pDRP1-S616 were normalized to DRP1 total expression level. (D) FIS1 expression in 

mitochondrial fraction from HPAECs treated with AdCTRL, AdCLIC1, AdCLIC4 and AdCLIC5 as indicated.  

Expression of fission proteins was normalised to VDAC1 expression (see Figure 3.17).  Representative 

western blots are shown under each graph. *P < 0.05, **P <0.01 ***P<0.0001, comparison with AdCRTL; 

One-way ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± SEM; N=4. 
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Figure 3.21: Expression and phosphorylation of MFF fission protein in HPAECs. (A) MFF and (B) pMFF-

S146 expression in mitochondrial fraction from HPAECs treated with AdCTRL, AdCLIC1, AdCLIC4 and 

AdCLIC5 as indicated. The expression of phosphorylated MFF-S146 was normalised to total MFF 

expression, and the expression of fission proteins was normalised to mitochondrial loading protein VDAC1 

(see Figure 3.17). Representative western blots are shown under each graph. *P < 0.05, **P <0.01 

***P<0.0001, comparison with AdCRTL using one-way ANOVA with Dunnett’s post hoc test. Data are 

presented as mean ± SEM; N=4.  

 

3.4.4.3 Analysis of protein expression of mitophagy regulators in mitochondrial fraction in 

HPAECs 

The effect of CLIC proteins on mitophagy was assessed by examining the expression of Parkin and 

LC3B, the two key markers of this process in mitochondria‐enriched fractions from HPAECs. Parkin 

is a cytosolic, 52‐kDa E3 ubiquitin ligase responsible for targeting specific substrates for 

proteasomal degradation. In this study, Parkin was detected as multiple bands with molecular 

weight 50‐55 kDa, which may represent different isoforms produced as a result of alternative 

splicing (Scuderi et al., 2014). Data show that CLIC1 and CLIC4 increased the expression of LC3B 

and Parkin expression in HPAECs, while CLIC5 had no effect (Figure 3.22). 
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Figure 3.22: Effect of CLIC1 and CLIC4 on expression of mitophagy markers. (A) LC3B and (B) Parkin 

protein expression in CLIC1 and CLIC4 overexpressing cells. Expression of proteins was normalized to 

VDAC1 (C) Representative western blots corresponding to (A) LC3B and (B) Parkin with multiple bands of 

molecular weight from ~55-50 KDa. *P < 0.05, **P <0.01 in comparison with AdCRTL; One-way ANOVA 

was used with Dunnett’s post hoc test. Data are presented as mean ± SEM. N=3. 

 

3.4.5 Analysis of pyruvate dehydrogenase protein and kinase expression in HPAECs 

I studied the effect of CLIC proteins on pyruvate dehydrogenase (PDH) and pyruvate 

dehydrogenase kinase 1 and 2 (PDK1 and PDK2), which are key enzymes that regulate cell 

metabolism. These kinases, phosphorylate and inactivate pyruvate dehydrogenase, thus 

contributing to the inhibition of mitochondrial respiration seen in PAH (Humbert et al., 2014; 
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Park et al., 2018). Quantification of pyruvate dehydrogenase expression levels and their activity 

was done by western blotting in control and CLIC-overexpressing HPAECs. 

The analysis revealed a significant reduction in PDH protein levels in CLIC1- and CLIC4-

overexpressing cells, while CLIC5 did not have a significant effect. CLIC1 and CLIC4 significantly 

increased PDK1 and PDK2 expression, while CLIC5 had no effect when compared with the 

controls (Figure 3.23). 

 

 

Figure 3.23: Effect of CLIC overexpression on pyruvate dehydrogenase protein and kinase expression. 

(A) PDH expression; (B) PDK1 and (C) PDK2 expression in whole cell lysates from HPAECs treated with 

AdCTRL, AdCLIC1, AdCLIC4, and AdCLIC5 as indicated, 24 hours post-infection. Expression values were 

normalised to β-actin. (D) Representative western blots correspond to (A-C).*P < 0.05, **P <0.01, 

***P<0.001 comparison with AdCRTL; One-way ANOVA was used with Dunnett’s post hoc test. Data are 

presented as mean ± SEM of 3 experiments with 3 technical repeats. 
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3.4.6 Effect of CLIC overexpression on cristae architecture in HPAECs 

3.4.6.1 Quantification of mitochondrial cristae in CLIC- overexpressing HPAECs  

TEM micrographs revealed significant changes in mitochondrial structure induced by CLIC1 and 

CLIC4. HPAECs overexpressing CLIC1 and CLIC4 showed fragmented mitochondria, with a 

significant reduction (~2-fold decrease, P<0.0001) in the number of mitochondrial cristae 

compared with controls (Figures 3.24 and 3.25). The effects of CLIC5 were not studied, as they 

are not related to the pathology of PAH. 

 

Figure 3.24: The effect of CLIC1 and CLIC4 on cristae architecture in HPAECs. (A) Reduction in cristae 

number per 1000 nm of mitochondrial outer membrane in CLIC1 and CLIC4 overexpressing cells. (B) 

Example of cristae quantification using Image J software. In (B) the mitochondrial perimeter is marked in 

red and cristae are in green. ***P<0.0001, comparison with AdCRTL; One-way ANOVA was used with 

Dunnett’s post hoc test. Data are presented as mean ± SEM. In (B) Bar=50 nm. N=40-60 mitochondria per 

treatment.  
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Figure 3.25: Ultrastructural changes in mitochondrial cristae in HPAECs. Representative TEM images of 

control HPAECs and CLIC-overexpressing HPAECs. CLIC1 and CLIC4 induced changes in cristae structure. 

Arrows point to mitochondria (m), single crista or adenoviral particles (Ad). N-nucleus. The bar size is 

indicated at the bottom of each image (A, D, G=5µm; B,E=1 µm; H=2 µm; C,F,I=500µm). 

 

3.4.7 Analysis of expression level of mitochondrial proteins 

As well as the fission and fusion proteins (described in Section 3.5.3), I studied the expression 

levels of other key regulators of mitochondrial structure and function. Table 3.1 shows details of 

the localisation and function of the proteins studied. A significant decrease in HSP60 protein 

levels was observed in cells that overexpressed CLIC1 and CLIC5, compared with control cells. No 
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significant changes in protein levels of COX IV, cytochrome c, PHB1 or VDAC were found in the 

experimental groups studied (Figures 3.26 and 3.27). 

 

Figure 3.26: Expression of key protein regulators of mitochondrial structure and function. (A-D) Graphs 

showing mitochondrial protein expression levels of COX IV, cytochrome c, SDH, and VDAC, in CLIC1, CLIC4 

and CLIC5 overexpressing cells. Representative western blots are shown below each graph. One-way 

ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± SEM. N=3 (3 separate 

experiments were performed with 3 technical repeats). 
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Figure 3.27: Expression of key protein regulators of mitochondrial structure and function. (E) Protein 

expression of HSP60, (F) PHB1 and (G) Representative western blots showing the expression of β-actin 

(loading control) and exogenous CLIC1, CLIC4 and CLIC5.  *P < 0.05, **P <0.01, ***P<0.0001 compared 

with AdCTRL; One-way ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± SEM. 

N=3 (3 separate experiments were performed with 3 technical repeats). 

 

3.4.8 Role of actin and microtubule cytoskeleton in CLIC-induced effects 

CLIC proteins are associated with numerous cytoskeletal proteins, therefore the organization of 

microtubules (MTs) and actin filaments may affect mitochondrial biogenesis. Microscopic 

examination revealed that the organization of microtubules in cells that overexpressed CLIC4 and 

CLIC1 was not very different from the control group. In contrast, CLIC5sh (short isoform)-
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overexpressing cells were elongated and showed bundles of aligned microtubules extending to 

the cell periphery (Figure 3.28). The overexpression of CLIC5L, the less common long isoform of 

CLIC5, affected cell morphology in a similar way to CLIC5sh (Figure 3.29). 

Microtubule content was evaluated by measuring the fluorescence intensity of FITC-

immunolabelled microtubules in HPAECs. The organization of the microtubule network 

determines cell polarity and direction of the intracellular transport of organelles, including 

mitochondria (Meiring et al., 2020). Here, changes in cell shape and polarity were determined by 

measuring the cell spreading area and circularity (the ratio between the long axis and the short 

axis of the cell) with Image J, using confocal images of HPAECs.  

CLIC1 and CLIC4 induced a significant increase in the microtubule content of HPAECs, while cell 

spreading area and circularity remained unchanged. In contrast, CLIC5 induced cell elongation 

(significantly reduced circularity), but did not affect microtubule content (Figure 3.30). 

An increase in microtubule content can result from either increased polymerization or increased 

microtubule stabilization. Microtubule stabilisation is accompanied by the increased acetylation 

of tubulin (Maruta et al., 1986; Piperno, LeDizet, & Chang, 1987). While it is not clear whether 

the effect is causative or correlative (Eshun-Wilson et al., 2019), acetylated tubulin is often used 

as a marker of microtubule stability.    

In this study, expression levels of tubulin and acetylated tubulin were measured by 

immunoblotting. Data show that protein expression of tubulin remained unchanged in cells that 

overexpressed CLIC1, CLIC4 and CLIC5, while tubulin acetylation was only reduced in CLIC5-

overexpressing cells (Figure 3.31).   
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Figure 3.28: Magnified images of microtubule cytoskeleton in CLIC-overexpressing HPAECs. Cells were 

infected with AdCTRL, AdCLIC1, ADCLIC4 or AdCLIC5, as indicated. Images were taken 24 hours post-

infection using a Zeiss LSM 780 confocal microscope with 40x objective. Scale bar =40µm.  

 

 

Figure 3.29: The effect of CLIC protein overexpression on the organization of microtubules in HPAECs. 

HPAECs were infected with AdCTRL, AdCLIC1, ADCLIC4 or AdCLIC5, as indicated. Overexpression of 

exogenous CLIC1 and CLIC4 was identified by fluorescent immunostaining of HA-tag, while overexpression 

of CLIC5 was identified by immunostaining of Myc-tag.  Images were taken 24 hours post-infection using 

a Zeiss LSM 780 confocal microscope with 20x objective. Scale bar =10µm.  
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Figure 3.30: Effect of CLIC proteins on microtubule content, cell spreading area and cell polarity. (A) 

Microtubule polarization in HPAECs treated, as indicated. Polymerised tubulin content per cell was 

quantified by measuring the intensity of fluorescence of FITC-labelled microtubules in each cell. (B) Cell 

spreading area (in pixels), (C) cell circularity. All parameters were quantified from confocal microscopy 

images using Image J. Data are means (+ SEM).*P < 0.05, **P <0.01, ***P<0.0001 comparison with 

AdCTRL. One-way ANOVA was used with Dunnett’s post hoc test. n=3, ~80 cells/treatment.  
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Figure 3.31: The effect of CLIC-overexpression on tubulin and tubulin acetylation levels in HPAECs. (A) 

Tubulin expression, (B) Acetylated tubulin expression in CLIC1-, CLIC4-, and CLIC5-overexpressing HPAECs 

24h post-infection. Corresponding representative western blots are shown below each graph. (C)  

Western blots showing the expression of β-actin (loading control), HA-tagged and myc-tagged proteins in 

the analysed samples. In (A, B) Data are means (+ SEM).*P < 0.05 comparison with AdCTRL. One-way 

ANOVA was used with Dunnett’s post hoc test. N=3. 

 

3.4.9 Effect of microtubule polymerization on CLIC-induced changes in mitochondrial 

fragmentation 

The results shown in section 3.7 suggest that CLIC1 and CLIC4 may affect mitochondrial 

biogenesis by increasing the polymerization of microtubules. To verify this, control HPAECs and 

HPAECs that overexpressed CLIC1 and CLIC4 were treated with microtubule-stabilising agent 

(taxol) and microtubule de-polymerizing agent (nocodazole). As expected, taxol increased 

microtubule content, while nocodazole completely depolymerised the microtubules in all 

experimental groups, irrespective of changes in CLIC protein expression (Figure 3.32). 
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Figure 3.32: The effect of nocodazole and taxol on microtubules in CLIC-overexpressing HPAECs. Control 

(AdCTRL), CLIC1- and CLIC4-overexpressing cells were treated with nocodazole (20 µM, 10 mins) or taxol 

(10 µM taxol, 30 mins), fixed and immunostained for tubulin. Images were acquired using a Zeiss LSM 780 

confocal microscope with 20x objective. Scale bar= 10µm.  
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The effect of nocodazole and taxol on mitochondrial fragmentation was examined using the 

quantification method described in section 4.4.1.1. The results showed that both the 

polymerization and the depolymerisation of microtubules had a destabilising effect on the 

mitochondrial network, irrespective of changes in CLIC1 or CLIC4 expression levels. While 

dynamic interactions between CLIC proteins and microtubules may still affect mitochondrial 

distribution in cells to some degree, it is unlikely that the level of tubulin polymerization plays a 

significant role in CLIC1- and CLIC4-induced mitochondrial fragmentation (Figure 3.33). 

 

Figure 3.33: The effect of microtubule disruption and stabilization on mitochondrial network of CLIC-

overexpressing HPAECs. (A) Mitochondrial fragmentation count (MFC; in pixels) and (B) Representative 

images of mitochondrial network in CLIC1 and CLIC4 overexpressing HPAECs treated with 20 µM 

nocodazole or 10 µM taxol. In (A) Data are means (+ SEM). *P < 0.05, **P <0.01, ***P<0.0001 comparison 

with untreated AdCTRL. One-way ANOVA was used with Dunnett’s post hoc test. N=3, 25 

mitochondria/treatment. Confocal images were taken using a Zeiss LSM 780 confocal microscope with 

20x objective. Scale bar= 10µm.   
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3.4.9.1 Alignment of mitochondria with microtubule network 

Mitochondrial-cytoskeletal interactions play a well-established role in mitochondrial motility. 

Mitochondria show close association with microtubules throughout the entire cell cycle, apart 

from mitosis (Moore & Holzbaur, 2018). The movement of mitochondria along microtubules in 

control and CLIC-overexpressing HPAECs was evaluated in a preliminary study using time-lapse 

recording of live cells overexpressing FITC-labelled tubulin (green) and fluorescent protein (RFP)-

labelled mitochondria under a confocal microscope (red). The aim of this experiment was to 

identify any potential dysregulation of the function of the molecular motor proteins that guide 

mitochondria along microtubule networks. 

Mitochondrial dynamics in live cells were monitored for 5 minutes under the confocal 

microscope. The preliminary analysis of time-lapse recordings revealed that within this time both 

individual mitochondria and mitochondrial networks showed good alignment with the 

microtubule filaments in all experimental groups (Figure 3.34).  While a more detailed analysis 

over a longer period of time would be required to detect any subtle differences in mitochondrial 

motility and alignment between the treatment groups, it seems unlikely that mitochondrial-

microtubule interactions could be responsible for significant changes in mitochondrial 

morphology or the fragmentation observed in CLIC-overexpressing cells. 
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Figure 3.34: Alignment of mitochondrial network with microtubules in CLIC-overexpressing HPAECs. 

Representative images acquired from time-lapse recordings of live HPAECs overexpressing FITC-labelled 

tubulin (green) and RFP-labelled mitochondria (red) (Cell Light lentiviral overexpression). Scale bar=5μm.  

 

3.4.10 Effect of CLIC-overexpression on the organization of actin cytoskeleton in 

HPAECs 

Filamentous (F)-actin is thought to play a role in the pre-constriction of mitochondria, prior to 

the DRP-1-mediated fission (Moore & Holzbaur, 2018). To evaluate the potential effect of CLIC 

proteins on F-actin polymerization, TRITC-phalloidin affinity binding to F-actin was quantified by 

measuring the intensity of fluorescence using confocal microscopy images. The results showed 

no significant changes in F-actin content in any of the experimental groups. The cellular 

organization of F-actin is shown in Figure 3.35.  
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Figure 3.35: The effect of CLIC-overexpression on actin polymerization in HPAECs. F-actin levels were 

evaluated by measuring the intensity of fluorescence of TRITC-phalloidin-labelled actin in HPAECs treated, 

as shown in (A). One-way ANOVA was used with Dunnett’s post hoc test. Data are presented as mean ± 

SEM based on 3 experiments with 3 technical repeats, and the total of analysed cells was ~100/treatment. 

(B) Shows the representative confocal images of F-actin in CLIC-overexpressing HPAECs. Scale=10 µm. 
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3.5 Summary  

The key findings presented in this chapter show that: 

• Pathological levels of CLIC1 and CLIC4 expression increase mitochondrial fragmentation in 

HPAECs. 

• CLIC1 and CLIC4 localise to outer and inner mitochondrial membrane and mitochondrial 

cristae. 

• CLIC1 and CLIC4 significantly reduce the expression of mitochondrial fusion proteins, 

MFN1, MFN2 and OPA1, and dysregulate the expression and phosphorylation of fission 

proteins, FIS1, DRP1 and MFF. 

• CLIC1 and CLIC4 do not affect the mRNA expression of mitochondrial fusion proteins, 

suggesting that regulation may occur at protein translation or stability levels. 

• CLIC1 and CLIC4 reduce pyruvate dehydrogenase expression and increase its kinases in 

HPAECs.  

• CLIC1 and CLIC4 greatly increase the expression of mitophagy markers, LC3B and Parkin. 

• CLIC1 and CLIC4 reduce the number of mitochondrial cristae. 

• CLIC1 significantly reduces levels of HSP60 protein expression in HPAECs. 

• CLIC1 and CLIC4 significantly increase microtubule polymerization, but have no effect on F-

actin polymerization in HPAECs. The increase in microtubule polymerization by CLIC1 and 

CLIC4 is unlikely to be directly associated with their effects on mitochondria. 
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Figure 3.36: Summary of key results in chapter 3. Details of key findings are presented in the table below 

(Table 3.2). Illustration created by the author using BioRender.com.  
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Table 3.2: Summary of key findings of the effect of CLIC overexpression proteins on mitochondrial 

dynamics in HPAECs. Red arrows pointed upwards indicate upregulation, black arrows pointed 

downwards indicate downregulation. Dash shows no effect, ND (not determined) means the effect was 

not tested.  

Investigation CLIC1 CLIC4 CLIC5 

Mitochondrial fragmentation 
   

 

MFN1 expression  

   

MFN2 expression 

    

 

OPA1 expression 

 

   

 

DRP1 expression 

   

pDRP1-S616 expression 

(Activating 

phosphorylation) 

   

pDRP1-S367 expression 

(Inactivating 

phosphorylation) 

   

FIS1 expression 

   

MFF expression 

   

pMFF-Ser146 expression 

(Activating 

phosphorylation) 

   

Fission proteins 

Fusion proteins 
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COX IV expression 
   

Cytochrome c 
   

SDH 
   

VDAC 
   

HSP60 
   

PHB1 
   

PDH expression 
    

PDK1 expression 
   

PDK2 expression 
   

 
LC3B expression 

  
ND 

Parkin expression 
  

ND 

Number of cristae 
  

ND 

Microtubule polymerization 
   

Microtubule coverage area 
   

Cell polarity 
   

Tubulin expression 
   

Tubulin acetylation  
   

Actin polymerization 
  

ND 

 

 

 

Mitochondrial proteins 

Mitophagy 

proteins 
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3.6 Discussion 

The key findings presented here show that overexpression of CLIC1, CLIC4 and CLIC5 alters the 

structure of mitochondria and affects mitochondrial dynamics and function. The increased 

expression of CLIC proteins is a feature of proliferative disorders characterised by abnormal 

angiogenesis, increased cell proliferation, oxidative stress and inflammation, such as cancer, PAH 

and atherosclerosis (Averaimo et al., 2010; Xu et al., 2016).  

Changes in mitochondrial structure and distribution are determined by the energy requirements 

of the cell. Mitochondrial elongation, for example, can be linked with the high ATP supply 

required to sustain cell duplication (Mitra et al.2009; Schieke, McCoy Jr, & Finkel, 2008), while 

mitochondrial fission is required to ensure the equal distribution of mitochondria in daughter 

cells as well as the mitochondrial quality control mechanism (Mitra et al., 2009; Taguchi et al., 

2007). Changes in mitochondrial morphology have also been linked to other important cellular 

functions, such as Ca2+ and ROS signalling (McCarron et al., 2013). 

Mitochondria in endothelial and vascular smooth muscle cells in the remodelled vasculature in 

PAH show functional abnormalities, including mitochondrial fragmentation, increases in 

mitochondrial ROS generation and imbalances in the redox-related enzymes (Marshall et al., 

2018). We observed that CLIC1 and CLIC4 induced mitochondrial fission, which is consistent with 

the postulated role of CLIC1 and CLIC4 in PAH pathogenesis. 

Short and long splicing variants of CLIC5 reduced the mitochondrial area but had a lesser effect 

on mitochondrial fragmentation, which appears to support mitochondrial fusion and the 

formation of mitochondrial networks in HPAECs.  

An imbalance in the expression of fusion and fission regulators is the most likely cause of CLIC-

induced mitochondrial fragmentation that was observed. Immunogold staining showed the 
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localization of CLIC1 and CLIC4 to the outer and inner mitochondrial membranes as well as the 

mitochondrial cristae. This is consistent with the findings of Fernandez-Salas et al (1999), who 

identified CLIC proteins in the inner mitochondrial keratinocyte mitochondria of mice. In 2016, 

Ponnalagu et al showed that CLIC4 is enriched in the outer mitochondrial membrane of adult 

cardiomyocytes (Ponnalagu et al., 2016). The specific localization of CLIC1 within the 

mitochondrial structure has not been seen before, though fluorescent  immunostaining and 

western blotting analyses suggested that CLIC1 may be present in mitochondria in osteoblastic 

cells (Yang et al., 2009).  

Fusion and fission proteins, like CLIC proteins, are found in the outer mitochondrial membrane, 

but specific interactions between these proteins have not been investigated. GTPases MFN1, 

MFN2 and OPA1 play a fundamental role in the regulation of mitochondrial fusion, while Drp1, 

MFF and FIS1 control mitochondrial fission (Marsboom et al., 2012). The inhibition of MFN2 

function has been implicated in PAH pathogenesis (Dasgupta et al., 2011), along with the 

activation of DRP1 via increased expression and/or phosphorylation on Serine 616 (pDRP1-

Ser616) (Marsboom et al., 2012).  

In this study, the most consistent feature observed for CLIC1 and CLIC4 was the downregulation 

of fusion proteins, MFN1, MFN2 and OPA1. Changes in the expression and phosphorylation of 

fission proteins indicated an imbalance in the regulation of mitochondrial dynamics. While both 

CLIC1 and CLIC4 decreased the expression of DRP1 and increased its phosphorylation on Ser637 

(inactivating phosphorylation), CLIC4 also increased the Ser616 phosphorylation of DRP1, which 

is an activating phosphorylation. CLIC1 and CLIC4 also increased the activity of MFF, which is 

critical for the recruitment of Drp1 to the OMM (Kotiadis et al., 2014). A decrease in the 

expression of fission regulator DRP1, and an increase in the inhibitory phosphorylation of DRP1 



CHAPTER 3- Effects of CLIC protein expression changes on mitochondrial structure and dynamics in 
HPAECs 

 

150 | P a g e  
 

on Serine 637 is counterintuitive, but it may constitute a compensatory response to the 

significant reduction in the expression of fusion proteins. The fact that these changes were 

significant in mitochondrial fractions but failed to reach statistical significance in total cell lysates 

can be explained by the dilution effect, considering that mitochondrial content in endothelial 

cells is relatively low, compared with other cell types (Tang et al., 2014). A reduction in the 

expression of fusion proteins is likely to result from CLIC-induced effects on translation or protein 

stability rather than transcription, as the mRNA levels of these proteins were relatively 

unaffected. Alterations in the balance between fusion and fission proteins is likely to be the cause 

of mitochondrial fragmentation seen in CLIC1- and CLIC4-overexpressing cells. The precise 

mechanisms involved in these responses will require further investigation. 

Preliminary data show that CLIC proteins did not significantly affect the expression levels of other 

mitochondrial proteins, such as COX IV, cytochrome c, VDAC, SDH, and PHB1. However, a 

significant reduction in the expression of the mitochondrial gate-keeping enzyme pyruvate 

dehydrogenase (PDH), and an increase in the expression of pyruvate dehydrogenase kinase 

(PDK1/2), the enzyme that inactivate PDH, was noted in HPAECs expressing high levels of CLIC1 

and CLIC4. This is consistent with changes seen in PAH, leading to the inhibition of oxidative 

phosphorylation and a metabolic switch towards glycolysis and anti-apoptotic environment 

(Culley & Chan, 2018). PDH inhibition has also been linked to mitochondrial hyperpolarization 

(Sutendra et al., 2011). The decrease in HSP60 levels seen in CLIC1-overexpressing cells might 

affect mitochondrial function, as HSP60 is essential for the folding and assembly of newly 

imported proteins and belongs to the mitochondrial quality control system, which is important 

in mitochondrial responses to stress conditions (Cheng et al., 1990; Haslip et al., 2015; Sarangi et 

al., 2013). 
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The increased expression of autophagy markers such as LC3B and Parkin seen in CLIC1- and CLIC4-

overexpressing cells is consistent with changes seen in the lungs of PH patients (Zhai et al., 2018). 

MFN1 and MFN2 are distributed and then degraded in a PINK1-Parkin dependent pathway 

(Valera-Alberni & Canto, 2018). In some studies, autophagy is shown to be an adaptive response 

in the progression of cell proliferation and PH. However, the relationship between autophagy 

and PH pathogenesis remains incompletely studied (Zhang et al., 2019). 

As well as changes in mitochondrial fusion and fission proteins, mitochondrial fragmentation can 

be mediated by the cell cytoskeleton. We observed that microtubule polymerization was 

increased (although not significantly) in CLIC1- and CLIC4-overexpressing cells, while F-actin 

content remained relatively unaffected. The depolymerization and polymerization of 

microtubules by specific toxins induced further fragmentation of the mitochondrial network 

regardless of changes in CLIC protein expression, suggesting that CLIC-induced changes in fusion 

and fission and microtubule polymerization are not directly linked.  However, this experiment 

does not exclude the potential role of CLIC proteins in the regulation of mitochondrial transport 

and energy distribution within the cell. CLIC1 and CLIC4 interact with microtubule-associated 

proteins such as dynein, dynamin-related protein 1 (DRP1), Arf (Ackema et al., 2014; Pimkina & 

Murphy, 2011) and proteins regulating actin dynamics, such as Arp2, 3 complex (Mathur, 2005). 

The movement of mitochondria along the MT tracks depends on microtubule-associated 

proteins (MAPs), such as dyneins and kinesins (Anesti & Scorrano, 2006), so the association of 

CLIC proteins with these proteins may potentially affect the organization of the mitochondrial 

network. While the alignment of the mitochondrial network and the movement of individual 

mitochondria along microtubules appeared to be unaffected by CLIC1 or CLIC4, further in-depth 

analyses involving a higher number of cells analysed over a longer period would be required to 
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confirm this observation. Experiments described here showed differences in the distribution of 

mitochondria within cells, with the perinuclear localization of mitochondria in CLIC1- and CLIC4-

overexpressing cells and long, extended mitochondrial networks in CLIC5-overexpressing cells. 

The accumulation of mitochondria in the perinuclear region may suggest the enhancement of 

dynein function, which propels mitochondria towards the negative end of microtubules in the 

microtubule organising centre (MTOC), as opposed to kinesin, which moves mitochondria 

towards the positive end of microtubules in the cell periphery. The interaction of CLIC1 and CLIC4 

with dynein (Abdul-Salam et al., 2010; Huang et al., 2014) may facilitate the dynein-mediated 

retrograde movement of mitochondria towards the nuclei. Meanwhile, the perinuclear 

clustering of mitochondria is thought to facilitate the delivery of energy to the nucleus, helping 

to maintain local ATP/ADP and GTP/GDP ratios required for efficient nuclear transport and cell 

proliferation (Dzeja et al., 2002). The potential contribution of this phenomenon to the 

hyperproliferative phenotype of pulmonary endothelial and smooth muscle cells in PAH will 

require further study. 

Interestingly, in CLIC5-overexpressing cells, the MTs and mitochondrial networks both extended 

to the periphery of the cell. CLIC5 is highly expressed in the heart and skeletal muscles, and 

moderate levels can be detected in the kidney, lung, and placenta (Berryman & Bretscher, 2000). 

CLIC5 also interacts with the actin-binding ezrin, radixin and moesin (ERM proteins) (Gururaja 

Rao et al., 2018) that link membrane receptors with the actin cytoskeleton and play a crucial role 

in cell polarization and movement in response to chemotactic stimuli (Berryman & Bretscher, 

2000). Extending mitochondrial networks to the cell periphery are thought to facilitate energy 

transfer to the ATP-demanding leading edge of the cell (Skulachev, 2001). CLIC5 is also believed 
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to have a cardioprotective role (Kühlbrandt, 2015; Ponnalagu et al., 2015), but the mechanisms 

involved are poorly understood.  

The expression of CLIC5 in pulmonary endothelial cells and mitochondria was almost 

undetectable, and its expression in PAH lungs, as opposed to CLIC1 and CLIC4, was unchanged 

(Gururaja Rao et al., 2018). While the expression of CLIC5 has not been implicated in PAH 

pathogenesis, CLIC5 is enriched in the mitochondrial membrane of cardiomyocytes (Ponnalagu 

et al., 2016). In this study, CLIC5 was used as a control in some experiments to identify CLIC1- 

and CLIC4-specific responses and to study the effects of CLIC5, which may be relevant to changes 

seen in other cell types. 

CLIC1 and CLIC4 overexpression significantly reduced the number of cristae in HPAEC 

mitochondria. Previous studies have shown that cristae morphology controls mitochondrial 

respiration and   defective organization affects the electron transport chain in the cristae and 

impairs mitochondrial dynamics and respiration (Norton et al., 2014). This may result in the 

reduction in MFN2, remodelling the cristae through C-cleavage or the cleavage of OPA1, which 

is a MFN2-dependent pathway (Sood et al., 2014). 

 

 

 

 

 

 

 

 



 

 

154 | P a g e  
 

 

 

 

 

 

 

 

 

 

CHAPTER 4 RESULTS: 

The effect of CLIC proteins on mitochondrial 
function 

 

 

 

 

 

 

 

 

 



 

 

155 | P a g e  
 

CHAPTER 4 RESULTS: The effect of CLIC proteins on mitochondrial function  

This chapter focuses on the effects of activation and inhibition of CLIC protein expression on 

mitochondrial membrane potential (ΔΨm), mitochondrial reactive oxygen species (mtROS), 

mitochondrial respiration and glycolysis.  

4.1 Introduction 

Mitochondria are the major sources of energy, providing adenosine triphosphate (ATP) through 

oxidative phosphorylation, a process that involves the dynamic transfer of positively charged 

protons via the mitochondrial inner membrane, resulting in a voltage gradient across that 

membrane, with the inside negative and the outside positive. The gradient is known as the 

mitochondrial membrane potential (ΔΨm).  

Mitochondria oxidize carbohydrates, fatty acids and amino acids, producing energy and 

generating reactive oxygen species (ROS) (Crowley et al., 2016). It is thought that mitochondria 

generate almost 90% of the total number of cellular reactive oxygen species (Balaban & 

Mitoehondria, 2005). 

Mitochondria are thought to play a crucial role in PH pathogenesis through the regulation of 

calcium homeostasis, mitochondrial ROS generation, the release of pro-apoptotic factors and the 

alteration of cellular metabolism (Dromparis & Michelakis, 2013; Schermuly et al., 2011). 

Glycolysis converts glucose into pyruvate, which is then transported to mitochondria, where it 

participates in glucose oxidation as a substrate for pyruvate dehydrogenase. The shift in 

metabolism from oxidative phosphorylation towards glycolysis, which is followed by the 

fermentation of lactic acid instead of pyruvate oxidation in the mitochondria, is referred to as 

the Warburg Effect, or aerobic glycolysis. The Warburg effect can occur when pyruvate 

dehydrogenase (PDH) is inhibited through phosphorylation induced by pyruvate dehydrogenase 



CHAPTER 4 - The effect of CLIC proteins on mitochondrial function 

156 | P a g e  
 

kinase (PDK) (Figure 4.1). Such a metabolic shift was identified in pulmonary arteries and the 

right ventricle (RV) of pulmonary hypertensive patients (Archer et al, 2013; Sutendra & 

Michelakis, 2014). The advantage of this metabolic shift, which was first defined in cancer cells, 

is the generation of ATP to meet cellular energy requirements and to promote cell growth and 

survival in conditions of limited oxygen supply or compromised mitochondrial function (Leopold 

& Maron, 2016; Warburg et al, 1927). 

 

Figure 4.1: Illustration of energy metabolism in PAH. Glycolysis occurs when glucose is taken up by the 

glucose transporters (GLUT-1&4), becomes phosphorylated by hexokinase (HK), and goes through a chain 

of reactions to generate pyruvate, which is a substrate for pyruvate dehydrogenase (PDH) in mitochondria 

to support glucose oxidation. Free fatty acids (FFA) are taken up by fatty acid transport proteins 1 (FATP-

1) and 6 (FATP-6), and converted to acyl carnitines that are shuttled across the mitochondrial membrane 

by carnitine palmitoyltransferase-1 (CPT1) and converted to acyl CoA by carnitine palmitoyltransferase-2 

(CPT2). Acyl CoA is transformed to acetyl CoA during β-oxidation. In PAH, aerobic glycolysis increases due 

to normoxic upregulation of HIF-1α, which upregulates pyruvate dehydrogenase kinase (PDK) to inhibit 

pyruvate dehydrogenase, and encourages the epigenetic regulation of the superoxide dismutase 2 (SOD2) 

gene. Abbreviations: PFK, phosphofructokinase; PK, pyruvate kinase; LDH, lactate dehydrogenase; ROS. 

Adapted from Leopold & Maron, 2016.  
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4.2 Experimental aims 

The studies described in this chapter are aimed at: 

1. Optimizing conditions for adenoviral gene silencing of CLIC proteins in HPAECs. 

2. Determining the effect of CLIC silencing on mitochondrial fragmentation. 

3. Verifying the effects of CLIC proteins on mitochondrial membrane potential in human 

pulmonary artery endothelial cells (HPAECs). 

4. Studying the effect of CLIC proteins on mitochondrial ROS production in HPAECs. 

5. Investigating the effect of CLIC proteins on energy metabolism in HPAECs. 
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4.3 Experimental design 

A detailed description of specific methods and protocols used in this chapter is provided in 

Chapter 2, Materials and Methods, and an overview of the experimental outline is presented in 

Figure 4.2.  

 

Figure 4.2: Experimental outline for chapter 4. CLIC expression was manipulated by the adenoviral 

overexpression or shRNA-mediated silencing of CLIC proteins. Changes in mitochondrial membrane 

potential, mitochondrial fragmentation, mitochondrial ROS generation, glycolysis, and mitochondrial 

respiration in HPAECs were studied by fluorescent imaging, FACS, and Seahorse bioenergetics assay. 
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4.3.1 Manipulation of CLIC gene expression in HPAECs   

The overexpression of CLIC1 and CLIC4 was induced by adenoviral gene transfer with AdCLIC1 

and AdCLIC4, as previously described (see Chapter 2- Section 2.2). The effects of CLIC1 and CLIC4 

overexpression were studied in greater detail because they are implicated in the disease 

pathogenesis. In order to learn more about the role of these proteins in the regulation of 

mitochondrial function under basal conditions, the expression of CLIC1 and CLIC4 were inhibited 

by the overexpression of specific small hairpin RNAs (shRNAs), co-expressed with green 

fluorescent protein (GFP) by adenoviral gene transfer. Adenoviruses overexpressing GFP 

(AdCTRL; AdGFP) or scrambled (non-targeting) shRNA co-expressed with GFP (AdshCTRL) served 

as adenoviral infection controls. HPAECs grown in 6-well plates were infected with AdshCTRL, 

AdCLIC1-shRNA or AdCLIC4-shRNA at different dilutions to establish an optimal MOI. Changes in 

CLIC expression were evaluated by western blotting 24 hours post-infection with AdCLIC1 and 

AdCLIC4, while CLIC silencing was evaluated 48 hours post-infection.  

4.3.2 Western blotting  

HPAECs were lysed using modified RIPA buffer supplemented with protease/phosphatase 

inhibitors. The protein concentrations of individual samples were measured using a Pierce™ BCA 

Protein Assay Kit following standard protocols. Samples were resolved using SDS PAGE (10 μg – 

20 μg protein/lane) and analysed by western blotting. The membranes were blocked using BSA 

(5%) for an hour, then probed with primary antibodies, followed by incubation with secondary 

HRP-linked antibodies. Bands were visualized using a Luminata Crescendo Western HRP 

Substrate in ChemiDoc™ Imager. ImageJ software was used to perform a densitometric 

quantification of western blot bands. For further details see Chapter 2- Materials and Methods, 

Section 2.8.1.  
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4.3.3 Measurement of mitochondrial fragmentation 

The effect of CLIC proteins on mitochondrial fragmentation was verified as previously described 

(see Chapter 3, Section 3.4.2). Mitochondria were fluorescently stained and cells were examined 

under a confocal microscope. The mitochondrial fragmentation count (MFC) and the total 

mitochondrial area were determined using NIP2 image analysis software (Martinez & Cupitt, 

2005), with mitochondrial particles having a 500 pixel cut-off size. For further details see Chapter 

2- Materials and Methods, Section 2.4.  

4.3.4 Measurement of mitochondrial membrane potential (ΔΨm) 

In order to measure the mitochondrial membrane potential (ΔΨm), HPAECs cultured on 

Thermanox® Plastic Coverslips (13 mm) were infected with recombinant adenoviruses to induce 

CLIC overexpression or silencing. 24 hours (for AdCLIC) or 48 hours (for AdCLICshRNA) post-

infection, 100 nM Tetramethylrhodamine, methyl Ester (TMRM) was added to the culture 

medium and the cells were incubated for 30 min at 37 ᵒC. The cells were then washed twice with 

PBS and new medium was added to the cells. Live imaging was performed using a Zeiss confocal 

microscope (Zeiss LSM780) and the acquired images were analysed using ImageJ software. For 

further details see Chapter 2- Materials and Methods, Section 2.6.1.  

4.3.5 Measurement of mitochondrial reactive oxygen species (mtROS) 

The term “mitochondrial reactive oxygen species” (mtROS) refers predominantly to superoxide 

anion radical (•O2
−). Mitochondrial •O2

− is released in control cells and cells overexpressing 

AdCLIC1, AdCLIC4, AdCLIC1 shRNA or AdCLIC4. shRNA was detected with MitoSOX. Cells were 

trypsinised and pelleted by centrifugation in 5 mL Falcon round-bottom polystyrene tubes. The 

medium was carefully aspirated and the pellet was re-suspended in 1 mL PBS followed by another 

centrifugation. 1μM MitoSOX Red, a highly selective dye used in the detection of mitochondrial 
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ROS (Kauffman et al., 2016), was added to the cells at 37°C, 5% (v/v) CO2 for 30 minutes, 

protected from light. MitoSOX Red accumulates in mitochondria and becomes fluorescent upon 

oxidation by •O2
−. MtROS production was measured by flow cytometry at an excitation of 510 

nm and an emission of 580 nm using a BD FACS Canto Flow Cytometer, where 10,000 events 

were recorded for each sample with a selected FL2 channel (Figure 4.3). For more details see 

Chapter 2- Materials and Methods, Section 2.6.2. 

 

 

Figure 4.3: Illustration of MitoSOX-based flow cytometry (FC) for detecting mitochondrial reactive 

oxygen species. Measurement of mitochondrial superoxide •O2
− release was detected with MitoSOX. 

Adapted from Kauffman et al., 2016.  
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4.3.6 Cellular bioenergetics assay  

To assess cellular metabolism and mitochondrial function in intact endothelial cells, a Cell Mito 

Stress Test and a Glycolysis Stress Test were carried out using an Agilent Seahorse XFp 

Extracellular Flux Analyzer. This technology enabled the measurement of oxygen consumption 

rate (OCR) and the extracellular acidification rate (ECAR) in response to sequential compound 

injections of respiratory and glycolysis modulators (Figures 4.4 and 4.5).  

In the first series of experiments, the optimal number of HPAECs needed to obtain measurable 

OCR and ECAR was established. A seeding density of 2x104/well was selected to allow for the 

optimal detection of any changes in OCR and ECAR. 

HPAECs were seeded at the density of 2x104/well in Seahorse 96-well plates designed for the 

Seahorse XFp instrument. The following day, the cells were infected with AdCTRL, AdshCTRL, 

AdCLIC or AdCLIC-shRNA and incubated for 24 or 48 hours respectively. Cells were equilibrated 

with Agilent Seahorse XF DMEM Medium pH 7.4 supplemented with 2mM L-Glutamine, 1mM 

pyruvate, and 10 mM glucose for Mito Stress Test. According to the manufacture’s guidelines, 

2mM L-Glutamine was the only supplement used in the Glycolysis Stress Test. The plates were 

then incubated in a CO2-free XF prep station at 37°C for 40 minutes to allow temperature and pH 

calibration. 

The Seahorse XFp Cell Mito Stress Test measures oxygen consumption rate (OCR) in response to 

the serial injection of oligomycin (1.5 µM) at 15 minutes, carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP, 2 µM ) at 34 minutes, and rotenone/antimycin A (Rot/Ant, 0.5 µM) at 

54 minutes, as illustrated in Figure 4.4.  

The Mito Stress Test begins with a basal respiration measurement of the OCR in adherent HPAECs 

prior to the injection of compounds, which reflects the energy demand of the cells under baseline 
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conditions. This is followed by the injection of ATP synthase inhibitor (oligomycin), resulting in a 

decrease in OCR that reflects ATP produced by the mitochondria. The inhibition of ATP 

production rapidly hyperpolarizes the mitochondrial membrane, preventing further proton 

pumping through respiratory complexes, meaning that the respiratory rate decreases. The 

remaining respiration is known as proton leak, and this reflects the flow of protons through lipids 

or other channels. Proton leaks can be a sign of mitochondrial damage, or can be used as a 

mechanism to control mitochondrial ATP generation. The maximal oxygen consumption rate was 

measured following the injection of the uncoupler agent (FCCP). FCCP allows for uninhibited 

movement of protons across the inner mitochondrial membrane, stimulating the electron 

transport chain (ETC) to operate at maximum capacity, which leads to rapid oxidation of 

substrates (sugars, fats, and amino acids) to meet this metabolic challenge. This in turn increases 

the OCR, and through the deduction of basal respiration, spare respiratory capacity is calculated, 

an important parameter that indicates the capability of the cell to respond to energy demand. 

Finally, with the additional injection of two ETC inhibitors (rotenone/antimycin A) (Rot/Ant), 

mitochondrial respiration is completely inhibited and OCR decreases to its lowest rate. At this 

point the oxygen consumption is not due to mitochondrial activity. Instead it indicates non-

mitochondrial respiration (Tan et al., 2015; Traba et al., 2016) (Figure 4.5).  
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Figure 4.4: Illustration of Seahorse XFp Cell Mito Stress Test modulators. Diagram shows the specific 

components targeting electron transport chain (ETC). Oligomycin inhibits ATP synthase by targeting 

complex V, while FCCP is an uncoupler that targets the inner mitochondrial membrane, causing collapse 

of the proton gradient and disruption of the mitochondrial membrane potential. As a result, complex IV 

consumes large amounts of oxygen. Rotenone is a complex I inhibitor, while antimycin A is a complex III 

inhibitor, causing a shutdown of mitochondrial respiration system. Image obtained from the Agilent 

Seahorse Cell Mito Stress Test User Guide (Agilent Technologies, 2019). 

 

Figure 4.5: Seahorse XFp Cell Mito Stress Test profile of the key parameters of mitochondrial 

respiration. OCR is measured in response to sequential injections of respiratory modulators oligomycin, 

FCCP and rotenone/antimycin A. The assay allows the determination of basal respiration, ATP production, 

maximal respiration, spare respiratory capacity, proton leak and non-mitochondrial respiration. 

Abbreviations: OCR, oxygen consumption rate; FCCP, carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone. Image obtained from the Agilent Seahorse Cell Mito Stress Test User Guide (Agilent 

Technologies, 2019). 
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The Seahorse XFp Glycolysis Stress Test measures the extracellular acidification rate (ECAR) 

following the serial injection of glucose (1.5 µM) at 15 minutes, oligomycin (34 µM) at 34 minutes, 

and 2-Deoxy-glucose (2-DG, 65 µM) at 54 minutes, as shown in Figure 4.6.  

The Glycolysis Stress Test starts with a baseline measurement of the ECAR of HPAECs prior to the 

injection of the assay components, which identifies any other sources of extracellular 

acidification that are not attributed to glycolysis. This is referred to as the non-glycolytic 

acidification rate, which likely corresponds to the respiratory CO2 produced in the TCA cycle being 

converted to HCO3- and H+. This is followed by a glucose injection to activate glycolysis, which 

results in an increase in extracellular acidification due to lactate formation, and is referred to as 

the normal rate of glycolysis. The cells are then challenged by the injection of oligomycin, which 

inhibits ATP production. As a result of this dramatic decrease in ATP production, cells activate 

glycolysis to its maximum level, which leads to a secondary increase in the ECAR level (called the 

glycolytic reserve). Glycolysis is then totally inhibited following the injection of the glucose 

analogue (2-DG), which brings the ECAR back down to its non-glycolytic level (Figure 4.7) (Tan et 

al., 2015; Traba et al., 2016).  

After the run, (OCR/ECAR) data were exported from the Wave controller software 2.6 to 

Microsoft Excel format and the Mito Stress Test and/or the Glycolysis Stress Test parameters 

were then automatically calculated using the Seahorse XF Report Generators as described in 

Chapter 2- Materials and Methods, Section 2.6.3.  
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Figure 4.6: Illustration of Seahorse XFp Glycolysis Stress Test modulators. Diagram shows the sites of 

action of the assay components. Cells convert glucose to pyruvate through the glycolytic pathway 

producing ATP, NADH, H2O, and protons. Oligomycin inhibits mitochondrial ATP synthesis causing a shift 

in energy production to glycolysis. 2-DG is a glycolysis inhibitor that competitively inhibits hexokinase, 

leading to decreased ATP production. Illustration created by the author using Biorender.  

 

Figure 4.7: Seahorse XFp Glycolysis Stress Test profile showing the key parameters of glycolytic 

function. ECAR is measured during serial injections of glycolysis modulators: glucose, oligomycin and 2-

DG, thus allowing the calculation of glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic 

acidification. Abbreviations: ECAR, extracellular acidification rate; 2-DG, 2-deoxy-glucose. Image obtained 

from the Agilent Seahorse Glycolysis Stress Test User Guide (Agilent Technologies, 2019). 
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4.4 Results 

4.4.1 CLIC overexpression and silencing in endothelial cells 

The MOI for CLIC1 and CLIC4 overexpression was optimised in order to achieve a 4 to 5-fold 

increase in the levels of these proteins, which is consistent with the increase in PAH-affected 

lungs (Abdul-Salam et al., 2010). The optimization process was described in detail in Chapter3, 

Section 3.5.1.  

Experiments described in this part of the study aimed to test whether the presence of CLIC 

proteins is required to support mitochondrial biogenesis under basal conditions. In order to 

determine this, HPAECs were infected with AsdshCLIC1 and AdshCLIC4. Approximately 70% 

reduction in the expression of respective proteins was achieved in cells infected with 

AdCLICshRNA at the multiplicity of infection (MOI) of 1:200, 48 hours post-infection. As no 

differences in CLIC1 (data not shown) and CLIC4 expression between the two adenoviral controls 

(AdCTRL and AdshRNA-GFP) were noted (Figure 4.8), AdCTRL was chosen as the adenoviral 

control in further experiments. Figure 4.9 shows an example of the optimisation of adenoviral 

MOI for AdshCLIC4. Similar optimization was carried out for AdshCLIC1 (data not shown).  
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Figure 4.8: Comparison of different adenoviral controls. (A) Graph shows no statistically significant 

differences between adenoviral control AdCTRL (AdTet-off) and shRNA control (AdshRNA-GFP), while 

AdCLIC4 induced a significant, ~3-fold increase in CLIC4 expression (B) Representative western blots 

corresponding to (A). **P <0.01, comparison with AdshRNA-GFP; ***P<0.0001, comparison with AdCTRL 

using one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM of three 

independent experiments with 3 technical repeats. Protein expression was normalised to β-actin. 

 

 

Figure 4.9: Optimization of CLIC4 inhibition in HPAECs. (A) The bar-graph shows fold change in CLIC4 

protein levels in HPAECs infected with different dilutions of AdshCLIC4 or AdCTRL (Adenoviral control) 48 

hours post-infection, as indicated. 2µL=MOI 1: 50, 5µL=MOI 1: 100, and 10µL=MOI 1: 200. (B) 

Representative western blots corresponding to (A). Expression levels were normalised to β-actin. Similar 

optimization strategies were used for AdshCLIC1 infection (not shown). ***P<0.0001, comparison with 

AdCTRL, using one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM 

of three independent experiments with 3 technical repeats.  

 



CHAPTER 4 - The effect of CLIC proteins on mitochondrial function 

169 | P a g e  
 

4.4.2 The effect of CLIC proteins on mitochondrial network in HPAECs 

CLIC1 and CLIC4 protein overexpression increased mitochondrial fragmentation in HPAECs. The 

cells showed increased numbers of small and fragmented mitochondria, indicative of increased 

mitochondrial fission and reduced fusion, as previously described in Chapter 3, Section 3.4.2. 

Inhibition of CLIC and CLIC4 expression significantly reduced mitochondrial fragmentation in 

cells, compared with controls (Figure 4.10). This suggests that the optimal expression levels of 

these proteins are important for the maintenance of mitochondrial homeostasis. 

Representative confocal images of changes in the mitochondrial network induced by 

overexpression and silencing of CLIC proteins are shown in Figure 4.11.   

 

 

Figure 4.10: Effect of CLIC inhibition on mitochondrial fragmentation in HPAECs. Mitochondrial 

Fragmentation Count (MFC) in HPAECs infected with AdCTRL, AdCLIC1, AdCLIC4, AdshCLIC1, and 

AdshCLIC4, as indicated. MFC (arbitrary units) were measured using NIP2 image software. N=20 

cells/treatment were analysed in in 3 separate experiments. ***P<0.0001, comparison with AdCRTL using 

One-way ANOVA with Dunnett’s post hoc test. Data are presented as mean ± SEM. 
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Figure 4.11: Representative images of mitochondrial networks in HPAECs following the overexpression 

and silencing of CLIC1 and CLIC4. AdCLIC1 and AdCLIC4-overexpressing HPAECs showed fragmented 

mitochondria, while AdshCLIC1 and AdshCLIC4-silenced HPAECs reduced mitochondrial fragmentation. 

Mitochondria were immunostained with anti-mitochondria antibodies. Images were captured using a 

Zeiss LSM 780 confocal microscope at 40x objective. Arrows point to mitochondria. Bar=10µm.  

 

4.4.3 The effect of CLIC proteins on mitochondrial ΔΨm in HPAECs 

Changes in the mitochondrial membrane potential were evaluated using a fluorescent indicator, 

Tetramethylrhodamine, methyl ester (TMRM). TMRM is a cell permeant, positively-charged, red-

orange dye that readily accumulates in active mitochondria due to their relative negative charge. 

Depolarized or inactive mitochondria have decreased membrane potential and fail to sequester 

TMRM (Crowley et al., 2016). 

The effect of CLIC protein overexpression and silencing on ΔΨm was assessed 24 or 48 hours 

post-adenoviral infection using AdCLIC1/AdCLIC4 and AdshCLIC1/AdshCLIC4 respectively. The 

mitochondrial potential was significantly elevated in CLIC1 and CLIC4-overexpressing HPAECs, 

while inhibition of CLIC proteins significantly decreased ΔΨm, compared with controls (Figure 

4.12). Representative confocal images of changes in mitochondrial membrane potential induced 

by overexpression and silencing of CLIC proteins are shown in Figure 4.13.  
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Figure 4.12: The effect of CLIC1 and CLIC4 overexpression and inhibition on mitochondrial membrane 

potential in HPAECs. Δψm was evaluated by measuring TMRM fluorescence intensity in HPAECs 

overexpressing/silencing CLIC1, and CLIC4. *P < 0.05, **P <0.01 ***P<0.0001, comparison with AdCRTL 

using one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM of 3 

independent experiments with 3 technical repeats.  

 

Figure 4.13: Changes in the mitochondrial membrane potential induced by modulation of CLIC 

expression in HPAECs. Representative images of TMRM-labelled mitochondria in HPAECs, following 

overexpression or silencing of CLIC1 or CLIC4, with AdCTRL serving as control. Images were captured using 

a Zeiss LSM 780 confocal microscope at 20x objective. Scale Bar=10 μM. 
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4.4.4 The effect of CLIC proteins on mitochondrial ROS generation in HPAECs 

In order to evaluate the production of mitochondrial ROS (mtROS), HPAECs treated with 

recombinant adenoviruses were stained with MitoSOX, a fluorescent dye used in detection of 

mitochondrial reactive oxygen species (ROS), predominantly a superoxide anion radical 

(Kauffman et al., 2016). FACS data revealed a significant increase in ROS generation (~2-fold 

increase) in CLIC1- and CLIC4-overexpressing HPAECs, compared with control cells. The inhibition 

of CLIC proteins had no effect on basal mtROS generation (Figure 4.14).  
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Figure 4.14: The effect of CLIC overexpression and silencing on mitochondrial ROS production in 

HPAECs. (A) Examples of mean fluorescent intensity histograms showing the ratio of MitoSox red (FL3-H) 

to Mitotracker green (FL1-H) (labelling all mitochondria) measured by Fluorescence Activated Cell Sorting 

(FACS). (B) The effect of CLIC expression changes on ROS production, measured as mean intensity of 

fluorescence (arbitrary units: AU) in HPAECs treated, as indicated. *P < 0.05, ***P<0.0001, comparison 

with AdCRTL using One-way ANOVA with Dunnett’s post hoc test. Data are presented as mean ± SEM of 

3 experiments with 3 technical repeats.  
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4.4.5 The effect of CLIC proteins on the bioenergetic profile of HPAECs 

The effect of CLIC proteins on the mitochondrial bioenergetic profile of HPAECs was evaluated 

using the Agilent Seahorse Mito Stress Test and Glycolysis Stress Test. The Oxygen Consumption 

Rate (OCR) was assessed in response to the sequential addition of respiratory modulators: 

oligomycin at 15 minutes, FCCP at 34 minutes, and rotenone/antimycin (Rot/Ant) at 54 minutes. 

All the OCR values were expressed in pmoles/min of oxygen consumed. The extracellular 

Acidification Rate (ECAR) was detected under basal conditions followed by the serial injection of 

glycolysis modulators: glucose, oligomycin, and 2-DG at 15, 34, and 54 minutes respectively, with 

the data represented as mpH/min. A consistent protein concentration for each experiment was 

confirmed across all cells in each well. OCR and ECAR data were automatically calculated using 

Wave software then exported to Excel and used to determine the effect of CLIC proteins on key 

mitochondrial respiration and glycolysis parameters.  

The analysis revealed the following changes in OCR parameters: 

• Basal respiration: CLIC1 and CLIC4 overexpression decreased basal mitochondrial 

respiration in HPAECs compared with AdCTRL, while their inhibition had no significant 

effect (Figure 4.16 A). 

• A significant decrease in ATP production was observed in CLIC1 and CLIC4 overexpressing 

HPAECs. CLIC1 and CLIC4 gene silencing did not significantly alter basal ATP production in 

cells, though an upward trend was noted (Figure 4.16 B). 

• CLIC-overexpressing HPAECs showed a significant decrease in maximal respiration 

compared with control cells. In contrast, inhibition of CLIC1 and CLIC4 expression resulted 

in a small increase in the maximal respiration level, compared with AdCTRL (Figure 4.16 C). 
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• CLIC1- and CLIC4-overexpressing cells showed a significant increase in proton leak, 

compared with control HPAECs, while the inhibition of CLIC1 and CLIC4 had no effect 

(Figure 4.16 D). 

• A significant reduction in the spare respiratory capacity was induced by CLIC1 and CLIC4 

overexpressing HPAECs, while no significant change was induced by CLIC1 and CLIC4 gene 

silencing (Figure 4.16 E). 

• CLIC1- and CLIC4-overexpressing HPAECs induced a significant increase in non-

mitochondrial respiration, while CLIC1 and CLIC4 gene silencing had no significant effect 

(Figure 4.16 F). 

An example of OCR data generated by the XF Mito Stress Test report generator is shown in Figure 

4.15, and changes in various parameters of bioenergetics profile in HPAECs are shown in Figure 

4.16. 
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Figure 4.15: Example of Oxygen consumption rate (OCR) measurement. HPAECs were infected with 

either AdCTRL and/or AdCLIC1, AdCLIC4, AdshCLIC1, AdshCLIC4 and OCR was measured at various time 

intervals following the injection of oligomycin, FCCP, and Rot/Ant at 15, 34, 54 minutes respectively. Black 

circle: AdCTRL; red square: AdCLIC1; green triangle: AdCLIC4; purple triangle: AdshCLIC1; orange diamond: 

AdshCLIC4. Abbreviations: FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot/Ant, 

Rotenone plus antimycin A; OCR, oxygen consumption rate. Representative trace from four independent 

experiments. 
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Figure 4.16: Effect of CLIC overexpression and inhibition on mitochondrial function in HPAECs. Cells 

were infected with either AdCTRL and/or AdCLIC, AdshCLIC and key parameters of mitochondrial 

respiration were measured using the Seahorse XFp Cell Mito Stress Test. *P < 0.05, **P <0.01 

***P<0.0001, comparison with AdCRTL, using One-way ANOVA with Tukey’s multiple comparison test. 

Data are presented as mean ± SEM of 4 independent experiments with 4 to 8 replicate wells in the 

Seahorse XF analyser. Data were normalised to protein concentration for each experiment across all cells 

in each well.   
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The analysis revealed the following changes in ECAR parameters 

• Glycolysis: overexpression of CLIC1 and CLIC4 induced a strong upregulation of glycolysis in 

HPAECs, while CLIC1 and CLIC4 gene silencing had no significant effect (Figure 4.18 A). 

• A significant increase in glycolytic capacity was noted in CLIC1- and CLIC4-overexpressing 

cells, while CLIC1 and CLIC4 gene silencing had no significant effect (Figure 4.18 B).  

• Glycolytic reserve: no significant differences were noted among the groups (Figure 4.18 C). 

• A significant reduction in non-glycolytic acidification was induced by AdCLIC1 and AdCLIC4 

in HPAECs, while CLIC1 and CLIC4 silencing increased non-glycolytic acidification to the 

control level (Figure 4.18 D). 

An example of ECAR data generated by the XF Glycolysis Stress Test report generator is shown in 

Figure 4.17. The effects of CLIC1 and CLIC4 overexpression and silencing on various ECAR 

parameters are shown in Figure 4.18.  
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Figure 4.17: Example of extracellular acidification rate (ECAR) measurement. HPAECs were infected with 

AdCLIC1, AdCLIC4, AdshCLIC1 or AdCLIC4 and ECAR was measured at various time intervals following the 

injection of glucose at 15 minutes, oligomycin at 34 minutes, and 2-DG at 54 minutes. Black circle:  

AdCTRL; red square: AdCLIC1; green triangle: AdCLIC4; purple triangle: AdshCLIC1; orange diamond: 

AdshCLIC4. Abbreviations: 2-DG, 2-Deoxy-glucose; ECAR, extracellular acidification rate. Representative 

trace from four independent experiments. 
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Figure 4.18: Effect of CLIC overexpression and inhibition on acidification rate in HPAECs. Cells were 

infected with either AdCTRL and/or AdCLIC, AdshCLIC and key parameters of glycolytic function were 

measured using the Seahorse XFp Cell Glycolysis Stress Test. *P <0.05, **P <0.01 ***P<0.0001, 

comparison with AdCRTL using One-way ANOVA with Tukey’s multiple comparison test. Data are 

presented as mean ± SEM of four independent experiments with 4 to 8 replicate wells/treatment. Data 

were normalised to protein concentration for each experiment across all cells in each well.   
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4.5 Summary  

The key findings presented in this chapter show that: 

• CLIC1 and CLIC4 overexpression increased mitochondrial fragmentation and mitochondrial 

membrane potential ΔΨm, while the silencing of these proteins significantly reduced 

mitochondrial fragmentation and ΔΨm. 

• CLIC1 and CLIC4 increased mitochondrial ROS production in HPAECs, while inhibition of these 

proteins had no impact on mitochondrial ROS. 

• Overexpression of CLIC1 and CLIC4 significantly reduced the rate of oxygen consumption and 

the production of ATP in HPAECs, while inhibition of CLIC1, and CLIC4 expression had no 

effect.  

• CLIC-overexpressing HPAECs showed an increase in proton leak, while CLIC1 and CLIC4 

silencing had no effect. 

• A significant decrease in basal respiration, maximal respiration and spare respiratory 

capacity was observed in CLIC1- and CLIC4-overexpressing HPAECs. These cells also showed 

and an increase in non-mitochondrial respiration. 

• CLIC1 and CLIC4 induced a metabolic shift towards glycolysis, which was manifested by 

increased glycolysis and glycolytic capacity. The inhibition of CLIC proteins had no major 

impact on glycolysis. 
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Figure 4.19: Summary of key results of Chapter 4. Key findings are summarised in Table 4.1. 

Abbreviations: ROS; reactive oxygen species, ΔΨm; mitochondrial membrane potential. Illustration 

created by the author using with BioRender.com.  
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Table 4.1: Summary of key findings of the effect of CLIC protein overexpression and inhibition on 

mitochondrial function in HPAECs. Red arrows pointed up indicate increase, black arrows pointed down 

indicate decrease, and dashes (–) indicate no change.  

Investigation CLIC1 CLIC4 shRNA-CLIC1 shRNA-CLIC4 

Mitochondrial fragmentation     

Mitochondrial membrane 

potential 

    

Mitochondrial ROS production     

Basal respiration      

ATP production     

Maximal respiration     

Proton leak     

Spare respiratory capacity     

Non-mitochondrial respiration       

Glycolysis     

Glycolytic capacity     

Non-glycolytic acidification     

Glycolytic reserve          
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4.6 Discussion 

The experiments discussed in this chapter investigated the role of CLIC proteins in the regulation 

of mitochondrial function to identify potential links between pathological overexpression of 

these proteins and mitochondrial dysfunction in PAH. The silencing of CLIC1 and CLIC4 was 

carried out to find out whether the basal expression of these proteins is required for the 

maintenance of mitochondrial structure and function. The role of CLIC5, which is not associated 

with PAH pathology, has not been studied.  

In PAH, vascular remodelling is characterized by proliferative smooth muscle and endothelial cell 

dysfunction. Endothelial dysfunction is associated with a decline in mitochondrial function that 

is reflected in reduced mitochondrial ATP synthesis, increased mitochondrial ROS production, 

hyperpolarized mitochondrial membrane potential, and imbalance in the redox-related enzymes 

(Marshall et al., 2018). Hyperpolarization of mitochondrial membrane has been linked with 

resistance to apoptosis in vascular smooth muscle cells from rats with pulmonary hypertension 

(McMurtry et al., 2004; Pak et al., 2013; Rafikov et al., 2015). Expression of CLIC proteins in 

endothelial cells is increased in response to oxidative stress, DNA damage or inflammatory 

cytokines and is thought to activate repair mechanisms, cell proliferation and angiogenesis 

(Ponnalagu & Singh, 2016). Here, a significant increase in mitochondrial membrane potential was 

observed in CLIC1- and CLIC4-overexpressing cells, which would therefore be consistent with the 

role of CLIC proteins as the mediators of cellular stress response. Meanwhile, CLIC abundance in 

plexiform lesions is likely to reflect the demand for larger energy supply in response to pro-

angiogenic stimuli and local hypoxia. 

Mitochondrial membrane hyperpolarization leads to higher ROS production (Kluge et al., 2013; 

Marshall et al., 2018).  
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The main sources of ROS in the pulmonary vasculature are nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidases, uncoupled endothelial nitric oxide synthase (eNOS), xanthine 

oxidase (XO) and the mitochondrial electron transport chain (ETC) (Freund-Michel et al., 2013). 

The ETC is the main producer of mtROS, and superoxide generation is attributed to Complexes I 

and III. Any defects in mitochondrial electron transport can lead to the generation of reactive 

oxygen species as well as proton leak (Lenaz & Genova, 2010).  

The data in my study show an increase in mitochondrial ROS production and proton leak in CLIC1- 

and CLIC4-overexpressing cells, which is consistent with previous observations linking CLIC 

overexpression with oxidative stress and excessive repair mechanisms (Ponnalagu & Singh, 2016; 

Rafikov et al., 2015). HIF is a master-regulator of the hypoxia-induced expression of genes that 

are involved in glycolysis and angiogenesis. CLIC4 stabilises HIF under normoxic conditions 

through the activation of NF-κB (Wojciak-Stothard et al., 2014) so it is likely that the CLIC1- and 

CLIC4-induced upregulation of glycolysis is mediated, at least in part, by HIF. The stabilization of 

HIF under hypoxic conditions is independent of mitochondrial ROS generation (Chua et al., 2010), 

so CLIC-induced ROS are unlikely to play a role in the process. Further investigation is necessary 

to establish whether CLIC-induced ROS mediate the pro-angiogenic effects of these proteins.  

Defects in the energy metabolism underlie the pathology of many disorders, including cancer, 

diabetes and pulmonary hypertension. Pulmonary vascular cells in PH show a metabolic shift 

towards glycolysis, and this switch is known to give a proliferative advantage to cancer cells 

(Leopold & Maron, 2016; Rafikov et al., 2015). To assess the possible contribution of CLIC proteins 

to this glycolytic switch, mitochondrial respiration (OCR) and glycolysis rate (ECAR) were 

evaluated in CLCI1- and CLiC4- overexpressing cells using Seahorse XF Analyser (Rafikov et al., 

2015).  



CHAPTER 4 - The effect of CLIC proteins on mitochondrial function 

186 | P a g e  
 

HPAECs overexpressing CLIC1 and CLIC4 showed a significant increase in ECAR and a reduction in 

mitochondrial ATP generation and OCR, indicating the upregulation of glycolysis. This shift from 

mitochondrial oxidative phosphorylation to glycolysis has also been attributed to the activation 

of HIF, which activates pyruvate dehydrogenase kinase (PHK) that then inhibits pyruvate 

dehydrogenase (PDH), resulting in the suppression of mitochondrial oxidative phosphorylation 

due to the failure to produce acetyl-CoA for the Krebs cycle (Papandreou et al., 2006). The 

observation concurs with the results shown in Chapter3, Section 3.5.5, that CLIC1 and CLIC4 

increase PDK expression and reduce PDH expressing levels in CLIC-overexpressing HPAECs. 

Currently, PDH inhibition is considered as the primary mechanism for the suppression of 

mitochondrial respiration, pulmonary vasoconstriction and remodelling in PH (Rounds & 

McMurtry, 1981; Ten & Ratner, 2020). 

Alterations to the mitochondrial structure and biogenesis have also been implicated in the 

metabolic changes seen in PH. Previous studies have demonstrated that imbalances in the 

expression levels of proteins regulating fission and fusion processes contribute to the metabolic 

shift (Chan, 2007; Marsboom et al., 2012; Ryan et al., 2013; Westermann, 2010). Previous 

evidence also shows that the architecture of the cristae regulates mitochondrial respiration, 

while changes in cristae organization alter the electron transport chain, mitochondrial dynamics 

and respiration (Norton et al., 2014). These findings support the results of our experiments 

described in Chapter 3, Sections 3.5.6 and 3.5.4.6, where CLIC1 and CLIC4 overexpression 

significantly decreased MFN2 expression levels and the number of cristae in HPAEC 

mitochondria. This might be linked to the reduction in MFN2, as the remodelling of the cristae is 

a MFN2-dependent process. The reduction seen in MFN2 may also contribute to a mitochondrial 

respiration shift towards glycolysis (Sood et al., 2014). 
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shRNA treatment significantly reduced but did not completely inhibit CLIC1 and CLIC4 expression, 

so any remaining CLIC activity may have been sufficient for the maintenance of mitochondrial 

respiration. Our data show that mitochondrial fragmentation and membrane potential were 

significantly reduced in CLIC1-, and CLIC4-silenced cells. Mitochondrial ROS production was 

reduced in shRNACLIC1- and shRNACLIC4- treated HPAECs, while ATP production was enhanced 

and glycolysis levels were reduced. Strong evidence indicates that CLIC1 acts as a sensor of cell 

oxidation and responds to metabolic and oxidative stress challenges (Averaimo et al., 2010; 

Littler et al., 2004). Consistent with our findings, results from other laboratories have shown that 

CLIC1 and CLIC4 inhibition significantly reduces ROS generation and expression of pro-

inflammatory cytokines in endothelial cells (Xu et al., 2016).  

Considering that alterations in mitochondrial morphology can also be linked to ROS signalling 

(McCarron et al., 2013), reduction in mitochondrial fragmentation in CLIC-silencing cells may be 

contributed to reduced mtROS in CLICshRNA-treated cells. Emerging evidence reveals a direct 

relationship between mitochondrial membrane potential and mtROS generation (Korshunov et 

al., 1997; Seifert et al., 2010), suggesting that the observed reduction in mitochondrial 

membrane potential in CLIC1, and CLIC4-silenced HPAECs can also be linked to reduced mtROS 

production. In addition, reduced ROS production has been reported to improve mitochondrial 

respiration (Marshall et al., 2018). This is consistent with our data, which showed that CLIC 

silencing may enhance mitochondrial respiration. 

 

 

 

 



CHAPTER 4 - The effect of CLIC proteins on mitochondrial function 

188 | P a g e  
 

In conclusion, our data suggests that overexpression of CLIC1 and CLIC4 in HPAECs dysregulates 

mitochondrial complexes in the ETC. This imbalance appears to have a major impact on the 

activity of downstream respiratory chain complexes as well as mitochondrial ROS production and 

membrane potential, driving cells towards adaptational changes to low oxygen levels that are 

linked to increased glycolysis, ROS production and membrane potential (Archer et al., 2013). 

Based on our data, CLIC inhibitors may be considered in potential therapies aiming to improve 

mitochondrial function in PAH. 

The results reported here suggests the existence of functional redundancy between CLIC1 and 

CLIC4. Previous studies have documented phenotypical similarities between CLIC1 and CLIC4 cell 

knockdowns, including reduced cell growth, increased cell viability and inhibited angiogenic 

network formation. However, there were also few differences - CLIC1 (but not CLIC4) knockdown 

inhibited cell migration, while CLIC4 (but not CLIC1) knockdown reduced vascular lumen 

formation (Tung et al., 2009; Tung & Kitajewski, 2010). 
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CHAPTER 5 RESULTS: Proteomic analysis of CLIC-induced changes in 

mitochondrial protein expression profile in HPAECs 

This chapter focuses on proteomic analysis of mitochondrial proteins from CLIC1- and CLIC4-

overexpressing HPAECs. This analysis was carried out to identify potential mediators of CLIC-

induced effects on endothelial cells. 

5.1 Introduction  

Intracellular chloride channel proteins (CLICs) have been identified as mediators of vascular 

dysfunction in PAH (Wojciak-Stothard et al., 2014). CLIC 1 and CLIC4 are highly expressed in 

animal and human PAH lungs and are elevated in plasma and blood-derived late outgrowth 

endothelial cells from PAH patients. CLIC1 and CLIC4 are localised to the vascular endothelium, 

particularly in plexiform lesions, but can also be found in other layers of the remodelled 

pulmonary vasculature (Abdul-Salam et al., 2010; Wojciak-Stothard et al., 2014). Recent evidence 

shows that these proteins form some of the components of the mitochondrial membrane. The 

role of CLIC proteins in the regulation of mitochondrial function and dynamics is at present poorly 

understood (Singh, 2010). 

Mass spectrometry (MS)-based proteomics has become an indispensable tool in cellular and 

molecular biology, and has been widely used for protein identification and quantification. MS-

based proteomics has been extensively applied to the study of protein-to-protein interactions, 

the mapping of various organelles, and generation of quantitative protein profiles (Aebersold & 

Mann, 2003).  
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5.2 Experimental aims 

The aim of the experiments presented in this chapter was to characterise the effects of CLIC1 

and CLIC4 on mitochondrial protein expression profiles to gain new insights into the mechanisms 

and actions of these proteins.  

5.3 Experimental outline 

An experimental outline (Figure 5.1) and a brief description of methodology is provided below. 

Further experimental details can be found in Chapter2- Materials and Methods, Section 2.7.2. 

The proteomic analysis was conducted by Dr. Vahitha B. Abdul-Salam. 
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Figure 5.1: Experimental outline for Chapter 5. CLIC overexpression was induced by adenoviral gene 

transfer in HPAECs. 24 hours post-infection, mitochondria were isolated from CLIC-overexpressing 

HPAECs. Proteomic analysis was performed to identify mitochondrial protein expression profile induced 

by CLIC overexpression in HPAECs. Illustration created by the author using BioRender.com.  
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5.3.1 Proteomic analysis  

80% confluent HPAECs were infected with AdCTRL, AdCLIC1 or AdCLIC4 and incubated under 

normoxic conditions (5% CO2,) at 37⁰C. To compare the effects of CLIC proteins with the effects 

induced by hypoxia, control cells (AdCTRL) were also cultured under hypoxic conditions (2% O2 

for 24 hours) at 37⁰C. 24 hours post-infection, mitochondrial fractions were isolated (see Chapter 

2- Materials and Methods, Section 2.7.2). Fractions were pooled from four groups, and were then 

lysed and subjected to SDS-PAGE. After in-gel digestion, the resultant tryptic peptides from each 

experiment were separated and analysed using a nano-liquid chromatography-tandem mass 

spectrometry (nano LC-MS/MS) for identification. Data analysis was performed by applying 

various criteria to ensure certainty in the assignment of protein identifications. A detailed 

description of the methods is provided in Chapter2- Section 2.6.2., Materials and Methods. 

To identify the potential mechanisms affecting mitochondrial function, samples were subjected 

to proteomic analysis. MS data were evaluated on the basis of the intensity of peptide ions with 

coincident LC retention time and m/z values. Peptides were identified by exporting the MS/MS 

output files from the matched analysis into the Turbo SEQUEST search engine (BioWorks Browser 

3.3, Thermo Electron Corporation) and interrogating them against the NCBI human RefSeq 

database release 51. The search parameters were as follows: peptide tolerance was set to 2 

atomic mass units, MS/MS tolerance was set at 1 atomic mass unit, charge states allowed is from 

+1 to +3, and up to two missed cleavages were allowed. Changes were set to allow for the 

detection of S-carbamidomethylated cysteine (+57 Da). Each MS2 spectrum was matched to only 

a single peptide with the highest scoring SEQUEST peptide hit. Cross-correlating (XCorr) MS data, 

with values >1.5, >2.0 and >2.5 for singly, doubly and triply charged ions respectively were used 

to select peptides of high quality and reduce the possibility of including redundant peptides in 
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subsequent data analysis. The differentially expressed peptides were detected with high 

confidence in each group, and were compared and subjected to pathway analysis using Ingenuity 

Pathway Analysis (IPA; Ingenuity Systems, USA), and Search Tools for the Retrieval of Interacting 

Gene (STRING, version 11.0) to identify enriched signalling pathways or networks.  

IPA is a powerful tool used to model, analyse and understand complex biological systems, and is 

especially useful in revealing differentially regulated signalling networks and biological processes 

(Nagaprashantha et al., 2013). IPA analysis workflow was performed on the differentially 

expressed proteins using the default settings. The Protein-to-protein interactions were 

constructed using the online STRING database (https://string-db.org) (Falquet et al., 2013). 

STRING analysis was based on the evidential mode, and the parameters were applied were 

species (homo sapiens) and confidence (medium confidence (0.400)).  

 

 

 

 

 

 

 

 

 

https://string-db.org/
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5.4 Results 

5.4.1 Proteomic data analysis  

A total of 483 proteins were identified by IPA analysis. Proteins detected with high quality 

peptides were classified as follows: group (A) included proteins found in CLIC1-overexpressing 

HPAECs only, group (B) included common proteins found in CLIC1-overexpressing HPAECs and 

hypoxic-control cells, group (C) included proteins found in CLIC4-overexpressing cells only, group 

(D) included common proteins found in CLIC4-overexpressing cells and hypoxic-control HPAECs, 

group (E) included proteins found in both CLIC1- and CLIC4-overexpressing HPAECs, and group 

(F) included proteins found in CLIC1- and CLIC4-overexpressing cells and hypoxic-control HPAECs, 

and (G) included proteins found in hypoxic-control HPAECs only (Figure 5.2). Groups E and F are 

shown in Table 5.1, and lists of proteins in other groups (A, B, C, D, and G) are provided in 

Supplementary Table S.1. In silico protein-to-protein interaction for the detected proteins group 

(F: proteins found in CLIC1-, CLIC4-overexpressing cells and hypoxic-control HPAECs) were also 

visualised using STRING analysis to obtain an interactive cluster. STRING analysis revealed links 

between CLIC-regulated proteins and pathway involved in PH pathogenesis, including 

inflammatory response to antigenic stimulus, endothelial cell migration, endothelial cell 

development, tissue remodelling, mitochondria transport, actin filament capping and metabolic 

and other biological processes (Table 5.2).  
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Figure 5.2: IPA group classification of CLIC1, CLIC4, and Hypoxic-control HPAECs. 

 

 

Table 5.1: Differentially expressed proteins in groups E and F. Proteins found in group E (CLIC1- and 

CLIC4-overexpressing HPAECs), and group F (CLIC1- and CLIC4-overexpressing HPAECs, and hypoxic 

cells). 

Proteins found in both CLIC1 and CLIC4 overexpression group [E] 

calcium-binding mitochondrial carrier protein Aralar2 isoform 1 

endothelin-converting enzyme 1 isoform 3 

ephrin type-A receptor 2 isoform 2 

grpE protein homolog 1, mitochondrial precursor 

intercellular adhesion molecule 1 precursor 

intercellular adhesion molecule 2 precursor 

lactotransferrin isoform 2 

lysosome-associated membrane glycoprotein 1 precursor 

microtubule-associated protein 1B isoform 2 

microtubule-associated protein 4 isoform 4 

peroxiredoxin-1 

peroxiredoxin-4 precursor 

peroxiredoxin-5, mitochondrial isoform d precursor 
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peroxiredoxin-5, mitochondrial isoform S 

plasminogen activator inhibitor 1 RNA-binding protein isoform 1 

plexin-D1 precursor 

protein LYRIC 

ras-related C3 botulinum toxin substrate 2 

Rho-related GTP-binding protein RhoC precursor 

Rho-related GTP-binding protein RhoG precursor 

Talin-1 

Transferrin receptor protein 1 isoform 1 

Proteins found in CLIC1, CLIC4 & Hypoxic-control group [F] 

Aminopeptidase N precursor 

Chloride intracellular channel protein 1 

Clathrin heavy chain 1 isoform 2 

Dysferlin isoform 2 

Extended synaptotagmin-1 isoform 1 

Fermitin family homolog 3 short form 

Fibrous sheath-interacting protein 2 

High mobility group protein B1 

High mobility group protein HMG-I/HMG-Y isoform a 

High mobility group protein HMG-I/HMG-Y isoform b 

Histone H1.2 

Hypoxia up-regulated protein 1 precursor 

Integrin alpha-2 precursor 

Kinectin isoform a 

Leucine-rich PPR motif-containing protein, mitochondrial precursor 

Multimerin-1 precursor 

Nitric oxide synthase, endothelial isoform 1 

Nodal modulator 2 isoform 1 precursor 

Ribosome-binding protein 1 
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Spectrin alpha chain, Non-erythrocytic 1 isoform 1 

Spectrin beta chain, Non-erythrocytic 1 isoform 1 

Ubiquitin-60S ribosomal protein L40 isoform 1 precursor 

Dynamin-related protein-1 (DRP1) 

Mitochondrial fission factor (MFF) 

Mitofusin-1 (MFN1) 

Mitofusin-2 (MFN2) 

Optic atrophy protein-1 (OPA1) 

Parkin 

PINK1 
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Figure 5.3: Visualization of protein-to-protein interactions of differentially expressed proteins of group 

F CLIC1, CLIC4, and Hypoxia control cells using STRING analysis. Number of nodes: 49; number of edges: 

68, expected number of edges: 40, PPI enrichment p-value: 3.46e-05. Coloured lines between the proteins 

indicate the various types of interactions evidenced. 
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Table 5.2: List of the most significant pathways associated with pathology of PAH. Biological 

processes, gene names, protein’s full name, protein’s location, protein’s function, and presence in 

hypoxic conditions as indicated. Data was generated using STRING.  

Gene Protein name Location Function Hypoxia 

 Regulation of systemic arterial blood pressure by endothelin 

1- ECE1 
 
 
 

Endothelin-
converting 
enzyme 1 
 

Cell 
membrane, 
nucleus 

• Converts big endothelin-1 to 
endothelin-1; Belongs to the 
peptidase M13 family. 
 

No 
 

2- NOS3 Nitric oxide 
synthase, 
endothelial 

Cell 
membrane, 
cytoskeleton, 
Golgi 
apparatus 

• Produces nitric oxide (NO) which 
is implicated in vascular smooth 
muscle relaxation through a 
cGMP-mediated signal 
transduction pathway.  

• NO mediates vascular endothelial 
growth factor (VEGF)-induced 
angiogenesis in coronary vessels 
and promotes blood clotting 
through the activation of 
platelets. 

Yes 

 Removal of superoxide radicals 

1- PRDX1 
 
 
 
 
 
 
 
 

Peroxiredoxin-1 
 
 
 
 
 
 
 
 

Cytoplasm 
 

• Thiol-specific peroxidase that 
catalyzes the reduction of 
hydrogen peroxide and organic 
hydroperoxides to water and 
alcohols, respectively.  

• Plays a role in cell protection 
against oxidative stress by 
detoxifying peroxides and as 
sensor of hydrogen peroxide-
mediated signalling events.  

• Might participate in the signalling 
cascades of growth factors and 
tumor necrosis factor-alpha by 
regulating the intracellular 
concentrations of H2O2. 

• Reduces an intramolecular 
disulfide bond in GDPD5 that 
gates the ability to GDPD5 to 
drive postmitotic motor neuron 
differentiation. 

No 

 

 

 

2- NOS3 Nitric oxide 
synthase, 
endothelial 
 

Cell 
membrane, 
cytoskeleton, 
Golgi 
apparatus 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 



CHAPTER 5 - Proteomic analysis of CLIC-induced changes in mitochondrial protein expression profile in 
HPAECs 

201 | P a g e  
 

 Mitochondrial transport along microtubules 

1- MAP1B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Microtubule-
associated 
protein 1B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cytoskeleton •  Facilitates tyrosination of alpha-
tubulin in neuronal microtubules 
(by similarity). Phosphorylated 
MAP1B may play a role in the 
cytoskeletal changes that 
accompany neurite extension.  

• Possibly MAP1B binds to at least 
two tubulin subunits in the 
polymer, and this bridging of 
subunits might be involved in 
nucleating microtubule 
polymerization and in stabilizing 
microtubules.  

• Acts as a positive cofactor in 
DAPK1-mediated autophagic 
vesicle formation and membrane 
blebbing; Protein phosphatase 1 
regulatory subunits. 

 

No 

2- LRPPRC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Leucine-rich 
PPR motif-
containing 
protein, 
mitochondrial 

Mitochondria, 
nucleoplasm,  
nucleus inner 
membrane,  
nucleus outer 
membrane 

• May play a role in RNA 
metabolism in both nuclei and 
mitochondria. In the nucleus 
binds to HNRPA1-associated 
poly(A) mRNAs and is part of 
nmRNP complexes at late stages 
of mRNA maturation which are 
possibly associated with nuclear 
mRNA export.  

• May bind mature mRNA in the 
nucleus outer membrane. In 
mitochondria binds to poly(A) 
mRNA.  

• Plays a role in translation or 
stability of mitochondrially 
encoded cytochrome c oxidase 
(COX) subunits.  

• May be involved in transcription 
regulation. Cooperates with 
PPARGC1A to regulate certain 
mitochondrially encoded genes 
and gluconeogenic genes and 
may regulate docking of 
PPARGC1A to transcription 
factors. Seems to be involved in 
the transcription regulation of 
the multidrug-related genes 
MDR1 and MVP. 
 

Yes 
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 Inflammatory response to antigenic stimulus 

1- ICAM1 
 
 
 
 
 

Intercellular 
adhesion 
molecule 1 
 
 
 
 
 

Cell membrane • ICAM proteins are ligands for the 
leukocyte adhesion protein LFA-1 
(integrin alpha-L/beta-2). During 
leukocyte trans- endothelial 
migration. 

•  ICAM1 engagement promotes 
the assembly of endothelial 
apical cups through 
ARHGEF26/SGEF and RHOG 
activation; CD molecules. 

No 
 
 
 
 
 
 
 
 
 

2- HMGB1 High mobility 
group protein 
B1 
 
 
 
 
 

Cell 
membrane, 
nucleus, 
endosome 

• Multifunctional redox sensitive 
protein with various roles in 
different cellular compartments. 

• Proposed to be involved in 
mitochondrial quality control and 
autophagy in a transcription-
dependent fashion implicating 
HSPB1. 

• May be involved in platelet 
activation. 

Yes 

 Lipopolysaccharide-mediated signalling pathway 

1- MTDH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein LYRIC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Endoplasmic 
reticulum 
membrane, 
nucleolus 

•  Downregulates SLC1A2/EAAT2 
promoter activity when 
expressed ectopically. 

• Activates the nuclear factor 
kappa-B (NF- kappa-B) 
transcription factor. 

• Promotes anchorage-
independent growth of 
immortalized melanocytes and 
astrocytes which is a key 
component in tumor cell 
expansion.  

• Promotes lung metastasis and 
also has an effect on bone and 
brain metastasis, possibly by 
enhancing the seeding of tumor 
cells to the target organ 
endothelium.  

No 

2- NOS3 Nitric oxide 
synthase, 
endothelial 
 
 
 

Cell 
membrane, 
cytoskeleton, 
Golgi 
apparatus 

Please see function in Regulation 
of systemic arterial blood 
pressure by endothelin. 

Yes 
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 Actin filament capping 

3- SPTBN1 
 
 
 

Spectrin beta 
chain, Non-
erythrocytic 1 
 
 

Cytoskeleton 
 

• Fodrin, which seems to be 
involved in secretion, interacts 
with calmodulin in a calcium-
dependent manner and is thus 
candidate for the calcium-
dependent movement of the 
cytoskeleton at the membrane. 

Yes 

 Endothelial cell migration 

1- PLXND1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plexin-D1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cell membrane 
 

• Cell surface receptor for SEMA4A 
and for class 3 semaphorins, such 
as SEMA3A, SEMA3C and 
SEMA3E.  

• Plays an important role in cell-
cell signalling, and in regulating 
the migration of a wide spectrum 
of cell types. 

• Regulates the migration of 
thymocytes in the medulla. 
Regulates endothelial cell 
migration.  

• Plays an important role in 
ensuring the specificity of 
synapse formation.  

• Required for Normal 
development of the heart and 
vasculature (by similarity).  

• Mediates anti-angiogenic 
signalling in response to SEMA3E; 
Belongs to the plexin family. 
 

No 

2- NOS3  Nitric oxide 
synthase, 
endothelial 
 
 

Cell 
membrane, 
cytoskeleton, 
Golgi 
apparatus 

 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 

3- HMGB1 High mobility 
group protein 
B1 
 
 
 
 
 
 
 

Cell 
membrane, 
Nucleus, 
Endosome 

 

Please see function in Inflammatory 
response to antigenic stimulus. 

No 
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 Endothelial cell development 

1- Clic4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Intercellular 
chloride channel 
protein 4 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mitochondria, 
nucleus matrix, 
cell membrane, 
centrosome 

• Can insert into membranes and 
form poorly selective ion 
channels that may also transport 
chloride ions.  

• Channel activity depends on the 
pH. Membrane insertion seems 
to be redox-regulated and may 
occur only under oxydizing 
conditions.  

• Promotes cell- surface expression 
of HRH3. Has alternate cellular 
functions like a potential role in 
angiogenesis or in maintaining 
apical- basolateral membrane 
polarity during mitosis and 
cytokinesis.  

• Could also promote endothelial 
cell proliferation and regulate 
endothelial morphogenesis 
(tubulogenesis). 

Yes 

2- ICAM1 Intercellular 
adhesion 
molecule 1 
 

Cell membrane Please see function in 
Inflammatory response to 
antigenic stimulus. 

No 

 

 

 Regulation of protein localization to plasma membrane 

1- EPHA2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ephrin type-A 
receptor 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cell membrane 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Binds promiscuously membrane-
bound ephrin-A family ligands 
residing on adjacent cells, leading 
to contact-dependent 
bidirectional signalling into 
neighboring cells.  

• The signalling pathway 
downstream of the receptor is 
referred to as forward signalling 
while the signalling pathway 
downstream of the ephrin ligand 
is referred to as reverse 
signalling. Activated by the ligand 
ephrin-A1/EFNA1 regulates 
migration, integrin-mediated 
adhesion, proliferation and 
differentiation of cells. Regulates 
cell adhesion and differentiation 
through DSG1/desmoglein-1 and 
inhibition of the ERK1/ERK2 

No 
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(MAPK3/MAPK1, respectively) 
signalling pathway.  

• May also participate in UV 
radiation-induced apoptosis and 
have a ligand-independent 
stimulatory effect on 
chemotactic cell migration.  

• During development, may 
function in distinctive aspects of 
pattern formation and 
subsequently in development of 
several fetal tissues.  

• Involved for instance in 
angiogenesis, in early hindbrain 
development and epithelial 
proliferation and branching 
morphogenesis during mammary 
gland development.  

• Engaged by the ligand ephrin-
A5/EFNA5 may regulate lens 
fiber cells shape and interactions 
and be important for lens 
transparency development and 
maintenance.  

• With ephrin-A2/EFNA2 may play 
a role in bone remodelling 
through regulation of 
osteoclastogenesis. 

• Osteoblastogenes. 
 

2- RHOG 
 
 

 

 

 

 

 

 

Rho-related 
GTP-binding 
protein RhoG 
 
 
 
 
 
 
 

Cell membrane 
 
 
 
 
 
 
 
 
 
 

 

• Required for the formation of 
membrane ruffles during 
micropinocytosis. 

• Plays a role in cell migration and 
is required for the formation of 
cup-like structures during trans-
endothelial migration of 
leukocytes.  

• In case of Salmonella enterica 
infection, activated by SopB and 
ARHGEF26/SGEF, which induces 
cytoskeleton rearrangements 
and promotes bacterial entry. 

No 
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3- SPTBN1 Spectrin beta 
chain, Non-
erythrocytic 1 
 

Cytoskeleton 
 

Please see function in Actin filament 
capping. 

No 

 

 

 

 

 Tissue remodelling 

1- RAC2 
 
 
 
 
 
 
 
 
 
 

Ras-related C3 
botulinum toxin 
substrate 2 
 
 
 
 
 
 
 
 

Cytoplasm 
 

• Plasma membrane-associated 
small GTPase which cycles 
between an active GTP-bound 
and inactive GDP-bound state.  

• In active state binds to a variety 
of effector proteins to regulate 
cellular responses, such as 
secretory processes, 
phagocytosis of apoptotic cells 
and epithelial cell polarization.  

• Augments the production of 
reactive oxygen species (ROS) by 
NADPH oxidase. 

No 

 

2- EPHA2 
 

Ephrin type-A 
receptor 2 
 

Cell membrane 
 

Please see function in Regulation of 
protein localization to plasma 
membrane. 

No 

 

3- HMGB1 
 
 

High mobility 
group protein 
B1 
 

Cell 
membrane, 
Nucleus, 
Endosome 

 

Please see function in Inflammatory 
response to antigenic stimulus. 

No 

4- NOS3 Nitric oxide 
synthase, 
endothelial 
 

Cell 
membrane, 
cytoskeleton, 
Golgi 
apparatus 

 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 
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Iron ion transport 

1- CLTC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Clathrin heavy 
chain 1 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cytoskeleton 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Two different adapter protein 
complexes link the clathrin lattice 
either to the plasma membrane 
or to the trans-Golgi network.  

• Acts as component of the 
TACC3/ch- TOG/clathrin complex 
proposed to contribute to 
stabilization of kinetochore fibers 
of the mitotic spindle by acting as 
inter- microtubule bridge.  

• The TACC3/ch-TOG/clathrin 
complex is required for the 
maintenance of kinetochore fiber 
tension.  

• Plays a role in early 
autophagosome formation. 

 

Yes 
 
 
 
 
 
 
 
 
 
 
 

 

2- TFRC 
 
 
 
 
 
 
 
 
 
 
 
 

Transferrin 
receptor protein 
1 
 
 
 
 
 
 
 
 
 
 

Cell membrane  • Cellular uptake of iron occurs via 
receptor-mediated endocytosis 
of ligand-occupied transferrin 
receptor into specialized 
endosomes.  

• Endosomal acidification leads to 
iron release. The apotransferrin-
receptor complex is then 
recycled to the cell surface with a 
return to neutral pH and the 
concomitant loss of affinity of 
apotransferrin for its receptor.  

• Transferrin receptor is necessary 
for development of erythrocytes 
and the nervous system. 

 

Yes 
 

3- LTF 
 
 
 
 
 

Lactotransferrin Nucleus • Lactoferroxins A, B and C have 
opioid antagonist activity. 

•  Lactoferroxin A shows 
preference for mu-receptors, 
while lactoferroxin B and C have 
somewhat higher degrees of 
preference for kappa-receptors 
than for mu-receptors; 
Transferrins 

No 
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Reactive oxygen species metabolic process 

1- PRDX4 
 
 
 
 
 
 
 
 
 
 
 
 

Peroxiredoxin-4 
 
 
 
 
 
 
 
 
 
 
 
 

Endoplasmic 
reticulum 

• Thiol-specific peroxidase that 
catalyzes the reduction of 
hydrogen peroxide and organic 
hydroperoxides to water and 
alcohols, respectively.  

• Plays a role in cell protection 
against oxidative stress by 
detoxifying peroxides and as 
sensor of hydrogen peroxide-
mediated signalling events. 

• Regulates the activation of NF-
kappa-B in the cytosol by a 
modulation of I- kappa-B-alpha 
phosphorylation; Peroxiredoxins. 
 

No 
 

2- PRDX1 
 
 
 

Peroxiredoxin-1 
 
 

Cytoplasm • Please see function in 
Endothelial cell migration. 

 

No 
 

3- PRDX5 
 

Peroxiredoxin-5, 
mitochondrial 

Mitochondria • Thiol-specific peroxidase that 
catalyzes the reduction of 
hydrogen peroxide and organic 
hydroperoxides to water and 
alcohols, respectively.  

• Plays a role in cell protection 
against oxidative stress by 
detoxifying peroxides and as 
sensor of hydrogen peroxide-
mediated signalling events. 

No 
 

 Regulation of blood vessel endothelial cell migration 

1- HMGB1 
 
 
 

High mobility 
group protein 
B1 

Cell membrane, 
nucleus, 

endosome 

Please see function in Inflammatory 
response to antigenic stimulus. 

No 
 

2- NOS3 Nitric oxide 
synthase, 
endothelial 
 

Cell membrane, 
cytoskeleton, 

Golgi apparatus 
 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 
 

3- EPHA2 Ephrin type-A 
receptor 2  

Cell membrane Please see function in Regulation of 
protein localization to plasma 
membrane. 

No 
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 Regulation of angiogenesis 

1-  HMGB1 
 

High mobility 
group protein 
B1 

Cell membrane, 
nucleus, 
endosome 

Please see function in Inflammatory 
response to antigenic stimulus. 
 
 

No 
 

1- EPHA2 
 

Ephrin type-A 
receptor 2  
 

Cell membrane 
 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

No 
 

2- NOS3 
 

 

Nitric oxide 
synthase, 
endothelial 
 

Cell membrane, 
cytoskeleton, 

Golgi apparatus 
 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 
 

3- MTDH 
 

 

Protein LYRIC 
 

Endoplasmic 
reticulum 

membrane, 
Nucleus 

membrane 

Please see function in 
Lipopolysaccharide-mediated 
signalling pathway. 

No 
 

4- PLXND1 
 

 

Plexin-D1 Cell membrane 

 

Please see function in Endothelial ell 
migration. 

No 
 

 Angiogenesis 

1- ANPEP 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Aminopeptidase 
N 
 
 
 
 
 
 
 
 
 
 
 
 

Cell membrane 

 

• Plays a role in the final digestion 
of peptides generated from 
hydrolysis of proteins by gastric 
and pancreatic proteases.  

• Also involved in the processing of 
various peptides including 
peptide hormones, such as 
angiotensin III and IV, 
neuropeptides, and chemokines.  

• May also be involved in the 
cleavage of peptides bound to 
major histocompatibility complex 
class II molecules of antigen 
presenting cells.  

• May have a role in angiogenesis 
and promote cholesterol 
crystallization.  

• May have a role in amino acid 
transport by acting as binding 
partner of amino acid transporter 
SLC6A19 and regulating its 
activity. 

 
 
 
 

Yes 
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2- Clic4 
 

Chloride 
intracellular 
channel protein 
4 
 

Mitochondria, 
Nucleus matrix, 
Cell membrane, 

centrosome 

Please see function in Endothelial 
cell development. 

Yes 

3- PLXND1 
 
 

 

Plexin-D1 Cell membrane 

 

Please see function in Endothelial ell 
migration. 

 

4- EPHA2 
 

 

Ephrin type-A 
receptor 2  

Cell membrane 
 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

No 
 

5- NOS3 
 

Nitric oxide 
synthase, 
endothelial 

Cell membrane, 
cytoskeleton, 

Golgi apparatus 
 

Please see function in Regulation of 
systemic arterial blood pressure by 
endothelin. 

Yes 
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5.5 Discussion 

Proteomic analysis is used for identification and quantification of proteins in complex biological 

samples, to improve our understanding of disease mechanisms (Zhao et al., 2015). Here, 

qualitative proteomic profiling was carried out on mitochondria-enriched fractions from CLIC1- 

and CLIC4-overexpressing HPAECs.  

Data presented in this chapter represent a preliminary evaluation of protein expression in 

different treatment groups. Mitochondria-enriched fractions are likely to contain some 

contaminants of mitochondria-associated cytoplasmic proteins (here, each group represented 

pooled samples from n=4 fractions). Mitochondrial enrichment was confirmed by western 

blotting (data shown in Chapter 3, Section 3.4.4).  

CLIC proteins have been implicated in the regulation of several important cellular processes such 

as,  membrane trafficking, cytoskeletal function (Berryman et al., 2004), apoptosis (Fernández-

Salas et al., 2002; Suh et al., 2004), cell cycle control (Valenzuela et al., 2000), tubulogenesis 

(Berry et al., 2003), vascular endothelial growth factor (VEGF)-mediated angiogenesis of 

endothelial cells (Tung et al., 2009), mitosis and differentiation (Suh et al., 2007). 

Expression levels of specific proteins vary widely within the cell proteome. Many transcription 

factors show low abundance and are difficult to detect (Garbis et al., 2005).  

Proteomics offer a snapshot of proteome at any given time and the detection is dependent upon 

the relative abundance of protein in the overall proteome. In this preliminary study we were able 

to detect a number of mitochondrial proteins, including those that are involved in fusion and 

fission events (listed in Table 5.1). We also detected proteins that localise to other organelles 



CHAPTER 5 - Proteomic analysis of CLIC-induced changes in mitochondrial protein expression profile in 
HPAECs 

212 | P a g e  
 

such as ER, and nucleus, suggesting the presence of cytoplasmic contaminants.  Some 

fission/fusion or mitophagy proteins were below detection level. 

Pathway analysis of CLIC1- and CLIC4-regulated mitochondrial and mitochondria-associated 

proteins revealed numerous links with PAH pathogenesis, involving  endothelial development, 

migration, angiogenesis, cell-cycle regulation, endocytosis and exocytosis (Laudi et al., 2007; 

Marshall et al., 2018).  The analysis also revealed links of CLIC proteins with reactive oxygen 

species metabolic processes, iron ion transport, mitochondrion transport along microtubules, 

actin filament capping, and removal of superoxide radicals (Gururaja Rao et al., 2018; Wojciak-

Stothard et al., 2014). A number of other pathways associated with CLIC proteins, such as 

regulation of blood vessel endothelial cell migration, angiogenesis, tissue remodelling, and 

inflammatory response to antigenic stimulus, have been reported in other studies  (Boucherat et 

al., 2017; Jeffery & Wanstall, 2001). These data reaffirm the importance of CLIC signalling in the 

pathogenesis of PAH. 

CLIC proteins may affect mitochondrial function directly, by their interaction with mitochondrial 

membrane proteins. Identification of binding partners of CLIC proteins will require further 

investigation. CLIC proteins can also act indirectly, by increasing mitochondrial redox potential. 

Purified soluble CLIC1 and CLIC4 show glutaredoxin (glutathione-dependent oxidoreductase) 

activity in ex-vivo assays (Al Khamici et al., 2015). Another indirect way involves HIF-induced 

mitochondrial fission and inhibition of oxidative phosphorylation (Ong et al., 2015). Our group 

have shown that CLIC4 activates HIF in cultured cells and animal models of PAH (Wojciak-

Stothard et al., 2014). CLIC4 also associates with a number of cytoskeletal and cytoskeleton-

associated proteins that may affect mitochondrial transport and fission, i.e. dynein, tubulin and 

Arp2/3 complex (Tavasoli et al., 2016). 
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CHAPTER 6 RESULTS: Reversal of CLIC effects by mitofusin-2  

PAH vascular cells display reduced mitochondrial content, increased mitochondrial 

fragmentation, membrane potential, glycolysis, and reduced oxidative phosphorylation 

(Ranchoux et al., 2016; Russomanno et al., 2020; Tang et al., 2014). Our data show that similar 

effects are induced by the overexpression of CLIC1 and CLIC4. 

The overall aim of the studies presented in this chapter was to investigate whether the 

overexpression of MFN2 can reverse CLIC-induced mitochondrial dysfunction, including changes 

in mitochondrial fragmentation, mitochondrial membrane potential (ΔΨm), mitochondrial 

reactive oxygen species (mtROS), and mitochondrial respiration.  

6.1 Introduction  

Mitochondria are remarkably dynamic organelles, and mitochondrial dynamics – which involves 

mitochondrial fission, fusion, movement and mitophagy – plays an essential role in mitochondrial 

function. In addition to the regulation of mitochondrial fusion, MNF2 plays a crucial role in 

mitochondrial communication with the endoplasmic reticulum (ER), which is essential for 

calcium (Ca2+) homeostasis, lipid biosynthesis and thus for the regulation of mitochondrial 

metabolism and apoptosis (de Brito & Scorrano, 2009). The knockdown of MFN2 in endothelial 

cells causes mitochondrial fragmentation, diminished mitochondrial membrane potential and 

apoptosis in growth factor-reduced media (Lugus et al., 2011).  

Endothelial and smooth muscle cells from the remodelled vasculature in PAH share multiple 

pathophysiological and molecular similarities with cancer cells, including increased glycolysis, 

apoptosis resistance, increased proliferation and mitochondrial fragmentation, all of which are 

associated with the upregulation of fission protein DRP-1 and the downregulation of MFN2 (de 

Brito & Scorrano, 2009) (Ryan et al., 2013).  
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6.2 Experimental aims 

The studies described in this chapter aimed at: 

1. Optimising the conditions for MFN2 gene expression in control and CLIC–overexpressing 

HPAECs. 

2. Determining the effect of MFN2 overexpression on mitochondrial dynamics (fusion and 

fission) in control and CLIC-overexpressing HPAECs. 

3. Exploring the role of MFN2 as a mediator of CLIC1/CLIC4-induced changes in mitochondrial 

membrane potential and ROS production. 

4. Investigating the effect of MFN2 overexpression on energy metabolism in control and CLIC-

overexpressing HPAECs. 

6.3 Experimental design 

Detailed methods on specific methods and protocols for each investigation in this chapter are 

described in Chapter 2, and an overview of the experimental outline is presented in Figure 6.1.  
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Figure 6.1: Experimental outline for Chapter 6. MFN2 expression was manipulated by the adenoviral 

overexpression of human MFN2 protein in control HPAECs and HPAECs overexpressing AdCLIC1 or 

AdCLIC4. Changes in mitochondrial fragmentation, mitochondrial membrane potential, ROS generation, 

glycolysis and mitochondrial respiration in CLIC-overexpressing HPAECs were studied using fluorescent 

imaging, FACS and Seahorse bioenergetics assay, as appropriate. Illustration created by the author using 

BioRender.com. 
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6.3.1 Manipulation of MFN2 gene expression in HPAECs   

Overexpression of CLIC1, CLIC4, and MFN2 was induced by adenoviral gene transfer, as described 

in Chapter 3, Section 3.4.1.  

The titre of the AdMFN2 stock was estimated at ~2 x 1011 pfu (plaque forming units) per mL. 70-

80% confluent HPAECs growing in 24-well plates were infected with adenoviruses at the 

multiplicity of infection (MOI 1:100). The expression of CLIC1, CLIC4, and MFN2 proteins was 

confirmed by western blotting and immunofluorescence 24 hours post-infection.  

6.3.2 Western blotting  

24 hours post-infection, control and adenovirus-treated HPAECs were lysed using a modified 

RIPA buffer supplemented with protease/phosphatase inhibitors. The protein concentrations of 

individual samples were measured using a Pierce™ BCA Protein Assay Kit following standard 

protocols. Samples were resolved with SDS PAGE (10μg – 20μg protein/lane) and analysed using 

western blotting. The membranes were blocked using BSA (5%) for an hour, then probed with 

goat polyclonal anti-CLIC1, CLIC4, and MFN2 (1:1000 dilution) for a minimum of 1-2 hours, before 

being washed in TBST and probed with secondary mouse anti-goat IgG HRP-linked antibodies 

(1:3000) for 1 hour. Bands were visualized using a Luminata Crescendo Western HRP Substrate 

in ChemiDoc™ Imager. ImageJ software was used to perform a densitometric quantification of 

western blot bands. Further methodological details can be found in Chapter2, Materials and 

Methods, Section 2.8.1.  

6.3.3 Immunostaining and mitochondrial fragmentation analysis 

Control, CLIC-overexpressing and MFN2-overexpressing endothelial cells were cultured in 8-well 

chambered coverslips, washed with PBS and fixed. HPAECs were then permeabilised, blocked 
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and incubated overnight with the primary antibodies. The cells were subsequently incubated 

with fluorescently-labelled secondary antibodies, then mounted and examined under the 

confocal microscope (Zeiss LSM780). The acquired images were analysed using ImageJ software 

and NIP2 image software to determine the number of mitochondria and the total mitochondrial 

area. Images were filtered by median, thresholded, and binarized to identify individual 

mitochondrial segments (with a 500 pixel =2 μm2 cut-off size). The ratio of the total number of 

mitochondria to total mitochondrial area in each cell provided the mitochondrial fragmentation 

count (MFC). 

6.3.4 Measurement of mitochondrial membrane potential (ΔΨm) 

HPAECs cultured on Thermanox® Plastic Coverslips (13 mm) were infected with adenoviruses 

(AdCLIC1, AdCLIC4, and AdMFN2) to induce CLIC and MFN2 overexpression. 24 hours post-

infection, 100 nM of Tetramethylrhodamine, methyl ester (TMRM) was added to the culture 

medium and the cells were incubated for 30 minutes at 37ᵒC. The cells were then washed twice 

with PBS and new media was added to the cells. Live imaging was performed using a Zeiss 

confocal microscope (Zeiss LSM780) and the acquired images were then analysed using ImageJ.  

6.3.5 Measurement of mitochondrial reactive oxygen species (mtROS) 

HPAECs infected with AdCTRL, AdCLIC1 or AdCLIC4, with or without AdMFN2, were seeded in 6-

well plates. 24 hours post infection, the cells were trypsinised and pelleted by centrifugation in 

5 mL Falcon round-bottom polystyrene tubes. The medium was carefully aspirated, and the pellet 

was re-suspended in 1 mL PBS then subjected to a second centrifugation. 1μM MitoSOX Red was 

added to HPAECs at 37°C, 5% (v/v) CO2 for 30 minutes, protected from light. MitoSOX Red 

accumulates in mitochondria and becomes fluorescent upon oxidation by •O2
−. MtROS 



CHAPTER 6 - Reversal of CLIC effects by mitofusin-2 

219 | P a g e  
 
 

 

production was measured by flow cytometry at an excitation of 510 nm and an emission of 580 

nm using a BD FACS Canto Flow Cytometer, where 10,000 events were recorded for each sample 

with a selected FL2 channel. For more details see Chapter 2- Materials and Methods, Section 

2.6.2.  

6.3.6 Cellular bioenergetics assay  

HPAECs were seeded at a density of 2x104/well in Seahorse 96-well plates designed for use with 

the Seahorse XFp instrument. The following day the cells were infected with AdCLIC1, AdCLIC4, 

and AdMFN2 and incubated for 24 hours. Cells were then equilibrated with an XF assay medium 

containing 2mM L-Glutamine, 1mM pyruvate, and 10 mM glucose for the Mito Stress Test. 2mM 

L-Glutamine was the only supplement used in the Glycolysis Stress Test, according to the 

manufacture’s guidelines. Baseline rates of oxygen consumption were measured in adherent 

HPAECs. Prior to the Mitostress assay, all wells were serially injected with 1.5 µM oligomycin, 2 

µM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 µM 

rotenone/antimycin A (Rot/Ant). Extracellular acidification rates (ECAR) were measured in 

response to the serial injections of 1.5 µM glucose, 15 µM oligomycin and 65 µM 2-Deoxy-glucose 

(2-DG). Afterwards, the total protein in each well was measured using the BCA protein assay kit 

and OCR and ECAR were normalized to the protein levels before the data were analysed. For 

further details see Chapter 2- Materials and Methods, Section 2.6.3.  
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6.4 Results 

6.4.1 MFN2 expression in endothelial cells 

Results in previous chapters have shown that the pathological overexpression of CLIC1 and CLIC4 

induce roughly a 3-fold decrease in mitochondrial MFN2 expression. Therefore, the optimal MOI 

of AdMFN2 (1:200) was set to achieve a compensatory increase in the expression of MFN2 in 

CLIC1- and CLIC4-overexpressing HPAECs (Figures 6.2, 6.3, and 6.4).  

 

 

Figure 6.2: Optimization of MFN2 overexpression in HPAECs. (A) The bar-graph indicates fold-change in 

MFN2 protein levels in HPAECs grown in 6-well dishes and infected with different dilutions of AdMFN2 or 

AdCTRL (Adenoviral control) stocks 24 hours post-infection. Under these experimental conditions, 

0.5µL=MOI 1: 20, 1µL=MOI 1: 40, and 10µL=MOI 1: 400. (B) Representative western blots correspond to 

(A). Expression levels were normalised to β-actin. N=3 
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Figure 6.3: MFN2 overexpression in HPAECs. (A) The bar-graph shows a ~3-fold increase in MFN2 protein 

expression levels in HPAECs infected with 5µL (MOI 1:200) of AdMFN2, compared with cells infected with 

AdCTRL (MOI 1:200) 24 hours post-infection. (B) Representative western blots correspond to (A). 

Expression levels were normalised to β-actin. N=3 

 

 

Figure 6.4: MFN2 overexpression compensates loss of MFN2 in CLIC-overexpressing HPAECs. (A) The 

bar-graph shows fold change in MFN2 protein expression levels in CLIC-overexpressing HPAECs infected 

with AdMFN2, with or without AdCLIC1, AdCLIC4 or AdCTRL (Adenoviral control) 24 hours post-infection 

to obtain a ~3-fold increase of MFN2, as indicated. (B) Representative western blots correspond to (A). 

Expression levels were normalised to β-actin, NS (non-significant). One-way ANOVA was used with Tukey’s 

multiple comparison test. Data are presented as mean ± SEM. N=3 
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6.4.2 The effect of MFN2 on CLIC-induced changes in mitochondrial fragmentation in 

HPAECs 

In order to investigate the effects of MFN2 protein overexpression on mitochondrial 

fragmentation in CLIC-overexpressing endothelial cells, mitochondria were fluorescently-

labelled and visualised using confocal microscopy, and mitochondrial fragmentation count (MFC) 

was then evaluated. 

Overexpression of MFN2 prevented any CLIC1- and CLIC4-induced increase in mitochondrial 

fragmentation in HPAECs (Figure 6.5). A decrease in mitochondrial fragmentation was also noted 

in MFN2-overexpressing control cells, but the change was too small to be statistically significant 

(Figure 6.5). Representative fluorescent images of mitochondrial fragmentation in cells 

overexpressing CLIC1 or CLIC4, with and without MFN2, are shown in Figures 6.6 and 6.7.  
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Figure 6.5: The effect of MFN2 on mitochondrial fragmentation count in CLIC-overexpressing HPAECs. 
MFC (arbitrary units) was measured in endothelial cells infected with AdCTRL, AdCLIC1, and AdCLIC4, with 
and without MFN2, using NIP2 image software. The bar-graph shows a significant decrease in MFC caused 
by MFN2 in CLIC1, and CLIC4-overexpressing HPAECs, compared to CLIC1- or CLIC4-overexpressing 
HPAECs, as appropriate. Control data (AdCTRL) were acquired in the previous series of experiments 
(shown in Figure 3.8 on page 115). N=20 cells/treatment were analysed in 3 separate experiments. 
***P<0.0001, comparison with AdCRTL, ###P<0.0001, comparisons between AdCLIC1+MFN2 or 
AdCLIC4+MFN2 and corresponding AdCLIC1 or AdCLIC4 controls. One-way ANOVA was used with Tukey’s 
multiple comparison test. Data are presented as mean ± SEM. 

 

Figure 6.6: The effect of MFN2 overexpression on CLIC-induced mitochondrial fragmentation in HPAECs. 

Representative fluorescent confocal images of mitochondrial network in HPAECs were treated with 

AdCTRL, AdCLIC1 and AdCLIC4, with and without MFN2, 24 hours post-infection. AdCTRL served as 

controls. Arrowheads point to small, fragmented mitochondria in CLIC1-, and CLIC4-overexpressing cells. 

Images were obtained using Zeiss LSM 780 confocal microscope with 20x objective. Bar=10μm. 
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Figure 6.7: Mitochondrial network in CLIC-overexpressing HPAECs with MFN2 overexpression. 

Representative confocal images indicate mitochondrial network in control (AdCTRL), CLIC1, and CLIC4-

overexpressing endothelial cells with MFN2 overexpression 24 hours post-infection. Mitochondria are 

magenta (Alexa Fluor 647), nuclei are blue (DAPI), F-actin is red (TRITC-phalloidin) and CLIC1, CLIC4 protein 

is green (anti-HA-tag Alexa Fluor 488). Arrowheads point to mitochondrial network in CLIC1-, and CLIC4-

overexpressing cells plus MFN2 overexpression. Images were acquired using a Zeiss LSM 780 confocal 

microscope with 20x objective. Bar=50μm.  

 

 

 



CHAPTER 6 - Reversal of CLIC effects by mitofusin-2 

225 | P a g e  
 
 

 

6.4.3 Effect of MFN2 on CLIC-induced changes in mitochondrial membrane potential  

In order to investigate the effect of MFN2 on CLIC1- and CLIC4-induced changes in mitochondrial 

membrane potential (ΔΨm), cells were stained with fluorescent ΔΨm indicator, 

Tetramethylrhodamine, methyl ester (TMRM). ΔΨm was evaluated 24 hours post- infection 

using recombinant adenoviruses. Overexpression of MFN2 completely prevented an increase in 

mitochondrial ΔΨm induced by CLIC1 and CLIC4 in HPACEs (Figure 6.8 and 6.9). Base levels of 

ΔΨm in control cells were relatively unaffected by MFN2 overexpression (Fig. 6.8). 

 

Figure 6.8: The effect of MFN2 overexpression on CLIC-induced changes in mitochondrial membrane 

potential. The bar-graph indicates mean mitochondrial membrane potential, assessed by the 

measurement of TMRM fluorescence intensity (+SEM) in HPAECs overexpressing CLIC1 and CLIC4, with or 

without AdMFN2, 24 hours post-infection. AdCTRL, and AdCTRL+MNF2 served as controls. ***P <0.0001, 

comparison with AdCRTL; #P<0.05, comparison with AdCLIC1+AdMFN2; ###P<0.0001, comparison with 

AdCLIC4+AdMFN2. One-way ANOVA was used, with Tukey’s multiple comparison test. Data are presented 

as mean ± SEM of 3 experiments with 3 technical repeats.  
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Figure 6.9: The effect of MFN2 on mitochondrial membrane potential in CLIC-overexpressing HPAECs. 

Representative confocal images of live control HPAECs (AdCTRL, AdCLIC1, and AdCLIC4) and HPAECs 

overexpressing CLIC1, CLIC4 and MFN2 24 hours post-infection, as shown. Live endothelial cells were 

incubated with 100nM TMRM for 30 minutes at 37ᵒC and the cells were then imaged using confocal 

microscopy. Images were obtained using a Zeiss LSM 780 confocal microscope with 20x objective. 

Bar=10μm.  
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6.4.4 The effect of MFN2 on CLIC-induced changes in mitochondrial ROS production 

in HPAECs 

To evaluate the production of mitochondrial reactive oxygen species (mtROS) in cells, MitoSOX™ 

Red Mitochondrial Superoxide indicator was added to live HPAECs overexpressing CLIC1 and 

CLIC4, with or without MFN2, and mtROS generation in different cell populations was assessed 

by Fluorescence-activated cell sorting (FACS).  

The analysis revealed that MFN2 overexpression prevented an increase in CLIC1- and CLIC4-

induced mitochondrial ROS production in HPAECs (Figure 6.10). ROS production in control cells 

overexpressing MFN2 was also reduced, compared with adenoviral controls, although this 

change was too small to be statistically significant (Figure 6.10). 
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Figure 6.10: The effect of MFN2 overexpression on CLIC-induced changes in mitochondrial ROS. (A) 

Examples of mean fluorescent intensity histograms showing the ratio of MitoSox red (FL3-H) to 

Mitotracker green (FL1-H) (labelling all mitochondria), measured by Fluorescence Activated Cell Sorting 

(FACS). (B) The effect of MFN2 overexpression on CLIC1 and CLIC4-induced changes on mtROS production, 

measured as mean intensity of fluorescence (arbitrary units: AU) in HPAECs. AdCTRL, and AdCTRL+MNF2 

served as controls. *P<0.05, ***P <0.0001, comparison with AdCRTL; #P<0.05, comparison with 

AdCLIC1+AdMFN2. One-way (ANOVA) was used with Tukey’s multiple comparison test. Data are 

presented as mean ± SEM of 3 experiments with 3 technical repeats.  
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6.4.5 The effect of MFN2 on CLIC-induced changes in the bioenergetic profile of 

HPAECs 

The effect of MFN2 protein on mitochondrial respiration and glycolysis in HPAECs overexpressing 

CLIC1 and CLIC4 was assessed using the Agilent Seahorse Mito Stress Test and the Glycolysis 

Stress Test. OCR was measured in response to the serial injection of respiratory modulators 

oligomycin, FCCP, and rotenone/antimycin (Rot/Ant). ECAR was evaluated under basal 

conditions, followed by the sequential injection of glycolysis modulators glucose, oligomycin, and 

2-DG. A consistent protein concentration for each experiment was confirmed across all HPAECs 

treated in each well. OCR and ECAR data were automatically calculated using Wave software 

then exported to Excel to determine the effect of CLIC proteins on key mitochondrial respiration 

and glycolysis parameters. The results are summarized below. 

Changes in OCR parameters: 

• Basal respiration, which measures the energy demand of cells at baseline conditions, was 

markedly reduced by CLIC1 and CLIC4 overexpression (~2-fold decrease compared to 

controls). MFN2 induced a significant increase in basal respiration in CLIC-overexpressing 

cells (Figure 6.12 A). 

• MFN2 overexpression significantly increased mitochondrial ATP production in CLIC-

overexpressing cells (~2-3-fold increase compared with CLIC-overexpressing HPAECs) and 

restored normal mitochondrial ATP production to control levels (Figure 6.12 B) 

•  The overexpression of MFN2 restored optimal respiration in CLIC1- and CLIC4-

overexpressing cells to control levels (Figure 6.12 C).  

• Proton leak was markedly increased in CLIC1 and CLIC4-overexpressing HPAECs. This 

response was reduced to control levels by MFN2 overexpression (Figure 6.12 D) 
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• The overexpression of MFN2 prevented a decrease in spare respiratory capacity induced 

by CLIC1 and CLIC4 (~2-3-fold increase compared with CLIC-overexpressing HPAECs) (Figure 

6.12 E). 

• MFN2 overexpression reduced non-mitochondrial respiration in all study groups (Figure 

6.12 F). 

 OCR data generated by the XF Mito Stress Test report generator are presented in Figures 6.11, 

and 6.12.  

 

Figure 6.11: Example of Oxygen consumption rate (OCR) measurement. HPAECs were infected with 

either AdCTRL and/or AdCLIC1, AdCLIC4, AdMFN2, and OCR was measured following the injection of 

oligomycin, FCCP, and Rot/Ant at 15, 34 and 54 minutes respectively. Black circle = AdCTRL; red square = 

AdCLIC1; green triangle: AdCLIC4; purple triangle: AdCTRL+MFN2; orange diamond: AdCLIC4+MFN2; blue 

diamond: AdCLIC1+MFN2. Data are presented as mean ± SEM of three independent experiments. 

Abbreviations: FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot/Ant, Rotenone plus 

antimycin A; OCR, oxygen consumption rate. Representative trace from four independent experiments. 
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Figure 6.12: Effect of MFN2 overexpression on mitochondrial function in CLIC-overexpressing HPAECs. Cells 
were infected with either AdCTRL and/or AdCLIC, AdMFN2, and key parameters of mitochondrial respiration 
were measured using the Seahorse XFp Cell Mito Stress Test 24 hours post-infection. *P <0.05, **P <0.01 
***P<0.0001, comparison with AdCRTL; #P<0.05, comparison with AdCLIC; One-way ANOVA was used with 
Tukey’s multiple comparison test. Data are presented as mean ± SEM of four independent experiments with 4 
to 8 replicate wells in the Seahorse XF analyzer.* comparisons with AdCTRL, comparisons between 
CLIC1+MFN2- and CLIC4+MFN2 groups and CLIC1- and cLIC4-overexpressing groups, as required. Data were 
normalised to protein concentration for each experiment across all cells in each well.   
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Changes in ECAR parameters:  

• MFN2 prevented CLIC1- and CLIC4-induced increases in glycolysis and glycolytic capacity 

(Figure 6.14 A and B). 

• All treatment groups showed a noticeable, albeit not statistically significant elevation in 

glycolytic reserve, compared with untreated controls (Figure 6.14 C). 

• MFN2 overexpression prevented a decrease in non-glycolytic acidification in CLIC1- and 

CLIC4-overexpressing HPAECs (Figure 6.14 D). 

ECAR data generated by the XF Glycolysis Stress Test report generator are shown in Figures 6.13, 

and 6.14.  

 

Figure 6.13: Extracellular acidification rate measured following the serial compound injections of 

glycolysis modulators. HPAECs were infected with AdCLIC1, AdCLIC4, AdshCLIC1, AdCLIC4 and ECAR 

measured at intervals following the injection of glucose at 15 minutes, oligomycin at 34 minutes, and 2-

DG at 54 minutes. Black circle: CTRL (untreated HPAECs); red square: AdCLIC1; green triangle: AdCLIC4; 

purple triangle: CTRL+MFN2; orange diamond: AdCLIC4+MFN2; blue diamond: AdCLIC1+MFN2. Data are 

presented as mean ± SEM of three independent experiments. Abbreviations: 2-DG, 2-Deoxy-glucose; 

ECAR, extracellular acidification rate. Representative trace from four independent experiments. 
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Figure 6.14: Effect of MFN2 overexpression on CLIC-induced changes on acidification rate in HPAECs. 

Cells were infected with either AdCTRL and/or AdCLIC, AdMFN2, and key parameters of mitochondrial 

respiration were measured using the Seahorse XFp Cell Glyco Stress Test. *P <0.05, **P <0.01 

***P<0.0001, comparison with AdCRTL; ##P<0.01, comparison with AdCLIC; # P<0.05, comparison 

between AdCLIC and AdCLIC+MFN2. One-way ANOVA was used with Tukey’s multiple comparison test. 

Data are presented as mean ± SEM of four independent experiments with 4 to 8 replicate wells in the 

Seahorse XF analyser. Data were normalised to protein concentration for each experiment across all cells 

in each well.   
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6.5 Summary  

        The key findings presented in this chapter show that: 

• MFN2 overexpression had little effect on mitochondrial fragmentation or mitochondrial 

function in untreated HPAECs under basal conditions. 

• MFN2 overexpression prevented CLIC1- and CLIC4-induced mitochondrial fragmentation 

and a rise in mitochondrial membrane potential in HPAECs. 

• MFN2 also prevented CLIC1- and CLIC4- induced increase in mitochondrial ROS generation. 

•  MFN2 overexpression prevented CLIC1- and CLIC4- induced reduction in basal respiration, 

mitochondrial ATP generation, maximal respiration, and spare respiratory capacity. 

• MFN2 prevented CLIC1- and CLIC4-induced increase proton leak and non-mitochondrial 

respiration. 

• MFN2 prevented CLIC1- and CLIC4-increase in glycolysis and glycolytic capacity and 

reduction in non-glycolytic acidification.  

• CLIC1, CLIC4, and MFN2 have no significant impact on glycolytic reserve. 



CHAPTER 6 - Reversal of CLIC effects by mitofusin-2 

235 | P a g e  
 
 

 

 

Figure 6.15: Summary of key results in Chapter 6. Key findings are summarised in Table 6.1. Illustration 

created by the author using BioRender.com. 
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Table 6.1: Summary of key findings on the effect of overexpression of CLIC proteins and MFN2 on 

mitochondrial function in HPAECs. Red arrows pointed upwards indicate increase, black arrows pointed 

downwards indicate decrease, and dashes indicate no change. 

Investigation CLIC1 CLIC4 CLIC1+MFN2 CLIC4+MFN2 

Mitochondrial fragmentation     

Mitochondrial membrane 

potential 

    

Mitochondrial ROS production     

Basal respiration      

ATP production     

Maximal respiration     

Proton leak     

Spare respiratory capacity     

Non-mitochondrial respiration      

Glycolysis     

Glycolytic capacity     

Non-glycolytic acidification     

Glycolytic reserve        
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6.6 Discussion 

Data from this study show that CLIC1 and CLIC4 proteins are components of the mitochondrial 

membrane in HPAECs, which is consistent with previous findings in cardiomyocytes (Singh, 2010). 

CLIC1- and CLIC4-overexpression reduces the expression of MFN2 in HPAECs, similar to the 

changes seen in remodelled vasculature cells in PAH (Ryan et al., 2013). MFN2 is a large GTPase 

located in the outer mitochondrial membrane which acts as a crucial regulator of mitochondrial 

network integrity (Chandhok et al., 2018). GTP binding and hydrolysis on MFN2 tethers the 

opposing membranes of multiple mitochondria, causing mitochondrial fusion and branching of 

the mitochondrial network (Van der Bliek et al., 2013). The interaction of MFN2 with MFN1 and 

optic atrophy 1 (OPA1) is necessary for the regulation of normal mitochondrial shape, distribution 

and quality control (Zhao et al., 2013). The suppression of MFN2 induces metabolic changes in 

cell lines of different origins and is characterized by reduced cellular oxygen consumption and a 

metabolic shift towards glycolysis. A reduction in mitochondrial membrane potential was also 

reported (Gouriou et al., 2020), which is characteristic of changes seen in PAH (Yu & Chan, 2017). 

Our findings suggest that the increased expression of CLIC1 and CLIC4 is likely to contribute to a 

decrease in MFN2 expression, leading to a reduction in mitochondrial respiration and an increase 

in the rate of glycolysis in vascular endothelial cells. An increase in CLIC1 and CLIC4 expression in 

PAH was seen predominantly in the vascular endothelium, but some less pronounced changes 

were also seen in smooth vascular muscle cells, so these results may to some extent also apply 

to other cell types. Considering that mitochondria constitute almost 40% of the volume of cardiac 

tissue (Barth et al., 1992), establishing the role of CLIC proteins in the regulation of energy 
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metabolism in the heart may be of particular importance in the context of PAH. This will need to 

be addressed in future studies. 

MFN2 overexpression prevented abnormal increases in the mitochondrial membrane potential 

(Δψm) in CLIC‐overexpressing HPAECs. The hyperpolarization of the mitochondrial membrane has 

been linked to an increase in ROS generation as well as increased sensitivity to apoptosis 

(Martínez‐Reyes et al., 2016). Normal levels of Δψm are required to sustain ATP production and 

maintain a healthy balance between mitochondrial fusion and fission as well as proliferation and 

apoptosis and to regulate protein import and metabolite exchange with the cytosol. 

Mitochondrial membrane potential can therefore be considered as a key functional readout of 

mitochondrial health (Forkink et al., 2014). PAH carries many of the hallmarks of cancer, including 

apoptosis resistance, increased cell proliferation and mitochondrial dysfunction – which is 

characterised by dysmorphic, hyperpolarized mitochondria in vascular endothelial and smooth 

muscle cells (Ranchoux et al., 2016). As the reduction in mitochondrial membrane potential is 

associated with cell cycle arrest ( Ryan et al., 2015), the overexpression of MFN2 may be 

beneficial to the inhibition  of proliferative activation of pulmonary vascular cells in PAH.  

The leak of electrons from the electron transport chain is the major cause of generating 

mitochondrial superoxide, which is known to play a key role in pulmonary hypertension 

(Russomanno et al., 2020). Elevated levels of mitochondrial ROS are linked to cellular response 

to stress or inflammation, and are likely to act as upstream activators of CLIC proteins in the 

pulmonary endothelial vasculature. Proton leak reflects the protons that migrate into the matrix 

without producing ATP, so a reduction in proton leak is indicative of an improvement in the 
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coupling of substrate oxygen and ATP generation (Cheng et al., 2017). Consistent with this, we 

observed an increase in mitochondrial ATP generation in MFN2‐overexpressing cells. 

CLIC4 activates HIF (Wojciak-Stothard et al., 2014), and HIF stabilization is known to promote 

ROS production, thus provoking oxidative stress, which plays an important role in endothelial 

dysfunction and the development of vascular remodelling in PH (Aggarwal et al., 2013). Our 

results show that MFN2 restores the control levels of mitochondrial membrane potential and 

reduces mitochondrial ROS generation in CLIC1‐ and CLIC4‐overexpressing endothelial cells, and 

this is consistent with other reports showing the effectiveness of MFN2 in reducing oxidative 

stress in diabetic cardiomyopathy (Hu et al., 2019). The reduction in mitochondrial proton leak 

by MFN2 can therefore be linked to the reduction in mitochondrial ROS generation and the 

reduction in mitochondrial membrane potential.  
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CHAPTER 7 RESULTS: CLIC proteins in mitochondrial dysfunction in PAH: study in 

ECFCs 

The aim of the studies presented in this chapter was to determine the changes in CLIC protein 

expression, mitochondrial distribution, biogenesis, and energy metabolism in blood-derived late 

outgrowth endothelial colony forming cells (ECFCs) from healthy volunteers and pulmonary 

arterial hypertension (PAH) patients.  

7.1 Introduction  

Endothelial colony forming cells (ECFC) are endothelial progenitor cells that circulate in 

peripheral blood that can become mature endothelial cells and form vascular networks (Toshner 

et al. 2009). Circulating ECFCs have been used as biomarkers in various cardiovascular diseases, 

but their role in PAH remains relatively unexplored (Asosingh et al. 2008). PAH ECFCs display 

highly proliferative, pro-angiogenic phenotypes, and may play a role in the formation of 

pulmonary vascular obstruction (Toshner et al. 2009). Mature ECFCs express endothelial cell 

markers, such as vascular endothelial cadherin (VE-cadherin), and exhibit a cobblestone 

morphology typical of endothelial cells (ECs) (Lin et al. 2000, Minami and Aird 2005).  

Proteomic analysis of ECFC from hereditary pulmonary arterial hypertension (HPAH) patients 

with BMPRII mutations reveals an increased expression of the key mediators of cell survival and 

proliferation (Lavoie et al. 2014). Metabolic abnormalities, such as a switch from oxidative 

phosphorylation to aerobic glycolysis have also been observed in IPAH and HPAH ECFCs (Caruso 

et al. 2017). The expression of CLIC4 is increased in IPAH ECFCs, reflecting the changes seen in 

PAH vasculature (Wojciak-Stothard et al. 2014). CLIC4 was shown to activate the nuclear factor- 

nuclear factor kappa-light-chain-enhancer of activated B (NFκB) and stabilize HIF-1α, leading to 

increased release of VEGF and endothelin-1 (Wojciak-Stothard et al. 2014).  
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Considering the difficulties involved in obtaining pulmonary endothelial cells, non-invasive 

methods of isolating endothelial cells from patient blood have been extensively recognized as 

key tools for studying endothelial dysfunction in lung diseases. Ex vivo expansion of blood-

derived ECFCs has been used as an accessible surrogate to study endothelial cells in PAH (Toshner 

et al. 2009) and other diseases, including systemic sclerosis (Avouac et al. 2008), von Willebrand 

disease (Starke et al. 2011), macular degeneration (Thill et al. 2008), diabetes (Ingram et al. 2008, 

Tan et al. 2010) and coronary artery diseases (Wang et al. 2011). 

This study aimed to investigate whether or not ECFCs display CLIC-related mitochondrial and 

metabolic dysfunction, which are key features of mature lung endothelial cells in PAH. 
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7.2 Experimental aims 

The overall aim of studies presented in this chapter was to 

1. Evaluate the differences in CLIC (CLIC1 and CLIC4) and MFN2 expression between ECFCs 

from healthy individuals and PAH patients. 

2. Study the effects of compensatory changes in MFN2 expression on mitochondrial network 

formation and mitochondrial membrane potential in PAH ECFCs. 

3. Investigate the effects of compensatory changes in CLIC1, CLIC4 and MFN2 expression on 

energy metabolism in ECFCs. 

7.3 Experimental design 

An overview of the experimental outline is presented in Figure 7.1. A detailed description on 

specific methods and protocols can be found in Chapter 2, Materials and methods.  
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Figure 7.1: Experimental outline for chapter 7. Blood-derived endothelial colony forming cells (ECFCs), 

were obtained from Imperial College London’s PH biobank (see Chapter 2, Materials and Methods, Section 

2.1.1.2) and cultured for further investigation. The inhibition of CLIC expression and overexpression of 

MFN2 were achieved by adenoviral gene transfer of AdshCLIC or AdMFN2, as appropriate. AdCTRL and 

non-targeting (scrambled) AdshRNA were used as treatment controls. Changes in mitochondrial 

fragmentation, mitochondrial membrane potential (ΔΨm), glycolysis and mitochondrial respiration in 

MFN2-overexpressing ECFCs were studied using fluorescent imaging and the Seahorse bioenergetics 

assay. The effects of CLIC inhibition on respiratory metabolism were also evaluated using the Seahorse 

bioenergetics assay. Illustration created by the author using BioRender.com. 
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7.3.1 Cell culture  

7.3.1.1 Blood-derived human endothelial cells 

Blood-derived endothelial colony forming cells (ECFCs) were isolated, as described in Chapter 2- 

Materials and Methods, Section 2.1.1.2. Peripheral blood samples were collected with the 

approval of the local ethics committee and informed written consent from healthy volunteers 

(n=14) and from patients with idiopathic PAH (IPAH, n=12). Patient demographics is shown in 

Table 7-1. ECFCs were cultured in an EGM-2 medium supplemented with growth factors, 20% 

FBS and 1% antibiotic/antimycotic solution. The inhibition of CLIC expression and the 

overexpression of MFN2 were achieved by adenoviral gene transfer (AdshCLIC, AdMFN2), as 

described in Chapter 4, Section 4.4.1 and Chapter 6, Section 6.4.1 respectively). 70-80% confluent 

passage 5 ECFCs growing in 24-well plates were infected with adenoviruses at a MOI of 1:100. 

After 24 hours’ incubation, the cells were used for further investigations. 

Table 7.1: Demographics of IPAH patients and healthy volunteers. Data are represented as median 

(range). Abbreviations: mPAP, mean Pulmonary Arterial Pressure; ER, Estrogen-Receptor; PDE5, 

Phosphodiesterase type 5 (Russomanno, Jo et al. 2020). 

 Control (n=14) IPAH (n=12) 

Male/Females 3/11 1/11 
Age (years) 30.0 (23.0 - 45.0) 38.33 (27.0 - 67.0) 

Time from diagnosis (months) - 13.0 (0.1 - 60.0) 
mPAP (mmHg) - 65.0 (28.0 - 94.0) 

Six minute walk distance (m) - 396.0 (300.0 – 540.0) 

WHO Functional Class 

I - 1 

II - 3 

III - 5 

IV - 3 

Treatment Naïve - 2 
Warfarin - 4 

Calcium Antagonists - 1 
ER Antagonists - 7 
PDE5 Inhibitors - 8 

Prostanoids - 4 

Statins - 0 
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7.3.2 Measurement of CLIC and MFN2 gene expression levels by quantitative PCR in 

ECFCs   

70-80% confluent ECFCs were harvested by trypsinization, and RNA was purified and reverse 

transcribed to the cDNA, which was then subjected to a real time qPCR. For details see Chapter 

2- Section 2.8, Materials and Methods. 

7.3.3 Immunofluorescence and confocal microscopy of mitochondrial fragmentation 

ECFCs (from healthy controls and PAH patients) cultured on 8-well chambered coverslips were 

left untreated or were infected with AdCRTL or AdMFN2. 24 hours post-infection, the cells were 

immunostained with anti-mitochondrial antibodies, and mitochondrial fragmentation was 

evaluated as described in Chapter 2- Section 2.4.1, Materials and Methods. 

7.3.4 Measurement of mitochondrial membrane potential (ΔΨm) 

ECFCs cultured on Thermanox® Plastic Coverslips (13 mm) were infected with AdCLIC1 shRNA, 

AdCLIC4 shRNA, AdCTRL or AdMFN2. 24 hours post-infection, 100 nM Tetramethylrhodamine, 

methyl ester (TMRM) was added to the culture medium and the cells were incubated for 30 

minutes at 37 ᵒC. The ECFCs were then washed twice with PBS, and new medium was added to 

the cells. Live imaging was performed using a Zeiss confocal microscope (Zeiss LSM780) and the 

acquired images were then analysed with ImageJ. For details see Chapter 2- Section 2.5.1, 

Materials and Methods. 
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7.3.5 Seahorse bioenergetics assay   

The mitochondrial respiration (OCR) and glycolytic function (ECAR) were measured in ECFCs using 

Agilent Seahorse XFp. ECFCs were seeded at the density of 2x104/well in Seahorse 96-well plates 

designed for the Seahorse XFp instrument. The following day, cells were infected with AdCTRL, 

AdshCLIC1, AdshCLIC4, and AdMFN2 and incubated for 24 hours before being equilibrated with 

XF assay medium containing 2mM L-Glutamine, 1mM pyruvate, and 10 mM glucose for the Mito 

Stress Test. 2mM L-Glutamine was the only supplement used in the Glycolysis Stress Test, 

according to the manufacturer’s guidelines. In the Mitostress test, baseline rates of oxygen 

consumption were measured in ECFCs. Prior to the assay, all wells were serially injected with 1.5 

µM oligomycin, 2 µM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 

µM rotenone/antimycin A (Rot/Ant). The extracellular Acidification Rate (ECAR) was measured 

in response to the serial injections of 1.5 µM glucose, 15 µM oligomycin, and 65 µM 2-Deoxy-

glucose (2-DG). After the run, the total protein levels in each well were measured using the BCA 

protein assay kit and OCR/ECAR were normalized to the protein levels. Further methodological 

details are provided in Chapter 2- Section 2.5.3, Materials and Methods.  
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7.4 Results 

7.4.1 CLIC and MFN2 expression in ECFCs 

CLIC1 and CLIC4 mRNA expression levels in PAH ECFCs were significantly increased compared to 

healthy controls (Figure 7.2 A and B). Gene expression of MFN2 was significantly reduced in PAH 

ECFCs. (Figure 7-3). 

 

Figure 7.2: Gene expression level of CLIC1 and CLIC4 in healthy and PAH ECFCs. Bar-graphs (A) and (B) 

show changes in mRNA expression of CLIC1, and CLIC4 in healthy and PAH cells, as indicated. Expression 

levels were normalised to GAPDH. *P <0.05, **P <0.01 in comparison with healthy control cells. Data are 

presented as mean ±SEM of 3 independent experiments with 3 technical repeats. The Statistical analysis 

was performed using unpaired t-test. N=8-healthy and 12-patient samples.  
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Figure 7.3: MFN2 mRNA expression level in healthy and PAH ECFCs. Expression levels were normalised 

to GAPDH. *P <0.05, in comparison with healthy control cells. Data are presented as mean ±SEM based 

on 3 independent experiments with 3 technical repeats, and the statistical analysis was performed using 

the unpaired t-test. N=12 healthy and 14 patient samples. 

 

7.4.2 The effect of MFN2 on mitochondrial fragmentation in ECFCs 

PAH ECFCs showed a significant increase in the number of small, fragmented mitochondria in 

ECFCs compared with healthy controls (P = 0.0045) (Figure 7.4 and 7.5).  

Since the compensatory overexpression of MFN2 significantly decreased mitochondrial 

fragmentation in CLIC1- and CLIC4-overexpressing HPAECs (Chapter 6, Section 6.5.2), the effect 

of MFN2 overexpression was subsequently studied in PAH ECFCs. Image analysis revealed that 

MFN2 overexpression significantly reduced MFC in PAH cells to the levels seen in healthy controls 

(Figure 7.6). Representative images of mitochondrial fragmentation in healthy and PAH ECFCs 

with and without MFN2 are shown in Figure 7.7. 
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Figure 7.4: Changes in mitochondrial fragmentation count in ECFCs from healthy volunteers and PAH 

patients. MFC (AU: arbitrary units) was measured in ECFCs from healthy individuals and PAH patients 

using NIP2 image software. The bar-graph shows the significant increase in MFC in PAH ECFCs, compared 

to healthy volunteers. N=25 cells/group in total 12 healthy controls, and 14 patients were analysed in 3 

separate experiments. **P <0.01, in comparison with the healthy group; unpaired t-test. Data are 

presented as mean ± SEM. 



CHAPTER 7 - CLIC proteins in mitochondrial dysfunction in PAH: study in ECFCs 

251 | P a g e  
 
 

 

 

 

Figure 7.5: Changes in mitochondrial fragmentation in healthy and PAH ECFCs. Representative confocal 

images of mitochondria (immunofluorescence) in ECFCs from healthy controls and PAH patients. 

Corresponding merged images show mitochondria (green), F-actin (red) and nuclei (blue). Arrows point 

to fragmented mitochondria. Images were obtained using a Zeiss LSM 780 confocal microscope with 20x 

objective. Bar=10µm.  
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Figure 7.6: The effect of MFN2 on mitochondrial fragmentation count in ECFCs. MFC (AU: arbitrary units) 

was assessed in ECFCs infected with AdCTRL, with and without AdMFN2 using NIP2 image software. The 

bar-graph shows a significant decrease in MFC caused by MFN2 in PAH ECFCs overexpressing MFN2 

compared PAH. N=25 cells/group in 5 healthy controls. 6 patients were analysed in 3 separate 

experiments. **P <0.01, comparison with healthy ECFCs infected with AdCTRL, ##P <0.01, comparison 

with PAH ECFCs infected with AdCTRL using One-way ANOVA with Tukey’s multiple comparison test. Data 

are presented as mean ± SEM. 
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Figure 7.7: The effect of MFN2 overexpression on mitochondrial network in ECFCs. Representative 

fluorescent confocal images of mitochondrial network in healthy volunteers and PAH patients ECFCs 

treated with AdCTRL, with and without MFN2, 24 hours post-infection, healthy ECFCs infected with 

AdCTRL served as respective controls. Corresponding merged images show mitochondria (green), F-actin 

(red) and nuclei (blue). Arrows point to mitochondrial network in healthy, healthy+MFN2, PAH+MFN2, 

and mitochondrial fragmentation in PAH. Images were obtained using a Zeiss LSM 780 confocal 

microscope with 20x objective. Bar=10 μm. 
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7.4.3 The effect of MFN2 on mitochondrial ΔΨm in ECFCs 

Mitochondrial ΔΨm was measured using TMRM, which allows us to determine mitochondrial 

permeability transition and membrane de-polarization in cells. Microscopic analysis showed a 

significant increase in the mitochondrial membrane potential of PAH cells, compared with 

healthy ECFCs (Figures 7.8 and 7.9).  

The effect of MFN2 overexpression on ΔΨm in ECFCs infected with AdCTRL or AdMFN2 was 

evaluated 24 hours post-infection. The overexpression of MFN2 significantly reduced ΔΨm in 

PAH ECFCs, compared with PAH control (AdCTRL). TMRM fluorescence levels in MFN2-

overexpressing ECFCs were comparable with TMRM fluorescence levels observed in healthy 

controls, as shown in Figures 7.10 and 7.11. 

 

Figure 7.8: Changes in mitochondrial membrane potential in ECFCs from healthy controls and PAH 

patients. Bar-graph shows mean ΔΨm, evaluated by the measurement of TMRM fluorescence intensity 

(+SEM) in ECFCs from 7 PAH patients and 4 healthy volunteers: *P <0.05, in comparison to healthy controls 

using one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM, 

obtained from 3 experiments with 3 technical repeats/group. 
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Figure 7.9: Changes in mitochondrial membrane potential in ECFCs. Representative images of ECFCs 

from healthy individuals and PAH patients. Live endothelial cells were incubated with 100 nM TMRM for 

30 minutes at 37 ᵒC and were then imaged using a Zeiss LSM 780 fluorescent confocal microscope with 

20x objective. Bar=10 μm.  

 

Figure 7.10: The effect of MFN2 on mitochondrial membrane potential in ECFCs. Mitochondrial 

membrane potential was assessed in ECFCs infected with AdCTRL or AdMFN2 by the measurement of 

TMRM fluorescence intensity (+/-SEM). The bar graph shows a significant decrease in MFC caused by 

MFN2 in PAH ECFCs overexpressing MFN2, compared PAH+AdCTRL. N=7-12 (images analysed from 

different patients with ~20 cells/image). *P <0.05 in comparison to healthy, #P <0.05, comparison with 

PAH. One-way ANOVA was used with Tukey’s multiple comparison test. Data are presented as mean ± 

SEM. 
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Figure 7.11: The effect of MFN2 on mitochondrial membrane potential in ECFCs from healthy controls 

and PAH patients. Representative confocal images of live healthy control and PAH ECFCs with or without 

AdMFN2 24 hours post-infection, as indicated. Live ECFCs were incubated with 100 nM TMRM for 30 

minutes at 37 ᵒC and the cells were then imaged using a Zeiss LSM 780 confocal microscope with 20x 

objective. Bar=10 μm. 
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7.4.4 The effect of CLIC inhibition and MFN2 overexpression on the bioenergetics 

profile of ECFCs 

In order to determine whether CLIC inhibition and MFN2 overexpression affects mitochondrial 

function in ECFCs from healthy controls and PAH patients, the Agilent Seahorse Mito Stress Test 

and the Glycolysis Stress Test were used. Oxygen consumption rates (OCR) were measured in 

response to the sequential injection of respiratory modulators: oligomycin, FCCP, and 

rotenone/antimycin. Extracellular acidification rate (ECAR) was calculated at base conditions 

followed by the serial injection of glycolysis modulators: glucose, oligomycin, and 2-DG. A 

consistent protein concentration for each experiment was confirmed across all treated ECFCs in 

each well. OCR and ECAR data were automatically calculated from Wave software, then exported 

to Excel and used to determine the key mitochondrial respiration and glycolysis parameters. This 

provided the following results:  

 Mito Stress Test - changes in OCR parameters: 

• The basal respiration of ECFCs from PAH patients was significantly reduced in comparison 

to ECFCs from healthy controls. CLIC1 and CLIC4 silencing and MFN2 overexpression 

increased basal respiration levels in PAH ECFCs (Figure 7.13; A). 

• A significant decrease in ATP production was observed in PAH cells compared with healthy 

controls. MFN2 overexpressing PAH ECFCs showed a significant increase in ATP production. 

CLIC1 and CLIC4 inhibition also enhanced ATP levels in PAH ECFCs, compared with PAH 

patients’ cells (Figure 7.13; B).  

• Maximal respiratory capacities in healthy ECFCs following inhibition of CLIC1 and CLIC4 or 

overexpression of MFN2 were not significantly different from untreated healthy controls. 
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However, the silencing of CLIC1, CLIC4 and MFN2 overexpression significantly increased 

maximal respiration levels of PAH ECFCs (Figure 7.13; C).  

• PAH ECFCs showed high proton leak rates compared to healthy controls. CLIC1, CLIC4 

silencing and overexpression of MFN2 significantly reduced proton leak rates in PAH ECFCs. 

(Figure 7.13; D). 

• Spare respiratory capacity: a significant reduction was observed in PAH ECFCs compared 

with healthy individuals. The inhibition of CLIC1, CLIC4 and the overexpression of MFN2 

significantly increased spare respiratory capacity in PAH ECFCs (Figure 7.13; E).  

• PAH ECFCs showed a high rate of non-mitochondrial respiration. The silencing of CLIC1, 

CLIC4, and the overexpression of MFN2 resulted in a significant increase in non-

mitochondrial respiration levels compared to healthy ECFCs (Figure 7.13; F).  

OCR data generated by the XF Mito Stress Test report generator are presented in Figures 7.12, 

and 7.13.  
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Figure 7.12: Example of Oxygen consumption rate (OCR) measurement in ECFCs from patients and 

healthy controls. ECFCs were infected with AdCTRL, AdshCLIC1, AdshCLIC4, AdMFN2 and OCR was 

measured at various time intervals following the injection of oligomycin, FCCP, and Rot/Ant at 15, 34 and 

54 minutes respectively. Black circle: Healthy+AdCTRL; red square: PAH+AdCTRL; orange triangle: 

PAH+AdshCLIC1; purple triangle: PAH+AdshCLIC4; green diamond: PAH+AdMFN2. Abbreviations: FCCP, 

carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot/Ant, Rotenone plus antimycin A; OCR, 

oxygen consumption rate; PAH, pulmonary arterial hypertension. Representative trace from four 

independent experiments. 
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Figure 7.13: Effect of CLIC inhibition and MFN2 overexpression on mitochondrial function in healthy 

and PAH ECFCs. Cells were infected with AdCTRL (Healthy, PAH) and/or AdshCLIC, AdMFN2 as indicated, 

and the key parameters of mitochondrial respiration were assessed using the Seahorse XFp Cell Mito 

Stress Test. *P <0.05, **P <0.01 ***P<0.0001, in comparison with (Healthy+AdCTRL); #P<0.05, ##P <0.01 

###P<0.0001 comparison with PAH infected with AdCTRL using One-way ANOVA with Tukey’s multiple 

comparison test. Data are presented as mean ± SEM of 4 independent experiments with 4 to 8 replicate 

wells of 4 healthy controls, and 4 PAH patients in the Seahorse XF analyzer. Data were normalised to 

protein concentration for each experiment across all cells in each well.   
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Glycolysis Stress Test - changes in ECAR parameters:  

• Glucose was injected to evaluate the normal rate of glycolysis in the cells. PAH cells showed 

a significant increase in glycolysis. The silencing of CLIC and the overexpression of MFN2 

significantly reduced glycolysis in PAH ECFCs (Figure 7.15; A). 

• Glycolytic capacity: the final injection of 2-DG returned ECAR to its base level, confirming 

that the ECAR produced in the experiment was due to glycolysis. PAH ECFCs showed a 

significant increase in glycolytic capacity compared to healthy ECFCs. The silencing of 

CLIC1, CLIC4 and the overexpression of MFN2 reduced glycolytic capacity of PAH ECFCs 

(Figure 7.15; B). 

• The glycolytic reserve indicates the capability of ECFCs to respond to increased energy 

demand and shows how close the glycolytic function is to the cell’s theoretical maximum. 

The glycolytic reserve was not significantly changed in all groups (Figure 7.15; C). 

• Non-glycolytic acidification measures other sources of extracellular acidification that are 

not attributed to glycolysis. Non-glycolytic acidification was significantly reduced in PAH 

ECFCs compared with healthy controls, and was not affected by compensatory changes in 

CLIC1, CLIC4 and MFN2 expression (Figure 7.15; D). 

Representative examples of ECAR data provided by the XF Glycolysis Stress Test report generator 

are shown in Figure 7.14.  
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Figure 7.14: Example of extracellular acidification rate (ECAR) measurement in ECFCs from patients and 

healthy controls. ECFCs were infected with AdCTRL (Healthy and PAH groups), AdshCLIC1, AdshCLIC4, 

AdMFN2 as indicated, and ECAR was measured at various time intervals following the injection of glucose 

at 15 minutes, oligomycin at 34 minutes, and 2-DG at 54 minutes Black circle=Healthy+AdCTRL; red 

square=PAH+AdCTRL; orange triangle=PAH+AdshCLIC1; purple triangle=PAH+AdshCLIC4; green 

diamond=PAH+AdMFN2. Abbreviations: 2-DG, 2-Deoxy-glucose; ECAR, extracellular acidification rate. ; 

PAH, pulmonary arterial hypertension. Representative trace from four independent experiments. 
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 Figure 7.15: Effect of CLIC inhibition and MFN2 overexpression on acidification rate in healthy and PAH 

ECFCs. Cells were infected with either AdCTRL (Healthy and PAH), AdshCLIC or AdMFN2 and key 

parameters of glycolytic function were measured using the Seahorse XFp Cell Glyco Stress Test. *P <0.05, 

**P <0.01 ***P<0.0001, comparison with the healthy group (healthy ECFCs infected with AdCTRL); 

#P<0.05, ##P <0.01 ###P<0.000, comparison with PAH group (PAH ECFCs infected with AdCTRL) using 

One-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SEM of 4 

independent experiments with 4 to 8 replicate wells of 4 healthy controls, and 4 PAH patients in the 

Seahorse XF analyser. Data were normalised to protein concentration for each experiment across all cells 

in each well.   
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7.5 Summary  
 

    The key findings presented in this chapter show that: 

• Mitochondrial fragmentation was highly increased in PAH ECFCs, but was reduced by 

overexpression of MFN2. 

• Mitochondrial membrane potential was significantly increased in PAH ECFCs, and MFN2 

reduced this effect. 

• Basal respiration, ATP production, maximal respiration, and spare respiratory capacity 

were significantly reduced in ECFCs from PAH patients. The inhibition of CLIC1, CLIC4 and 

the overexpression of MFN2 brought all mentioned parameters to the levels seen in 

healthy controls. 

• PAH ECFCs showed increased proton leak compared with healthy controls. CLIC1, CLIC4 

silencing and MFN2 overexpression decreased proton leak in PAH ECFCs to control levels. 

• The inhibition of CLIC1, CLIC4 and the overexpression of MFN2 in patient ECFCs inhibited 

glycolysis and glycolytic capacity.  
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Figure 7.16: Summary of key results in Chapter 7. Details of key findings are presented in Table 7.2. 

Abbreviations: ECFCs; endothelial colony forming cells, PAH; pulmonary arterial hypertension, MFN2; 

mitofusin 2, CLIC; chloride intracellular channel, ΔΨm; mitochondrial membrane potential. Illustration 

created by the author using BioRender.com.  
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Table 7.2: Summary of key findings of the effect of CLIC proteins inhibition and overexpression of 

MFN2 on mitochondrial function in ECFCs from patients and healthy controls. Red arrows pointed 

upwards indicate increase, black arrows pointed downwards indicate decrease, ND; not determined, 

and the dash (–) indicates no change.  

Investigation Healthy PAH 
shRNA-

CLIC1 

shRNA-

CLIC4 
AdMFN2 

Mitochondrial 

fragmentation 

  ND ND  

Mitochondrial 

membrane potential 

  ND ND  

Basal respiration 
      

ATP production 
      

Maximal respiration 
      

Proton leak 
      

Spare respiratory 

capacity 

      

Non-mitochondrial 

respiration 

      

Glycolysis 
      

Glycolytic capacity 
      

Non-glycolytic 

acidification 

      

Glycolytic reserve 
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7.6 Discussion 

ECFCs have been widely used to investigate the pathogenesis of PAH (Paschalaki and Randi 2018). 

They are a powerful tool for studying the molecular mechanisms of endothelial dysfunction in 

disease in a non-invasive way (Medina, O'Neill et al. 2012). This study therefore investigated the 

contribution of CLIC1 and CLIC4 to mitochondrial dysfunction in PAH ECFCs. The results showed 

that CLIC1 and CLIC4 levels are elevated in PAH ECFCs, which is consistent with previously 

reported increases in CLIC1 and CLIC4 expression in the endothelium of the remodelled 

pulmonary vasculature (Abdul-Salam et al. 2010, Singh 2010, Wojciak-Stothard et al. 2014). 

MFN2 downregulation was also observed in PAH ECFCs, reflecting the trend seen in PAH 

vasculature (Ryan et al. 2013). The reduction of MFN2 expression in PAH has been linked to 

increased mitochondrial fragmentation and endothelial apoptosis (Lugus et al. 2011). We 

consistently observed increased mitochondrial fragmentation in ECFCs from PAH patients 

compared to healthy controls, which was reversed by MFN2 overexpression. Increased 

mitochondrial fragmentation can also be associated with pro-survival and pro-proliferative 

effects and this is more likely to be the case for CLIC1- and CLIC4-induced signalling. CLIC1 and 

CLIC4 overexpression improves PAEC survival and induces angiogenesis, so the observed changes 

in mitochondrial function and dynamics are likely to facilitate endothelial repair under stress 

conditions. 

We noted that the mitochondria from PAH ECFCs were hyperpolarized, which is a feature of 

mitochondria from PAH vasculature (Sutendra and Michelakis 2014). Our results suggest that 

most of the observed CLIC1- and CLIC4-induced effects on mitochondrial structure and function 

are likely to be the consequence of reduced expression of MFN2. MFN2 has multiple regulatory 
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functions, which include the regulation of mitochondrial membrane potential, fuel oxidation and 

the OXPHOS system (Schrepfer and Scorrano 2016). Consistent with this, we observed that the 

overexpression of MFN2 restored mitochondrial membrane potential, mitochondrial respiration 

and glycolysis in PAH ECFCs to the levels seen in healthy cells. PAH ECFCs showed reduced 

mitochondrial ATP production resulting from a metabolic shift from oxidative phosphorylation 

towards glycolysis, a phenomenon also known as the Warburg effect which has been reported in 

PAH (Chan and Rubin 2017). Studies in human, rodent, avian and lamb PH have demonstrated 

that endothelial cells generate energy mainly from glycolysis (Bonnet et al., 2006). The inhibition 

of MFN2 increases glycolysis and glucose uptake, while inhibiting mitochondrial respiration, 

increasing proliferation and inhibiting apoptosis in in vitro and in vivo (Peng et al.,  2015, 

Schrepfer & Scorrano 2016), and this agrees with our observations. High levels of proton leak in 

ECFCs from PAH patients was reduced by CLIC1 and CLIC4 silencing as well as the overexpression 

of MFN2. Increased proton leak level suppresses ATP synthesis in cardiovascular disease, cancer 

and age-related disease caused by oxidative stress (Cheng et al., 2017), so a reduction is likely to 

improve mitochondrial ATP generation in diseased cells. Understanding the role of ECFCs in PAH 

may ultimately lead to the discovery of new biomarkers of PAH or to the use of ECFCs in potential 

therapies (Smits et al., 2018). 

In conclusion, this study demonstrated a major mitochondrial dysfunction in PAH ECFCs which is 

likely to reflect the changes seen in PAH endothelium, including increased mitochondrial 

fragmentation, mitochondrial membrane potential (ΔΨm), glycolysis and the inhibition of 

mitochondrial respiration. These changes are likely to be mediated, at least in part, by CLIC1- and 

CLIC4-induced reduction in MFN expression.
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CHAPTER 8: General Discussion 

Endothelial and vascular smooth muscle cells in PAH vasculature display alterations in 

mitochondrial dynamics and function, including mitochondrial fragmentation (fission), the 

hyperpolarization of mitochondrial membrane, increased mitochondrial ROS generation, 

imbalance in mitochondrial biogenesis and mitophagy and a metabolic switch from 

mitochondrial oxidative phosphorylation towards cytoplasmic glycolysis (Marshall et al., 2018; 

Ranchoux et al., 2016).  

In this study, I hypothesized that CLIC1 and CLIC4 proteins, which are highly expressed in PAH 

endothelium (Wojciak-Stothard et al., 2014) act as regulators of mitochondrial biogenesis and 

mitochondrial function.  

8.1 CLIC1 and CLIC4 regulate mitochondrial structure and dynamics in 

pulmonary endothelial cells  

The data in this study show that CLIC1 and CLIC4 overexpression induces mitochondrial 

fragmentation and the accumulation of mitochondrial networks in the perinuclear region of 

HPAECs. Mitochondrial fragmentation facilitates the transport of mitochondria to high-energy 

demanding sites within the cell (Youle & Van Der Bliek, 2012) and is essential for supplying 

mitochondria into daughter cells during cell division (Taguchi et al, 2007). Pathological rates of 

mitochondrial fission are therefore likely to facilitate cell proliferation and vascular remodelling 

in PAH (Marsboom et al., 2012). The fact that increased mitochondrial fragmentation coincides 

with heightened proliferative and angiogenic responses in PAH ECFCs (Joo et al., 2015;  Yoder et 

al., 2007) corroborates this hypothesis. The increase in mitotic fission in PAH favours rapid cell 

cycle progression as well as apoptosis resistance. Comparable changes in mitotic fission have 

been reported as a result of similar mechanisms in cancer (Rey-Parra et al., 2008). Mitochondrial 
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fragmentation has also been linked to apoptosis and the permeabilization of the mitochondrial 

outer membrane (Ryan et al., 2015). However, previous findings have shown that CLIC1 and 

CLIC4 trigger anti-apoptotic and pro-proliferative responses in endothelial cells, which suggests 

that mitochondrial fragmentation is more likely to be linked with endothelial regeneration in 

response to stress conditions than with endothelial apoptosis.  

The mitochondrial fragmentation mechanism in PAH is caused by an imbalance in mitochondrial 

fusion, fission and mitophagy. This imbalance has been linked with the reduced expression of 

fusion regulator MFN2 (Ryan et al., 2013), the activation of fission regulator Drp1 (Marsboom et 

al., 2012) and the epigenetic upregulation of expression of DRP1 (Chen et al., 2014) or its binding 

partners (MiD49 and MiD51) (Chen et al., 2018).  

Observations reported in this study suggest that MFN2 is a key mediator of the CLIC1-and CLIC4-

induced effects on mitochondrial fragmentation and function in HPAECs. MFN2 expression was 

reduced by CLIC1 and CLIC4 in HPAECs, along with other fusion regulators OPA1, MFN1, and 

these changes are known to cause fragmentation of the mitochondrial network and induce 

mitochondrial dysfunction (Dasgupta et al., 2011; Ishihara et al., 2004). However, we cannot 

exclude the role of MFN1 in this process, as MFN1 and MFN2 have both redundant and distinct 

functions and can act in three separate molecular complexes to promote mitochondrial fusion 

(Chen et al., 2003). Preliminary data from proteomic analysis of mitochondria from CLIC1- and 

CLIC4-overexpressing HPAECs confirmed the differential expression of several proteins involved 

in the regulation of mitochondrial fission, fusion and mitophagy. However, these data were 

obtained from pooled samples and will need further validation.  
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The mechanisms of CLIC1-and CLIC4-induced reduction in the expression of MFN2, MFN1 and 

OPA1 will require further study. It is possible that this regulation occurs indirectly, and is 

mediated by CLIC1- and CLIC4 interactions with other regulatory proteins. For example, CLIC4 

activates HIF-1α (Wojciak-Stothard et al., 2014) and HIF stabilization promotes mitochondrial 

fission in PAH (Wolin, 2012). Meanwhile, HIF-1 suppresses the expression of peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), which acts as a 

transcriptional activator of MFN2, leading to reduced MFN2 expression and resulting in 

mitochondrial fragmentation, increased cell proliferation and decreased apoptosis, which are the 

characteristics of PAH (Ryan et al., 2013). The activity of fission mediator DRP-1 may also be 

suppressed by MFN2, resulting in fragmented mitochondria (Van der Bliek et al., 2013). 

The localization of CLIC1 and CLIC4 to the outer and inner mitochondrial membrane, as well as 

mitochondrial cristae, was confirmed by immunogold staining. CLIC4 has previously been 

identified in the inner mitochondrial membrane of mouse keratinocytes (Fernández-Salas et al., 

1999) and in the outer mitochondrial membrane of adult cardiomyocytes (Ponnalagu et al., 

2016a), and this study is the first to document its presence in the inner and outer mitochondrial 

membranes of endothelial cells. This study is also the first to demonstrate the localization of 

CLIC1 within the mitochondrial structure, as previous findings have only documented its 

presence by western blotting in subcellular fractions of osteoblastic cells (Yang et al., 2009).  

CLIC1 and CLIC4 induced a significant decrease in the number of mitochondrial cristae in HPAEC 

mitochondria. The modulation of cristae structure affects the electron transport chain and 

impairs mitochondrial dynamics and respiration (Norton et al., 2014). This effect may be directly 
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linked to a reduction in MFN2 expression, as the remodelling of cristae involves the MFN2-

dependent cleavage of OPA1 (Sood et al., 2014). 

The results showed no direct associations between the polymerization status of actin and 

microtubules and CLIC-induced effects on mitochondrial fragmentation. However, CLIC1 and 

CLIC4 interact with microtubule-associated proteins such as dynein, dynamin-related protein 1 

(DRP1) or ADP-ribosylation factor (Arf) (Ackema et al., 2014; Pimkina & Murphy, 2011), as well 

as proteins regulating actin dynamics, such as Arp2,3 complex (Mathur, 2005). The movement of 

mitochondria along microtubules depends on microtubule-associated proteins (MAPs) such as 

dyneins and kinesins (Anesti & Scorrano, 2006), so it is likely that the association of CLIC proteins 

with these proteins will have an impact on the intracellular distribution of mitochondria.  

The mitochondrial network and microtubules of hyperproliferating cells tend to show perinuclear 

organization that is consistent with the phenotype observed in CLIC1- and CLIC4-overexpressing 

cells. In contrast, CLIC5 overexpressing cells are elongated, with microtubules and mitochondrial 

networks that extend to the cell periphery. CLIC5 affects cell movement, swelling or cell division, 

vesicular transport and apoptosis through its relationship with F-actin (Singh et al., 2007b). The 

role of CLIC5, likely to impact the function of cardiomyocytes, will require further investigation. 

Mitophagy was previously thought to take place at random, but studies involving mitochondrial 

damage and hypoxia have proved the selective nature of this process (Chiu et al., 2009). Evidence 

from several cohort studies suggests that the process of mitochondrial autophagy depends upon 

both the activation of fission and an increase in mitochondrial oxidant production (Zhong et al., 

2012). It has been reported that mitophagy regulators such as LC3B and Parkin are elevated in 

the lungs of PH patients (Zhai et al., 2018), representing changes that were also seen in CLIC1- 
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and CLIC4-overexpressing HPAECs. Hypoxia increases the expression of CLIC1 and CLIC4 in PH 

lungs (Abdul-Salam et al., 2019) and promotes mitochondrial fragmentation and mitophagy (Liu 

et al., 2012). Consistent with this, we observed that CLIC1 and CLIC4 promoted mitochondrial 

fragmentation and stimulated mitophagy in HPAECs. The role of mitophagy is poorly understood, 

and can be associated with apoptosis (Zhong et al., 2012) or enhanced cell proliferation (Marshall 

et al., 2018). The exact role of mitophagy in PH is also unclear, with some studies reporting an 

increase (Zhai et al., 2018) and some a decrease in mitophagy (Deng et al., 2016). Ultimately, a 

dynamic balance between mitochondrial biogenesis and mitophagy regulates the size and 

function of the mitochondrial network. Given that there are over 40 regulatory proteins involved 

in this process, defining the exact mechanism accurately constitutes a challenge (Aggarwal et al., 

2016). 

8.1.1 MFN2 mediates effects of CLIC proteins on mitochondrial membrane potential 

and ROS generation 

Mitochondria-derived reactive oxygen species (mtROS) are key mediators of cellular stress 

responses, and are considered to be risk factors in many cardiovascular diseases (Tang et al., 

2014). We observed that the overexpression of CLIC1 and CLIC4 increased mitochondrial 

membrane potential and promoted ROS generation in HPAECs. Alterations in mitochondrial 

membrane potential can trigger excessive mtROS generation in response to stress conditions 

associated with aging, hypercholesterolemia, hyperglycaemia, smoking, infection and hypoxia 

(Dromparis & Michelakis, 2013). Mitochondria are the main source of ROS generation in the 

pulmonary vasculature, with superoxide and hydrogen peroxide acting as mediators of 

pulmonary vascular cell proliferation (Freund-Michel et al., 2013; Wedgwood et al., 2001). The 

primary sites of ROS production in the mitochondrial electron transport chain are Complex I, 
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Complex II, and Complex III (Dromparis & Michelakis, 2013). Meanwhile, mitochondrial ROS 

production is directly coupled to mitochondrial membrane potential (Korshunov et al., 1997; 

Lambert & Brand, 2004). Membrane potential is not only essential for ATP generation, but is also 

important for mitochondrial fusion, the import and export of proteins across the mitochondrial 

membrane and the exchange of metabolites with cytosol and apoptosis induction. Δψm is 

therefore thought to play a central role in mitochondrial health (Forkink et al., 2014; Zorova et 

al., 2018). Mitochondrial hyperpolarization seen in CLIC-overexpressing endothelial cells and PAH 

ECFCs is a feature shared with many forms of cancer (Sutendra & Michelakis, 2014).  

Mitochondria with higher Δψm tend to generate higher levels of mitochondrial superoxide 

(Marshall et al., 2018) and increases in Δψm also contribute to the elevation of reactive oxygen 

intermediates (ROI) generation, reduction in ATP production and inflammation (Gergely et al., 

2002). Mitochondria-derived ROS mediate pro-thrombotic and pro-inflammatory responses in 

the vascular endothelium in PH (Marshall et al., 2018). Mitochondrial ROS generation has been 

linked to HIF-1α stabilisation (Aggarwal et al., 2013). CLIC4 induces a pseudo-hypoxic state in 

HPAECs which is characterised by the activation of HIF and the increased expression of HIF-

dependent proteins, including ET-1, VEGF and glycolytic enzymes (Wojciak-Stothard et al., 2014). 

It is therefore likely that CLIC4-induced changes in Δψm and mtROS production are mediated by 

HIF.  

CLIC1 has also been shown to use ROS as secondary messengers. Silencing CLIC1 expression 

reduces the phosphorylation of extracellular signal related kinase (p-ERK1/2) and matrix 

metalloproteinase 2 and 9 (MMP 2, 9) (Tian et al., 2014), which are both downstream targets of 

oxidative stress pathways in cancer (Gan et al., 2014; Lehner et al., 2011).  
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The mechanism by which mitochondrial ROS increase during PH development is not clear 

(Lambert & Brand, 2004). According to our results, the CLIC‐induced inhibition of MFN2 is likely 

to play a role in this process, as compensatory MFN2 overexpression was able to restore Δψm 

and mtROS in CLIC1‐ and CLIC4‐overexpressing HPAECs to the levels seen in healthy controls. In 

accordance with the hypothesised role of MFN2 in our study, MFN2 was shown to reduce 

oxidative stress in diabetic cardiomyopathy (Hu et al., 2019). Mitofusin 2 mutations in fibroblasts 

were shown to affect mitochondrial function by mitochondrial DNA depletion, suggesting that 

other regulatory pathways (Vielhaber et al., 2013) might be involved in CLIC1/CLIC4‐MFN2‐

induced mitochondrial dysfunction. 

Interestingly, increased mtROS generation also increase the expression of CLIC proteins in 

pulmonary endothelial vasculature, suggesting the existence of a positive regulatory feedback 

loop (Wojciak‐Stothard et al., 2014). 

8.1.2 CLIC-induced reduction in MFN2 contributes to the Warburg effect  

Metabolic shift from mitochondrial oxidative phosphorylation to aerobic glycolysis, known as the 

Warburg Effect, is a key feature of PAH (Ranchoux et al., 2016). The Warburg effect is associated 

with the hyperproliferation of vascular endothelial and smooth muscle cells and increased 

apoptosis resistance (Marshall et al., 2018). The main site of oxygen consumption in 

mitochondria is cytochrome c oxidase (complex IV) (Kluge et al., 2013), and alterations in 

mitochondrial metabolism are associated with changes in mitochondria-derived ROS generation, 

mitochondrial membrane potential and mitochondrial morphology (Dasgupta et al., 2011).  

The high expression levels of CLIC1 and CLIC4 seen in PAH endothelium are likely to contribute 

to the Warburg effect. Our data showed that CLIC proteins induced a significant metabolic shift 
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toward glycolysis. The oxygen consumption rate (OCR) was decreased in endothelial cells that 

overexpressed CLIC1 and CLIC4, resulting in a significant reduction in ATP production and 

increased proton leak. These observations conform with published data showing that 

mitochondrial ROS generation is directly proportional to the extent of the proton leak (Tabassum 

et al., 2020). Proton leak is also a sign of poor mitochondrial health and reduced ATP generation. 

ATP is generated during the re-entry of protons into the mitochondrial matrix via complex V, so 

an increased proton leak would depict the protons that migrate into the matrix without producing 

ATP (Lassègue et al., 2012). 

The compensatory metabolic switch to glycolysis was also confirmed by elevated extracellular 

acidification rates (ECARs) in CLIC1- and CLIC4-overexpressing HPAECs and PAH ECFCs. These 

effects are likely to be mediated by the activation of HIF, a known inducer of glycolysis.  

CLIC4 induces HIF-1α activity in normoxic HPAECs as a result of NFκB activation (Wojciak-Stothard 

et al., 2014). The normoxic stabilization of HIF by CLIC proteins is likely to drive vascular 

remodelling fuelled by glycolysis, increasing the availability of non-oxidized lipids, amino acids 

and essential sugars for rapid cell proliferation (Paulin & Michelakis, 2014). HIF-1α was shown to 

compromise mitochondrial function and oxygen consumption in some tumour cells by 

inactivating the pyruvate dehydrogenase complex (Marshall et al., 2018).  

Increased aerobic glycolysis in PAH has been linked to the activation of HIF-1α, which activates 

pyruvate dehydrogenase kinase (PDK). This leads to the inhibition of pyruvate dehydrogenase 

and the epigenetic regulation of superoxide dismutase 2 (SOD2) gene (Leopold & Maron, 2016). 

Consistent with the observations in PAH tissues, our data showed an upregulation of PDK 1 and 
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2 in CLIC1 and CLIC4-overexpressing HPAECs, which is likely to lead to phosphorylation and 

inhibition of pyruvate dehydrogenase.  

Increased experimental evidence supports a critical role of MFN2 in the regulation of cell 

metabolism. Cells with low MFN2 activity appear to rely on anaerobic glycolysis to generate 

energy (Bach et al., 2003; Chandhok et al., 2018). In line with this, our data show that CLIC-

overexpressing HPAECs and PAH ECFCs tend to have low expression levels of MFN2 and display 

higher aerobic glycolysis levels and reduced ATP production compared with control cells. This 

effect was reversed by compensatory overexpression of MFN2. 

8.1.3 Contribution of ECFCs to PH pathology 

A deeper understanding of the functional phenotype of ECFCs is required to establish them 

as an endothelial cell model for PAH. This study and others have demonstrated that ECFCs 

derived from PAH patients exhibit numerous characteristics that are similar to those shown 

by endothelial cells in the pulmonary vasculature of PAH patients, including increased 

mitochondrial fragmentation, elevated mitochondrial membrane potential and 

compromised endothelial function (Abdul-Salam et al., 2019;  Paschalaki & Randi, 2018; 

Russomanno et al., 2020; Sindi et al., 2020; Smits et al., 2018). The origin of ECFCs and their 

role in the pathogenesis of the disease is not yet fully understood.  

ECFCs might provide a valuable surrogate source of patient-specific endothelial-‐like cells that 

could be used to test potential therapeutic approaches and reduce the need to use animal 

models of PH (Faris et al., 2020). The phenotype of PAH ECFCs suggests that they are highly 

proliferative and angiogenic cells that are primed to facilitate endothelial repair, but can also 

potentially contribute to the formation of plexiform lesions (Smits et al., 2018). However, the 
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clinical potential of targeting ECFCs or using them to repair vascular damage in human disease 

will require further investigation and careful consideration (Faris et al., 2020; O'Neill et al., 2018).  

8.1.4 Potential therapeutic benefits of targeting CLIC and MFN2 in PH 

Despite the extensive research, there is currently no cure for pulmonary hypertension, and the 

existing treatments provide only a symptomatic relief (Leopold & Maron, 2016). Several 

regulators of mitochondrial function in PAH have been identified, but the strategies of 

therapeutic targeting are still under development (Marshall et al., 2018). The role of 

mitochondria in the complexity of lung biology is gaining more attention, and acquired 

mitochondrial dysfunction is now broadly accepted as a contributary mechanism to many 

pathological features of pulmonary vascular disease in PAH. 

CLIC proteins may represent potential targets for reducing metabolic dysfunction and, arising 

from this, cell hyperproliferation and plexiform lesion formation in PAH. However, an additional 

difficulty may arise from the fact that CLIC family members often show overlapping and 

redundant functionalities, therefore confusing the interpretation of the findings of single-gene 

targeting (Argenzio & Moolenaar, 2016). Our results confirm the existence of functional 

redundancy between CLIC1 and CLIC4, previously reported by others (Tung et al., 2009; Tung & 

Kitajewski, 2010). Overexpression of either protein had similar effects in HPAECs, while single 

knockdowns of either CLIC1 or CLIC4 did not have a significant impact on mitochondrial function 

under basal conditions, suggesting the existence of compensatory mechanisms. 

These proteins have overlapping functions, but it is likely that they are differentially regulated. 

CLIC4 but not CLIC1 is induced by tumour necrosis factor α (TNF-α), c-myc, p53 and Gram-

negative bacterial lipopolysaccharide (LPS) (Domingo-Fernández et al., 2017; Fernández-Salas et 
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al., 2002; He et al., 2011; Shiio et al., 2006). CLIC1, but not CLIC4 is induced by phorbol-12-

myristate-13 acetate (PMA), amyloid β activation of microglia, and oxidative stress H2O2 

(Averaimo et al., 2010; Kanno & Takishima, 1990; Littler et al., 2004; Novarino et al., 2004; Xu et 

al., 2016).  

The results reported here suggest that MFN2 may partially reverse the effect of CLIC-induced 

mitochondrial dysfunction in PAH vasculature. New strategies of therapeutic supplementation of 

MFN2 through the actions of regulatory microRNAs or via viral vectors in vivo will need to be 

established. As mitochondrial function necessitates a balance between fission and fusion, a 

prolonged overexpression of MFN2 may also have adverse effects on vascular function (Dasgupta 

et al., 2011). The delivery of therapeutic agents would have to be lung-specific to ensure 

targeting of pulmonary but not systemic vasculature. At present, identifying CLIC effectors and 

evaluating strategies that specifically target CLIC signalling in pulmonary hypertension might play 

a critical role in disease pathogenesis. Recently, our group has identified a novel strategy of 

blocking CLIC4 signalling in PAH using endothelium- targeted liposomal (DACC) siRNA delivery 

system in Sugen/hypoxia mice. This treatment reduced restored BMPRII expression and 

attenuated the development of PH in Sugen/hypoxia mice (Abdul-Salam et al., 2019), illustrating 

potential of CLIC proteins as therapeutic targets in PAH.  
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8.2 Conclusion 

To summarize, this study is first to demonstrate the critical role of CLIC proteins in the regulation 

of mitochondrial function in pulmonary endothelial cells and to establish a link between CLIC‐

MFN2 signalling and mitochondrial dysfunction in PAH. The results of the study suggest that CLIC 

proteins modulate pulmonary vascular adaptation to environmental stress conditions by 

changing mitochondrial dynamics and increasing endothelial repair mechanisms. The 

dysregulated and prolonged overexpression of CLIC proteins may contribute to pulmonary 

vascular remodelling by enhancing glycolysis and mitochondrial superoxide production, further 

augmenting inflammatory, pro-proliferative and pro-angiogenic responses in vascular 

endothelial cells.  

This study also demonstrates the potential therapeutic effects of MFN2 supplementation in CLIC‐

induced mitochondrial dysfunction. Further studies are needed in order to fully understand the 

nature of CLIC‐MFN2 interaction within the mitochondrial membrane and address the 

mechanisms behind the observed alterations in mitochondrial function and energy metabolism 

as well as their role in pulmonary vascular remodelling in PAH. The hypothesized mechanism of 

CLIC signalling is shown in Figure 8.1. 
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Figure 8.1: Mechanism of CLIC1- and CLIC4-induced changes in mitochondrial function in PAH.  DNA 

mutations/damage, exposure to drugs, environmental toxins, or inflammation increase expression of 

CLIC1 and CLIC4 in pulmonary endothelium. CLIC1 and CLIC4 increase mitochondrial fragmentation, 

mitochondrial ROS generation, mitochondrial membrane potential, mitophagy, and induce a metabolic 

switch from oxidative phosphorylation towards glycolysis. These alterations are associated with increased 

HIF-1α, reduced expression of mitochondrial fusion regulators, MNF2, MFN1, and OPA-1, dysregulation 

in fission modulators, DRP1, MFF, and FIS1, increased mitophagy markers LC3B, and Parkin, likely to lead 

to apoptosis-resistance, excessive proliferation, mitochondrial hyperpolarization, and increased 

inflammation in pulmonary arterial hypertension. Red arrows indicate changes seen in PAH. 

Abbreviations: HIF-1α, hypoxia-inducible factor; MnSOD, manganese superoxide dismutase; mtROS, 

mitochondria-derived reactive oxygen species; NFκB, nuclear factor; PDH, pyruvate dehydrogenase; PDK, 

pyruvate dehydrogenase kinase; CLIC, chloride intracellular channel protein; LC3B, microtubule-

associated protein 1-B light chain-3B;  MFN1 &MFN2, mitofusin 1 &2; OPA1, optic. Illustration created by 

author using BioRender.  
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8.3 Study limitations 

• In this study, we chose the adenoviral‐mediated overexpression of CLIC proteins and MFN2 

because of their high transduction efficiency. However, adenoviral overexpression models 

may not reflect transient physiological alterations in the expression levels of studied 

proteins.  

• The study focused only on the effects of CLIC1 and CLIC4, as these two proteins were found 

to be overexpressed in PAH endothelial cells. However, the potential contributions of other 

CLIC proteins cannot be excluded. This will require further investigation. 

• Due to the time limitations, we did not investigate the effect of CLIC silencing on 

mitochondrial ROS generation in cells derived from PAH patients. Such investigation would 

help us gain a deeper understanding of the role of CLIC proteins in mitochondrial function 

in PAH. However, MFN2 overexpression effect was determined in ECFCs mitochondrial 

function. 

• Due to time limitations, the control for MFN2 overexoression effect on CLIC‐induced 

mitochondrial fragmentation was not assessed on the same day, the effect of MFN2 was 

compared to CLIC‐overexpressing HPAECs from previous experiments.  

• Proteomic analysis was performed on pooled samples from 4 mitochondrial isolations, so 

the results will have to be validated further by a larger number of experimental repeats.  

• The study focused on the investigation of CLIC‐induced effects in cultured endothelial cells 

in vitro. The full evaluation of the role of CLIC‐MFN2 signalling in pathological changes in 
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PAH vasculature needs to be addressed experimentally using pre‐clinical models of PAH and 

tissues from PAH patients.  

• The sample size for patient ECFCs represented the shortage of accessible ECFC populations 

available for our study. 

• To date no selective CLIC inhibitor i s  available to explore the functional significance 

of inhibiting CLIC expression in PH animal modules. 

8.4 Future Work 

Future studies should evaluate the effect of CLIC overexpression on the activity of electron 

transport chain complexes I–IV in HPAECs in order to improve our understanding of the 

mechanisms of change in mitochondrial ROS generation and membrane potential. In addition, it 

would be valuable to investigate the role of MFN2 and CLIC proteins in smooth muscle cells 

(PASMCs). PASMCs possess more mitochondria than endothelial cells, and the effect of CLIC‐MFN 

signalling on PASMC hyperproliferative phenotype may be substantially greater than the one 

seen in endothelial cells.  

Perhaps more importantly, MFN2 has the ability to tether the mitochondrial membrane to the 

endoplasmic reticulum, so its overexpression (or silencing) may alter the interaction between 

these two organelles. Since we have established that CLIC1 and CLIC4 overexpression affects 

mitochondrial dynamics, it would be interesting to explore alterations in the interaction between 

mitochondria and the endoplasmic reticulum induced by CLIC proteins. This interaction regulates 

intra-mitochondrial calcium levels, mitochondrial membrane potential and mitochondria-

dependent apoptosis in pulmonary arterial cells of PAH patients (Sutendra et al., 2011). Finally, 
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future work on proteomic analysis should explore the quantitative differences and the 

contribution of the detected proteins to CLIC-induced mitochondrial function.  
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Appendix 1: Supplementary data and tables 

 

 

 

Figure S.1: Adenoviral vector map human CLIC1-HA. Backbone: human adenovirus Type 5; promoter: 

CMV; transgene: human CLIC1; marker/tag: HA (fused to C-terminal of GOI); RefSeq# BC095469. Map 

obtained from (Vector Biolabs, ADV-205450). 
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Figure S.2: Adenoviral vector map human CLIC5-Myc. Backbone: human adenovirus Type 5 (dE1/E3); 

promoter: CMV; transgene: human CLIC5; marker/tag: Myc (fused to C-terminal of GOI); RefSeq# 

BC035968. Map obtained from (Vector Biolabs, ADV-205455). 
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Figure S.3: Adenoviral vector map human MFN2. Backbone: human Adenovirus Type5 (dE1/E3); 

promoter: CMV; transgene: human MFN2; RefSeq# BC017061. Map obtained from (Vector Biolabs, ADV- 

215368). 
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Figure S.4: Adenoviral vector map GFP-shRNA. Vector maps of other shRNA constructs differ only in the 

sequence of shRNA insert. Backbone: Adenoviral - Type 5 (dE1/E3); Promoter: U6; marker/tag: eGFP 

(under a CMV promoter); Ad-h-GFP-CLIC1-shRNA RefSeq# NM_001288; and Ad-h-GFP-CLIC4-shRNA 

RefSeq# NM_013943. Map obtained from (Vector Biolabs, shADV-205450, and shADV-205454). 
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Figure S.5: Specificity of CLIC1 and CLIC4 antibodies. Equal amounts of protein standards of CLIC1 and 

CLIC4 (5µg) were used for western blot analysis using antibodies against CLIC1 and CLIC4. The antibodies 

were specific to the proteins probed and did not cross-react 

 

 

Figure S.6: IPA group classification of mitochondrial proteomic analysis of CLIC1, CLIC4, and Hypoxic-

control HPAECs. 

 

 



Appendix-Supplementary data 

292 | P a g e  
 
 

 

Table S.1: Differentially expressed proteins in group A,B,C,D and G. A list of proteins found in group A 

(CLIC1-overexpressing HPAECs only), group B (CLIC1-overexpressing HPAECs, and hypoxic-control cells) 

group C (CLIC4-overexpressing HPAECs only), group D (CLIC4-overexpressing HPAECs, and hypoxic cells) 

and group G (Hypoxic-control only).    

MITOCHONDRIAL PROTEINS 

Proteins found with CLIC1 overexpression [A] 

10 kDa heat shock protein, mitochondrial 

14-3-3 protein zeta/delta 

2',3'-cyclic-nucleotide 3'-phosphodiesterase isoform 2 

abnormal spindle-like microcephaly-associated protein isoform 1 

acyl-CoA dehydrogenase family member 9, mitochondrial 

adenomatous polyposis coli protein isoform b 

adenylate kinase 2, mitochondrial isoform c 

adenylate kinase 9 isoform 1 

AFG3-like protein 2 

alpha-aminoadipic semialdehyde dehydrogenase isoform 1 precursor 

aspartyl/asparaginyl beta-hydroxylase isoform f 

ATP synthase F(0) complex subunit B1, mitochondrial precursor 

calcineurin B homologous protein 1 

chloride intracellular channel protein 5 isoform a 

cytochrome c1, heme protein, mitochondrial precursor 

cytosolic acyl coenzyme A thioester hydrolase isoform hBACHa 

delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial precursor 

elongation factor G, mitochondrial isoform 1 

erythrocyte band 7 integral membrane protein isoform a 

erythrocyte band 7 integral membrane protein isoform c 

evolutionarily conserved signalling intermediate in Toll pathway, mitochondrial 
isoform 2 precursor 

girdin isoform 1 

glutathione peroxidase 1 isoform 1 

GTP:AMP phosphotransferase AK3, mitochondrial isoform b 

HBS1-like protein isoform 2 

heat shock protein beta-1 
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heme oxygenase 1 

hydroxyacyl-coenzyme A dehydrogenase, mitochondrial isoform 1 precursor 

immunoglobulin-like and fibronectin type III domain-containing protein 1 

laminin subunit beta-1 precursor 

membrane-associated progesterone receptor component 2 

mitochondrial carrier homolog 2 isoform 1x 

nestin 

pentatricopeptide repeat domain-containing protein 3, mitochondrial precursor 

phosphate carrier protein, mitochondrial isoform b precursor 

phosphoenolpyruvate carboxykinase 

protocadherin-17 precursor 

raftlin 

ras-related protein Rab-11A isoform 2 

ras-related protein Rab-14 

ras-related protein Rab-2A isoform b 

ras-related protein Rab-5C isoform b 

ras-related protein Ral-A precursor 

ras-related protein Ral-B 

receptor of activated protein C kinase 1 

redox-regulatory protein FAM213A isoform 1 precursor 

rho GDP-dissociation inhibitor 1 isoform a 

sorting and assembly machinery component 50 homolog 

sphingosine-1-phosphate lyase 1 

succinate--CoA ligase 

tricarboxylate transport protein, mitochondrial isoform b 

utrophin 

vacuolar protein sorting-associated protein 35 

vesicle-trafficking protein SEC22b precursor 

vinculin isoform VCL 

CLIC1 and hypoxia  [B] 

2,4-dienoyl-CoA reductase, mitochondrial isoform 2 

acyl-coenzyme A thioesterase 9, mitochondrial isoform b precursor 

alpha-mannosidase 2 
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amine oxidase 

B-cell receptor-associated protein 31 isoform b 

CD166 antigen isoform 2 precursor 

histone H1.5 

inositol 1,4,5-trisphosphate receptor type 1 isoform 1 

inositol 1,4,5-trisphosphate receptor type 3 

leucine-rich repeat-containing protein 59 

myoferlin isoform a 

ras-interacting protein 1 

ras-related protein Rab-7a 

transmembrane emp24 domain-containing protein 10 precursor 

transmembrane emp24 domain-containing protein 9 precursor 

thiosulfate sulfurtransferase 

Found with CLIC4 overexpression [C] 

26S proteasome non-ATPase regulatory subunit 1 isoform 2 

calpastatin isoform f 

caspase recruitment domain-containing protein 6 

contactin-associated protein 1 precursor 

DNA excision repair protein ERCC-6 isoform 2 

E3 ubiquitin-protein ligase UHRF1 isoform 1 

erlin-2 isoform 1 

FACT complex subunit SPT16 

lysosome membrane protein 2 isoform 2 precursor 

manganese-transporting ATPase 13A1 

metal transporter CNNM1 isoform 2 

peroxidasin homolog precursor 

poliovirus receptor isoform beta precursor 

poly [ADP-ribose] polymerase 1 

protein AHNAK2 isoform 2 

thymopoietin isoform beta 

transcription elongation regulator 1-like protein 

xin actin-binding repeat-containing protein 2 isoform 4 

YP_003024029.1 cytochrome c oxidase subunit II (mitochondrion) 
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zinc finger protein 577 isoform b 

CLIC4 and hypoxia  [D] 

CD9 antigen isoform 2 

plasma membrane calcium-transporting ATPase 1 isoform 1a 

plasma membrane calcium-transporting ATPase 4 isoform 4a 

podocalyxin isoform 1 precursor 

ras GTPase-activating-like protein IQGAP1 

transgelin-2 isoform b 

UDP-GalNAc:beta-1,3-N-acetylgalactosaminyltransferase 1 isoform b 

UDP-glucose:glycoprotein glucosyltransferase 1 precursor 

found in hypoxic control only [G] 

MORC family CW-type zinc finger protein 4 isoform b 

calmodulin-2 isoform 1 

caskin-1 

chromobox protein homolog 2 isoform 1 

cofilin-1 

DNA-(apurinic or apyrimidinic site) lyase 

interferon-induced helicase C domain-containing protein 1 

mesencephalic astrocyte-derived neurotrophic factor precursor 

microsomal glutathione S-transferase 1 isoform a 

nebulin-related-anchoring protein isoform 3 

neuron navigator 2 isoform 3 

PDZ domain-containing protein 8 

periostin isoform 2 precursor 

protein ERGIC-53 precursor 

protein piccolo isoform 2 

transmembrane protein 43 

dystonin isoform X3 

X-ray repair cross-complementing protein 6 isoform 1 

Found in control normoxia only and disappears in other groups 

CD99 antigen isoform b precursor 

centromere protein I isoform 2 
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centromere-associated protein E isoform 2 

disintegrin and metalloproteinase domain-containing protein 30 preproprotein 

galectin-1 

inter-alpha-trypsin inhibitor heavy chain H2 precursor 

interleukin enhancer-binding factor 3 isoform e 

myristoylated alanine-rich C-kinase substrate 

programmed cell death 6-interacting protein isoform 2 

prolyl 3-hydroxylase 1 isoform 2 precursor 

protein disulfide-isomerase TMX3 isoform 4 precursor 

saccharopine dehydrogenase-like oxidoreductase 

signal peptidase complex subunit 3 

splicing factor 3B subunit 3 

aminopeptidase N precursor 

common proteins found in all samples 

basement membrane-specific heparan sulfate proteoglycan core protein 
isoform a precursor 

3-ketoacyl-CoA thiolase, mitochondrial 

28S ribosomal protein S22, mitochondrial 

28S ribosomal protein S23, mitochondrial 

28S ribosomal protein S29, mitochondrial isoform 1 

28S ribosomal protein S9, mitochondrial 

2-oxoglutarate dehydrogenase, mitochondrial isoform 2 precursor 

2-oxoglutarate dehydrogenase, mitochondrial isoform 3 precursor 

2-oxoglutarate dehydrogenase-like, mitochondrial isoform b 

39S ribosomal protein L12, mitochondrial 

39S ribosomal protein L39, mitochondrial isoform a 

39S ribosomal protein L49, mitochondrial 

3-hydroxyacyl-CoA dehydrogenase type-2 isoform 2 

40S ribosomal protein S14 

40S ribosomal protein S3 isoform 1 

4F2 cell-surface antigen heavy chain isoform b 

5'-nucleotidase isoform 2 preproprotein 

60 kDa heat shock protein, mitochondrial 
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60S acidic ribosomal protein P0 

60S acidic ribosomal protein P2 

60S ribosomal protein L11 isoform 1 

60S ribosomal protein L12 

60S ribosomal protein L14 

60S ribosomal protein L18 isoform 1 

60S ribosomal protein L22 

60S ribosomal protein L27 

60S ribosomal protein L30 

60S ribosomal protein L4 

60S ribosomal protein L7 

60S ribosomal protein L7a 

78 kDa glucose-regulated protein precursor 

acetyl-CoA acetyltransferase, mitochondrial precursor 

aconitate hydratase, mitochondrial precursor 

actin, alpha skeletal muscle 

actin, cytoplasmic 1 

actin-related protein 2/3 complex subunit 1B 

actin-related protein 2/3 complex subunit 4 isoform c 

actin-related protein 3 isoform 2 

adipocyte plasma membrane-associated protein 

ADP/ATP translocase 1 

ADP/ATP translocase 2 

aldehyde dehydrogenase, mitochondrial isoform 1 precursor 

alkyldihydroxyacetonephosphate synthase, peroxisomal precursor 

alpha-actinin-1 isoform b 

annexin A1 

annexin A2 isoform 2 

annexin A5 

AP-1 complex subunit beta-1 isoform a 

AP-2 complex subunit alpha-1 isoform 1 

AP-2 complex subunit alpha-2 isoform 1 

AP-2 complex subunit beta isoform a 
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aspartate aminotransferase, mitochondrial isoform 1 precursor 

aspartate aminotransferase, mitochondrial isoform 2 precursor 

ATP synthase subunit alpha, mitochondrial isoform c 

ATP synthase subunit beta, mitochondrial precursor 

ATP synthase subunit delta, mitochondrial precursor 

ATP synthase subunit gamma, mitochondrial isoform L (liver) precursor 

ATP synthase subunit O, mitochondrial precursor 

ATP-binding cassette sub-family A member 13 

ATP-binding cassette sub-family B member 5 isoform 1 

ATP-dependent DNA helicase Q1 

basigin isoform 2 precursor 

beta-actin-like protein 2 

biorientation of chromosomes in cell division protein 1-like 1 

brain acid soluble protein 1 

calnexin precursor 

calreticulin precursor 

carnitine O-palmitoyltransferase 1, liver isoform isoform 2 

catenin alpha-1 isoform 2 

catenin alpha-2 isoform 2 

catenin beta-1 isoform 1 

catenin delta-1 isoform 1ABC 

caveolae-associated protein 1 

caveolin-1 isoform alpha 

CD44 antigen isoform 1 precursor 

CD59 glycoprotein preproprotein 

cell surface glycoprotein MUC18 precursor 

citrate synthase, mitochondrial precursor 

c-myc promoter-binding protein-1 isoform MBP-1 

collagen alpha-1(I) chain preproprotein 

collagen alpha-5(VI) chain isoform 1 precursor 

complement component 1 Q subcomponent-binding protein, mitochondrial 
precursor 

 

cytochrome b-c1 complex subunit 1, mitochondrial precursor 
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cytochrome b-c1 complex subunit 2, mitochondrial precursor 

cytochrome b-c1 complex subunit 7 isoform 2 

cytochrome b-c1 complex subunit Rieske, mitochondrial 

cytochrome c 

cytochrome c oxidase subunit 4 isoform 1, mitochondrial isoform 1 precursor 

cytochrome c oxidase subunit 5B, mitochondrial precursor 

cytoplasmic dynein 1 heavy chain 1 

cytoplasmic dynein 1 intermediate chain 2 isoform 1 

cytoskeleton-associated protein 4 

delta-1-pyrroline-5-carboxylate synthase isoform 2 

desmin 

dihydrolipoyl dehydrogenase, mitochondrial isoform 1 precursor 

dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex, mitochondrial precursor 

 

dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate 
dehydrogenase complex, mitochondrial isoform 1 precursor 

 

dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate 
dehydrogenase complex, mitochondrial isoform 2 precursor 

 

DNA-dependent protein kinase catalytic subunit isoform 2 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit 
precursor 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 
precursor 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 
isoform 2 precursor 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A 
isoform a 

EH domain-containing protein 2 

EH domain-containing protein 4 

electron transfer flavoprotein subunit alpha, mitochondrial isoform a 

electron transfer flavoprotein subunit beta isoform 2 

elongation factor 1-alpha 1 

elongation factor 1-beta 

elongation factor 1-delta isoform 1 

elongation factor 1-gamma 
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elongation factor 2 

elongation factor Tu, mitochondrial precursor 

endoglin isoform 2 precursor 

endoplasmic reticulum aminopeptidase 1 isoform b precursor 

endoplasmic reticulum resident protein 44 precursor 

endoplasmin precursor 

enoyl-CoA delta isomerase 1, mitochondrial isoform 2 precursor 

enoyl-CoA delta isomerase 2, mitochondrial isoform 1 

enoyl-CoA hydratase, mitochondrial 

ER membrane protein complex subunit 1 isoform 2 precursor 

eukaryotic initiation factor 4A-I isoform 1 

eukaryotic initiation factor 4A-I isoform 2 

eukaryotic translation initiation factor 5A-1 isoform A 

ezrin 

filamin-A isoform 2 

filamin-B isoform 1 

filamin-C isoform b 

fructose-bisphosphate aldolase A isoform 1 

fructose-bisphosphate aldolase C 

fumarate hydratase, mitochondrial 

glucosidase 2 subunit beta isoform 2 precursor 

glutamate dehydrogenase 1, mitochondrial isoform a precursor 

glutamate dehydrogenase 1, mitochondrial isoform b 

glutaminase kidney isoform, mitochondrial isoform 2 

glyceraldehyde-3-phosphate dehydrogenase isoform 2 

glyceraldehyde-3-phosphate dehydrogenase, testis-specific 

glycerol-3-phosphate dehydrogenase, mitochondrial precursor 

guanine nucleotide-binding protein G(i) subunit alpha-2 isoform 2 

guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 isoform 1 

guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 isoform 2 

guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 

guanine nucleotide-binding protein G(k) subunit alpha 

guanine nucleotide-binding protein G(q) subunit alpha 
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heat shock 70 kDa protein 1A 

heat shock 70 kDa protein 6 

heat shock cognate 71 kDa protein isoform 1 

heat shock protein 75 kDa, mitochondrial isoform 2 

heat shock protein HSP 90-alpha isoform 1 

heat shock protein HSP 90-beta isoform a 

heterogeneous nuclear ribonucleoprotein C-like 1 

heterogeneous nuclear ribonucleoprotein K isoform c 

heterogeneous nuclear ribonucleoprotein U isoform b 

heterogeneous nuclear ribonucleoproteins A2/B1 isoform A2 

hexokinase-1 isoform HKI 

high mobility group protein HMGI-C isoform c 

histone H2A type 2-A 

histone H2B type 1-O 

histone H2B type 2-F isoform a 

histone H3.2 

histone H4 

HLA class I histocompatibility antigen, A-1 alpha chain A*01:01:01:01 precursor  

HLA class I histocompatibility antigen, Cw-1 alpha chain precursor 

importin subunit beta-1 isoform 1 

integrin alpha-5 precursor 

integrin alpha-V isoform 2 precursor 

integrin beta-1 isoform 1A precursor 

integrin beta-3 precursor 

integrin beta-4 isoform 1 precursor 

isocitrate dehydrogenase 

isocitrate dehydrogenase 

isoleucine--tRNA ligase, mitochondrial precursor 

lamin isoform C 

lamin isoform D 

lamin-B1 isoform 1 

lamin-B1 isoform 2 

lamin-B2 
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L-lactate dehydrogenase A chain isoform 2 

lon protease homolog, mitochondrial isoform 2 

long-chain-fatty-acid--CoA ligase 3 

long-chain-fatty-acid--CoA ligase 4 isoform 2 

lysophospholipid acyltransferase 7 isoform 2 

major vault protein isoform 2 

malate dehydrogenase, mitochondrial isoform 2 precursor 

mannosyl-oligosaccharide glucosidase isoform 2 

MICOS complex subunit MIC19 isoform 1 

MICOS complex subunit MIC60 isoform 2 

MICOS complex subunit MIC60 isoform 3 

mitochondrial import inner membrane translocase subunit TIM44 

mitochondrial import inner membrane translocase subunit TIM50 isoform 1  

mitochondrial import receptor subunit TOM40 homolog 

mitochondrial import receptor subunit TOM70 

mitochondrial proton/calcium exchanger protein precursor 

moesin 

monofunctional C1-tetrahydrofolate synthase, mitochondrial isoform 1 
precursor 

 

myosin light chain 6B 

myosin light polypeptide 6 isoform 1 

myosin regulatory light chain 12B 

myosin-10 isoform 1 

myosin-11 isoform SM2B 

myosin-15 precursor 

myosin-7B 

myosin-9 

NAD(P) transhydrogenase, mitochondrial isoform 1 

NAD(P) transhydrogenase, mitochondrial isoform 2 

NADH dehydrogenase 

NADH dehydrogenase 

NADH dehydrogenase 

NADH dehydrogenase 
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NADH dehydrogenase 

NADH dehydrogenase 

NADH dehydrogenase 

NADH dehydrogenase 

NADH dehydrogenase 

NADH-cytochrome b5 reductase 1 

NADH-cytochrome b5 reductase 3 isoform 1 

neuroblast differentiation-associated protein AHNAK isoform 1 

neurofibromin isoform 2 

neutral alpha-glucosidase AB isoform 4 

neutral alpha-glucosidase AB isoform 6 

neutral cholesterol ester hydrolase 1 isoform a 

nucleolar RNA helicase 2 isoform 2 

nucleolin 

ornithine aminotransferase, mitochondrial isoform 1 precursor 

peptidyl-prolyl cis-trans isomerase A isoform 1 

peptidyl-prolyl cis-trans isomerase A isoform 2 

peptidyl-prolyl cis-trans isomerase B precursor 

peptidyl-prolyl cis-trans isomerase FKBP8 isoform 2 

peroxisomal multifunctional enzyme type 2 isoform 2 

phosphoglycerate kinase 1 

platelet endothelial cell adhesion molecule precursor 

plectin isoform 1c 

poly(rC)-binding protein 1 

poly(rC)-binding protein 2 isoform c 

POTE ankyrin domain family member E 

presequence protease, mitochondrial isoform 1 precursor 

procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 isoform 2 precursor  

procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 isoform 2 precursor  

procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 precursor 

profilin-1 

prohibitin isoform 1 

prohibitin-2 isoform 1 
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protein disulfide-isomerase A3 precursor 

protein disulfide-isomerase A4 precursor 

protein disulfide-isomerase A6 isoform a 

protein disulfide-isomerase precursor 

protein transport protein Sec61 subunit alpha isoform 1 

protein-glutamine gamma-glutamyltransferase 2 isoform a 

pyruvate dehydrogenase E1 component subunit alpha, somatic form, 
mitochondrial isoform 1 precursor 

 

pyruvate dehydrogenase E1 component subunit beta, mitochondrial isoform 1 
precursor 

 

pyruvate kinase PKM isoform c 

reticulocalbin-1 precursor 

reticulocalbin-2 isoform b precursor 

reticulon-4 isoform A 

reticulon-4 isoform E 

sarcoplasmic/endoplasmic reticulum calcium ATPase 1 isoform c 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2 isoform a 

septin-11 isoform 1 

septin-2 isoform a 

serine hydroxymethyltransferase, mitochondrial isoform 2 precursor 

serine/threonine-protein kinase SMG1 

serine/threonine-protein phosphatase PGAM5, mitochondrial isoform 1  

serpin H1 precursor 

serum albumin preproprotein 

sideroflexin-1 isoform 1 

sideroflexin-3 

signal recognition particle receptor subunit alpha isoform 2 

signal recognition particle receptor subunit beta 

sodium/potassium-transporting ATPase subunit alpha-1 isoform a 

sodium/potassium-transporting ATPase subunit beta-3 

solute carrier family 12 member 2 isoform 1 

staphylococcal nuclease domain-containing protein 1 

stomatin-like protein 2, mitochondrial isoform b 
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stress-70 protein, mitochondrial precursor 

succinate dehydrogenase 

succinate dehydrogenase 

sulfide:quinone oxidoreductase, mitochondrial 

SWI/SNF complex subunit SMARCC2 isoform c 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 
subfamily A member 5 

synaptic vesicle membrane protein VAT-1 homolog 

thioredoxin domain-containing protein 5 isoform 3 

titin isoform N2BA 

transcriptional adapter 2-beta 

transitional endoplasmic reticulum ATPase isoform 2 

transketolase isoform 1 

translocon-associated protein subunit alpha isoform 1 precursor 

translocon-associated protein subunit delta isoform 1 precursor 

trifunctional enzyme subunit alpha, mitochondrial precursor 

trifunctional enzyme subunit beta, mitochondrial isoform 1 precursor 

tubulin alpha chain-like 3 isoform 2 

tubulin alpha-1A chain isoform 1 

tubulin alpha-8 chain isoform 2 

tubulin beta chain isoform a 

tubulin beta-2A chain isoform 1 

tubulin beta-3 chain isoform 2 

tubulin beta-4A chain isoform 1 

tubulin beta-6 chain isoform 1 

unconventional myosin-Ic isoform a 

unconventional myosin-Id isoform 2 

very long-chain specific acyl-CoA dehydrogenase, mitochondrial isoform 1 
precursor 

 

vimentin 

voltage-dependent anion-selective channel protein 1 

voltage-dependent anion-selective channel protein 2 isoform 1 

voltage-dependent anion-selective channel protein 3 isoform 2 
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Appendix 2: Achievements 

• PhD Travel Award, Department of Medicine, Imperial College London, 2018. 

• The first-place winner of £5,000 credit in the Immunofluorescence imaging competition 

across Europe by abcam, 2017. 
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Appendix 3: Publications 

• miR-150-PTPMT1-cardiolipin signaling in pulmonary arterial hypertension. 

Russomanno G, Jo KB, Abdul-Salam VB, Morgan C, Endruschat J, Schaeper U, Osman AH, Alzaydi 

MM, Wilkins MR, Wojciak-Stothard B.Mol Ther Nucleic Acids. 2020 Nov 4;23:142-153. doi: 

10.1016/j.omtn.2020.10.042. eCollection 2021 Mar 5.PMID: 33335799. 

 

• Therapeutic potential of KLF2-induced exosomal microRNAs in pulmonary 

hypertension. 

Sindi HA, Russomanno G, Satta S, Abdul-Salam VB, Jo KB, Qazi-Chaudhry B, Ainscough AJ, Szulcek 

R, Jan Bogaard H, Morgan CC, Pullamsetti SS, Alzaydi MM, Rhodes CJ, Piva R, Eichstaedt CA, 

Grünig E, Wilkins MR, Wojciak-Stothard B.Nat Commun. 2020 Mar 4;11(1):1185. doi: 

10.1038/s41467-020-14966-x.PMID: 32132543. 

 

 

Appendix 4: Conferences 

• 13th PVRI Annual World Congress on PVD, Barcelona, Spain, 2019 
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regulation of mitochondrial function in pulmonary hypertension (poster).  
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