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ABSTRACT 
Pulmonary arterial hypertension (PAH) is a rare, life-threatening disorder typified by elevated 

pulmonary vascular resistance, right ventricular hypertrophy, right heart failure and ultimately 

death. This disease has no current cure and available therapies alleviate vasoconstriction but 

do not address the  disorder associated vascular remodelling. Amplified activity of pro-

inflammatory cytokines has been linked to PAH development and progression. The aberrant 

re-modelling of the vasculature is in part dependent on the altered immune response driven by 

elevated synthesis of cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and 

interleukin (IL)-6 which are known inducers of PAH. Furthermore, the apoptotic pathway 

driven by TNF-α has been shown to be calcium dependent, and several studies have confirmed 

the increased concentration of cytosolic calcium as a key molecular influence in cell mediated 

vasoconstriction and proliferation. This necessitates the need for determination of the activity 

of calcium ion regulators. The Plasma Membrane Calcium ATPase (PMCA) proteins are high 

affinity pumps which extrude calcium ions extracellularly. Four PMCA Genes have been 

characterized (PMCA 1, 2, 3 and 4). PMCA 1 and 4 are highly expressed in the vasculature 

particularly, in endothelial and smooth muscle cells. 

In this study, the contributory role of the PMCA genes to the development of PAH was 

determined. The results show that pro-inflammatory inducers of PAH elicited a significant time 

and dose dependent reduction (~ 40-50% reduction) of PMCA4 in human pulmonary artery 

endothelial cells at the mRNA and protein level. Further data obtained equally show that the 

silencing of PMCA4 in pulmonary artery endothelial cells (PAEC) sensitized PAEC to TNF-α 

induced apoptosis; approximately 30% more apoptotic cells were noted in PMCA4 silenced 

PAEC in the presence of TNF-α. This suggests that PMCA4 shields PAEC to apoptosis in the 

vasculature.  The results obtained demonstrate that PMCA4 contributes to initial apoptosis 
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driven loss of endothelial cells which is regarded as an important feature in the development 

of PAH through yet to be elucidated mechanisms. 
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1.1.Cardiovascular Diseases 

Cardiovascular diseases (CVD) persist as the predominant cause of death Worldwide 

(Ibrahim, et al, 2020). CVD is an umbrella term for pathologies where the heart and 

the blood vessels are compromised. These include Coronary Heart Disease (CHD), 

cerebrovascular disease, rheumatic and congenital heart disease, peripheral arterial 

disease, and venous thromboembolisms (Stewart, Manmathan, Wilkinson 2017). 

CVD is responsible for approximately 31% of mortality annually worldwide, 

approximately 17.9 million deaths. The increased mortality associated with CVD is 

regarded to result from poor diagnosis/awareness due to unspecific symptoms 

experienced by individuals. A significant number of individuals only become aware 

of CVD during a heart attack (Ibrahim, et al, 2020). CVD is equally a foremost global 

cause of loss of disability-adjusted life years. Although a significant percentage of 

CVD incidence ultimately leads to death, 70% of premature CVD is attributed to 

modifiable risk factors, hypertension being the largest risk factor. Eliminating the 

established risk factors for CVD can help reduce the growing CVD burden globally 

(Yusuf, et al, 2020). Consequently, due to its negative effect on the human heart, 

hypertension and concurrently, pulmonary hypertension are often regarded as both 

factors risk as well as types of cardiopulmonary disease (Harbaum, et al , 2016). 

1.1.1. Pulmonary Hypertension 

Pulmonary Hypertension refers to a group of cardiopulmonary disorders typified by 

sustained increase in blood pressure within the pulmonary circulatory path (Hoeper, 

et al , 2017). Although many disorders within this group are dissimilar, elevated 

resting pulmonary artery pressure (mPAP) of ≥ 20 mmHg is a familiar feature to all 

of them. Several data from human studies have verified that the normal PAPm at rest 

is 14 ±3 mmHg with a higher limit roughly 20 mmHg (Galie, et al, 2016; Simonneau, 
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et al, 2019). The mPAP cut-off value (≥25 or >20 mmHg) cannot be used in isolation 

to characterise this clinical condition, as mPAP can arise subsequent to several other 

conditions such as left heart disease and hyper viscosity (Simonneau, et al , 2019). As 

a result, the different types of pre-capillary PH incorporate a pulmonary vascular 

resistance (PVR) ≥3 Wood Units (WU) and pulmonary arterial wedge pressure 

(PAWP) ≤ 15 mmHg in its definitions. The disorder is characterised by significantly 

decreased alveolar ducts, abnormally muscularised pulmonary arteries, intimal 

hyperplasia, pulmonary artery occlusion, and formation of plexiform lesions which 

leads to increased vascular pressure (Rabinovitch, et al , 2014). 

The major symptoms among all groups of PH include progressive exercise dyspnoea, 

fatigue, and exhaustion. These symptoms are however unspecific and are one of the 

main contributors to late disease diagnosis. There are 5 principal forms of PH 

according to the WHO (Galiè, et al , 2015). These are : Pulmonary arterial 

hypertension(Group 1); Pulmonary hypertension resulting from left heart disease ( 

Group 2); pulmonary hypertension resulting from lung disease and /or hypoxia ( 

Group 3); chronic thromboembolic pulmonary hypertension ( CTEPH) ( Group 4) and  

pulmonary hypertension of uncertain multifactorial mechanisms ( Group 5)(Alem 

Mehari, Alvin V Thomas, Thomas and Johnson , 2016;Potoka and Gladwin , 2015).. 

Pulmonary hypertension has also been shown to complicate a significant number of 

cardiovascular and respiratory diseases (Galie, et al, 2016) and left heart disease and 

lung disease are major precipitators of pulmonary hypertension (Hoeper, et al , 2017). 

Although hypertension is predominantly expressed in middle aged and elderly 

individuals, increasing prevalence among children and adolescents worldwide has 

also been demonstrated (Simonyte, et al, 2018). The different classes of PH are 
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managed and treated by different (individualized therapies/surgery) strategies and 

depend predominantly on the severity of the disease (Hoeper, et al , 2017). 

Pulmonary hypertension impacts nearly 1% of the world populace and prevalence 

increases by age (Hoeper et al. , 2016). Several studies have described that global 

recording of incidence is poor and the actual incidence may be higher. However, 

country records, particularly among western countries have been complied 

extensively (Galie et al., 2016). The different classes of pulmonary hypertension 

exhibit varying incidences and prevalence (Hoeper et al., 2017). In the UK, an 

incidence of 97 cases per million with an increased female: male ration of 1.8 has been 

reported (Galie et al., 2016). While in Netherlands, only 2.6% of the general 

population presented with the disorder (Moreira, et al, 2015). Xue, et al (2021) show 

that the yearly prevalence of PAH exceeds 30-50 per million individuals for adults, 

with medium presentation age ranging from 36 to 50 years. Also, PH is increasingly 

being recognised as a global health concern largely due to an increasing and ageing 

population (Kurakula, et al, 2021) 

1.2.1 Diagnosis of Pulmonary Hypertension 

All types of Pulmonary hypertension can be diagnosed after abnormal 

echocardiography (ECG) revealing right heart overload and abnormal levels of brain 

natriuretic peptide (BNP) or the Amino-terminal of its pre cursor (NT-pro 

BNP)(Bonderman, et al , 2011). 

For confirmation of a diagnosis of PH, right heart catherization is performed as   -BNP 

and NT-pro BNP are not exclusive for PH and both peptides are present in high levels 

in heart diseases. Several other markers for inflammation, hypoxia, and secondary 

organ damage have equally been explored in PH diagnosis (Galie, et al, 2016). The 
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stringent classification of PH types has been attributed to be in part responsible for 

reduction in incidence and earlier diagnosis of PH. This limiting PH definitions was 

developed to eliminate potential overdiagnosis and overtreatment of PH (Simonneau, 

et al, 2019). 

The severity of the disease can also be tested by employing specific clinical 

parameters which determine the pulmonary haemodynamics, exercise capacity 24 and 

the WHO functional class. This tool has been used to estimate survival and 

improvement during follow up meetings (Galie, et al, 2015). 
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Table 1.1 Functional Classification of Pulmonary Hypertension 

Class I Individuals diagnosed with pulmonary hypertension 

without symptoms when physically active or at rest. 

Class II  Individuals with PH which results to a variable 

limitation in physical activity without concomitant 

restriction while at rest. 

Normal physical exertion results to chest pain, 

fatigue, or dyspnoea. 

Class II Individuals with PH with significant limitation of 

physical activity without attendant restriction while 

at rest. Lower levels of physical activity results to 

undue dyspnoea, chest pain or near syncope 

Class IV Individuals with PH without ability to perform 

normal physical activities without attendant 

symptoms. Patients present signs of right heart 

failure, dyspnoea and or fatigue may be present at 

rest. Discomfort exacerbated by any physical activity 

 

Table 1.1 WHO Functional classification of Pulmonary hypertension modified from the New York 

Heart Association Functional Classification. PAH severity in individuals can be classified using the 

WHO functional class system. Individuals with the least severe form (early-stage PAH) of the disorder 

are placed in Class I while most severe individuals are placed in class IV. The higher the class number, 

the more severe the disorder is and the more urgent to start treatment after confirmed diagnosis (Galiè, 

et al , 2016). 
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1.2.2. Clinical Classification of Pulmonary Hypertension 

The Clinical classification of PH is summarized in table 1.2.2. below (Hoeper et al. , 

2016; Simonneau, et al , 2019).The various clinical phenotypes of PH can also be 

classified according to the location of the pathology in the pulmonary vasculature. 

This is independent of the mPAP. Three (3) such classes exist: Pre-capillary PH, 

typified by an increased mPAP, a pulmonary arterial wedge pressure ≤15 mmHg; and 

a PVR ≥3 Wood units. Pre-capillary PH occurs in Groups 1, 3, 4 and in some sub-

classes of Group 5. The second clinical class is the isolated post capillary PH, which 

is opposite to pre-capillary in terms of pathology location. Post-capillary PH is 

characterized by elevation in both mPAP > 20 mmHg and PAWP >15mmHg with a 

PVR <3WU. The last clinical class is the combined pre-and post- capillary PH where 

mPAP >20 mmHg, PAWP > 15mmHg and PVR ≥3 WU. The 2nd and 3rd clinical 

classes occur in Groups 2 and 5 PH (Hester, Ventetuolo and Lahm , 2019;Simonneau, 

et al , 2019). 
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Table 1.2. Updated Classification of Pulmonary Hypertension (6th 
World Symposium on Pulmonary Hypertension (WSPH)) 
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(Adapted from Simonneau, et al, 2019). 

1.2.3. Pulmonary Arterial Hypertension 

The pulmonary system under physiological conditions is sustained in a high-low, low-

pressure and reduced resistance condition. The lungs are the centre of this system, 

receiving the entire cardiac output which is pumped through it. The vasculature of the 

pulmonary system consist of arteries, precapillary arterioles, capillaries and 

pulmonary veins (Kuhr, et al , 2012).  The arrangement (order), structure and 

composition of the vasculature of the pulmonary system facilitates its important role 
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of gaseous exchange (Mandegar, et al, 2004). Although there are over 300 million 

veins and arteries and billions of capillaries in the lungs, studies have shown that there 

are only 15 orders of pulmonary arteries from the central pulmonary artery to the 

capillaries. Equally, there are 15 orders of pulmonary veins between the capillaries 

and the left atrium (Huang, et al , 1996; Mandegar et al. , 2004). This is of significance 

as the intraluminal diameter of the respective pulmonary arteries decreases sharply 

from orders 1 to 15(Kuhr, et al , 2012).  In comparison to the systemic arteries, the 

walls of the pulmonary arteries and arterioles are thinner and possess a reduced 

myogenic tone. Pulmonary arteries and veins determine the pulmonary vascular 

resistance (PVR) and a malfunction within these vessels leads to an elevated 

resistance. PVR is a central contributor to PAH pathogenesis (Morrell, et al , 

2009;Kuhr, et al , 2012). The other major factors which contribute to elevation of the 

PVR and Pulmonary arterial pressure (PAP) are remodelling of the vasculature and 

arterial vasoconstriction (Mandegar et al., 2004), as well as the formation of 

angioproliferative plexiform lesions (Thompson and Lawrie, 2017). Furthermore, the 

human pulmonary artery comprises of three distinct layers: the intima (composed 

predominantly of endothelial cells), the media (smooth muscle cells), and finally the 

adventitia (fibroblasts). As previously mentioned, human arteries are arranged in 

orders and can be simply classified as large, medium, and small pulmonary arteries. 

In PAH, small and medium sized pulmonary arteries are the major contributors to 

pulmonary hypertension (Kuhr, et al , 2012). 

Although variations in Mean PAP may exist due to altitude, profession and rest, the 

accepted universal mean PAP is approximately 20 mm Hg. The relationship between 

PAP, PVR, cardiac output and radius of the pulmonary artery has been described as 

represented in the equation: PAP = CO × PVR (Mandegar et al., 2004). The 
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intraluminal radius(r) of pulmonary arteries is inversely proportional to its resistance 

(PVR α1/r4) and this mathematical relationship explains why little changes in radius 

of the arteries will cause significant increase in PVR (Kuhr et al., 2012). The 

consequences of PVR which is pulmonary arterial hypertension generates an 

unsustainable work load for the right ventricle which left unchecked eventually leads 

to right  heart failure and finally death (Mandegar et al. , 2004;Thompson and Lawrie 

, 2017). 

1.2.4. Physiology and Incidence of Pulmonary Arterial Hypertension 

Pulmonary arterial hypertension, a type of pre-capillary pulmonary hypertension is 

characterized by these main haemodynamic features; mean pulmonary artery pressure 

≥20mmHg, pulmonary arterial wedge pressure ≤ 15 mmHg and pulmonary  vascular 

resistance >3 Wood units without the presence of other causes of pre-capillary PH or 

other diseases (Hoeper, et al , 2017;Galiè, et al , 2016;Simonneau, et al , 2019). 

The incidence of PAH is increasing, and this is generally thought to be due to 

increasing and more efficient diagnosis and differentiation from diseases with similar 

presentation e.g., chronic cardiac in-sufficiency (Hoeper et al., 2017). The global 

yearly incidence of PAH is roughly 3 to 10 cases per million individuals. Pulmonary 

arterial hypertension was initially regarded as a disorder which affects mostly young 

women. Although the female to male ratios may vary female preponderance is well 

noted (Hoeper, et al, 2017). In European population, the PAH prevalence and 

incidence have been reported to be in the region of 15-60 adults per million population 

and 5-10 annual cases per million  (Galiè, et al , 2016). 

The symptoms for PAH are consistent with other forms of PH and are progressively 

worse with disease severity. Pathologically speaking, the main features of PAH are; 
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pre capillary arteriopathy, thickening of the intima, media and adventitia of peripheral 

arteries, muscularization as well as, obliteration of small vessels (Kuhr, et al , 2012). 

Typical PAH is referred to as PAH in the absence of significant cardiovascular risk or 

co-morbidities. The diagnosis involves confirmation of the set haemodynamic criteria 

as well as employing imaging. The main types of PAH are confirmed in accordance 

with classification in Table 1.2. 

1.2.5. Types of Pulmonary Arterial Hypertension 

Six (6) major types of pulmonary arterial hypertension were initially described. They 

are : Idiopathic, Heritable, Drug and toxin induced, Pulmonary arterial hypertension 

associated with other disease (Connective tissue disease, HIV infection, portal 

hypertension, Congenital heart disease and Schistosomiasis); Pulmonary veno-

occlusive disease and persistent pulmonary hypertension of the new-born 

(PPHN)(Lan, et al , 2018). At the last WSPH, PAH long-term responders to calcium 

channel blockers and PAH with overt features of venous/capillaries (PVOD/PCH) 

involvement were reclassified under PAH Group 1(Simonneau, et al , 2019). 

Therefore, 7 recognised classes are discussed here. 

1.2.5.1. Idiopathic Pulmonary Arterial Hypertension (IPAH) 

IPAH accounts for majority of PAH disease burden and has an incidence of 5.9 cases 

per million with increased female preponderance (Hester, Ventetuolo and Lahm, 

2019). IPAH is haemodynamically described as PAH with mean pulmonary artery 

pressure (mPAP) ≥ 25 mmHg with a PAWP ≤15 mmHg in the absence of other 

established triggers of PAH such as family history or other identified risk factors. 

IPAH can be further sub classified into typical; where there are few or no 

comorbidities, or atypical where there are evident comorbidities (Opitz et al., 2016). 

The role of genes in IPAH has been well underlined. Approximately 15% of patients 
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with IPAH express mutations in the bone morphogenetic receptor 2 (BMPR2) which 

is a member of the transforming growth factor (TGF)- β signalling family. The use of 

whole-exome sequencing (WES) has equally provided elucidation of novel 

susceptibility genes for IPAH. Topoisomerase DNA binding II binding protein 1 

(TopBPI) expressions in endothelial cells and vascular lesions of IPAH was 

significantly reduced. TopBPI is involved in protecting the pulmonary endothelium 

against DNA damage and replication stress. (de Jesus Perez, Vinicio A, et al, 2014). 

As seen in other PAH sub types, altered concentrations of circulating cytokines and 

inflammatory cells (including autoantibodies) are found in individuals with IPAH 

(Perros, et al, 2012). 

1.2.5.2. Familial Pulmonary Arterial Hypertension (HPAH) 

Familial PAH is genetically inherited in an autosomal dominant pattern. Gene linkage 

studies showed that bone morphogenetic receptor protein 2 (BMPR2) mutations 

occurred in approximately 80 % of patients with HPAH. However, there is a low 

penetrance (∼20%) of this mutation. Other mutations have been described in activin-

like receptor kinase 1 (ALK-1), endoglin (ENG), mothers against decapentaplegic 

homologue (SMAD), caveolin-1 (CAV 1) and the potassium channel subfamily K 

member 3 (KCNK3) in HPAH patients (Simonneau, et al , 2019 and Hester, 

Ventetuolo and Lahm , 2019).  Additional genes highly expressed in the vasculature 

such as: Probable Cation-Transporting ATPase 13A3 (ATP13A3), growth 

differentiation factor 2(GDF2), Aquaporin-1(AQP1) and SRY-Box Transcription 

Factor 17 (SOX17) with heterozygous variants have also been recently identified as 

possible causative agents of PAH (Gräf, et al , 2018). 
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1.2.5.3. Drug and Toxin induced PAH 

Recent update from the World Symposium on Pulmonary Hypertension (WSPH) Task 

Force has now proposed 2 subcategories for drug and toxin induced pulmonary arterial 

hypertension. The two groups are definite association subgroup and possible 

association subgroup (Simonneau, et al, 2019).  The definite subcategory includes 

drug agents with established link to PAH backed by extensive data from large 

multicentre studies, while the possible association are drugs with noted similarities in 

their mechanism of action/properties. Methamphetamine was associated with PAH 

but the outcome was poorer than patients with IPAH (Zamanian, et al , 2018). 

Dasatinib has been reported to induce PAH (Weatherald, et al , 2017). Drugs in the 

“possible association” have been noted to induce reversible PAH. One of such drugs 

from the Japan Pulmonary Hypertension Registry include a Chinese herbal tea 

commonly used as anti-inflammatory agent (Tamura, Furukawa and Li , 2018). Other 

example drugs in this category include Cocaine, direct-acting antiviral agents against 

hepatitis C, interferon -α and -β (Simonneau, et al , 2019). 

1.2.5.4. PAH Associated with other diseases. 

The association of PAH with several other diseases has been established as an 

important clinical subgroup. PAH is the underlying factor for mortality in individuals 

suffering from connective tissue diseases (CTD) (Thakkar and Lau , 2016), 

particularly systemic sclerosis (SSc), systemic lupus erythematosus (SLE) and mixed 

CTD (Aithala, Alex and Danda , 2017). PAH associated with CTD accounts for nearly 

25% of PAH morbidity. CTD is shown to predispose individuals to PAH (Mathai and 

Hassoun , 2012). 

HIV-associated pulmonary arterial hypertension (HIV-PAH) has also been 

established as a debilitating cardiovascular complication of HIV. HIV-PAH is linked 
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with an increased adverse prognosis. In comparison to increasing non-infectious 

comorbidities of HIV infection, PAH has been demonstrated to be the most severe and 

life-threatening (Harter, et al , 2018). Up to 15% of HIV patients develop HIV-PAH. 

HIV associated viral proteins (such as glycoprotein 120, negative regulator factor) are 

suggested to induce endothelial injury and early apoptosis. There is also evidence that 

these proteins may enhance the synthesis of reactive oxygen species (ROS), platelet 

derived growth factor (PDGF)- BB and hypoxia inducible factor- α (Harter, et al, 

2018). Congenital Heart Disease (CHD) has also been linked to PAH. Approximately 

10% of CHD patients develop PAH (Brida and Gatzoulis , 2018). 

About 5-10% of patients with hepatosplenic schistosomiasis develop PAH. This is 

predominantly due to S. mansoni, S. hematobium and S. japonicum infections. This is 

commonly referred to as Schistosoma-associated PAH (Sch PAH). Embolization of 

parasitic eggs in the lungs is suggested to drive an overt immune response which 

further enhances pathological vascular remodelling (Sibomana, et al , 2020). 

Schistosomiasis pulmonary arterial hypertension has been linked with poverty and 

rural areas. 

1.2.5.5. PAH Long-term responders to calcium channel blockers (CCbs) 

An early study by Rich, Kaufmann, and Levy (1992) was one of the first to report that 

the use of long term CCBs such as diltiazem and nifedipine led to enhanced relief for 

PAH patients. Patients had confirmed acute vasodilator response (reduction of mPAP 

≥ 10mmHg with Pulmonary vascular resistance reduction by up to 20%). CCBs have 

been demonstrated to be effective for a sub group of IPAH patients (Sitbon, et al , 

2005). Positive acute pulmonary vasoreactivity is a prerequisite for CCBs 

effectiveness as patients without this showed no improvement in mPAP and PVR 

(Simonneau, et al, 2019). 
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1.2.5.6. PAH with Overt Features of Venous/Capillaries (PVOD/PCH) 
involvement 

Formerly classified as pulmonary veno-occlusive disease and/or pulmonary capillary 

haemangiomatosis, this group has now been reclassified as stated above  (Simonneau, 

et al , 2019). PVOD/PCH recessive patterned inheritance has been described in 

consanguineous families, particularly in younger individuals (26 years) with the gene 

eukaryotic translation initiation factor 2 α kinase 4 (EIF2AKA4) described as a 

candidate gene (Hadinnapola, et al , 2017). PVOD/PCH is an infrequent form of PAH 

and specific clinical features include severe hypoxaemia, centrilobular nodules and 

low transfer coefficient for carbon monoxide (Kco). PVOD/PCH is associated with a 

poorer prognosis as well as increased resistance to treatment (Montani, et al , 2017). 

Muscular remodelling of the pulmonary septal vein has been associated with 

mutations in BMPR2 in patient studies (Ghigna, et al , 2016). 

1.2.5.7. Persistent PH of the new-born syndrome. 

Persistent pulmonary hypertension of the newborn (PPHN) is the last clinical 

subgroup of the PAH disease. Its main features are suboptimal oxygenation resultant 

of persistent pulmonary vascular resistance after birth.  PPHN elevated PVR is 

consequent to significant increase in pulmonary blood flow (PBF) as a result the 

failure of the systemic and pulmonary circulation switching from the antenatal 

circulation to the normal post-natal pattern (Simonneu, et al, 2009). PPHN remains 

one of the main causes of neonatal morbidity and mortality. The incidence of PPHN 

is ~2/1,000 live births (Martinho, et al, 2020). Optimized lung inflation and selective 

vasodilation with inhalation of nitric oxide have been employed in PPHN therapy 

(Bassler, et al, 2010). 



17 
 

1.2.6. Pathogenic Features of PAH 

The cellular mechanisms implicated in PAH pathogenesis are myriad and 

complicated. Although not completely elucidated, increased understanding of 

vascular biology has provided reasonable explanations of the underlying mechanisms 

driving pulmonary arterial hypertension (Morrell, et al , 2009). The pathobiology of 

PAH occurs in the distal muscular-type arteries (3 layers) as well as in the small pre-

capillary pulmonary arteries (arterioles) which are usually obliterated (Humbert, et al 

, 2019). Most of the mechanisms which will be described here apply significantly to 

the distal arteries (humans) which range from 500 µm down to 70 µm in diameters. 

Numerous cells in and around the vasculature have been demonstrated to contribute 

to disease pathogenesis. They include endothelial cells (ECs), smooth muscle cells 

(SMCs), pericytes, inflammatory cells and adventitial fibroblasts. These cells have 

been found to be significantly modulated by disease precipitating alterations in 

cellular energetics and metabolism (Hester, Ventetuolo and Lahm , 2019). 

In brief, the major mechanisms which result to elevated PVR and consequently 

promote the development of PAH are vascular remodelling, in-situ thrombosis, 

vasoconstriction, pathological angiogenesis and arterial wall stiffening (Kuhr, et al , 

2012). Inflammation has also been described as a pathological feature of PAH 

(Leopold and Maron, 2016) and plays a crucial role in vasculature remodelling 

(Thompson and Lawrie, 2017). 

1.2.6.1. Endothelial Dysfunction and Vascular remodelling 

The role of endothelial cells in the pathogenesis of PAH has been elucidated in several 

studies (Kurakula, et al , 2021;Morrell, et al , 2009). In normal physiology, the 

endothelium is genetically stable and inert. In this condition, it provides barrier 



18 
 

integrity in the vasculature, preventing PASMCs from proliferating and migration. It 

has been well described that in physiological conditions, the stiffness and tissue mass 

of the pulmonary arterial walls are preserved by a tightly balanced control between 

proliferation and apoptosis of PAEC, PASMC and fibroblasts. Inadequate control of 

this delicate balance towards increased proliferation will lead to pulmonary arterial 

wall thickening with concomitant narrowing of the lumen resulting to elevated PVR 

and eventual lumen obliteration (Mandegar et al., 2004). The major controllers of 

vascular tone are endothelial cells (Morrell, et al, 2009), although other cells 

contribute. Prolonged activation of the endothelium by various stimuli eventually lead 

to endothelial dysfunction. Inflammation, oxidative stress, genetic factors, low 

oxygen tension (Chronic hypoxia), fluid flow –induced high shear stress, insulin 

resistance, disturbed blood flow have all been reported to trigger endothelial 

dysfunction (Thompson and Lawrie , 2017; Kurakula, et al , 2021). 

It is now recognized that the initial step in PAH pathogenesis is endothelium 

dysfunction, which subsequently leads to uncontrolled proliferation of endothelial and 

smooth muscle cells (Kuhr, et al , 2012); and elevated secretion of proliferative factors 

such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),as 

well as vasoconstrictive factors; like endothelin-1 (ET-1) , thromboxane and 

serotonins which stimulate smooth muscle cell proliferation. The dysfunctional 

endothelial has also been demonstrated to synthesize reactive oxygen species, exhibit 

elevated distribution of adhesion molecules ( E-selectin, intracellular adhesion 

molecule 1 ( ICAM1) and vascular cell adhesion molecule 1 (VCAM1), as well as 

different cytokines and chemokines (Humbert, et al, 2019). This invariably results to 

pulmonary vascular remodeling. In tandem, the reduced secretion of critical 

vasodilators including nitric oxide (NO) and prostacyclin, have been reported as 
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inducers of PAH (Morrell, et al, 2009; Kurakula, et al, 2021). There is dysregulated 

EC proliferation as the disease progresses by mostly clonal expansion of apoptosis-

resistant ECs. This is a result of decreased expression of pro-apoptotic members of 

the Bcl-2 family such as Bax.. Other recently described contributors to pulmonary 

remodeling include changes in mitochondrial function, cellular metabolism and 

endothelial to mesenchymal transition (Leopold and Maron, 2016) and genes 

(Thompson and Lawrie et al., 2017). 

Additional remodeling of PAH occurs due to thickening of the adventitia, venous 

hypertrophy, infiltration of the perivascular space by B and T cells (and other immune 

agents) and elevation of matrix proteins such as elastin (Rabinovitch , 2012; Humbert, 

et al , 2019).  

Another often overlooked feature of PAH are RV modifications such as RV fibrosis 

and increased RV myocyte death. Increased distribution of α- smooth muscle cell actin 

and collagen have been observed in experimental models (Suzuki, Ibrahim and Shults, 

2016).  RV modifications which arise as a compensation to increased afterload are 

accompanied at the cellular level with alterations in sarcomere arrangement and 

structure; enhanced release of reactive oxygen species, pathological angiogenesis and 

variations in mitochondrial function and substrate utilization (Hester, Ventetuolo and 

Lahm, 2019). 
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Figure 1.1 Pathophysiology of PAH.  

A. Illustration of PAH pathology in a cross section of pulmonary arteries. The 3 layers (adventitia, 
media, and intima) are indicated.  Normal physiology is without remodelling and occlusion which 
occurs in PAH vessels as a result of amplified proliferation of vascular cells. The presence of 
inflammatory agents drives a pro-inflammatory and pro-proliferative condition. B. Transverse section 
of the heart. Consequent to the elevated pulmonary vascular resistance, an increased afterload occurs 
on the right ventricle leading to compensatory maladaptation and eventual right ventricular failure. 
(Adapted from Hester, Ventetuolo and Lahm , 2019). 
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1.2.6.2. The role of Calcium in PAH Pathogenesis 

In PAH, vasoconstriction is abnormally sustained and is understood to be a 

consequence of hypoxia at least in part (Kuhr, et al, 2012). Vasoconstriction is 

effectively orchestrated by smooth muscle cells and has been established to be 

triggered by elevations in the amounts of intracellular cytosolic Ca2+ concentration 

((Ca2+) cyt) within the pulmonary artery smooth cells ( PASMCs) (Mandegar et al. , 

2004;Kuhr, et al , 2012;Morrell, et al , 2009). The elevated Ca2+ activates calcium 

calmodulin (CaM) dependent myosin light chain kinase resulting to the 

phosphorylation of the 20 kD myosin light chains, cross bridge formation and SMC 

contraction (Szewczyk, et al , 2007). Sustained vasoconstriction is partly responsible 

for increased PVR in the vasculature of PAH patients. An increase in EC calcium 

concentration has a contrary effect by activating endothelial nitric oxide synthase 

(eNOS) which subsequently enhances increased synthesis of Nitric oxide and 

guanylate cyclase activation. This consequently leads to vessel relaxation. 

Increase in intracellular calcium is also seen to be a major stimulus for PASMC 

proliferation and migration which results to vascular remodelling.  There is evidence 

that the increase in cytosolic calcium is achieved through influx of calcium ions 

through calcium channels ( Voltage gated calcium channels and receptor calcium 

channel) and release of calcium ion from intracellular calcium stores predominantly 

sarco-plasmic reticulum (Morrell, et al , 2009). The calcium ion also activates several 

calcium dependent genes including Kinases (Protein kinase C (PKC), Mitogen-

activated protein kinase (MAPK) and transcription factors (example NFAT) which 

play a critical role in cell growth (Kuhr, et al, 2012). 
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1.2.7. Treatment and Management of Pulmonary Arterial Hypertension  

Pulmonary arterial hypertension remains an incurable disease. The current and 

predominant aim of classical therapies is to obtain satisfactory clinical stabilization of 

the patient without signs of right ventricular failure.  Although disease regression is 

desired such as moving into the Class II and I of PAH WHO functional classification, 

this is not usually achieved.   Initial treatment for PAH is with high dose calcium 

antagonists especially when a positive vasoreactivity testing is achieved during right 

heart catheterization.  Drugs for PAH are usually administered singly or in 

combination (Hoeper et al., 2017).  The 3 predominant therapies targets established 

pathways which are dysregulated in PAH. The foremost being dysregulated  Nitric 

Oxide (NO) signalling and synthesis. NO contributes significantly to vascular tone as 

a vasodilator of the smooth muscle as well as  inhibition of platelet aggregation 

principally through stimulating soluble guanylyl cyclase (sGC) to produce cyclic 

guanosine monophosphate (cGMP). Intracellular concentration of calcium and store-

operated calcium entry  promotes the synthesis of NO via Ca2+/Calmodulin-mediated 

activation of endothelial nitric oxide synthase (eNOS) (Andrews, et al , 2014; Zhao, 

Vanhoutte and Leung , 2015). 

The principal classes of therapies employed in PAH treatment and management are: 

(i)endothelin receptor antagonist (ERA), examples include Bosentan, Ambrisentan, 

Macitentan. (ii) Phosphodiesterase-5 (PDE5) inhibitors (Sidenafil, Tadalafil) 

/Guanylate cyclase (sGC) stimulator (Riociguat). (iii) Prostacyclin receptor agonist 

and prostacyclin analogues such as Epoprostenol, Treprostinil and Iloprost 

(McLaughlin, et al, 2015; Lajoie, et al, 2016; Hoeper, et al, 2017).  Lung 

transplantation is usually performed as a last resort in medication non-responders.   
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The Current therapies for PAH have provided modest success in relief of symptoms 

of this disorder but evidence shows that resistance to therapy usually occurs and 

patients eventually succumb to this disease (Morrell et al., 2009; McLaughlin, et al , 

2015). More importantly, current therapies of PAH predominantly target SMC 

vasoconstriction and have minimal effect on reversing the critical cellular and 

molecular mechanisms altered in PAH development. Newer therapies which target, or 

reverse pulmonary remodelling may be the key to improvement in disease treatment 

(Thompson and Lawrie, 2017). 

As such, several experimental studies have been directed towards achieving reversal 

of remodelling associated with PAH. Apoptosis based therapy in animal studies have 

proved promising for instance Daunorubicin (DNR) reduced PA thickness even at low 

concentrations (Jelinkova and Suzuki, 2010). Similar results were obtained in 

PASMCs with Carfilzomib (CFZ) (Suzuki, Ibrahim and Shults, 2016). Combination 

therapies with available vasodilators and anti-tumour medicine may provide further 

benefit (Ibrahim, et al, 2014). 
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Figure 1.2. PAH therapies and mechanism of action.  

3 major signalling pathways are targeted in PAH therapy. In the prostacyclin pathway, 

augmentation of the signalling pathway by prostacyclin analogues leads to vasodilation and anti-

proliferation of smooth muscle cells. Prostacyclin (PGI2) is synthesized by vascular endothelial 

cells and activate prostacyclin receptors which lead to increases in cyclic adenosine 3’,5’ 

monophosphate (cAMP) which stimulates pulmonary artery vasodilation, inhibits vascular 

smooth muscle cell proliferation, and inhibits platelet aggregation. In PAH patients, the Nitric 

oxide/sGC pathway which leads to cyclic guanosine monophosphate activation is usually 

suppressed by Phosphodiesterase-5. This has led to therapies which inhibit phosphodiesterase-5 

activity or stimulate soluble guanylate cyclase leading to increased GMP synthesis . The major 

targets of the endothelin pathway are the endothelin receptors A and B by antagonist which 

prevent subsequent signalling and consequent abnormal vasoconstriction and antiproliferation 

of smooth muscle cells. All three pathways regulate the vascular tone of the pulmonary arteries 

which is the principal factor responsible for blood flow resistance and pressure in the pulmonary 

circulation. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; GTP, 

guanosine triphosphate; NO, nitric oxide ( Adapted from Humbert, Sitbon and Simonneau , 2004 

and  Mandras, et al , 2021). 
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Other therapeutic strategies have involved targeting the transforming growth factor-β 

(TGF-β) family. In a study by Yung, et al (2016), selective TGF-β ligand blockade in 

rats models using recombinant TGF-β type II receptor extracellular domain expressed 

as an immunoglobin-FC fusion protein (TGFBRII-Fc) inhibited TGF-β mediated 

pulmonary vascular remodelling. Rescuing BMPR2 signalling which is significantly 

attenuated in PAH endothelium with BMP 9 has demonstrated some level of success 

in experimental models, and in pulmonary artery endothelial cells from subjects with 

PAH (Long, et al, 2015). The effects of BMP 9 equally attenuated apoptosis and 

improved endothelial barrier integrity. Restored BMPR2 signalling has also been 

achieved by exogenous BMPR2 gene delivery as well as enhancing BMPR2 

downstream targeting (Orriols, Gomez-Puerto and Ten Dijke, 2017). These promising 

strategies are still at experimental preclinical level and may provide much needed 

respite in PAH treatment. 

1.3. The role of inflammation in Pulmonary arterial hypertension  

Inflammation is an adaptive immune response that is triggered mostly by stimuli and 

situations for example infection and tissue injury (Medzhitov, 2008). Acute and 

chronic inflammation have been well described, with chronic inflammation 

participating in several systemic diseases. In cardiovascular diseases, the stimulus for 

inflammation appears to be an imbalance in homeostasis. This suggests an 

endogenously driven multifactorial process in several diseases (Thompson and 

Lawrie, 2017) 

Several investigations have shown that inflammation is an indispensable characteristic 

of PAH development and there is evidence that it is actively involved in initiating the 

cascade of alterations occurring in PAH (Dorfmuller et al., 2003; Groth et al., 2014; 

Thompson and Lawrie, 2017). Inflammation has been noted in all forms of PAH. The 
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low penetrance of PAH in candidates carrying mutation in genes described in HPAH 

particularly BMPR2 strongly suggested that further triggers are required for disease 

development. Inflammation is now considered to be both a secondary and primary 

trigger of PAH. The extensive role of inflammation in PAH pathogenesis is supported 

by studies which show increased prevalence of PAH in human and experimental 

animal models with inflammatory diseases (Groth et al., 2014). Evidence also suggest 

that altered immune response equally participates in PAH development (Rabinovitch 

et al., 2014). The undesirable mechanism of peri- and intra-vascular inflammation is 

mediated by an array of agents such as cytokines, chemokines, inflammatory 

mediators and immune cells including neutrophils, macrophages, dendritic cells, mast 

cells, T lymphocytes and B lymphocytes. These cells are largely shown to be 

responsible for further synthesis and recruitment of several inflammatory cytokines 

(Groth et al., 2014).  

 Furthermore, evidence also suggests the direct link between inflammation and 

vascular remodelling in PAH as perivascular inflammation precedes pulmonary 

vascular remodelling (Rabinovitch et al., 2014). This eventually leads to obliteration 

of small arteries as well as occlusive lesions in the vasculature which precipitates 

increased right ventricular systolic pressure (Florentin and Dutta, 2017).  

The resolution of endothelial injury as well as the activity of T regulatory cells (Treg) 

who typically co-express CD4+ has also been discussed in disease development. 

Animal models with deficient Treg cells developed experimental PAH. Deficiency of 

Treg cells leads to impaired resolution of injury (Tamosiuniene, et al, 2011). Tregs 

are equally anti-inflammatory via TGF-β and IL-10 secretion) and anti-apoptotic. 
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Accordingly, several studies have shown that serum cytokine elevation can be 

correlated with disease severity and outcome in PAH patients (Groth et al., 2014; Soon 

et al., 2010). The process of inflammation is also evidenced by increased perivascular 

immune cells accumulation as well as intravascular infiltration of immune response 

agents. The major cytokines studied include Interleukin 1-Beta (IL-1β), IL-6, IL-8, 

IL-18, monocyte chemoattractant protein (MCP)-1, regulated on activation, normal T 

cells expressed and secreted (RANTES), CX3CL1/Fractalkine, Interferon- γ and 

Tumour necrosis factor (TNF)-α (Soon et al., 2010; Kherbeck et al., 2013; 

Rabinovitch et al., 2014). Other mediators that have been studied include the 

chemokine receptors CCR7, CCR5, Leukotriene B4 (LTB4).  

Concomitantly, vascular, and parenchymal cells found in the pulmonary vasculature 

such as endothelial cells, smooth muscle cells and fibroblasts alter their phenotypic 

characteristics which further leads to increased sensitivity to inflammatory mediators 

and active secretion to cytokines and chemokines (Hu et al., 2020). This is the pro-

inflammatory phenotype. Cytokines and chemokines in return, enhance the amplified 

contractility and proliferation of cells in the vasculature (Rabinovitch et al., 2014).  

Another feature of PAH has been its association with autoimmune diseases which 

indicate the possibility of autoimmunity contributing to PAH pathogenesis. 

Autoimmune thyroiditis, systemic lupus erythematosus (SLE), HIV infection have all 

been closely associated with PAH (Nicolls et al., 2005). The presence of circulatory 

serum autoantibodies directed against endothelial cells and fibroblasts in patients 

strongly suggests that autoimmunity contributes to PAH at least in IPAH and PAH 

associated with systemic sclerosis (Kherbeck et al., 2013).  
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The role of genetic susceptibility to inflammation has also been investigated. Thus, 

genetic factors which predispose to impaired inflammation have been studied. One 

study has shown that in the presence of a mutation in bone morphogenetic protein type 

2 receptor (BMPR2), a known gene for HPAH, the inflammatory pathology was more 

advanced (Hong, et al, 2008; Rabinovitch, et al, 2014). 

TNF, one of the most established cytokines has been studied extensively in PAH and 

other diseases. Thus, a closer look at TNF and other cytokines used in this current 

study will now be made. 

1.3.1. Tumour Necrosis Factor in Pulmonary Hypertension 

Tumour necrosis factor (TNF-α), also called cachetin, is a crucial pro-inflammatory 

cytokine that has been implicated in a variety of pathological processes such 

as rheumatoid arthritis, Crohn’s disease, atherosclerosis, psoriasis, sepsis, diabetes, 

and obesity (Fujita et al., 2001 ; Parameswaran and Patial, 2010). This cytokine is 

synthesized mostly by macrophages/monocytes active in  acute inflammation and is 

involved in a myriad of signalling events in cells which afterwards leads to necrosis 

or apoptosis (Fujita et al., 2001). TNF-α is also synthesised by lymphocytes, mast 

cells, fibroblasts, and hepatocytes. TNF-α release is usually as a response to 

lipopolysaccharide stimulation and other bacterial products. 

Evidence shows that TNF signalling equally regulates cell functions such as cell 

proliferation, survival, differentiation (Parameswaran and Patial, 2010) and antiviral 

responses (Schievella et al., 1997). TNF-α signals through two transmembrane 

receptors, TNFR1 and TNFR2 and other receptors which are located on almost all 

cells of the body; and it has been shown to be responsible for induction of increased 
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cytokine synthesis during inflammation. This makes this cytokine of increased 

importance (Parameswaran and Patial, 2010). 

One of the earliest studies to demonstrate TNF-α mediation and serum elevation in 

Pulmonary hypertension was in patients with POEMS syndrome (Polyneuropathy, 

organomegaly, endocrinopathy, monoclonal gammopathy, and skin changes 

(POEMS) (Lesprit et al., 1998). Subsequently, Fujita, et al., (2001) showed that over 

expression of TNF-α in mice contributed to the development of pulmonary 

emphysema through chronic lung inflammation. Further studies have now shown 

elevated presence of the cytokine in serum of PAH patients (Soon et al., 2010; Groth 

et al.,2014). In PAH, TNF-α has been shown to induce apoptosis and instability in 

PAECs (Long et al.,2015). The lesions observed in PAH have also  shown to be a 

consequence of TNF-α induced accumulation of extracellular matrix proteins 

(Rabinovitch et al., 2014). Increased apoptosis eventually leads to apoptosis resistant 

pro-angiogenic endothelial cells which play an important role in vascular remodelling 

(Thompson and Lawrie at al., 2017). However, the full mechanisms responsible for 

TNF-α induced remodelling have yet to be conclusively demonstrated. 

Some other studies have shown that inflammatory tumour necrosis factor can further 

promote the development of PAH by reducing BMPR2 expression in PASMCs (Kim, 

et al, 2013; Hurst et al., 2017). TNF-α was shown to promote ADAM10/17-dependent 

BMPR-II cleavage in PASMCs in mice and PAH patients. This subverting of BMP 

signalling leads to BMP6-mediated PASMC proliferation (Hurst et al., 2017). This 

study also showed that enhanced BMP6 signalling enhances PASMC proliferation 

through atypical NOTCH2/3 expression and their downstream transcriptional targets. 

This activity of TNF has not been demonstrated in PAEC yet. 
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1.3.1.1. TNF Signalling and Receptors 

The death domain of the type 1 tumour necrosis factor receptor (TNFR1) facilitates 

interactions with various proteins engaged in signalling the downstream effects of 

TNF. TNF has two major receptors TNFR1 and TNFR2, TNFR1 being responsible 

for majority of its activity. TNFR1 and TNFR2 each contain four cysteine-rich repeats 

in their extracellular domains.  These glycoproteins belong to the TNF receptor super-

family and share a 28% homolog in their extracellular domain (Liu, 2005; Ihnatko and 

Kubes, 2007). Evidence from studies show little homology in their intracellular 

domains. TNFR1 is constitutively expressed in most tissues, while the expression of 

TNFR2 is tightly regulated and is majorly found in immune cells and neurons. This is 

one of the reasons TNFR1 is considered the main mediator of TNF signalling and 

effect (Wajant, Pfizenmaier and Scheurich, 2003). Trimers of TNF bind to the 

described receptors and cause an association with adapter molecules as well as 

trimerization of the receptors. However, this is evidence that there are other events not 

fully understood that occur prior to trimerization (Ihnatko and Kubes, 2007). 

TNF is primarily synthesized as a type II 26 kDa 233-amino-acid transmembrane 

protein arranged in stable homotrimers (mTNF) (Chen and Goeddel, 2002; Wajant, 

Pfizenmaier and Scheurich, 2003). From this membrane-integrated form the soluble 

17 kDa, 157 amino acid homotrimeric cytokine (sTNF) is released by proteolytic 

cleavage by the metalloprotease TNF alpha converting enzyme (TACE). Both proteins 

bind to the two major receptors, although limited signalling via TNFR2 has been 

demonstrated in the case of sTNF. The 17 kDa TNF protomers are made up of two 

antiparallel β-pleated sheets and an antiparallel β-strands, forming a ‘jelly roll’ β-

structure (Wajant, Pfizenmaier and Scheurich, 2003). This protomer is responsible for 

interaction and binding with the groves of the TNF receptors already described. 
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 The two well studied pathways of TNF mediated signalling include both cell-survival 

and cell-death response. The survival and proliferative effects are a result of activation 

of transcription factors such as NF-kB leading to the expression of genes that promote 

cell survival (Schievella et al., 1997; Karsan and Leong, 2000). Conversely the 

downstream activation of caspases regulates apoptosis distinguishing the two 

opposing pathways (Schievella et al., 1997; Liu, 2005). The extrinsic pathway of 

apoptosis is facilitated by TNF receptor superfamily. TNF has also recently been 

established to induce cell death through necroptosis (Holbrook, et al, 2019). 

Apoptotic signalling of TNF is mainly mediated by TNFR1 ligation, the cytoplasmic 

domain of which contains a ‘death domain’. Trimeric binding causes the dissociation 

of SODD (silencer of death domains). The presence of death domain DD in TNFR1 

and similar proteins enable self-aggregation. This is prevented by binding of the 

silencer of DD (SODD) protein. SODD has been suggested to inhibit TNFR1 

signalling in the absence of TNF, inhibiting intrinsic self-aggregation of death domain 

proteins, and maintaining TNF-R1 in inactive, monomeric state (Ihnatko and Kubes, 

2007). Distinct pathways can be elicited on the binding of TNF to its receptors and 

the major ones will be discussed. 

The interlocking of TNF to TNFR1, leads to TNFR1 recruiting the TNFR1-associated 

death domain (TRADD). This adaptor protein unites with the receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1), TNFR-associated factor 2 or 5 (TRAF2/5), 

and cellular inhibitor of apoptosis protein 1 or 2 (cIAP1/2) to form complex I within 

seconds of TNFR1 activation (Holbrook, et al , 2019). This complex I typically 

recruits IκB kinase (IKK) complex through the K63-specific polyubiquitin chain on 

RIPK1, leading to the activation of NF-κB induced cell survival. However, to induce 

cell death, Complex 1 converts into a membrane dissociated complex IIb. Two 
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complex II molecules (IIa, and IIc) have also been described. The processes involved 

in the conversion of complex I to cytosolic complex IIb are thought to be due to the 

reversal of Ubiquitylation and phosphorylation of RIPK1 (Ting and Bertrand, 2016).  

Complex IIb also contains FADD (Fas associated death domain), and procaspase-8 

(Liu, 2005; Diaz Arguello and Haisma, 2021). The binding of FADD to FADD 

exposes its DED (death effector domain) in its N- terminal domain. Furthermore, 

FADD and procaspase 8/10 interact through their DED/ caspase activating 

recruitment domain (CARD) domains. Recruitment of procaspase 8 to the receptor 

signalling complex results in activation of its mild autoproteolytic activity. Active 

caspase 8 can activate downstream procaspases 3, 7 and 9. Caspase 8 cleaves the 

cytosolic protein Bid, releasing a C-terminal fragment and its translocation to the 

mitochondria causes loss of the transmembrane potential and release of cytochrome 

C. AIF (apoptosis inducing factor), cytochrome e, and procaspases 2, 3, and 9 are 

released as well. AIF translocates to the nucleus to affect the degradation of DNA into 

large fragments (Leong and Karsan, 2000). 

 The formation of the different forms of complex II is dependent on the disruption of 

certain cell death check points. While Complex IIa and IIb are pro-apoptotic, complex 

IIc has however been shown to be responsible for necroptosis. RIPK3 is an integral 

component of this complex via activation of the mixed lineage kinase domain-like 

protein (MLKL) (Holbrook, et al., 2019). The other pro-apoptotic Complex IIa 

(composed of TRADD, FAS-associated DD [FADD], and pro-caspase-8) is usually 

formed in NF-κB inhibited conditions (Ting and Bertrand, 2016). This can also be 

facilitated by treatment with cycloheximide which inhibits translation of the mRNAs 

encoding pro-survival molecules. 
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TNFR2, unlike TNFR1, does not possess an intracellular DD and signalling is 

achieved through recruitment of the TNFR-associated factor (TRAF) 1 and 2 proteins 

instead (Diaz Arguello and Haisma, 2021). This results to the formation of complex 1 

and its already described downstream events. There are however studies which show 

that TNFR2 is involved in death signalling via interaction with TNFR1, but some 

other studies have shown a TNFR1 independent apoptotic effect through the RIPK 

protein (Ihnatko and Kubes, 2007). 

TNF signalling also leads to cell survival and differentiation. This will now be briefly 

discussed.  As previously mentioned, binding of TNF to TNFR1 and subsequently 

TRADD and receptor-interacting serine/threonine protein kinase 1 (RIPK1) results to 

the formation of complex I (Ting and Bertrand, 2016). TNFR-associated factor 2 or 5 

(TRAF2/5), and cellular inhibitor of apoptosis protein 1 or 2 (cIAP1/2) are also 

components of this complex (Holbrook, et al., 2019).  Complex I is also stabilized by 

the addition of the linear ubiquitin chain assembly complex (LUBAC). LUBAC is 

composed of three proteins: heme-oxidised iron regulatory protein (IRP) 2 Ub ligase 

1 (HOIL-1), shank-associated RH domain-interacting protein (SHARPIN), and 

HOIL-1 interacting protein (HOIP). cIAP and LUBAC further add K63-linked and 

Met1-linked polyUb chains, respectively, to RIPK. 

Downstream to this complex, the transforming growth factor-beta (TGF-β)-activated 

kinase (TAK) 1 complex is recruited, comprised of TAK-binding protein (TAB) 2 and 

3, and inhibitor of κB (IκB) kinase (IKK) complex, comprising of the NF-κB essential 

modulator (IKKγ, IKKα, and IKKβ). The TAK1 complex phosphorylates mitogen-

activated protein kinase (MAPK), resulting to a signalling effect where c-Jun N-

terminal kinase (JNK), p38, and Activator Protein -1 (AP1) transcription factors are 

activated, and the IKKβ stimulates NF-κB leading to the translocation of NF-κB 
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heterodimer p50/p65 to the nucleus. This finally results to pro-survival signalling, 

inflammation and proliferation through NF-κB driven transcription of further 

cytokines as well as various anti-apoptotic proteins (Ihnatko and Kubes, 2007). A brief 

description of the apoptotic process will now be made. 

 

 

 

 

Figure 1.3. TNF receptor 1/2 (TNFR1/2) signalling pathways. 

Soluble TNF (sTNF) and membrane TNF (mTNF) are the two established forms of TNF. Both can 
signal through TNFR1which contains a death domain absent in TNFR2.The death domain of TNFR1 
associates with TNFR1-associated death domain protein (TRADD) which further results to the 
recruitment of receptor-interacting serine/threonine-protein kinase 1 (RIPK1). This leads to apoptosis 
either through the activity of complex IIa and IIb or necrosis via complex IIc. Complex II a and b 
activate the pro-caspase 8 through proteolytic cleavage to caspase 8 which further cleaves effector 
caspases involved in apoptosis. The formation of complex IIc leads to initiation of the mixed lineage 
kinase domain-like protein which further initiates necroptosis and inflammation. On the other hand, the 
formation of complex I enhances cell survival via activation of nuclear factor-kappa B (NF-κB) and 
AP1 transcription factors. (Adapted from Wajant, Pfizenmaier and Scheurich, 2003 and Holbrook, et 
al , 2019). 
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1.3.1.2. Anti- TNF Therapies 

The discovery of TNF in necrotizing certain tumours lead to the development of its 

recombinant form human TNF (hTNF) for therapy in systemic cancer. However, this 

was unsuccessful largely due to dose-dependent toxicities including fever, 

hypotension, and tachycardia (Steeland, Libert and Vandenbroucke, 2018). TNF’s 

pleiotropic effect and its ability to sit at the top of signal cascades enabled its targeting 

for the treatment of several inflammatory diseases. Infliximab a chimeric IgG anti-

human monoclonal (Remicade®) has been successful in treatment of rheumatoid 

arthritis (RA) and Crohn’s disease. Studies have shown downregulation of 

inflammatory cytokines when treated with infliximab. Anti-TNF therapies are equally 

being explored for treatment of other disorders such as    cardiovascular disease, post-

operative cognitive dysfunction, and fracture repair (Monaco, et al, 2015). 

The importance of anti TNF therapy is underscored by studies which have consistently 

demonstrated that neutralizing TNF blocked the production of other cytokines such as 

IL-1(Interleukin-1), Interleukin -6 and -8 (Udalova, et al, 2017). Blockade of 

Interleukin-1 has not produced similar results. Clinical trials which target 

inflammatory mediators to reduce PAH disease mortality and improve 

cardiopulmonary hemodynamic are still currently studied. One of such trails is 

exploring the effect of HIV protease inhibitors (HIV-PI) such as saquinavir and 

ritonavir on levels of inflammatory mediators in PAH patients (Li, et al, 

2015).Presently, the five approved anti-TNFs are:  infliximab, a chimaeric IgG anti-

human monoclonal; etanercept, a TNFR2 dimeric fusion protein, with an IgG1 Fc ;  

adalimumab, a fully human monoclonal antibody (mAb);  golimumab, a fully human 
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mAb  and  certolizumab, a PEGylated Fab fragment (Monaco, et al , 2015 ; Udalova, 

et al , 2017). 

1.3.2. Interleukin 1- Beta in Pulmonary Arterial Hypertension 

Interleukin-1β (IL-1β) is synthesized in response to inflammasome initiation which in 

turn is usually activated to combat the invasion of microbes and damage signals. The 

interleukin-1 (IL-1) family of cytokines comprises 11 proteins (IL-1F1 to IL-1F11) 

encoded by 11 distinct genes in humans and mice (Weber, Wasiliew and Kracht, 

2010). Recent evidence has led to addition of new members leading to a total of 21 

members made up of the 11 cytokines and 10 receptors (Fields, Günther and 

Sundberg, 2019). 

IL-1 α and IL-1β have been linked to several autoimmune diseases. IL-1β plays a 

crucial part in the inflammatory response and in innate immunity with significant role 

in pyroptosis. As already mentioned, raised serum levels of IL-1β are common in PAH 

patients and correlate with worse outcome (Humbert, et al, 1995).  Studies have 

demonstrated that IL-1β are largely produced by active infiltrating neutrophils and T 

cells in diseased pulmonary vessels (Hu, et al, 2020). They are equally released from 

several other cell types, such as endothelial cells, epithelial cells, and fibroblasts. The 

release of IL-1β also induces the mRNA expression of several genes including itself, 

which is a positive-response loop that heightens the IL-1 response in an autocrine or 

paracrine mode. 

The inflammasome systems are multi-protein complexes. The most studied 

inflammasome is the NOD-, leucine-rich repeat (LRR)-, and pyrin domain (PYD)-

containing protein 3 (NLRP3) inflammasome. During assembly, the NLRP3 

inflammasome interacts with the apoptosis-associated speck-like protein with a 
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caspase-recruitment domain (ASC) and the effector protease caspase-1. The formation 

of this protein complex causes the auto initiation of caspase-1, which is implicated in 

the proteolytic cleavage and maturing of the proinflammatory cytokines interleukin-

1β (Paik, et al, 2021). The mature cytokine can now be trafficked to the plasma 

membrane for secretion and eventual pyroptosis. 

It has been suggested that IL-1β may mediate the vasoconstriction and remodelling of 

pulmonary arteries an important characteristic of PAH by attenuating the translation 

of ATP to cAMP in PASMC via downregulating adenylyl cyclase (Hu et al., 2020). 

The mitogenic effects of IL-1β has also been demonstrated in cultured pulmonary 

artery smooth muscle cells (PASMCs) (Parpaleix, et al, 2016). In another study, IL-

1β induced the secretion of fibroblast growth factor 2 (FGF-2) in corneal endothelial 

cells (CECs) via the PI 3-Kinase and ERK1/2 pathway (Lee and Kay, 2009). 

1.3.2.1. Interleukin 1-beta Signalling 

IL-1β is another major pro-inflammatory cytokine whose synthesis, maturation and 

release are conditional on the complex processes of innate immunity. IL-1β proteins 

are expressed as inactive precursors (pro–IL-1β) and require processing at specific 

sites. This is controlled by caspases within inflammasomes (Chan and Schroder, 

2020). 

Interleukin (IL)-1β binds to a complex of IL-1 receptor 1(IL-R1) and IL-1R accessory 

protein. IL-R1 is ubiquitously expressed and is equally shared with most members of 

the IL-1 family. The type II IL-1 receptor (IL-1R2) binds IL-1α and IL-1β but serves 

as a decoy receptor as it lacks a signalling-competent cytosolic part. The binding of 

IL-1β to IL-R1 and IL-1R accessory protein forms a trimeric complex, leads to the 

recruitment of the molecular adaptor myeloid differentiation primary response protein 
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88 (MyD88) and serine/threonine interleukin-1 receptor–activated protein kinase 

(IRAK) 4 (Weber, Wasiliew and Kracht , 2010).  MyD88 acts as an important adaptor 

protein for Toll-like receptor (TLRs) signal transduction. IRAK 4 consequently 

phosphorylates IRAK1 and IRAK2, followed by the conscription and oligomerization 

of tumour necrosis factor–associated factor (TRAF) 6 (Chan and Schroder, 2020). 

This results to activation of the NF-κB, c-Jun N-terminal kinase (JNK), and p38 

MAPK pathways. Furthermore, IL-1β signalling has also been demonstrated to induce 

IL-1, IL-6 and tumour necrosis factor-α release via nuclear factor-κB activation 

(Parpaleix, et al, 2016). 
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Figure 1.4 Schematic diagram illustrating Interleukin -1β signalling. 

Signalling of Interleukin 1-beta commences when its active form is released by casapase-1 
cleavage on specific sites of the inactive precursors (pro–IL-1β). The binding of Interleukin 
(IL)-1β to a receptor complex of IL-1 receptor (R)1 and Interleukin-1 receptor accessory 
protein (IL-RAP) leads to the recruitment of  the molecular adaptor myeloid differentiation 
primary response protein 88 (MyD88) and interleukin-1 receptor–activated protein kinase 
(IRAK) 4. Further recruitment and oligomerization of tumor necrosis factor–associated 
factor (TRAF) 6 triggers a cascade of kinases that produce a strong pro-inflammatory signal 
leading to activation of NF-κB, c-Jun N-terminal kinase (JNK), and p38 mitogen-activated 
protein kinase (MAPK) pathways (Weber, Wasiliew and Kracht , 2010). IKK (inhibitor of 
nuclear factor B (IκB) kinase). 

 

1.3.2.2. Anti -IL-1 beta Therapies 

Inhibiting IL-1β and subsequent inflammasome signalling has been demonstrated to 

be an effective therapeutic approach for PAH. Treatment with Anakinra, a 

recombinant type of the biologically occurring IL-1 receptor antagonist diminished 

the promotion of PAH in monocrotaline (MCT)-treated rats (Hu, et al, 2020). 

Anakinra has been used to treat a broad spectrum of acute and inflammatory diseases 

(Dinarello, Simon and Van Der Meer, Jos WM, 2012) 
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In another study, knockout of IL-1βR or the molecular adaptor myeloid differentiation 

primary response protein 88 (MyD88) in mice precluded hypoxia-induced PAH 

(Parpaleix, et al, 2016). In this study anakinra treated rats expressed significant 

reduction in PAP, RV hypertrophy, pulmonary arterial wall thickness and 

muscularised pulmonary vessels  in comparison to vehicle-treated monocrotaline rats. 

In other diseases, neutralizing monoclonal antibodies to IL-1β and the IL-1 receptor 

and active inhibitor of caspase 1 have been explored to reduce disease severity 

successfully (Dinarello, Simon and Van Der Meer, Jos WM, 2012). 

1.3.3. Interleukin 6 in Pulmonary arterial hypertension 

Il-6 is a pleiotropic cytokine demonstrated to be involved in the progression of PAH. 

About eight members of the IL-6 family are well known. They include IL-6, IL-11, 

leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary inhibitory factor 

(CNTF), cardiotropin-1 (CT-1), cardiotrophin-like related cytokine and stimulating 

neurotrophin-1/B-cell stimulating factor 3 (NNT-1), neuropoietin (NPN), IL-27, and 

IL-3 (Scheller, et al, 2011). Plasma/lung IL-6 levels are raised in both patients and 

animal models of PAH (Soon et al., 2010). In normal physiology, the levels of IL-6 

levels in the circulation are as low as 1–5 pg/ml but can rise to more than 1,000-fold 

during inflammation via a feed-forward loop.  IL-6 is synthesised by myeloid cells 

upon Toll-like receptor activation together with cytokines IL-1β and tumour necrosis 

factor (TNF-α). Hence why IL-6 is considered the alarm of the body (Rose-John, 

2020). In normal physiology, IL-6 plays a significant role in organ/cellular 

homeostasis. 

Circulating IL-6 levels in PAH patients has the potential of being a valuable 

prognostic marker, as a few studies have demonstrated consistent inverse relationship 
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between serum levels of IL-6 and long-standing survival outcomes. In experiments, 

overexpression of IL-6 precipitated PAH in animal models in hypoxic conditions. This 

underscores the importance of this cytokine in PAH initiation (Hu et al., 

2020).  Another study has shown the role of the membrane bound IL-6 receptor (IL-

6R) in PAH. It was demonstrated in patients with idiopathic PAH, high levels of 

membrane-bound IL-6 receptors (IL-6R) were seen, and this is suggested to promote 

an anti-apoptotic phenotype in PASMCs of patients (Tamura, et al, 2018) 

Some studies have shown that multiple sources can lead to IL-6 release. This includes 

release by the pulmonary vasculature in PAH (Hu et al., 2020) and as a response to 

IL-1 signalling via nuclear factor-κB activation (Parpaleix, et al, 2016). Pulmonary 

mast cells have also been demonstrated to release IL-6 in mice models as well as 

macrophages, adipocytes, hematopoietic and endothelial cells (Zegeye, et al, 2018). 

IL-6 signalling has largely been demonstrated to result to the downstream activation 

of multiple pathways which finally result to pro-inflammatory, pro-proliferative, and 

anti-apoptotic effects in target cells. However, contrasting evidence has been obtained 

in several studies where a regenerative, athero-protective and anti-inflammatory role 

for IL-6 has been demonstrated in target cells (Zegeye, et al, 2018).  It is now 

understood that these opposing effects of IL-6 may be dependent on the specific cell 

type, expression of its distinct membrane and soluble receptors. The expression of IL-

6 is also noted in other inflammatory diseases that are associated with PAH and 

cancers. 

1.3.3.1. Interleukin 6 signalling 

IL-6 is a glycosylated protein of 21–28 kDa while the IL-6R is a glycosylated type I 

membrane 80 kDa protein. Two distinct signalling pathways have been studied for IL-

6. The first; the classical signalling requires soluble IL-6 binding to its membrane-



42 
 

bound receptor (IL-6R), leading to the formation of a complex involving two 

molecules each of IL-6, IL-6R and the IL-6 receptor subunit B: glyco-protein-130 

(gp130) which is ubiquitously expressed. This dimerized and phosphorylated complex 

further activates different signalling pathways, which include the Janus kinase/ signal 

transducer and activator of transcription (JAK–STAT3) pathway, phosphoinositide-3 

kinase (PI3K/AKT) pathway, and the mitogen-activated protein kinase (MEK/ERK) 

pathway, resulting to the synthesis in the targeted cell pro-inflammatory and pro-

survival molecules (Pullamsetti, Seeger and Savai, 2018). Conflicting evidence has 

equally been presented; indicating that classic signalling is associated to regenerative 

and anti-inflammatory functions (Scheller, et al, 2011; Zegeye, et al, 2018).   

Classical signalling is suggested to be specific for those cells which express the 

membrane-bound IL-6R. These cells include hepatocytes, macrophages, neutrophils 

and some T cell subsets. GP-130, on the other hand is ubiquitously expressed 

(Scheller, et al, 2011). 

Another study has also shown that IL-6 signalling via STAT3 activation stimulates 

the production of a group of microRNAs (miRNA cluster-17/92) which further 

downregulate the expression levels of bone morphogenetic protein type (BMPR2). In 

trans signalling, prior binding of IL-6 to the soluble IL-6R is required. The soluble 

receptor (sIL-6R) is released by cells into the circulation mainly through extracellular 

shedding and alternative splicing of the membrane bound version.  Membrane-bound 

metalloprotease a disintegrin and metalloprotease 17 (ADAM17) has been shown to 

be one of the factors responsible for release of the soluble IL-6R. The binding of IL-

6 to soluble IL-6R leads to recruitment of the signal transducing gp130 receptor. 

Furthermore, PI3K/AKT and the MEK/ERK pathways are activated leading to the 

release of the pro-inflammatory chemokine Monocyte Chemoattractant Protein-1 
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(MCP-1) in human vascular endothelial cells (Zegeye, et al, 2018). Trans-signalling 

can occur even in cells which do not possess the membrane bound IL-6 receptor and 

some evidence from murine studies point to a role in colon and pancreatic cancer 

progression (Rose-John, 2020). 

1.3.3.2. IL-6 Therapies 

IL-6 therapies target mostly the receptor IL-6R. In the study by Tamura, et al., (2018), 

reversal of experimental PAH has been achieved through the use of an IL-6R specific 

antagonist in two rat models. Systemic blockade of IL-6 has been trailed in other 

inflammatory diseases, including atherosclerosis with adverse effects. 

Also, an ongoing study of the therapeutic effects of tolicizumab an IL-6R   antagonist 

by TRANSFORM-UK for treatment of PAH is expected to conclude soon (Hu et al., 

2020). Tocilizumab, a IL-6 neutralising antibody has been approved for the treatment 

of patients with autoimmune disorders such as rheumatoid arthritis. The cytokine 

storm seen in COVID-19 infection may also be resolved by tocilizumab (Rose-John, 

2020). Targeting IL-6 has been markedly beneficial in comparison to TNF targeting 

in monotherapy trials for rheumatoid arthritis (RA). 

1.3.3.3. Apoptosis 

Apoptosis is a form of cellular suicide. The dying cell then exhibits specific structure 

and biochemistry. Apoptosis main characteristics are margination and compression of 

nuclear chromatin, shrinkage of the cytoplasm, fragmentation of nuclear material, and 

blebbing of the cell membrane. The cell undergoing apoptosis consequently 

disintegrates into membrane-enclosed fragments, called apoptotic bodies, which are 

quickly identified and digested by resident cells or macrophages (Zhivotovsky and 

Orrenius, 2011). The Loss of phospholipid asymmetry in the plasma membrane with 
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the translocation of phosphatidylserine (PS) to the exterior of the cell further enhances 

the identification of cells undergoing apoptosis by phagocytes.  

Apoptosis also plays a significant part in normal physiology, for example in 

embryogenesis and in proper maintenance and regulation of tissue homeostasis in the 

adult organism. Physiological apoptosis is also crucial for the removal of potentially 

dangerous cells, for example precursor tumour cells (Norberg, et al, 2008). 

The execution stage of apoptosis is dependent on several enzyme systems and relevant 

signalling. The proteolytic activity of caspases is responsible for apoptosis. Caspases, 

a family of proteases, are synthesized as pro-enzymes with very minimal inherent 

activity. To activate them, caspases undergo proteolytic maturation or interact with an 

allosteric activator.  Caspases are divided on the basis of the size of their pro-domain, 

caspases can be grouped into long and short pro-domain containing enzymes. Long 

pro-domain caspases include caspase 2, -8, -9, and -10, belong to the group of initiator 

caspases. On the other hand, short pro-domain caspases, include caspase 3, -6, and -7 

which are the effector enzymes.  

Caspases achieve apoptosis by cleaving several proteins resident in the cytoskeleton, 

cytoplasm and nucleus resulting to nuclear condensation and plasma membrane 

blebbing. Additionally, caspases fragment negative regulators of apoptosis. 

(Zhivotovsky and Orrenius, 2011). 

1.3.3.4. Calcium and Apoptosis 

Calcium is a universal messenger regulating cytosolic Ca2+-dependent enzymes and 

functions within the cell. Intracellular Ca2+ signalling have been established to play 

an active role in major phases of cell physiology, such as gene transcription, cell cycle 

regulation and cell proliferation (Zhivotovsky and Orrenius , 2011). Early studies on 
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glucocorticoid (endogenous and synthetic) demonstrated that apoptosis occurred with 

an attendant rise in cytosolic calcium.  Calcium ion is usually expressed in low 

concentrations of eukaryotic cells (Cerella, Diederich and Ghibelli , 2010). This low 

and stable concentration of calcium ([Ca2+]c) and subsequently its signalling is 

maintained by active pumping against extracellular calcium concentration gradient by 

Ca2+ ATPases, found within the plasma membrane and endoplasmic reticulum (ER) 

and by ion exchangers (e.g., the Na+/Ca2+). The reversal of this complex and well 

controlled signalling and calcium concentration (cytosolic threshold of 500 nM) has 

been associated with cell damage, necrosis and apoptosis. This is largely due to the 

myriad of calcium sensitive molecular targets present within the eukaryotic cell. 

Ca2+ signalling has been shown to play crucial roles in the initiation and in the 

execution of several cell death processes such as necrosis, autophagy, and apoptosis 

and this has been well studied (Zhivotovsky and Orrenius, 2011). Ca2+ activation of 

NO synthases, calcineurin, transglutaminase, calpain, phospholipases or 

endonucleases is demonstrated to be play a critical role in apoptotic induced cell death 

(Norberg, et al, 2008). 

Although several mechanisms have been postulated for the role of calcium increase 

in apoptosis, it has been demonstrated that regulated Ca2+ increases play a signalling 

role in the intrinsic apoptotic pathway. In this intrinsic pathway, the pro-apoptotic Bcl-

2 protein Bax translocates into the outer mitochondrial membrane (OMM) of the 

mitochondria and induces mitochondrial outer membrane permeabilization (MOMP), 

which further leads to the release of pro- apoptogenic factors such as cytochrome c, 

second mitochondria-derived activator of caspases (SMAC/diablo), AIF, through 

mitochondrial membrane pores from the intermembrane space (Norberg, et al , 2008). 

AIF translocates to the nucleus where it performs chromatin condensation and large-



46 
 

scale DNA fragmentation through a caspase-independent pathway. Similar 

mechanisms have been described in ER by Bax/Bak leading to amplification of the 

Ca2+-dependent apoptotic signal. However, in the ER, Bcl-2 mediates the emptying of 

the ER Ca2+ pool (Nutt, et al, 2002). Cytochrome c released by the mitochondria 

forming a cytosolic apoptosome complex with apoptosis activating factor-1 (Apaf-1) 

and pro-caspase-9 in tandem with dATP presence. This eventually leads to the 

stimulation of pro-caspase-9, which initiates the caspase cascade by activation of pro-

caspase-3 (Zhivotovsky and Orrenius , 2011). 

A role for the cysteine proteases calpain, which are activated by Ca2+ increase has also 

been described. These enzymes act upstream of apoptosis inducing caspases and 

mediates proteolytic Bax and AIF activation. This intricate relationship between 

calpain and caspases occurring in apoptosis is still being studied. The influx of 

calcium into the cytosol after challenge of TNF has also been demonstrated. Calcium 

influx occurs through voltage gated, receptor-operated, and/or store-operated 

channels.  Transient receptor potential (TRP) channel family of proteins have been 

identified as the channels through which receptor- and store-operated Ca2+ influx 

occurs in airway smooth muscle cells (White, et al, 2006). Another study has also 

demonstrated that TNF equally upregulates store operated Ca2+ entry (SOCE) through 

the of role of caveolar Orai1 and stromal interaction molecule (STIM1) (Sathish, et 

al, 2012). This increase in cytosolic calcium will now produce downstream events 

already described above. The relationship between calcium concentration and cell 

death remains viable for further studies. 

1.4. The Calcium-Calcineurin-NFAT pathway  

In the immune system, calcium signalling is involved in different cellular functions 

for example proliferation, differentiation, apoptosis, and numerous gene 
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transcriptions. Prolonged elevations in the levels of intracellular Ca2+ is essential for 

the calcineurin-mediated dephosphorylation of the nuclear factor of an activated T cell 

(NFAT) and its downstream effects (Park, et al, 2020). Store-operated channels 

(SOCs) like Ca2+ release-activated Ca2+ (CRAC) channels, and second messenger-

operated channels (SMOCs) which are commonly expressed in immune cells are 

responsible for Ca2+ influx which invariably activates the calcineurin/NFAT pathway. 

SOCs are activated by second messenger molecules, such as inositol phosphates (IPs), 

diacylglycerol (DAG), and arachidonic acid metabolites. Increases in the amount of 

intracellular Ca2+   stimulate the synthesis of Ca2+-calmodulin complexes which attach 

to the regulatory subunit of calcineurin, initiating calcineurin phosphatase activity. 

Calcineurin (CaN) (80kDa) is a heterodimeric protein made up of two sub-units; 

calcineurin A (catalytic subunit) and calcineurin B (regulatory Ca2+-binding subunit) 

of roughly 60 kDa and 20 kDa individually. It is a calcium and calmodulin-dependent 

serine/threonine phosphatase. There are three isoforms of calcineurin A (α, β, γ) and 

two isoforms of calcineurin B (B1 and B2). The A subunit is comprised of four 

different regions: the C-terminal region, the regulatory domain, the catalytic domain, 

and the N-terminal region. The regulatory domain is additionally divided into the 

calcineurin B binding region, the calmodulin binding area, and an auto-inhibitory 

peptide region. When activated by dephosphorylation, calcineurin dephosphorylates 

NFAT which translocate to the nucleus and enhances the transcription of its target 

genes indispensable for innate and adaptive immunity. Apart from NFAT5, All 

NFAT1 to NFAT4 are activated by calcineurin. Studies also shown that the binding 

of calcineurin is within a conserved sequence motif (PxIxIT) located at the N terminus 

of the NFAT regulatory domain (Feske et al., 2003). 
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In an immune response, the stimulation of T-cell and B-cell antigen receptors leads to 

the initiation of phospholipase C isoforms (PLCγ, PLCβ) and synthesis of inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol which stimulates a reduction in the 

intracellular Ca2+ store and then triggers store-operated Ca2+ entry (SOCE) to increase 

the intracellular Ca2+ concentration, facilitated by the Ca2+ release-activated 

Ca2+ (CRAC) channels (Feske, Wulff and Skolnik , 2015). DAG activates protein 

kinase C (PKC) leading to the ras/raf/mitogen-activated kinase (MAPK) pathway. 

The increase in intracellular calcium has been implicated in the activation of several 

apoptotic factors (White, et al, 2006; Norberg, et al, 2008). NFAT transcription factors 

which are downstream of calcineurin activation have been described in immune 

response. NFATs activates transcription of a large number of genes during an effective 

immune response (Hogan, et al , 2003), and have been well described to be involved 

in the transcription of several genes expressed by activated immune cells such as the 

cytokine genes IL-2, IL-3, IL-4, IL-5, IL-8, IL-13, GM-CSF, and IFNγ; the cell 

surface receptors CD40L, FasL, and IL-2Rα (CD25) ,CD5 and Igκ in B cells; IL-4, 

IL-5, and TNFα  (Kiani et al., 2000). To achieve binding on promoter/enhancer sites 

on DNA elements, NFAT family act synergistically with AP-1 (Fos/Jun) proteins 

forming highly stable ternary complexes. Some studies have shown that GATA can 

be in place of AP-1. Activated NFAT also increases B-cell lymphoma-2 expression 

(bcl-2), supporting the antiapoptotic effects in the heart (El Chami and Hassoun, 

2012). 

The inactivation of NFAT also results to a deficit immune response (Kiani, Rao and 

Aramburu, 2000) and studies show that in many autoimmune disease Ca2+-

calcineurin-NFAT1 to 4 pathways are impaired. Pro-inflammatory cytokines, 

including interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α), are able to 
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stimulate elevations in  cytosolic Ca2+ amounts (Park, et al, 2020) and play a 

significant role in autoimmune disease like Rheumatoid arthritis. 

In previous sections, the role of inflammation has been described in the pathogenesis 

of PAH (Dorfmuller et al., 2003; Groth et al., 2014; Thompson and Lawrie, 2017).  In 

several forms of PAH, NFAT has been shown to be upregulated and activated in 

circulating inflammatory cells in patients as well as in PASMCs (El Chami and 

Hassoun, 2012). NFAT stimulation triggers downregulation of Kv1.5, a voltage-gated 

K + channel in PASMCs of patients which was rescued by targeting NFATc2 (the 

major isoform activated in PAH vasculature) with direct (VIVIT) and indirect 

inhibitors (Cyclosporine A). Kv 1.5 down regulation enhances increase in intracellular 

calcium concentration as well as depolarization and caspase inhibition (Bonnet, et al, 

2007). NFATc1 and NFATc3 have also been described with a part in PAH 

pathogenesis (Chen, et al, 2017). NFATc2 equally elevates cyclin A expression and 

CDK2 activation to stimulate primary cultured PASMC cell cycle and proliferation. 

Studies have shown that NFATc3 is triggered by hypoxia in both adult and neonatal 

mice. NFATc3 plays a role in pulmonary arterial wall thickness. It has also been 

expressed in endothelial cells (ECs) and PASMC in the lung of experimental PAH- 

hypoxia models (Chen, et al, 2017). 

 In another study with mice PAH models, the CaN/NFAT signalling axis was 

significantly upregulated and was demonstrated to be responsible for modulating the 

proliferation, migration and apoptosis of PASMCs (He, et al, 2018). This indicates a 

critical role for CaN/NFAT signalling in PAH pathogenesis as NFAT is suggested to 

a crucial integrator of multiple signalling pathways (Bonnet, et al, 2007; El Chami 

and Hassoun, 2012; Chen, et al, 2017). Endothelial dysfunction which upregulates 
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endothelin as also been shown to act upstream of CaN/NFAT axis by enhancing 

increase in intracellular calcium (Bonnet, et al, 2007). 

Plasma membrane calcium ATPases (PMCAs) recently have been identified as novel 

regulators of the calcineurin/NFAT pathway among others. PMCAs interacts with 

proteins which are critical for this signalling axis, particularly calcineurin. In breast 

cancer cells, PMCA 4 and 2 negatively regulated the calcineurin/NFAT pathway 

(Holton, et al, 2007). PMCA 4 has also been demonstrated to produce similar effects 

in HEK293 (Buch, et al, 2005. There was no evidence of PMCA 1 interaction with 

calcineurin in breast cancer cells (Holton, et al, 2007). 

Given the relevance of PMCA proteins in the work described in this thesis, for, the 

features of PMCA family of proteins will be described in detail in this introduction.     

1.5 Plasma Membrane calcium ATPase Pump (PMCA) 

Ca2+ levels in the extracellular fluid (ECF) and endoplasmic reticulum (ER) lumen are 

significantly highly than cytosolic Ca2+ levels, up to 10,000-fold (~1mM) (Park, et al, 

2020).  This Ca2+ gradient is maintained by intracellular Ca2+ stores, and by the 

activity of various types of Ca2+ channels, Ca2+/H+ ATPase, and Na+/Ca2+ exchangers. 

The plasma membrane Ca2+ ATPases are part of the P-type Ca2+ ion specific ATPases 

family mainly engaged in the removal of intracellular Ca2+(Jensen et al., 2004). 

PMCAs are distinguished by formation of aspartyl phosphate intermediate in its 

functional cycle. The energy emitted by hydrolysis of a single adenosine triphosphate 

(ATP) into adenosine diphosphate (ADP) is used to power the PMCA pump. This 

contrasts with other plasma membrane pumps like SERCA (Di Leva, et al, 2008). 

Other members of this family include Sarcoplasmic Endoplasmic Reticulum Calcium 

ATPase (SERCA), the sodium-potassium ATPase (Na2+/K+ -ATPase), hydrogen 
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potassium ATPase (H+ /K+ -ATPase). The plasma membrane Ca2+ ATPase (the 

PMCA pump) in cooperation with several other transport channels and Ca2+ binding 

proteins in the regulation of the cellular homeostasis of Ca2+. PMCAs extrude calcium 

with low capacity but high calcium affinity (Carafoli and Brini, 2000). The family of 

PMCA isoforms are derived from four distinct genes referred to as ATP2B1-4 located 

on human chromosomal loci 12q21-q23, 3p25-p26, Xq28 and 1q25-q32 respectively 

(Di Leva, et al, 2008), from which alternative splicing gives rise to several different 

isoforms (Strehler and Zacharias, 2001). All the isoforms transport Ca2+ to the 

extracellular space but with varied affinity for calcium. 

1.5.1.  PMCA Structure 

The PMCAs contain a single polypeptide chain made up of ten 

hydrophobic transmembrane (TM) segments flanked by NH2 and COOH terminals 

located in the cytosol (see Figure 1.5.1.). The TM segments are linked by five 

extracellular short loops. (Strehler & Zacharias, 2001; Holton et al., 2007). The 

NH2 terminal of the PMCA contains 80-90 amino acids but varies between the 

different isoforms.  Apart from the small loops linking the TM segments, the PMCA 

protein also contains two large intracellular loops which span TM domains 2–3 and 

4–5. These domains contain an autoinhibitory region which binds to a complementary 

calmodulin-binding site located on the long COOH terminal on the tenth TM segment 

(Stafford et al., 2017). The intracellular loop between TM4 and TM5 houses the 

catalytic core of the pump. This domain contains the conserved aspartate and lysine 

residues critical for catalytic phosphorylation and ATP binding. The catalytic domain 

which contains about 400 amino acid residues, is followed by two small intracellular 

loops connecting TM6 with TM7 and TM8 with TM9 which do not have a described 

function yet. 
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The C terminal domain, which is approximately made up of 120 residues, contains a 

binding site for calmodulin (CaMBD) and serves as the main regulatory site of the 

pump. An open or closed confirmation is dependent on the interaction between the C-

terminal domain and the catalytic loop of the pump in the presence or absence of Ca2+-

calmodulin complexes. PMCA proteins contain at the C-terminus a PDZ([post 

synaptic density protein (PSD95), Drosophila disc large tumour suppressor (Dlg1), 

and zonula occludens-1 protein (zo-1)]-ligand domain that mediates interaction 

between the pump and cytosolic proteins containing PDZ domains such as members 

of the membrane-associated guanylate kinase (MAGUK) family, neuronal nitric oxide 

synthase (nNOS), calcium/calmodulin-dependent serine protein kinase (CASK), C-

terminal LIM domain protein (CLP36), PMCA-interacting single-PDZ domain (PISP) 

etc (Stafford, et al, 2017). The different splice variants of the pump approximately 25, 

are generated by alternative RNA splicing in the N-and C-terminal regions. The 

putative structure of PMCAs based on their sequence is illustrated in Figure 1.3.1.  

The structure of the PMCAs closely mirror that of similar P2-type ATPases, 

particularly that of the Ca2+ ATPases of the sarco/endoplasmic reticulum (SERCAs) 

about 30% homology (Verma, et al, 1988; Bublitz, et al , 2010 & Strehler & 

Zacharias, 2001).  
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Figure 1.5. Schematic design of P-type Plasma membrane Calcium transport 
ATPase pump. 

 

The Ca2+ transport pumps possess 10 transmembrane domains connected on the extracellular by 5 loops 

and on the intracellular 6 loop domains (N-terminal, intracellular domain between TM2 and 3 

(transduction domain), intracellular domain between TM 4 and 5, 2 small intracellular domain loops 

and the C-terminal which contains the regulatory calmodulin binding site. The 10 putative 

transmembrane regions (TM) are numbered (Figure adapted from Strehler & Zacharias; 2001; Stafford, 

et al, 2017). CAM-BD, calmodulin binding domain; PDZ-BD, domain binding to protein PDZ-

domains. 

1.5.2. Calcium Transportation Via PMCA Pump 

The current kinetic model describes PMCAs as existing in two conformational states 

namely E1 and E2. These states determine its binding and subsequent extrusion of 

cytosolic calcium and corresponds to the two steps of the reaction cycle (Brini, et al, 

2013). In the E1 conformation state, PMCAs have a high affinity for Ca2+ binding and 

incorporation into the pump at the cytosolic side of the membrane, while in the E2 

phase, its affinity is significantly reduced. The binding of calcium to high affinity 

catalytic domain in the E1 states leads to phosphorylation by ATP hydrolysis to form 

the E1-P (phosphoenzyme) intermediate state. (Ferreira-Gomes, et al, 2011). This is 
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subsequently followed by magnesium (Mg2+) dependent conformational change to the 

stable E2-P state, with Calcium being released to the extracellular. The E2-P 

undergoes dephosphorylation to E2 followed by further conformational transition to 

the original inactive E1 state. Ferreira-Gomes, et al (2011) in their studies 

demonstrated that only 1 calcium ion is occluded in the E1-P per ATP hydrolysed of 

PMCA and these events occurs simultaneously. ATP has also been demonstrated to 

function in a non-phosphorylating mode by enhancing the conversion of 

phosphoenzyme states (E1PCa → E2P and E2P → E2) and can bind to the pump even 

in the absence of Calcium (Mangialavori, et al., 2013). As already noted, PMCA 

transport a single Calcium per ATP, this is at variance to the SERCA pump, which 

transport 2 Ca2+ ions per ATP hydrolysed (Di Leva, et al, 2008). 

 

 

 

 

 

 

 

Figure 1.6 The reaction cycle of the PMCA pump showing different 
conformational states. 

The E1 state is the original pump state with high affinity for unbound calcium. Hydrolysis of ATP 

provides the energy required to pump calcium into the extracellular with the formation of an 

intermediate E1-P phosphoenzyme Ca+ complex. Subsequent Mg 2+ dependent conformational changes 

lead to the formation of the E2-P Ca+ complex which is extrudes into the extracellular. This state has a 
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reduced affinity for calcium thereby enabling calcium ion release. The reaction events are reversible 

and dependent on the cytosolic calcium levels (adapted from Di leva, et al., 2008; Ferreira-Gomes, et 

al, 2011). 

1.5.3. Regulation of PMCA Activity 

The activity of PMCA can be regulated by its interaction with signal transduction 

molecules, self-interactions, as well as with active membrane localized molecules. 

These interactions can determine the level of its affinity for cytosolic calcium ions (Di 

Leva, et al, 2008).  Calmodulin (CaM) is the major endogenous regulator and activator 

of PMCA pump activity. Its binding to the Calmodulin binding domain on the C-

terminal of the pump releases it from autoinhibition and raises pump Ca2+ affinity. 

Pump activity increase about four to six-fold (Stafford et al., 2017). Calmodulin was 

one of the earliest regulators of the PMCA pump. Unstimulated PMCA pumps have 

poor affinity for Ca2+ with an equilibrium dissociation constant Kd within the 10- 

20 μM range, the binding of calmodulin increases the Kd to approximately 1µm.(Di 

leva, et al., 2008). In the absence of Calmodulin, the CAMBD on the C-terminal loop 

binds to an intramolecular receptor site composed of regions of the second and third 

transmembrane loop and the regions near the active site on the cytosolic loop between 

TM4 and TM5 (Strehler & Zacharias, 2001; Di leva, et al, 2008). This is responsible 

for the pumps autoinhibition and is commonly referred to as the closed conformation. 

The binding of calmodulin is dependent on the levels of intracellular calcium which 

when increased, prompt the association of calcium-calmodulin complexes to the 

CAMBD resulting to the active open conformation of the pump. PMCAs fluctuate 

between the open and closed conformation depending on the levels of intracellular 

calcium concentrations. The rate of PMCA activation by calmodulin may also be 

isoform/variant and tissue specific. Several isoforms of the PMCA pump have been 
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demonstrated to have individual affinities for calmodulin for example, isoform 4a has 

a lower apparent affinity for calmodulin than 4b (Caride, et al, 1999). The regulatory 

mechanism of PMCA pump mirrors that of known Ca2+-calmodulin-dependent 

enzymes such as smooth muscle myosin light-chain kinase or Ca2+/calmodulin-

dependent protein kinase (Strehler & Zacharias, 2001). 

Acidic phospholipids have also been described to activate the pump, even more 

potently than the classical activator calmodulin. These molecules generally bind to 2 

distinct regions; the calmodulin binding sites on the pump as well as on the first 

cytosolic loop of the pump (TM2- TM3), increasing the affinity of the pump for 

calcium. They lower the kd to about 100 nM (BRODIN, et al, 1992; Di leva, et al, 

2008). The interactive binding of these molecules inhibits further binding and 

activation by calmodulin rendering the pump insensitive to calmodulin activation 

(Strehler & Zacharias, 2001). Phosphatidylinositol biphosphate (PIP2), an acidic 

phospholipid which significantly alters its distribution with external stimulation, is 

shown to be the most potent activator of PMCA activity. Also, the products of its 

hydrolysis; IP3 and DAG have been shown to stimulate PMCA activity although 

through different mechanisms (Pérez-Gordones, et al, 2009). While IP3 stimulates the 

activation of PKC which in turn phosphorylates PMCA, DAG may be directly 

interaction with the pump at yet to be described regions. This highlights the possibility 

of several significant interaction with structurally similar compounds. The amount 

of plasma membrane proximal phosphatidylserine in the plasma membrane of a cell 

have been suggested to be responsible for about 50% of maximal activation (Di Leva, 

et al, 2008). 

The activity of PMCA can be regulated equally by protein kinases, such as protein 

kinases C and A (Strehler & Zacharias, 2001), by proteases like calpain, which cleaves 
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unstimulated PMCA to produce a smaller fragment of 124kDa which is activated 

irreversibly (Di leva et al., 2008). This fragment has been suggested to play a role in 

human erythrocyte function and in platelet activation. The inhibitory phosphorylation 

of PKC occurs with the CAMBD on the C terminal of the PMCA pump and is on a 

threonine residue. Phosphorylation of PMCA on tyrosine residues is also performed 

by the src kinases and by the focal adhesion kinase (Di leva et al., 2008). 

One study has also shown regulation of PMCA activity in platelets where they are the 

main Calcium extruders. This study demonstrated that platelet PMCA can be 

stimulated by cAMP-dependent phosphorylation, while phosphorylation on a tyrosine 

residue during platelet activation results to PMCA inhibition (Dean, et al, 1997). 

PMCA 1 and PMCA4 were used in this study again underlining their ubiquitous 

distribution and functional role in significant cellular activities. Another study has 

shown that this deactivation of platelet PMCA activity through tyrosine 

phosphorylation may play significant role in diseases associated with increased 

cytosolic calcium spike such as hypertension, heart attack and stroke (Blankenship, et 

al, 2000). PMCA activity is also negatively regulated by the small GTPases of the Ras 

superfamily (Rosado and Sage, 2000). In platelets, PMCAs are the major Calcium 

extrusion mechanisms, and the proximity of RAS proteins may play a part in this 

interaction although the exact mechanisms are not fully known. 

Another key means of regulating PMCA activity is by self-association, the formation 

of PMCA dimers is mediated by calmodulin and the calmodulin binding site. Pump 

oligomers cannot be further stimulated by calmodulin even on binding (Strehler & 

Zacharias, 2001). The formation of PMCA dimers is suggested to be a mechanism to 

prevent denaturation, however due to its minimal membrane expression (0.1–0.01% 
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of total membrane proteins) of pump population, the possibility of in vivo dimerization 

is very unlikely (Di leva et al., 2008). 

The regulation of PMCA activity can also be isoform specific as several molecules 

have been indicated to have significant effect on a specific isoform for instance the 

phosphorylation by PKA is specific only to isoform 1 (Di Leva, et al, 2008). Thus, 

regulators have been reported for specific isoforms although no conclusive evidence 

has been demonstrated that the same regulator may alter other PMCAs’ activity. The 

dual and dose dependent effects of intracellular reactive oxygen species have also 

been recently reported (Zaidi et al., 2009) underlining the sensitivity of PMCA to 

oxidative stress. Further evidence of PMCA regulation has been demonstrated in vivo 

by certain hormones, estrogen and dihydrotestosterone (Dick, et al, 2003). The role of 

non-physiological effectors has also been studied. Ethanol, like calmodulin activates 

the pump but the mechanism of action has not been elucidated (Pérez-Gordones, et al, 

2009). Neuroplastin and basigin, Ig-domain containing proteins have been shown to 

be obligatory auxiliary subunits of native PMCAs and regulate their 

incorporation/trafficking in protein networks and their calcium export function (Gong, 

et al, 2018). 

The several regulations of PMCA activity described here highlights the myriad of 

significant regulators which may significantly alter the expression and activity of 

PMCA and subsequently play functional role in health and disease. 

1.5.4. PMCAs as Signalling Molecules via Interactions with Protein Partners 

PMCA is an important signalling molecule. This is also due to its significant 

regulation of Ca2+-dependent signalling (Holton, et al, 2010). Calcium is a key second 

messenger in many signalling pathways with an essential role in both normal 
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physiological function and in disease progression (Stafford, et al, 2017). To achieve 

signalling, PMCA interacts with cytoplasmic proteins (interaction proteins) as well as 

compartmentalize specific proteins into subplasmalemmal microdomain (Brini, 

2009). These domains are usually characterized by lower levels of intracellular free 

calcium (Holton, et al, 2010). The sub-cellular localization and increased expression 

of PMCA pumps in caveolae which is enriched with a variety of signal regulatory 

biomolecules, many also enhance their putative role as signalling regulators. The 

intracellular domains on PMCA have been described to be the major interaction region 

between PMCA and its interaction proteins. Also, in many cases, these interactions 

are isoform specific (Schuh, et al, 2003). 

The most common binding site is the PDZ (postsynaptic density protein of 95 kDa 

(PSD95), Drosophila disc large tumor suppressor (DlgA), and zonula occludens-1 

protein (Zo-1) ) domain in the C terminal of the pump, members of the MAGUK 

(membrane-associated guanylate kinase) have been shown to interact with the pump 

isoforms 2b and 4b. (Di leva, et a., 2008; Stafford et al., 2017). The 

calcium/calmodulin-dependent serine protein kinase (CASK) is a classic member of 

the MAGUK family (Schuh, et al, 2003; Stafford, et al, 2017). 

Another PDZ protein has been shown to interact specifically with isoforms 2b. The 

protein NHERF2 (Na+/H+ exchanger regulator factor-2) which equally contains a PDZ 

binding domain, equally interacts with PMCAs on the PDZ binding domain, this 

protein acts as a scaffold, and is shown to be important in the stabilization of several 

important membrane interacting proteins (DeMarco, Chicka and Strehler , 2002). The 

interaction of PMCA 2b with NHERF2 allows PMCAs incorporation into 

multiprotein Ca2+ signalling complex. 
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Another scaffold protein is Ania-3 which belongs to the homer family of proteins and 

characteristically couples N-methyl-D-aspartate receptor to metabotropic glutamate 

receptors for release of extracellular calcium. Ania-3 proteins play an important role 

in linking PMCAs with Ca2+ influx systems and this important in the regulation of 

calcium signalling in neurons and interacts with all b-splice isoforms; PMCA1b, 2b, 

3b, and 4b (Sgambato-Faure, et al, 2006). The interaction of the enzyme nitric oxide 

synthase I has also been shown to occur on the PDZ binding site of PMCA4b. The 

association with PMCA4b reduces the enzyme activity (Schuh, et al, 2001). Other 

PDZ binding domain proteins include the protein CLP36 which on interaction with 

PMCA enhances its transport during platelet activation. The PISP (PMCA-Interacting 

single PDZ domain) equally binds with all known isoforms of the pump. This is 

suggested that it may enhance the localization of PMCA to the plasma membrane (Di 

leva et al., 2008). 

The main intracellular loop between domain 4 and 5 in PMCA4b has also been shown 

to interact with the tumour suppressor Ras-associated factor-1, and this was one of the 

early works which showed that PMCA may be involved in the modulation of Ras-

mediated signalling (Armesilla, et al, 2004). Upon binding to RASSF1, the cell 

survival pathway is inhibited therefore PMCA may play a role in cellular apoptosis. 

Further work also demonstrated that the α-1 syntrophin binds with PMCA within the 

same intracellular region (Williams et al., 2006). A functional interaction has also 

been shown between calcineurin A and PMCA. This interaction was demonstrated to 

occur at the pump’s catalytic core between calcineurin A and PMCA isoform 4b, and 

results to an inhibition of the calcineurin /NFAT signal transduction pathway (Buch, 

et al, 2005). This was further demonstrated in breast cancer cells, where the 

ectopically expressed PMCA2b inhibited the calcineurin/NFAT pathway. The 
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interaction equally occurs within the pump’s domain equivalent to that reported for 

PMCA4b (Holton, et al, 2007). Endothelial nitric oxide synthase (eNOS) equally 

interacts with PMCA in this region leading to reduced activity and subsequent 

synthesis in nitric oxide (NO) (Holton, et al, 2010). 

Another region of interaction is the N-terminal tail of the pump, the protein 14-3-3 

has been shown to interact and inhibit PMCA activity. This interaction has been 

shown in all isoforms of PMCA apart from PMCA 2 (Linde, et al, 2008; Di leva et 

al., 2008). 

Micro-RNAs have been shown to interact with several genes and generally repress 

translation by several mechanism such as deadenylation (Kristjánsdóttir, Fogarty and 

Grimson, 2015; Mayr, 2019; Chen and Shyu, 2011). Although miRNAs are generally 

redundant, their ability to regulate genes is an exciting field of interest (Schlosser, et 

al, 2015). These short length (approximately 22-nucleotide-long) noncoding 

endogenous RNA molecules are suggested to regulate approximately 50% of all 

protein-coding messenger RNA (mRNA). Two pathways have been described for 

their biogenesis leading to the formation of the multiprotein complex known as RNA-

induced silencing complex (RISC). The binding of MiRNAs to complementary 

sequences on mRNA 3’UTR promotes translational inhibition and altered stability of 

the mRNA (Santos-Ferreira, et al , 2020). A recent study by Zhu and Liu (2021) 

showed that increased levels of (miR)‑27b‑3p dysregulated the expression of PMCA1 

in serum of pregnant hypertensive women. Another microRNA miR‐129‐5p has also 

been shown to negatively regulate the genetic expression of PMCA4 in neuronal cells 

(Rajman, et al , 2017). These and several other studies highlight the importance of 

miRNA-dependent regulation of genes including PMCA 1-4.  
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The myriad possibilities of interaction proteins and the incorporation of PMCAs into 

physiological significant multiprotein complexes highlight the importance of 

investigating its role in the development of pathologies such as PAH. It is also 

important to highlight that significant research is showing that the ubiquitously 

expressed PMCA 1 and 4 generally assumed to be housekeeping genes may play 

critical roles in the cells and tissues where they are functionally expressed. 
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Figure 1.7. Schematic design of P-type Plasma membrane Calcium transport 
ATPase pump signalling and interaction with other proteins. 

The Ca2+ transport pumps possess 10 transmembrane domains connected on the extracellular by 5 loops 

and on the intracellular 6 loop domains (N-terminal, intracellular domain between TM2 and 3 

(transduction domain), intracellular domain between TM 4 and 5, 2 small intracellular domain loops 

and the C-terminal which contains the regulatory calmodulin binding site. The 10 putative 

transmembrane regions (TM) are numbered.CAM-BD, calmodulin binding domain; PDZ-BD, domain 

binding to protein PDZ-domains; PISP, PMCA interacting single-PDZ protein; nNOs, neuronal nitric 

oxide synthase; eNOs, endothelial nitric oxide synthase; MAGUK, membrane-associated guanylate 

kinase family; CASK, Calcium/calmodulin-dependent serine protein kinase; NHERF2, Na/H 

exchanger regulatory factor 2; RASSF1A,bRas-associated factor 1A and CnA, calcineurin A. (Figure 

adapted from Strehler & Zacharias; 2001; Stafford, et al, 2017). 

 

 

 

 



64 
 

1.5.5. PMCA Isoforms and Tissue distribution 

PMCA isoforms are differentially expressed and regulated, interacting with a variety 

of molecules in several reactions. These 4 isoforms are also differentially targeted (Di 

Leva et al, 2008; Holton et al, 2010). The theory of functional diversity explains the 

unique features of these pumps which is enhanced by alternative splicing at different 

splice regions. This indicates that the multiplicity of these isoforms responds to the 

varying cell and tissue demands for calcium ion. Variations in the formation and locale 

of PMCA isoforms correlate with individual regulatory features (Strehler, et al., 

2007). The consensus is that in non-excitable cells where the resting intracellular Ca2+ 

levels remain low, the PMCAs are the major Ca2+ removal pumps (Stafford, et al, 

2017). Alternative splicing at the first intracellular loop (TM2 and TM3) upstream of 

the phospholipid biding domain of PMCA gene transcripts results to the generation of 

w, x, y, or z splice variant and splicing at carboxy (COOH) terminal gives rise to a - e 

variants. This results to splice variants having different lengths for their first 

intracellular loop (site A splicing) and the C-terminal tail (site C splicing) (Strehler, 

et al., 2007). About 30 splice variants have been reported (Strehler and Zacharias, 

2001; Krebs, 2015). Other splicing sites “B” and “D” have been clarified to be cloning 

artefacts (Krebs, 2015).  

1.5.5.1. PMCA 1 

The pump isoform PMCA 1 was first discovered in rat as a protein containing 1176 

amino acid residues and shares about 99% homology with its analogue in the human 

brain. However various splice variants exist for PMCA1 as a result of the complex 

alternative splicing process (Di Leva et al., 2008). In mammals, PMCA1 like PMCA4 

is well expressed in most if not all adult tissues, with high expressions in the brain, 

kidney, lungs, and intestine. Results of a study have shown that PMCA1 plays an 
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important role in development of mouse embryo. In double knock out mice PMCA 1-

/-, embryo lethality was observed (Okunade et al., 2004).  PMCA1 is ubiquitously 

detected from the earliest time points in mouse embryos (Strehler and Zacharias, 

2001).  The expression of PMCA1 has been elucidated in the vasculature (EC and 

SMC) where it plays a critical role in vascular tone (Szewczyk, et al, 2007). Further 

studies by Kobayashi, et al (2012) demonstrated that mice with vascular smooth 

muscle cell-specific KO of ATP2B1 exhibited elevated systolic blood pressure. This 

equally corresponds to increased intracellular calcium concentration and increased 

vasoconstriction in the femoral artery. The Millennium Genome Project conducted by 

the same authors initially elucidated single nucleotide polymorphisms within the 

ATP2B1 gene as sturdy susceptible polymorphisms for hypertension in human 

populations (Tabara, et al, 2010) and ATP2B1 mRNA expression in human umbilical 

artery smooth muscle cells was pointedly inferior in individuals with a risk allele 

for hypertension than controls (Kobayashi, et al, 2012). This association has also been 

confirmed in other studies (Wang, et al, 2013; Xi, et al, 2014). PMCA1 might play an 

important role in regulating blood pressure and this highlights the importance of this 

isoform in this thesis. PMCA1 expression in SMC indicates that it is the predominant 

PMCA isoform in SMC (Szewczyk, et al, 2007; Kobayashi, et al, 2012). A recent 

study has shown that in heterozygous PMCA1 null mice (PMCA1Ht), blood pressure 

increase is closely associated with age and pathological alterations in arterial structure 

including remodelling preceded the elevation of BP (Little, et al, 2017). Also, PMCA1 

expression in B cell have been demonstrated to be important for B cell development 

and calcium clearance. Using mice with a conditional KO of Pmca1 (Atp2b1), 

Korthals, et al, (2021) showed that reduced expression of PMCA1 rather than PMCA4 

correlated with the numbers of B cells. Again, PMCA1 was the predominant isoform 
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here. In mice with cardiomyocyte-specific deletion of PMCA1 (PMCA1cko), PMCA1 

was demonstrated to be critical for maintaining Ca2+ homeostasis and electrical 

stability in the atrium particularly under stressful conditions (Wang, et al , 2017). 

PMCA1 might also play a role in reproduction (Yang, et al , 2011). Targeting PMCA1 

mediated pathways might be a viable therapeutic strategy as several diseases including 

coronary artery disease in Asian and Caucasian populations have been associated with 

it from Genome wide studies (Stafford, et al, 2017) 

1.5.5.2. PMCA 2 

The PMCA 2 pump unlike the 1 and 4 isoform has a restricted expression. It is mostly 

expressed in excitable cells of the brain and muscles (Stafford et al, 2017); however, 

it is also shown to be expressed in ear hair cells (Bortolozzi and Mammano, 2018) and 

mammary glands (Romero-Lorca, et al, 2018). Mutation in the ATPB2 gene that 

encodes thePMCA2 has been associated with hearing loss. PMCA2 is more active in 

exporting Ca2+ than the ubiquitous isoforms 1 and 4 and has a higher affinity for the 

activator calmodulin. (Spiden et al., 2008; Bortolozzi and Mammano, 2018). 

However, PMCA2 unlike other isoforms retains its high activity in the absence of the 

traditional activator calmodulin (Di leva et al., 2008). 

Elevated PMCA2 mRNA levels are associated with human breast cancer and lactation 

(Lee et al., 2005; Romero-Lorca, et al, 2018). Silencing PMCA 2 in in vitro studies 

has enhanced Bcl-2 inhibitor (ABT-263)-mediated MDA-MB-231 breast cancer cell 

death (Curry, Roberts-Thomson and Monteith, 2016). Overexpression of PMCA2 is 

suggested to be involved in breast cancer development due to resistance towards 

calcium mediated apoptosis (VanHouten et al., 2010). About 7 variants have been 

shown in mammals (Di leva et al., 2008). PMCA2 has been linked with autism 

spectrum disorders and malaria (Stafford, et al, 2017). Studies by (Szewczyk, et al, 
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2007) demonstrated that PMCA2 and 3 were not observed in detectable levels in EC 

or SMC. 

1.5.5.3. PMCA3 

PMCA3 like the isoform 2 is expressed in a restricted fashion. The pump is found in 

the brain, particularly in the choroid plexus. In skeletal muscles, PMCA3 is more 

expressed in rats than in humans. The expression of all isoforms of PMCA is also 

shown to be different at various stages of life (Strehler & Zacharias, 2001). In mouse, 

PMCA3 transcripts have also been found in the eye, heart, lungs, and kidney 

(Zacharias & Kappen, 1999). Mutations in the CAMBD region of PMCA 3 gene has 

been associated with congenital cerebellar ataxia and aldosterone-producing 

adenomas (APAs) (Calì, Brini and Carafoli, 2018). 

1.5.5.4. PMCA4 

This isoform is ubiquitously expressed although in varying amounts. Because of its 

expression, PMCA 4 gene has been suggested a reference gene for membrane proteins 

(Calcagno, et al, 2006). High amounts of this isoform are seen in the kidney, 

erythrocytes, skeletal muscle, heart, stomach, intestine, brain, and spermatozoa (Di 

leva et al., 2008). Higher amounts of PMCA4 have also been noted in vasculature 

(Okunade, et al, 2004). At variance with the PMCA1 null mice, PMCA4 null (Pmca4-

/-) mice exhibited no embryo lethality and exhibited no phenotypic concerns. This 

suggests that PMCA4 is not a critical housekeeping gene or functionally relevant in 

embryo development. 

The role of PMCA 4 in sperm motility and fertility has also been described (Okunade, 

et al, 2004). This study noted that loss of PMCA4 impaired phasic contractions and 

resulted to strain-dependent apoptosis in portal vein smooth muscle in vitro. Pmca4-
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/- male mice were infertile due to reduced sperm motility with subsequent calcium 

overload. The calcium overload is suggested to have triggered calcium dependent 

apoptotic pathways. This demonstrates that PMCA4, appears to have specific 

Ca2+ signalling roles not exclusively linked to its Ca2+ exporting function. In the heart, 

PMCA4 has been shown to interact with nNOS at its PDZ domain and this has been 

demonstrated to play a role in basal contractility and β adrenergic responsiveness 

(Stafford, et al, 2017). PMCA4 downregulates nNOS and earlier studies have shown 

that PMCA 4 due to its location in the caveolae of cardiomyocytes may play 

modulatory roles in myocardium growth and response (Hammes, et al, 1998; Piuhola, 

et al , 2001). PMCA4 has also been studied in the vasculature (EC and SMC) 

(Szewczyk, et al , 2007) PMCA4 has also been noted to the prevalent isoform in 

human Jurkat T cells where it is responsible for calcium clearance and NFAT 

transcriptional activity (Korthals, et al , 2021). 

 Several evidence shown that PMCA 4 plays a regulatory role in vascular tone and 

blood pressure. One study has shown that over expression of PMCA4 in smooth 

muscle cells in mice led to increased blood pressure. (Gros, et al, 2003). This is again 

suggested to be due to the interaction of PMCA4 with nNOS (Stafford, et al, 2017). 

Another study also showed that PMCA4 is a substrate target for caspases with 

cleavage region in the c-terminal tail. This cleavage enhanced Ca dependent apoptotic 

signalling in cells (Schwab, et al, 2002). PMCA 4 has also been implicated as an 

endogenous negative regulator of VEGF dependent angiogenesis in endothelial cells 

(Baggott, et al, 2014). PMCA 4 produces this effect by downregulating the 

Calcineurin/NFAT pathway in a mechanism that likely involves tethering calcineurin 

to low calcium microdomains. This effect was reversed when a selective inhibitor 

aurintricarboxylic acid (ATA) of PMCA 4 was used (Kurusamy, et al, 2017). The 
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negative regulation of the Ca/NFAT pathway by PMCA4 has also been demonstrated 

in HEK293 cells (Buch, et al, 2005).  

Furthermore, a recent GWA study has linked SNPS in the PMCA4 gene with 

resistance to a severe form of malaria in West African children (Timmann, et al, 2012; 

Calì, Brini and Carafoli , 2018), suggesting that PMCA4 might be a possible target 

for designed anti-malarial drugs. 

1.6 Aims and hypothesis  

Inflammation has been shown to play a critical role in pathological remodelling of 

pulmonary arteries in pulmonary arterial hypertension (Rabinovitch et al.,2014; Soon 

et al., 2010). TNF-α and IL-1β are well defined pro-inflammatory cytokines and their 

elevation and activity in development and progression of PAH is well documented 

(Groth et al.,2014; Long et al., 2015). Particularly, TNF-α induces apoptosis in 

pulmonary artery endothelial cells (Long et al., 2015), and this effect has been shown 

to be dependent on increased calcium ion concentration (Pu et al., 2002; Lao and 

Chang, 2008).  This indicates that regulators of cytosolic calcium might play a role in 

TNF-α induced apoptosis. PMCA 1 and 4 are members of the plasma membrane 

calcium ATPases (Strehler, 2015) and extrude calcium to the extracellular 

environment. Both isoforms are expressed in smooth muscle and endothelial cells of 

pulmonary artery. Although, the role of PMCA proteins in apoptosis of pulmonary 

artery endothelial cells has not been studied, reduced expression of the PMCA 4 

isoform in breast cancer has been linked to enhanced apoptosis (Curry et al., 2012).  

Alterations in PMCA4 expression has been linked to PAH in rat models when the 

disease is induced with monocrotaline (MCT) or hypoxia (Deng, et al , 2021). 
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We hypothesize that reduced expression of PMCA4 sensitises PAEC to apoptosis 

triggered by pro-inflammatory stimuli during the first stage of PAH progression 

To test this hypothesis, we have established the following aims for this thesis:  

1) To determine the effects of pro-inflammatory cytokines which have been shown to 

induce PAH on the expression of PMCA 4 in human pulmonary artery endothelial 

(PAEC) and smooth muscle (PASMC) cells. PAEC and PASMCs will be stimulated 

with pro-inflammatory cytokines in serum starved conditions to determine the effects 

of these cytokines on the mRNA and protein levels of PMCA4 via a time-course and 

dose-response pattern. This will be determined by quantitative real-time PCR and 

western blot assay. 

2) Analysis of the molecular mechanisms implicated in the effects of pro-inflammatory 

cyokines on the gene expression profile of PMCA4. To determine the exact stage of 

gene expression interference, actinomycin D will be used to identify the specific stage 

of genetic regulation. This will also be used to determine stability of the mRNA gene 

in the presence of TNF-α and IL-1β.  Furthermore,   possible interaction regions on 

the PMCA4 mRNA which interacts with the pro-inflammatory cytokine TNF-α will 

be investigated. To achieve this,  cloned fragments of the 3’UTR of the PMCA4 RNA 

in a luciferase based-reporter gene  will be used to identify the regions responsible for  

PMCA4 gene regulation in cells stimulated with pro-inflammatory agents. Cells will 

be transfected with cloned individual fragments of the 3’UTR of PMCA4 in a dual-

luciferase vector followed by stimulation with TNF-α. Also, in silico analysis using 

online prediction tools such as Scan for motifs, TargetScan and miRDB will be 

employed to predict possible cis-interaction domains on the PMCA4 mRNA. 
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3) Functional consequences of pro-inflammatory cytokines on PMCA4 in PAEC. To 

deteremine the role of PMCA4 in TNF-α induced apoptosis, PAEC will firstly be 

treated with siRNA to knockdown PMCA4. This will be followed further  by 

stimulation with TNF-α and cyclohexamide and cell viability with be assessed via  

flow cytometry and TUNNEL  apoptotic assay.  

 
4)  Analysis of the effects of pro-inflammatory cytokines on the expression profile of 

PMCA 1 in  human pulmonary artery endothelial (PAEC) and smooth muscle 

(PASMC) cells. PAEC and PASMCs will be stimulated with pro-inflammatory 

cytokines in serum starved conditions to determine the effects of these cytokines on 

the mRNA and protein levels of PMCA4 via a time-course and dose-response pattern. 

This will be determined by quantitative real-time PCR and western blot assay. 

5) Analysis of the molecular mechanisms implicated in the effects of pro-inflammatory 

cyokines on the gene expression profile of PMCA1. To determine the exact stage of 

gene expression interference, actinomycin D will be used to identify the specific stage 

of genetic regulation.  
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2.1. Tissue culture 

Cell culture techniques were conducted under aseptic settings using a class II 

microbiological safety cabinet (BioMAT 2, CAS, UK) sterilised with 70% ethanol 

(SigmaAldrich, UK) and 1% Trigene (Sigma-Aldrich, UK) solution, to reduce the risk 

of contamination. All suspensions essential for tissue culture were warmed to room 

temperature (RT) prior to use. Cells in culture were regularly passaged to sustain and 

amplify cultures. This was done as follows; the cell medium was aspirated from the 

culture flask, followed by washing with 1x phosphate buffered saline (PBS 1x) and 

detachment with a 0.25% trypsin-EDTA solution. Cells were examined under the 

microscope to ensure detachment, and new complete media was added to neutralize 

the trypsin. The contents of the flask were transferred into a sterile universal tube and 

centrifuged at 1200 rpm for 5 minutes. After discarding the supernatant, pelleted cells 

were re-suspended in fresh medium and relocated to tissue culture flasks of 

appropriate size. Cells were then incubated at 37ºC, 5% CO2. 

2.1.1. Tissue culture of human Pulmonary Artery Endothelial Cells (PAEC)  

PAECs used in this study were purchased from PromoCell. PAEC were cultured in 

0.1% gelatine pre-coated tissue culture flasks in Endothelial Cell Growth Medium 

(ECGM, PromoCell) supplemented with 1% penicillin/streptomycin/amphotericin B 

(Sigma-Aldrich) and ECGM-supplement mix (Promocell, UK) containing: 2% FBS, 

0.4% endothelial cell growth supplement, 0.1 ng/ml epidermal growth factor 

(recombinant human), 1 ng/ml basic fibroblast growth factor (recombinant human), 

90 µg/ml heparin, and 1 µg/ml hydrocortisone. ECGM containing these supplements 

will be referred hereafter as “ECGM Complete”. PAECs used in this study were 

between passages 5 and 8. Pre-coating plates/flasks is crucial for endothelial cells as 

it mimics their natural environment and enhances adhesion to the flask as well as 
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improve migration and proliferation (Bahrami, Veiseh and Boudreau , 2012; Xing, et 

al , 2021). 

Cell culture procedures were performed under aseptic conditions in a class II 

microbiological safety cabinet (BioMAT 2, CAS, UK). Cabinets were firstly sterilized 

with 1% Trigene (Sigma-Aldrich, UK), followed with 70% ethanol (Sigma-Aldrich, 

UK) which prevented contamination by bacterial and other pollutants.  All solutions 

which were used for tissue culture were stored at 4°C and allowed to warm to room 

temperature before use. To amplify the number of cells in culture, medium in the tissue 

culture flasks was removed by aspiration and cells washed with phosphate buffered 

saline 1X (PBS). Washed cells were detached by addition of a 0.25% trypsin-EDTA 

solution and incubation at 37°C for 3 minutes. Successful cell detachment was 

confirmed under the microscope and further trypsinization was prevented by addition 

of fresh, pre-warmed ECGM complete. The cell suspension was centrifuged at 1200 

rpm for 5 minutes. Supernatant was discarded and cell pellet was re-suspended in fresh 

medium and transferred to tissue culture flasks of appropriate size pre-coated with 

0.1% gelatin. Cells were incubated at 37°C, 5% CO2, in a humidified tissue culture 

incubator until reaching confluency. 

2.1.2. Cell storage 

Cells were frozen for storage as follows: confluent cultures were detached with 0.25% 

trypsin-EDTA solution as described above. Trypsinization was followed by 

neutralization with ECGM complete. Cell suspension was centrifuged at 1200 rpm for 

5 minutes, and the cell pellet re-suspended in 1ml of freezing solution (10% DMSO 

in Fetal Bovine Serum (FBS)). Cells in freezing solution were stored at -80°C in a 

labelled cryovial (Nalgene Cryoware ™ Labware, Roskilde, Denmark) wrapped in 
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paper tissue to minimize temperature shock. For long term storage, cryovials were 

stored at -196°C in a liquid nitrogen tank. 

2.1.3. Recovering cells from liquid nitrogen 

Frozen cells were thawed at 37°C and diluted 1:10 in “ECGM complete” slowly. Cells 

were recovered by centrifugation at 1200 rpm for 5 minutes. Supernatant was 

discarded and the cell pellet re-suspended in 10 ml of pre-warmed ECGM complete. 

The cell suspension was pipetted into a tissue culture flask pre-coated with 0.1% 

gelatin solution, and incubated at 37°C, 5% CO2 incubator until further use. 

2.1.4. Counting cells 

To determine the number of cells in any given flask, cells were trypsinized and 

centrifuged as described above. Pellets obtained were re-suspended in ECGM 

complete and an aliquot of cell suspension was pipetted into a haemocytometer. Cells 

were counted under the microscope and the number of cells in a 16-square grid of the 

haemocytometer was multiplied by 104 to obtain number of cells in 1ml of suspension.   

2.1.5. Serum starvation 

Serum starvation was performed to eliminate the presence of cytokines in serum and 

thus maximise the cellular response to stimulation. Serum starvation is particularly 

important during transfection and has been used for more than a decade in several 

studies with high reproducibility Serum starvation reduces analytical interference. 

Serum starved cells enter the quiescent G0/G1 phase and maximises cell homogeneity 

(Pirkmajer and Chibalin , 2011;Rashid and Coombs , 2019). Serum starvation has 

been used in PAH studies (Long, et al, 2015; Theilmann, et al , 2020). After serum 

starvation, normal cell viability and morphology (spindle-shaped elongated 

monolayer) were confirmed microscopically before downstream experiments. 
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Adequate controls were in place to ensure serum starvation did not alter 

experimentations, for example in flow cytometry and TUNNEL assay, serum starved 

cells exhibited normal morphology and viability. 

For serum starvation, cells were washed with PBS 1X to eliminate traces of ECGM 

complete containing serum and growth factors. PBS 1X was aspirated and cells were 

incubated in medium containing 2% FBS and 1% 

penicillin/streptomycin/amphotericin B (Sigma-Aldrich) without additional 

supplement of growth factors, at 37°C, 5% CO2, in a humidified tissue culture 

incubator for 16 hours unless otherwise stated. 

2.1.6 Cell stimulation 

For dose response and time course experiments, serum-starved PAEC were stimulated 

with Tumor Necrosis Factor-α (TNF-α), or and Interleukin-1β (IL-1β) at varying 

concentrations and for different times. 

For RNA decay experiments, serum-starved cells were treated with Actinomycin D (5 

ng/ml) for 30 minutes, and subsequently stimulated with either TNF-α (50 ng/ml) or 

IL-1β (10 ng/ml), or left unstimulated as control, for 10, 12, or 14 additional hours. 

RNA expression of the PMCA4 gene was determined by qPCR at the end of each 

treatment. 

2.1.7. si-RNA transfection of human pulmonary artery endothelial cells  

To knock down the PMCA4 gene, PAECs were seeded at a density of 3 x105 cells/well 

in 0.1% gelatin pre-coated 6-well tissue culture plates containing 5 ml/well of ECGM 

complete and incubated at 37°C, 5% CO2 for 24 hours. The next day, cells were 

washed with PBS 1x (5 ml/well) and incubated in 5 ml/well of serum-free, antibiotic-

free Optimem® medium (Gibco) for 1 hour. si-RNAs were transfected into cells using 
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Lipofectamine 2000 (Thermo Scientific) as follows: si-RNA (100 pmoles/well) were 

mixed dropwise with 5 µl of Lipofectamine 2000 in 500 µl (final volume) of serum-

free, antibiotic-free OPTIMEM. The mixture of si-RNA and Lipofectamine was 

incubated at room temperature, in the dark, for 30 minutes for complexes to form, and 

then added dropwise to cells. Cells were incubated with siRNA-Lipofectamine 

complexes for 6 hours at 37°C, 5% CO2. Transfection was stopped by replacement of 

the transfection medium with 5 ml of ECGM complete. Transfected cells were further 

incubated at 37°C, 5% CO2 for 72 hours and used for further experiments. 

2.1.8. Tissue culture of human Pulmonary Artery Smooth Muscle Cells 
(PASMC)  

PASMC used in this study were purchased from Promocell. PASMCs s were cultured 

in un-coated tissue culture flasks in Smooth Muscle Cell Growth Medium 2 

(SMCGM, PromoCell) supplemented with 1% penicillin/streptomycin/amphotericin 

B (Sigma-Aldrich) and SMCGM-supplement mix (Promocell, UK) containing:  FCS, 

0.4% smooth muscle cell growth supplement, 0.5 ng/ml epidermal growth factor 

(recombinant human), 2 ng/ml basic fibroblast growth factor (recombinant human), 

and 5 µg/ml insulin (recombinant human). SMCGM containing these supplements 

will be referred hereafter as “SMCGM Complete”. PASMCs used in this study were 

between passages 5 and 8. 

Cell culture procedures, stimulation, and transfection for PASMC were performed 

following the same procedures described for PAEC except that endothelial cell growth 

medium was substituted by Smooth Muscle Cell Growth Medium 2. 

2.1.9. Tissue culture of Human Embryonic Kidney 293T Cells (HEK293T)  

HEK293A cells were cultured in tissue culture flasks pre-coated with 0.1% gelatin in 

Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, UK) supplemented 
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with; 10% FBS, 1.73 mM L-glutamine, 1% penicillin/streptomycin/amphotericin B 

(SigmaAldrich, UK). HEK293A were used for, RNA decay experiments and 

Luciferase assays. 

 

2.2.   Quantification of RNA gene expression 

2.2.1. RNA isolation and purification 

Total RNA was isolated using an “RNA purification kit” (Norgen, Canada) following 

the recommendations of the manufacturer. In brief, cells were lysed using 300 µl of 

“Buffer RL” and stored at -80°C in sterile Eppendorf tubes or processed immediately 

by adding 200 µl of molecular biology grade 100% ethanol and vortexing for 10 

seconds. The mixture was then added into provided spin columns and passed through 

by centrifugation at 13000 rpm for 1 minute. The flow through was discarded and 

columns washed by addition of 400 µl of “Wash Buffer” followed by centrifugation 

at 13000 rpm for 1 minute. To eliminate potential DNA remaining in the resin of the 

columns, 100 µl of DNase I Solution (Norgen, Canada) was added to the spin columns 

that were incubated at room temperature for 15 minutes. DNase I was prepared by 

mixing “Lyophilized DNase I” (Norgen) and “Enzyme Incubation Buffer” in a 1:10 

ratio.  After incubation, DNAse I solution was eliminated by centrifugation at 13000 

rpm. Columns were washed with “Wash Buffer” twice, and finally centrifugated once 

more to completely eliminate any traces of “Wash Buffer”. To elute RNA, 50 µl of 

“RNA Elution Buffer” were added into the columns and incubated for 1 minute. RNA 

was eluted by centrifugation at 2000 rpm for 2 minutes, followed by a final 

centrifugation at 13000 rpm for 1 minute. Eluted RNA was stored at -80°C for further 

experimentation. 
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2.2.2. RNA Quantification 

The RNA concentration (ng/µl) and quality of each sample was measured by loading 

1.5 µl of RNA solution onto the pedestal of a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, UK). The purity of each sample was determined by calculating 

the ratio of absorbance at 260nm and 280nm. 

2.2.3. Reverse Transcription  

To synthesize complementary DNA (cDNA) from RNA samples, a “High-capacity 

cDNA reverse transcription kit” (Applied Biosystems, UK) was used as follows:  

RNA samples were diluted with nuclease free water (Promega, UK) to obtain a 

concentration of 500 ng of RNA in a final volume of 10 µl. 10 µl of RNA sample (50 

µg/µl) were mixed with 10 µl of a 2x Reverse transcription master mixture. Reverse 

transcription mixture contained 2x Retro Transcription buffer, 8mM dNTP mix, 2x 

random primers, and RNase inhibitor (2 units/µl). Reverse transcription was 

performed in a thermal cycler (PTC-200 Peltier Thermal Cycler, MJ Research) pre-

programmed to run at 25°C for 10 minutes, 37 °C for 120 minutes, and 85°C for 5 

minutes. Retrotranscribed samples were diluted 1:5 with nuclease free water and 

placed on ice if further experiments were to be carried out immediately, or at -20°C 

for long term storage.  

2.2.4. Quantitative real-time PCR (qPCR) 

To determine gene-specific RNA expression, qPCR was performed using TaqMan 

Gene Expression Assays (Thermo Scientific, UK) containing pre-designed primer pair 

and the appropriate probe with a FAM reporter. For each sample, a master solution 

was prepared by mixing 10 µl of a 2x real-time PCR master mix (Thermo Fischer), 1 

µl of the specific TaqMan Gene expression assay, and 3.4 µl of PCR grade nuclease 

free water. 14.4 µl/well of the master solution were mixed with 5.6 µl of cDNA in a 
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Micro Amp ® fast optical 96-well reaction plate (Applied Biosystems).  The plates 

were sealed with optically clear film and centrifuged at 900 rpm for 1 minute for 

adequate mixing of all the reagents. Sealed plates were placed in a 7500 Fast Real-

Time PCR System (Applied Biosystems, UK). PCR conditions were set at 95°C for 

10 minutes (initial activation step), followed by 40 cycles of 95°C for 15 seconds and 

60°C for 1 minute. The cycle threshold (CT) values were recorded and normalized 

using CT values for the housekeeping gene Hprt-1 (Hypoxanthine phosphoribosyl 

transferase-1). These values were then used to calculate the fold change of RNA levels 

using the 2-DDCt method of analysis. TaqMan Gene Expression Assays purchased from 

Applied Biosystems for the genes analysed in this study were hs00155949_m1 for 

human PMCA1, hs00608066_m1 for human PMCA4, and hs99999909_m1 for human 

Hprt-1. 

2.3. Protein Determination Assays 

2.3.1. Isolation of total proteins 

For isolation of total proteins, cells were washed with PBS 1x and lysed in an 

appropriate volume (100 µl/well for a 6-well tissue culture plate) of NuPAGE® LDS 

sample buffer (Life Technology, UK) containing 0.05% beta-Mercaptoethanol. 

Samples were heated at 100°C for 10 minutes to solubilise DNA and maximise protein 

denaturation, and subsequently cooled on ice before storage at -20°C until further use. 

2.3.2. Western Blot 

2.3.2.1. Protein separation by Sodium Dodecyl Sulphate-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 

SDS-PAGE was performed using a twin-plate mini gel unit system (SCIE-PLAS). 

Two gels: resolving (6-12% acrylamide/bis-acrylamide) and stacking gel were used 

(see appendix 1 for a detailed description of the reagents and amounts used in gel 
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preparation). Ideally, molecules with low molecular weight were resolved better using 

higher percentage gels and vice versa. 

For detection of the protein PMCA 4 (molecular weight: 133 kDa), a resolving gel 

solution with a 6% percentage of acrylamide/bis-acrylamide was used, while for 

detection of Tubulin (55 kDa), used as a loading control, the resolving gel contained 

a 12% percentage of acrylamide/bis-acrylamide. The resolving gel solutions were 

prepared as described in appendix 1. The last reagent to be added was TEMED (N, N, 

N′, N′-Tetramethylethylenediamine; Sigma Aldrich, UK), which catalyses the 

polymerization reaction. Immediately after addition of TEMED the solution was 

poured between two glass plates placed in a gel casting device, and 1ml of butanol 

was added on top of the mixture to ensure the gel matrix formation is uniform and to 

prevent formation of air bubbles. On polymerization, butanol was washed off with 

distilled water, and stacking gel solution (prepared as described in appendix1) was 

added on top of the resolving gel. A comb was inserted into the gel solution to form 

wells required to load proteins samples. The comb was removed only when the gel 

was completely polymerized.   

Prior to loading, protein Samples were heated for 2-3 minutes on a heating block at 

100°C, cooled on ice, and briefly centrifuged to recover condensation. Varying 

amounts of protein samples were loaded into the gel wells as necessary. 15 µl of pre-

stained protein ladders: Sea blue® (Invitrogen, UK) and Protomarkers ™ (National 

Diagnostics, USA) were loaded in the first and last wells respectively as markers of 

molecular weight.  

Gels were run in Tris-Glycine buffer (0.025M Tris, 0.192M Glycine, 0.1% SDS) 

(Geneflow, UK) at 200V until the mixture of protein markers was clearly separated. 
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2.3.2.2. Protein Blotting to PVDF Membrane 

Proteins were transferred to a PVDF (polyvinylidene difluoride) Immobilon-P transfer 

membrane (Millipore Corporation, USA) as follows: after electrophoresis, a PVDF 

membrane of the size of the resolving gel was hydrated in methanol for a few seconds 

and then immersed in deionised filtered water to eliminate traces of methanol. Once 

hydrated, the membrane and the resolving gel were placed between a ‘'sandwich'' 

formed by several layers of Whatman 3 MM chromatography paper and foam sponges 

soaked in “transfer buffer” (0.025M Tris, 0.192M Glycine, 20% methanol). 

The “sandwich” containing gel and membrane was placed in a wet-transfer blotting 

apparatus (Invitrogen) filled with “transfer buffer”, and protein transfer from gel to 

the membrane was carried out at 35V for 90 minutes. After this time, successful 

transfer was verified by separating the membrane from the gel and visualising pre-

stained protein markers on the membrane. 

2.3.2.3. Protein detection 

Once protein transfer was completed, the membrane was incubated in a “blocking 

solution” of 5% semi-skimmed milk in Tris Buffered Saline (TBS) 1x, for 1 hour at 

4°C to block unspecific binding of antibodies to the membrane, and subsequently 

washed in TBS-T (TBS-0.05% Tween 20) to eliminate the blocking solution. 

For detection of PMCA4 the membrane was incubated overnight, at 4°C, with 

agitation, in a 1:1000 solution of JA3 anti-PMCA4 mouse monoclonal antibody (Santa 

Cruz Biotechnology). For detection of Tubulin the membrane was incubated in the 

same conditions in a 1:2,500 solution of mouse monoclonal anti-Tubulin antibody 

(Sigma Aldrich). 
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After incubation, the solution containing the primary antibody was discarded, and 

unbound antibodies were removed by washing the membranes five times, 5 minutes 

each, with TBS-T. Primary antibodies were detected by incubation with a 1:5000 

solution of an HRP-conjugated anti-Mouse IgG (whole molecule) antibody produced 

in sheep (Sigma Aldrich) for 2 hours at room temperature. Unbound secondary 

antibody was removed by washing the membrane five times, 5 minutes each, with 

TBS-T. 

Finally, the membrane was developed using an EZ-ECL chemiluminescence detection 

kit (GeneFlow). For this purpose, the reagents of the kit (solution 1 and solution 2) 

were mixed in a 1:1 ratio and the resulting mixture was applied to the membrane. After 

incubation for 1 minute, at room temperature, the membrane was exposed to a BioMax 

MS-autoradiography film (Sigma-Aldrich, USA) in dark conditions for different 

periods of time. Exposed films were developed using Carestream® Kodak® 

autoradiography GBX developer/replenisher (Sigma Aldrich) and fixed into 

Carestream® Kodak® autoradiography GBX fixer/replenisher (Sigma Aldrich). 

Protein levels were quantified by digital scanning of the films and detection of band 

intensity using Image J software (National Institute of Health, USA). 

 

2.4. Recombinant DNA technology 

2.4.1. Preparation of Luria Broth and Antibiotic plates 

Luria Broth (LB) was prepared by dissolving 25 g of Luria Broth powder (Sigma 

Aldrich) in a final volume of 1 litre of filtered deionised water. LB agar was prepared 

by adding 15 g of agar (Fluka Biochemika) to 1 litre of LB solution. Medium was 

autoclaved at 121°C for 15 minutes. 
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To prepare LB-Ampicillin plates, autoclaved LB-Agar was melted in a microwave 

and cooled down to 50°C in a water bath prior to addition of the antibiotic. 25 ml of 

LB Agar containing 100 µg/ml of ampicillin was poured into sterile petri dishes in a 

sterile environment. Plates were left to solidify overnight. 

2.4.2. Agarose Gel Electrophoresis 

Agarose gels of different percentage were used depending on the size of the DNA 

fragment to be analysed. DNA fragments of approximately 800 bp or less were 

analysed using a 2% gel, while fragments greater than 1000 bp were observed in a 

1%-0.7% gel. Agarose gels were prepared dissolving molecular biology grade agarose 

(Invitrogen, UK) into Tris acetate-EDTA buffer (TAE) 1x (Invitrogen) by heating the 

solution in a microwave until all solutes were completely dissolved.  After allowing 

the gel to cool slightly, Ethidium Bromide (Invitrogen, UK) was added to the gel at 

0.3 µg/ml (final concentration), and the agarose suspension was poured into a casting 

gel tank with combs inserted. Polymerization occurred after 20-30 minutes. 15 µl of 

a 50 ng/µl solution of 1 Kb Plus DNA ladder (Invitrogen) was used as DNA length 

marker. “Molecular Biology Grade Gel Loading Solution” (Sigma Aldrich) was added 

to the samples before loading into the gel. The gel was run at 90V until DNA 

fragments were clearly separated and the fragment of interest could be easily 

identified. DNA was visualised under ultraviolet light in a SYNGENE DNA gel 

documentation system. 
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2.4.3. Plasmid DNA Preparation 

2.4.3.1. Mini Prep Procedure 

Plates containing colonies were collected from 37°C incubators and colonies picked 

with sterile loops. Bacterial colonies were inoculated in tubes containing 10 ml LB 

with 100 µg/ml of appropriate antibiotic and incubated at 370 C with shaking 

overnight. The following morning, the culture was centrifuged at 6000 rpm for 2 

minutes to obtain bacterial pellets. Miniprep plasmid isolation was performed using a 

QIA prep ® Miniprep Kit (QIAGEN). Bacterial pellet was resuspended in 250 µl 

buffer P1, followed by addition of an equal volume of buffer 2 (lysis buffer). The 

suspension was mixed by inversion until a clear solution was obtained. 350 µl of 

buffer P3 (neutralisation buffer) was added and further mixed by inversion. Samples 

were centrifuged at 13000 rpm for 10 minutes and 800 µl of the supernatant was 

transferred to a QIA prep ® spin column and centrifuged at 13000 rpm for 1 minute. 

This was repeated if more than 800µl of supernatant was obtained. After 

centrifugation, flow through obtained was discarded and columns washed with 750 µl 

of buffer PE (wash buffer) by centrifugation at 13000 rpm for 1 minute. A final extra 

centrifugation was carried was added to remove buffer PE completely. Spin columns 

were transferred to sterile collection tubes and incubated with 50 µl buffer EB (elution 

buffer) for 1 minute. Plasmid was eluted by centrifugation at 13000 rpm for 1 minute. 

Plasmid solutions were stored at -20°C. 

2.4.3.2. Maxi Prep Procedure 

Maxi-preparations were carried out after successful confirmation of mini-prep 

products. To ensure consistency of DNA product, 1 ml of bacterial suspension from 

miniprep was inoculated into 9 ml of LB broth bottle containing 100 µg/ml of 

ampicillin and incubated overnight at 370C with shaking. The next day, 1 ml from this 
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culture was added to 9 ml LB (containing 100 µg/ml of ampicillin) and incubated at 

370C with shaking for 6 hours to ensure cultures were at log phase. Cultures in log 

phase were inoculated into 400 ml LB-Ampicillin (100 µg/ml) and grown overnight. 

Bacteria were collected by centrifugation at 4000 rpm for 10 minutes. The pellets 

obtained were resuspended in 10 ml of “P1 isotonic Buffer (resuspension buffer) 

containing RNAse” from a Qiagen Maxi Prep Kit (Qiagen, USA). Bacteria were lysed 

by addition of 10 ml of “P2 lysis buffer” and mixing by gentle inversion. Lyses was 

stopped by addition of 15 ml of buffer “P3 neutralization buffer” and mixing by gentle 

inversion as before.  

The suspension was centrifuged at 4000 rpm for 10 minutes and the supernatant was 

pipetted into filtration columns initially equilibrated by passing through 10 ml of 

“Equilibration buffer” (Qiagen, USA).  Columns were washed with 30ml of “Wash 

buffer” twice. After washing. Plasmid was eluted with 15 of “Elution Buffeer” in 50 

ml centrifugation tubes.  Plasmid was precipitated by addition of 10.3 ml of iso-

propanol and gentle inversion, immediately followed by centrifugation at 9,600 rpm 

for 60 minutes at room temperature. The pellet was air-dried for 1 minute after 

complete removal of supernatant and resuspended in 300 µl of nuclease-free-water. 

Plasmid concentration was obtained by measuring the absorbance at 260 nm using a 

NanoDrop   UV-Vis spectrophotometer machine (Thermo Scientific™). Plasmid 

solution was stored at -20°C until further usage. 

2.4.4. Cloning 

2.4.4.1. Amplification of the 3’UTR of PMCA4 by PCR  

To amplify the fragment of the human PMCA4 RNA corresponding to the 3’UTR 

fragment, three different PCR reactions covering together the whole region were 

performed.  
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Prior to amplification, 500 ng of total RNA isolated from human aortic endothelial 

cells was retro-transcribed, using oligo-dT (Promega) as a primer, in a final reaction 

volume of 20 µl as described before. The synthesised cDNA was used as template in 

the PCR reactions. PCR reactions contained 250 ng of cDNA, 100 ng of oligo sense, 

100 ng of oligo antisense, 25 µl of 2x Platinum SuperFi PCR Master Mix (Invitrogen), 

and nuclease-free water up to a final volume of 50 µl. 

To amplify a fragment corresponding to the proximal area of the 3’ UTR of PMCA 4 

encompassing nucleotides 4411-5880 of the PMCA 4 gene (NCBI accession number 

NM_001001396.2) was amplified using oligonucleotides: sense XhoI-hPMCA4-UTR 

4411 and antisense SalI-hPMCA 4-3’UTR 5880 (see sequence in appendix 5) using 

the following conditions; an initial step at 94°C for 2 minutes,  followed by 35 cycles 

of 94°C for 1 minute, 48°C for 1 minute, and 72°C for 1 minute 30 seconds, and 

ending with an extension step of 72°C for 10 minutes. Samples were maintained at 

4°C until collection.  

A fragment corresponding to the central area of the 3’UTR of PMCA4 encompassing 

nucleotides 5855-8135 of the PMCA4 gene (NCBI accession number 

NM_001001396.2) was amplified   using oligonucleotides; sense XhoI-hPMCA4-

UTR 5855, and antisense SalI-hPMCA4-UTR 8135 (sequences of oligonucleotides 

are shown in appendix 5) using the following conditions; an initial step at 94°C for 2 

minutes,  followed by 35 cycles of 94°C for 1 minute, 48 °C for 1 minute, and 72°C 

for 1 minute 30 seconds, and ending with an extension step of 72°C for 10 minutes. 

Samples were maintained at 4°C until collection. 

A distal fragment of the 3’UTR of PMCA4 encompassing nucleotides 8113-8918 of 

the PMCA4 gene (NCBI accession number NM_001001396.2) was amplified using 
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oligonucleotides; sense Xho I-hPMCA4-UTR 8113, and antisense Sal I-hPMCA4-

UTR 8918 (sequences of oligonucleotides are shown in appendix 5) using to the 

following conditions; an initial step at 94°C for 2 minutes,  followed by 35 cycles of 

94°C for 1 minute, 48 °C for 1 minute, and 72°C for 1 minute 30 seconds, and ending 

with an extension step of 72°C for 10 minutes. Samples were maintained at 4°C until 

collection.  

The melting temperatures (Tm) of oligonucleotides were calculated using the formula:  

Tm = 2(A+T) + 3(G+C) 

PCR products were analysed by electrophoresis in agarose gel. 

 

2.4.4.2. Restriction Endonuclease Digestion of DNA Samples 

All restriction digest enzymes and their corresponding buffers were supplied by 

Promega or New England Biolabs. (See appendix 4 for table of enzymes and buffers). 

Digestion reactions included: DNA plasmid or PCR amplified fragments, restriction 

enzyme, buffer, acetylated-bovine serum albumin (BSA), and ultra-pure distilled 

nuclease-free-water up to a final volume 20 µl. To maximize restriction enzyme 

activity, 50% of enzyme was added first and the digestion reaction incubated at 37°C 

overnight. The following morning, the remaining 50% of the enzyme was added, and 

the samples were further incubated for 6 hours at 37°C.   

Restriction digestion of plasmid maxi-preparations were performed as described 

above but in a total volume of 150 µl. 
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2.4.4.3.    DNA Purification from Agarose Gel 

To purify DNA from agarose gels, samples were run in the appropriate percentage gel 

(see appendix 3) and the required band was viewed and cut from the gel under UV 

light on a UV Transilluminator 2000 (BIORAD, UK). DNA extraction was performed 

using QIA quick ® gel extraction kit (QIAGEN). Centrifugation was carried out at 

13000 rpm for 1 minute unless otherwise stated.  3 volumes of buffer QG 

(solubilisation buffer) was added to gel fragments containing the DNA to be eluted 

and agarose was melted by incubation at 50°C for 10 minutes with vortexing every 2 

minutes. After complete agarose dissolution, 1 volume of isopropanol was added to 

the sample and the mixture was mixed by inversion.  The sample was transferred into 

a QIA quick ® spin column and centrifuged for 1 minute. This was repeated till all the 

sample volume had gone through the spin column. 500 µl of buffer QG was passed 

throughout the column by centrifugation for 1 minute. The column resin was then 

washed with 750 µl of buffer PE (wash buffer) by centrifugation for 1 minute. 

Centrifugation was repeated after 2 minutes to eliminate all the wash buffer. DNA 

was eluted by addition of 30 µl of buffer EB (elution buffer) to the column, incubation 

at room temperature for 1 minute, and subsequent centrifugation. DNA Samples were 

stored at -20°C. 

2.4.4.4. DNA Precipitation 

To precipitate DNA, 0.1volumes of 3M sodium acetate and 2.5 volumes of 100% 

ethanol were added to the sample and mixed by tapping the base of the tube. The 

mixture was incubated at -20°C overnight. Precipitated DNA was recovered by 

centrifugation at 13000 rpm for 15 minutes. The supernatant was discarded, and the 

DNA pellet air-dried and subsequently resuspended in TE 1X buffer.  
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2.4.4.5.   DNA Adenylation 

Polyadenylation (the addition of nucleoside deoxyadenosine) to the 3’ end of the DNA 

fragments, enabled successful cloning into the pGEM®-T Easy Vector (Promega, UK) 

which has single thymidine at the 5’ end. When indicated, DNA resulting from PCR 

reactions using Platinum SuperFi polymerase (that has proof-reading but not 

adenylation activity) was subsequently adenylated to facilitate cloning into pGEM-T 

Easy. DNA was precipitated from the PCR reaction and the. DNA pellet resuspended 

in 38.5 µl of nuclease free water. Taq Polymerase buffer (1X final concentration) 

(Promega), MgCl2 (2.5 nM), dNTPs (0.8 mM) and Taq DNA polymerase (Promega, 

UK) were added to make a final volume of 50 µl. Adenylation reaction took place at 

72°C for 30 minutes in a thermal cycler. 

2.4.4.6. De-phosphorylation of pmirGLO vector 

De-phosphorylation of the pmirGLO Dual-Luciferase Vector (Promega) was 

performed as follows; After digestion with the appropriate restriction enzymes, 

digested pmirGLO plasmid was precipitated as described and resuspended in nuclease 

free water. Dephosphorylation took place by adding 0.1 volumes of alkaline 

phosphatase reaction buffer (10x) and 0.1 volumes of Calf Intestinal Alkaline 

Phosphatase (20U/µl) (Promega) and incubation of the reaction mixture at 37°C for 1 

hour. 

2.4.4.7.   DNA Ligation 

Ligation reactions were set up as follows: vector, insert, distilled Nuclease-free water, 

ligase buffer 1X (New England Biolabs), T4 DNA Ligase (2x106U/ml) (New England 

Biolabs) to a final volume of 20µl. Samples were incubated at 15°C overnight in a 

thermal cycler. 
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Vector and insert were included in the ligation reaction in a 1:3 molar ratio. 

2.4.4.8. Bacterial Transformation 

Products of ligation were transformed in 200 µl of JM109 competent cells 

(transformation efficiency 108 cfu/μg) (Promega, UK). After addition of the ligation 

reaction to the competent bacteria, the mixture was incubated on ice for 30-40 minutes 

followed by heat shock at 42ºC for 2 minutes. 300 µl of Luria Broth media without 

antibiotics was added to the samples that were incubated at 37ºC for 1 hour with 

shaking. After incubation, bacteria were plated onto pre-prepared LB agar plates 

containing ampicillin (100 µg/ml). Plates were incubated at 37ºC for 24 hours and 

bacterial colonies picked up and grown for further experiments. 

2.4.4.9. Sequencing  

The plasmids generated in this study were sequenced by the Department of Vascular 

Biology and Inflammation, Centro Nacional de Investigaciones Cardiovasculares 

CNIC, Madrid, Spain. Sequencing of the plasmids confirmed the fidelity of the PCR 

amplification, successful recombination, and generation. To do this, Plasmids were 

diluted to 200 ng/µl with Nuclease free water and the specific forward and reverse 

primers were added. 
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Figure 2.1. Schematic flow-diagram of the experimental steps employed to 
analyse the effects of the generated pmiR-GLO constructs containing regions of 
the PMCA4 RNA 3’UTR on mRNA stability of PMCA4 in the presence of 
cytokine stimulation. 
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2.5. Functional Assays 

2.5.1. Flow Cytometry-Apoptosis Assay  

Flow cytometry analysis was conducted to determine the percentage of apoptotic cells 

in the population.  

PAEC were seeded in a 6-well plate pre-coated with 0.1% gelatin, and incubated at 

37°C, 5 % CO2 overnight. The following day, cells were transfected with siRNA as 

described. Transfected cells were treated with TNFα (50 ng/ml) in the presence of 

Cycloheximide (20 ng/µl) for 4 hours at 37°C, 5% CO2, or left unstimulated (control). 

After incubation, cells were detached with trypsin and resuspended in 4 ml of PBS 

1X. A working solution was prepared by diluting 20 µl of Annexin V-FITC from a 

FITC Annexin V Apoptosis Detection Kit II (RUO) (BD Biosciences) in 1 ml of 1X 

Annexin V Binding Buffer followed by addition of 20 µl of Propidium Iodide 

Solution.  Cells were centrifuged and resuspended in 100 µl of the working solution 

and incubated in the dark for 30 minutes at room temperature. Finally, 300 µl of 

incubation buffer solution was added to the sample and analysis carried out using an 

Accuri C6 Flow Cytometer (BD Biosciences). 

2.5.2. TUNEL-Apoptosis Assay 

Apoptosis was equally measured by the TUNNEL (Terminal deoxynucleotidyl 

transferase dUTP Nick End Labelling) assay using the DeadEnd™ Fluorometric 

TUNEL System (Promega USA). To do this, cells were treated with TNF-α 50ng/ml 

and Cycloheximide (20ng/µl) or left untreated (control) in Nunc Glass Base dish 

12mm (Thermo Scientific) for 4 hours. After treatment, cells were washed twice with 

PBS 1 X and fixed in formalin for 10 minutes at room temperature. Cells were then 

washed twice with PBS1 x for 3 minutes. Cells were permeabilized in non-ionic 

surfactant 0.2% Triton X - 100/PBS 1X and incubated for 5 minutes. Following this, 
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the cells were washed twice with PBS for 3 minutes and 100 µl of equilibration buffer 

(provided in the kit) was added with incubation for 5 minutes. The rTdT incubation 

buffer was prepared as follows: 88% vol of equilibration buffer was supplemented 

with 10% vol of Nucleotide mix with 2 % vol of rTdT enzyme (Promega USA).  The 

rTdT solution was added to the plates after blotting off the equilibration buffer, 50 µl 

per plate, and then incubated at 37°C for an hour. After an hour, the reaction was 

terminated by immersing the sample in 2X Saline-Sodium Citrate (SSC) for 15 

minutes at room temperature. The dishes were then washed twice with PBS for 3 

minutes. 25 µl of 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) 1x stain 

was added per coverslip and incubated for 15 minutes in dark. The dishes were then 

washed thrice with PBS 1X for 2 minutes and then mounted with fluoromount aqueous 

mounting media (SIGMA). These dishes were then left to dry at room temperature 

overnight. Samples were visualized by fluorescent microscope the next day using an 

Evos FL Auto 2 Microscope (Invitrogen, UK) 

2.5.3. Luciferase Assay 

To study the effect of TNF on the 3’ UTR of PMCA4 mRNA, HEK 293T cells were 

seeded at a density of 2 x 105 cells/well in a 6-well gelatin coated tissue culture plate 

the day before transfection with the generated plasmids of pmirGLO Dual-Luciferase 

miRNA Target Expression Vector (Promega, USA) conjugated with the fragments of 

the 3’UTR of PMCA 4 downstream of the Firefly luciferase reporter gene (luc2). To 

transfect, cells were pre- incubated in 5 ml/well of serum-free, antibiotic-free 

Optimem® medium (Gibco) for 16 hours. DNA fragments (0.5 µg/ml) were 

transfected into cells using Lipofectamine 2000 (Thermo Scientific) as follows: DNA 

plasmid (0.5 µg/ml) were mixed dropwise with 5 µl of Lipofectamine 2000 in 500 µl 

(final volume) of serum-free, antibiotic-free OPTIMEM. The mixture of DNA 



95 
 

fragment and Lipofectamine was incubated at room temperature, in the dark, for 30 

minutes for complexes to form, and then added dropwise to cells. Cells were incubated 

with Plasmid DNA-Lipofectamine complexes for 24 hours at 37°C, 5% CO2. 

Transfection was stopped by replacement of the transfection medium with 5 ml of 

“DMEM complete. After transfection, cells were serum-starved in DMEM medium 

containing 2% serum for 16 hours. Cells were stimulated with TNF 50 ng/µl for 6 

hours. Stimulated cells were washed once with PBS 1X and lysed in 400 µl of passive 

Lysis Reagent 1X (Promega, UK) at room temperature for 15 minutes. Luciferase 

activity in the lysate was determined in a SIRIUS Luminometer V3.1 (Berthold 

detection systems, UK) by mixing 5 μl of the cell lysate and 100 μl of Firefly 

Luciferase Assay Substrate from the Dual-Luciferase® Assay Kit (Promega, UK) and 

measuring the relative light units (RLU) produced after 30 seconds. Measurements 

were normalized by measuring Renilla luciferase (hRluc-neo) levels obtained by 

addition of 100 μl of Dual-Glo® Stop & Glo® Reagent (provided in the kit). 

2.5.4. Statistical analysis 

Results are expressed as mean ± S.E.M. (standard error mean) for the number of 

experiments (n). Statistical comparisons of data were performed either using an 

unpaired Student's t-test by two-way analysis of variance (anova) for repeated 

measures followed by the Tukey post hoc test if P < 0.05 as indicated in figure 

legends. All statistical evaluations were performed using GraphPad Prism software 

(GraphPad Software, La Jolla, California, USA). P-values, unless exact value is listed, 

are as follows: * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001.  
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3.1. Dose-response analysis of PMCA4 expression in PAEC treated with 
inducers of pulmonary arterial hypertension (TNF-α and IL-1β).  

Inflammation is an established phenomenon in PAH (Rabinovitch, et al, 2014; Soon, 

et al, 2010). Increased recruitment of inflammatory infiltrates has been demonstrated 

in several studies. Severity of disease and survival has been correlated with levels of 

inflammatory modulators (Soon, et al, 2010). Tumour necrosis Factor-alpha (TNF-

α), Interleukin 1-beta (IL-1β) and Interleukin-6 are the major pro-inflammatory 

cytokines observed in PAH patients (Groth, et al, 2014). TNF-α  induced apoptosis 

has been well described and some studies have shown that increased cytosolic Ca2+ 

levels are essential for TNF-α induced apoptosis (Pu, et al, 2002; Lao and Chang, 

2008).  

The pulmonary artery vessel has a varied cell composition but alterations in behaviour 

of smooth muscle and endothelial cells are regarded as the initial pathological 

mechanisms in PAH disorder (Rabinovitch, et al, 2014; Thompson and Lawrie, 2017). 

This informed our investigation in these cells in vitro.  As previously reported, 

PMCAs are fine modulators of intracellular calcium concentration (Strehler, 2015). 

Although there are four known PMCA isoforms, varied expression has been 

established. PMCA 1 and 4 are well distributed in all cells of the body, particularly 

the vasculature (Okunade, et al , 2004a; Szewczyk, et al , 2007) while PMCA 2 and 3 

have shown tissue- specific distribution (Strehler, 2015).  

 

Equally, severity of disease has been linked to levels of cytokines in other conditions 

(Montoya, et al, 2017). Cytokine profiles are being increasingly studied to access 

suitability as biomarkers of disease severity. Some studies have shown that TNF-α 

and IL-1β can produce their effects at concentrations as low as 1 ng/ml (Hurst, et al, 

2017).  However, higher concentration of TNF-α (50ng/ml) have been used in 
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experimental models to induce maximal levels of vasoconstrictor Endothelin (ET)-1 

with significant increase in mean arterial pressure (MAP) (Jayaram, et al , 2021) ; 

vascular inflammation (Hwang, et al , 2009; Zhou, et al , 2019) and endothelial 

dysfunction (Yang, et al , 2018). 

Dose–dependent assays was performed to induce above listed effects of TNF-α in 

PAEC. To test this, cells were seeded in gelatin pre-coated 6- well plates followed by 

serum starvation to enhance treatment. Serum starved cells were treated with varying 

concentrations of TNF-α, IL-1β, or left untreated as controls.  Treated cells were 

incubated for 24 hours and qPCR was performed as previously described, using Hprt-

1 gene to normalize CT values. The results show that increasing concentrations of the 

cytokines used in our study can be correlated with PMCA4 down regulation.  

Maximum downregulation was achieved around stimulation with 25 ng/ml for TNF-

α (Fig 3.1a) while IL-1β showed maximum effects at 10 ng/ml.  Both cytokines have 

been shown to exhibit different levels in PAH patients (Soon, et al, 2010) but higher 

levels of TNF-α have been observed in comparison to IL-1β in patient serum (Soon, 

et al, 2010).  
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Figure 3.1a. TNF-α induced decrease in PMCA4 RNA expression in PAEC is 
dose-dependent.  
Quantification of PMCA4 RNA levels by real-time PCR analysis in human PAEC treated with the 
indicated doses of TNF-α for 24 hours. Ct values were normalised using the Ct values for the 

housekeeping gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. 
Histograms show results as mean ± SEM, n=6. Statistical differences were analysed by one-way 
ANOVA with post hoc Tukey’s comparison test. ****, P≤0.0001; for comparison of cells stimulated 
with TNF-α versus control. &, &&&, and &&&& denote P≤0.05, P≤0.001, and P≤0.0001 respectively, for 
comparison versus cells stimulated with TNF-α 0.25 (ng/ml). 
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Figure 3.1b. Stimulation of human PAECs with Il-1β downregulates PMCA4 
RNA expression in a dose dependent manner.   
Quantification of PMCA4 RNA levels by real-time PCR analysis in human PAEC treated with the 

indicated doses of IL-1β for 24 hours. Ct values were normalised using the Ct values for the 

housekeeping gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. 

Histograms show results as mean ± SEM, n=6. Statistical differences were analysed by one-way 

ANOVA with post hoc Tukey’s comparison test. ****, P≤0.0001; for comparison of cells stimulated 

with IL-1β versus control. 
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To further confirm this decrease in the level of PMCA4 at the protein level western 

blot experiments was performed. To determine the effects of TNF-α on PMCA 4 

protein expression, cells were treated with 50 ng/ml after 16-hour serum starvation 

(0.2% FBS) and total protein content was harvested. Protein lysates were analysed by 

western blot using the PMCA4-specific monoclonal antibody JA3. Expression of 

tubulin in the same samples was also analysed to ensure equal protein concentration 

in all samples. Consistent with the data obtained for RNA analysis, western blot of 

PMCA 4 protein expression revealed a significant reduction in the levels of PMCA 4 

after PAEC treatment with TNF-α for 24 hours (Figure 3.1c.). 

 

 

Figure 3.1c. TNF-α stimulation leads to a strong reduction in PMCA4 protein 
expression in human PAEC.  
Human PAEC were left untreated (0) or treated with TNF-α (50 ng/ml) for the indicated times (hours). 

PMCA4 protein expression was determined by western blot analysis using the PMCA4-specific 

monoclonal antibody JA3 (α-PMCA4). Levels of tubulin (α-Tub) were also determined as loading 

control. Blots are representative of 4 independent experiments. Histograms show results as mean ± 

SEM, n=4. Data were analysed for statistical significance by one-way ANOVA with post hoc Tukey’s 

comparison test. ***, P≤0.001 for comparison of PMCA4 expression in cells stimulated with TNF-α 

for 24 hours versus control non-stimulated cells.  ns =non-significant. 
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3.1.1. Time course analysis of the effects of inducers of pulmonary arterial 
hypertension (TNF-α, IL-1β and IL-6) on the expression of PMCA4 in 
pulmonary artery endothelial cells (PAEC).  

 

Elevated serum levels of IL-1β and TNF-α have been found in PAH patients and 

correlate with a worse outcome (Soon, et al, 2010). Time course experiments enable 

gene expression response to stimuli to be observed over several time points. This gives 

an indication of the dynamic behaviour of a gene in simulated conditions.  

To measure the effects of TNF-α on mRNA expression of PMCA4, cells were seeded 

in gelatin pre-coated 6 well flasks followed by serum starvation to enhance treatment. 

Serum starved cells were treated with 50 ng/ml of TNF-α or left untreated for 30 

minutes, 2 hours, 6 hours, 16 hours, and 24 hours. Total RNA was isolated from the 

cells after treatment and mRNA was quantified by q-PCR using Hprt-1 gene CT 

values to normalize. TNF-α downregulates the expression of PMCA4 in endothelial 

cells of the pulmonary artery in a time dependent fashion, with maximal 

downregulation observed after 16-24 hours (Fig 3.1.1a).  
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Figure 3.1.1a Stimulation of human PAEC with TNF-alpha leads to a signifcant 
decrease in PMCA4 mRNA levels. 
Quantification of PMCA4 mRNA levels by real-time PCR analysis in human PAEC treated with TNF-

α (50 ng/ml) for the indicated times. Ct values were normalised using the Ct values for the housekeeping 

gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms show 

results as mean ± SEM, n=9. Statistical differences were analysed by one-way ANOVA with post hoc 

Tukey’s comparison test. ****, P≤0.0001; for comparison of cells stimulated with TNF-α versus 

control. 

 

Interleukin 1β, an established pro-inflammatory cytokine (Soon, et al, 2010) has also 

be shown to be involved in PAH pathogenesis. To measure the effects of IL-1β on 

PMCA4 expression, cells were treated with 10 ng/ml of the cytokine and incubated 

for 30 minutes, 2, 6, 16 and 24 hours (Figure 3.1.1b). The expression of PMCA4 was 

measured by q-PCR as previously described. Similar to the effect observed with TNF-

α, IL-1β induced a statistically significant down regulation of PMCA4 at 16-24 hours 

post treatment. 
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Figure 3.1.1b. Stimulation of human PAECs with IL-1β downregulates PMCA4 
RNA expression in a time dependent manner. 
Quantification of PMCA4 RNA levels by real-time PCR analysis in human PAEC treated with IL-1β 
(10 ng/ml) for the indicated times. Ct values were normalised using the Ct values for the housekeeping 

gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms show 
results as mean ± SEM, n=9. Statistical differences were analysed by one-way ANOVA with post hoc 
Tukey’s comparison test. ****, and *, denote P≤0.0001 and P≤0.05; for comparison of cells stimulated 
with IL-1β versus control. 

 

The effect of PAEC treatment with Interleukin-6 (IL-6), another cytokine implicated 

with PAH development (Hu, et al, 2020), was also investigated. To measure the 

effects of IL-6 on PMCA4 expression, (50 ng/ml) of the cytokine plus the soluble form 

of the IL-6 receptor (sIL6R, 100 ng/ml), was used to challenge the cells. PAEC were 

incubated with these stimuli for 30 minutes, 2, 6, 16 and 24 hours (Figure 3.1.1c). The 

expression of PMCA4 was measured by q-PCR as previously described. IL-6 showed 

no statistically significant downregulation of PMCA4 RNA levels.  These unexpected 

results required probing to determine if the stimulation by IL-6 was achieved in 

PAEC. To confirm active cell stimulation by IL-6, we determined the expression 

0 0.5 2 6 16 24
0.0

0.5

1.0

1.5

PM
CA

4 
RN

A 
ex

pr
es

sio
n

(2
-∆
∆ C

t )

****
****

Time (h)

*



105 
 

levels of monocyte chemoattractant protein (MCP-1), a downstream effector of IL-6 

signalling (Zegeye, et al, 2018). Stimulation of PAEC with IL-6 led to a significant 

upregulation of MCP-1 as shown in Figure 3.1.1d. These experiments show that 

although IL-6 expression is linked to PAH pathogenesis, our results indicated that it 

did not have a significant effect on the expression of PMCA4 and thus, no future 

studies were carried out in that direction. 

 

 

 

Figure 3.1.1c. Stimulation of human PAECs with IL-6 and sIL-6R does not alter 
PMCA4 RNA expression.  
Quantification of PMCA4 RNA levels by real-time PCR analysis in human PAEC treated with IL-6 
(50 ng/ml) plus the soluble form of the IL6 receptor (sIL-6R, 100 ng/ml) for the indicated times. Ct 
values were normalised using the Ct values for the housekeeping gene Hprt-1. Analysis of data was 
carried out using the comparative 2−ΔΔCT method. Histograms show results as mean ± SEM, n= 9. 
Statistical differences were analysed by one-way ANOVA with post hoc Tukey’s comparison test. I 
would like to acknowledge that data for this figure were generated by Ms Jayashree J in Dr 
Armesilla’s laboratory in RIHS, University of Wolverhampton, UK and were presented as part of her 
final year project to obtain the degree of B.Tech., Bioengineering, in Sastra University, India. 
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Figure 3.1.1d. Stimulation of human PAECs with IL-6 and sIL-6R induces a 
strong upregulation of MCP-1 RNA expression.  
Quantification of MCP-1 RNA levels by real-time PCR analysis in human PAEC treated with IL-6 (50 
ng/ml) plus the soluble form of the IL-6 receptor (sIL6R, 100 ng/ml) for the indicated times. Ct values 
were normalised using the Ct values for the housekeeping gene Hprt-1. Analysis of data was carried 

out using the comparative 2−ΔΔCT method. Histograms show results as mean ± SEM, n=7. Statistical 
differences were analysed by one-way ANOVA with post hoc Tukey’s comparison test. ****, and **, 
denote P≤0.0001 and P≤0.01 versus control (0 h).  I would like to acknowledge that data for this figure 
were generated by Ms Jayashree J in Dr Armesilla’s laboratory in RIHS, University of Wolverhampton, 
UK and were presented as part of her final year project to obtain the degree of B.Tech., Bioengineering, 
in Sastra University, India.  
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3.1.1.1. Time course analysis of the effects of inducers of pulmonary arterial 
hypertension (TNF-α, IL-1β) on the expression of PMCA4 in human pulmonary 
artery smooth muscle cells (PASMC). 

Our results in PAEC warranted further investigation into the other predominant cell 

type implicated in PAH development. The smooth muscle of the pulmonary artery is 

of critical importance in the pathogenesis of pulmonary artery. There are suggestions 

that initial pathological mechanisms occur in the PASMC (Rabinovitch, et al, 2014). 

We thus investigated the effects of PAH inducers in in vitro cultured human PASMC. 

Several studies have highlighted the ubiquitous distribution of the PMCA4 in 

vasculature (Okunade, et al, 2004 a). Alterations in the expression of PMCA4 in the 

presence of exogenous cytokine stimulation would be indicative of a role in the 

dysregulated behaviour noted in PASMC during PAH development. 

To measure the effects of TNF-α on the mRNA expression of PMCA4, PASMC were 

seeded in 6 well flasks followed by serum starvation. Cells were treated or left 

untreated with 50 ng/ml of TNF-α for 30 minutes, 2 hours, 6 hours, 16 hours, and 24 

hours. RNA was isolated and mRNA was quantified by q-PCR using Hprt-1 gene CT 

values to normalize. TNF-α downregulated the expression of PMCA4 in human 

pulmonary arterial smooth muscle cells in a time dependent manner with maximal 

downregulation at the 16-24 hours of treatment.  
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Figure 3.1.1.1a Stimulation of human PASMC with TNF-α downregulates 
PMCA4 mRNA expression.  
Quantitative real-time PCR analysis of PMCA4 RNA levels in human PASMC treated with TNF-α 50 

ng/ml for the indicated times (hours). Ct value was normalised using the Ct values for the housekeeping 

gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms 

show results as mean ± SEM, n=6. Statistical differences were analysed by one-way ANOVA with post 

hoc Tukey’s comparison test. ****, P≤0.0001 for comparison of cells stimulated with TNF-α versus 

control. #; for comparison of cells treated with TNF-α for 0.5 hr. 

 

We equally probed the effect of Interleukin-1β on the expression of PMCA 4 mRNA 

in PASMC. To measure the effects of IL-1β on the mRNA expression of PMCA4, 

PASMC were seeded in 6 well flasks followed by serum starvation. Cells were 

treated or left untreated with 10 ng/ml of IL-1β for 30 minutes, 2 hours, 6 hours, 16 

hours, and 24 hours. The results obtained mirrored the effects observed with TNF-α. 

IL-1β downregulated the expression of PMCA4 mRNA in pulmonary arterial smooth 
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muscle cells in a time dependent manner with maximal downregulation at the 16 

hours of treatment. 

 

Figure 3.1.1.1b. Stimulation of human PASMCs with IL-1β downregulates the 
expression PMCA4. 
 Quantitative real-time PCR analysis of PMCA4 RNA levels in human PASMC treated with IL-1β (10 

ng/ml) for the indicated times. Ct value was normalised using the Ct values for the housekeeping gene 

Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms show results 

as mean ± SEM, n=6. Statistical differences were analysed by one-way ANOVA with post hoc Tukey’s 

comparison test. ****, P≤0.001; for comparison of cells stimulated with IL-1β versus control. ###; for 

comparison of cells treated with IL-1β 0.5hr. 
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3.2. Analysis of the molecular mechanisms implicated in PMCA4 RNA 
downregulation by TNF-α and IL-1β in pulmonary arterial endothelial cells. 

As our results showed down-regulation in the levels of PMCA4 RNA after stimulation 

of PAEC with TNF-α and IL-1β, we progressed to determine if these pro-

inflammatory agents alter the stability of the PMCA4 RNA. Downregulation of the 

PMCA4 mRNA is indicative of either decreased production or increased instability. 

To this end, cells were treated with the transcription inhibitor actinomycin D (5 µg/ml) 

for 30 minutes before treatment with the cytokines. Decay of mRNA levels was 

measured at different times in cells treated or untreated with TNF-α. Treatment of the 

cells with the cytokine led to faster PMCA4 degradation than in untreated cells 

suggesting that TNF-α diminished the stability of PMCA4 in PAEC in a post-

transcriptional manner. 
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Figure 3.2a. Stimulation of PAEC with the pro-inflammatory cytokine TNFα 
leads to a significant decrease in the stability of the RNA coding for PMCA4.  
Human PAEC were pre-incubated for 30 minutes with actinomycin D (5 μg/ml), and then left untreated 
(control) or treated with TNFα (50 ng/ml) for the indicated times. Levels of PMCA4 RNA were 
determined by qPCR. Ct values were normalised using the Ct values for the housekeeping gene Hprt-

1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Results are shown as mean ± 
SEM, n=6. Statistical differences were analyzed by unpaired, two-tailed Student's t test by comparison 
of PMCA4 RNA levels in control versus TNF-α stimulated cells for each time point; **, P≤0.01 (10 
hours), # # # P≤0.001 (12 hours), &&& P≤0.001 (14 hours).  

 

We repeated this experiment, but PAEC were treated with IL-1β or left untreated 

(control) following pre-incubation with the transcriptional inhibitor (Actinomycin D 

5 µg/ml) for 30 minutes. qPCR was used to measure the mRNA decay of the PMCA4 

RNA levels at different times in PAEC. In IL-1β treated PAEC, increased PMCA4 

mRNA degradation was noted when compared to cells left untreated. This again 

suggests that the cytokine was altering the stability of the PMCA4 RNA in a post-

transcription manner. 
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Figure 3.2b. Stimulation of PAEC with the pro-inflammatory cytokine IL-1β 
leads to a significant decrease in the stability of the RNA coding for PMCA4.  
Human PAEC were pre-incubated for 30 minutes with actinomycin D (5 μg/ml), and then left untreated 
(control) or treated with IL-1β (10 ng/ml) for the indicated times. Levels of PMCA4 RNA were 
determined by qPCR. Ct values were normalised using the Ct values for the housekeeping gene Hprt-

1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Results are shown as mean ± 
SEM, n=4. Statistical differences were analyzed by unpaired, two-tailed Student's t test by comparison 
of PMCA4 RNA levels in control versus IL-1β stimulated cells for each time point; **, P≤0.01 (10 
hours), # P≤0.05 (12 hours), && P≤0.01 (14 hours).   
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3.2.1. In Silico Analysis 

The increased instability noted in the presence of cytokines used in this study (see Fig 

3.2 a and b) warranted further investigation on the mechanisms responsible for this 

increased TNF-α and IL-1β dependent- gene downregulation. To achieve this, in silico 

analysis was performed to guide further experimentations. In Silico analysis was 

performed using free available “Scan for Motifs” software to predict potential 

regulatory motifs on the sequence of the 3’UTR of PMCA4 RNA. Three major RNA 

binding protein sites were flagged; located in the fragments PMCA4 3’UTR 6976-

8134 and 8113-8918. These sites were 15-LOX-DICE, Pumilio binding Elements 

(PBE) and AU-Rich Elements (AREs) (Figure 3.2.1). Further in silico analysis with 

Target Scan highlighted several sites on the 3’UTR of PMCA4 with over 200 

microRNA suggested to bind across this region. The table below shows only miRNA 

with predicted binding sites on the 3’UTR of PMCA4 mRNA. The binding of 

microRNAs is generally assumed to increase instability of genes and repress protein 

translation. 
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Figure 3.2.1 Predicted motif sequences implicated on the regulation of PMCA4 
RNA stability.  
“Scan for motifs” software was used to predict binding sites for RNA-binding proteins that might be 

implicated on the regulation of PMCA4 RNA stability. The location of these motifs on the pmirGlo-

PMCA4-3’UTR constructs is shown. 
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Table 1.3. Predicted microRNA binding sites on PMCA4 3'UTR 
  created by Scan for motifs tool (http://bioanalysis.otago.ac.nz/sfm) and 
Targetscan (https://www.targetscan.org/).  

 

 

 

miRNA PMCA isoform Transcript variant 
hsa-miR-92a-2-5p plasma membrane Ca2+ 

transporting 4 (ATP2B4) 
1 

hsa-miR-877-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-1236-3p 
 

plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-187-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-326 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-3657 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-3922-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4279 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4281 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4417 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4447 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4466 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4472 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4483 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4492 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4508 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4687-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4711-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4749-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-4778-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-511 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-5193 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-762 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-874 plasma membrane Ca2+ 
transporting 4 (ATP2B4 

1 

hsa-miR-155-3p plasma membrane Ca2+ 
transporting 4 (ATP2B4) 

1 

http://bioanalysis.otago.ac.nz/sfm
https://www.targetscan.org/
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3.2.2. Characterisation of the molecular mechanism of TNF-α downregulation 
of the PMCA4 mRNA  

As already shown in this study, TNF-α significantly reduces PMCA4 RNA levels in 

PAEC cells.  Several studies have shown that in many cases, RNA stability is 

regulated by its untranslated regions (Liu, Luo and Wen, 2014). mRNA stability is an 

important factor in the control of gene expression. Importantly, the 3’ UTR is well 

established to regulate subcellular location and mRNA stability as it contains less G 

+ C content and is considerably longer than the 5’UTR. It equally contains cis-acting 

adenine and uridine-rich (AU-rich) elements (AREs) (Mayr, 2019). There are 

indications that the regulation of mRNA stability and translation are important for 

rapid inflammatory stimuli response by immune cells although this area has not been 

well studied (Herman and Autieri, 2018). Dysregulated mRNA stability is also noted 

in several cardiovascular diseases particularly with ageing, and modulation of mRNA 

stability has been posited as a promising therapeutic strategy (Herman and Autieri, 

2018).  

The results observed in the RNA decay experiments, have led us to hypothesise that 

TNF-α leads to a decrease in PMCA4 RNA stability by acting on specific sequences 

of the PMCA4 3’UTR region. Thus, transfection of PAEC cells with plasmids 

containing fragments of PMCA4 3’UTR cloned downstream of the firefly luciferase 

gene in the pmirGLO reporter vector (Promega) was planned to investigate this 

hypothesis. As a first step, the generated constructs were used to transfect HEK293 

cells which were left untreated or treated with TNF-α, followed by determination of 

the activity of firefly and renilla luciferase proteins in the samples.  
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Figure 3.2.2. Schematic diagram of the PMCA4 RNA structure with 3’UTR 
region highlighted.  
The 3’UTR region contains several binding regions for RNA binding proteins (RBP) as well 
as micro RNAs. It serves as a critical determinant for subcellular localization and mRNA 
stability. We decided to determine the cis-binding elements responsible for TNF-α 
dependent downregulation. 

 

3.3. PCR amplification of PMCA4 3’UTR Fragments 

As a first step to test this hypothesis we amplified by PCR several fragments of the 

human PMCA4 RNA corresponding to the 3’UTR region using RNA isolated from 

aortic endothelial cells as template. In brief, 500 ng of total RNA isolated from human 

aortic endothelial cells was retro-transcribed, using oligo-dT (Promega) as a primer. 

The synthesised cDNA was used as template in the PCR reactions. PCR reactions 

contained 250 ng of cDNA, 100 ng of specific oligo sense(s), 100 ng of oligo 

antisense(s), 25 µl of 2x Platinum SuperFi PCR Master Mix (Invitrogen), and 

nuclease-free water. Oligonucleotides forward and reverse used in the PCR reaction 

contained restriction sites for the nuclease XhoI or SalI to facilitate future sub-cloning. 

The following fragments were generated: 

1) Fragment 300310 corresponding to the proximal area of the 3’ UTR of PMCA4 

encompassing nucleotides 4411-5877 of the PMCA4 mRNA (NCBI accession number 

NM_001001396.2) 

AAAAAAAAAAAA
A 

ATG STOP 

5’UTR Coding Sequence 3’UTR 

Control PMCA4 RNA Stability? 
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2) Fragment 305313 corresponding to the area of the 3’ UTR of PMCA4 encompassing 

nucleotides 5857-6975 of the PMCA4 mRNA (NCBI accession number 

NM_001001396.2)  

3) Fragment 312311 corresponding to the area of the 3’ UTR of PMCA4 encompassing 

nucleotides 6976-8134 of the PMCA4 gene (NCBI accession number 

NM_001001396.2)   

4) Fragment 308309 corresponding to the distal area of the 3’ UTR of PMCA4 

encompassing nucleotides 8113-8918 of the PMCA4 gene (NCBI accession number 

NM_001001396.2).   
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Figure 3.3a. Schematic representation of the PMCA4 RNA constructs with 
3’UTR regions inserted downstream of the Luciferase gene.  
 
The above constructs were generated following PCR amplification with corresponding cDNA. PCR 
reactions contained 250 ng of cDNA, 100 ng of specific oligo sense(s), 100 ng of oligo antisense(s), 25 
µl of 2x Platinum SuperFi PCR Master Mix (Invitrogen), and nuclease-free water. Oligonucleotides 
forward and reverse used in the PCR reaction contained restriction sites for the nucleases XhoI or SalI 
and regions of 3’UTR were cloned downstream of the luciferase enzyme in the pmir-GLO vector 
following ligation, bacterial transformation and maxipreparation of DNA. 
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3.3.1. Generation of plasmid harbouring the region 4411-5877 of PMCA4 
3’UTR mRNA. 

Our previous data indicated that PMCA4 mRNA was destabilized in the presence of 

exogenous cytokine stimulation. This was followed by RNA decay experiments which 

indicated that the degradation of PMCA4 mRNA was achieved in a post transcription 

manner (Figure 3.2a). We further decided to investigate the 3’UTR of the PMCA4 

mRNA as there are strong indications it might be responsible for this increased 

susceptibility. To achieve this, we decided to clone fragments serially deleted which 

corresponded to specific regions of the PMCA4 3’UTR into a luciferase-based reporter 

vector. The initial step was to amplify the corresponding fragment in a PCR reaction 

and to determine if the right fragment had been generated. Agarose gel electrophoretic 

analysis of the PCR reaction carried out to amplify the region 4411-5877 of the 

PMCA4 3’UTR showed a unique band of the expected size suggesting that the correct 

region of PMCA4 3’UTR had been amplified (Figure 3.3.1a). 
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Figure 3.3.1a. Agarose gel electrophoresis of the PCR amplification of hPMCA4 
3’UTR (4411-5877).   
DNA electrophoresis of PCR reactions performed using RNA isolated from aortic endothelial cells as 
template reveals a unique amplification product of expected size (1466bp) suggesting the expected 
region of the PMCA4 3’UTR (4411-5877) has been amplified. A 1Kb plus ladder (ThermoFisher) was 
used as marker for DNA length. 

 
 

The amplified fragment was then precipitated, digested with XhoI, and purified from 

agarose gel (0.7%). Samples obtained from agarose extraction were quantified to 

estimate the amount needed for ligation into our chosen vector. To quantify samples, 

5 µl and 10 µl (half dilution method) of samples were run in a 0.7% gel with 20 µl of 

a 1Kb plus ladder (ThermoFisher) with known band size/concentration. We compared 

intensities of the various bands to estimate the concentration of the purified fragment 

(Figure 3.3.1b). 
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Figure 3.3.1b. Quantification gel electrophoresis of the fragment PMCA4 3’UTR 
(4411-5877) digested with XhoI. 
 PCR products obtained were precipitated, digested with XhoI and purified by gel extraction. 

Electrophoresis of different volumes of the purified fragment PMCA4 3’UTR (4411-5877) generated 

by the half dilution method produced different band intensities. Concentration of the fragment was 

determined by comparison with the 1500bp band included in the marker ladder.  

 
 

 Following quantification of the fragment PMCA4 3’UTR 4411-5877, we prepared 

the pmirGLO dual luciferase vector by digestion with Xho1 in order to generate 

corresponding sticky ends for insertion of the PMCA4 3’UTR region downstream of 

the luciferase gene. Vector digestion was followed by precipitation, 

dephosphorylation and gel electrophoresis extraction. Finally, the concentration of the 

prepared vector was quantified by gel electrophoresis (Figure 3.3.1c). 

 

Following quantification of the vector and the fragment, we performed ligation 

reactions to generate pmirGLO PMCA4 3’UTR 4411-5877. Ligation reactions were 

set up in a 1:3 molar ratio of vector to insert concentration using the T4 DNA Ligase 
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kit (New England Biolabs). Samples were incubated at 15°C overnight in a thermal 

cycler. 

The resulting construct obtained from ligation was transformed into JM109 competent 

E.coli cells and resulting bacterial colonies were analysed for the presence of the 

recombinant plasmid containing the PMCA4 3’UTR fragment. Plasmid DNA isolated 

from the bacterial colonies was digested with XhoI and the digestion reaction analysed 

by agarose gel electrophoresis. DNA agarose gel showed 2 unique bands: an upper 

band of 7350 bp corresponding to the Vector and a lower one of 1466bp corresponding 

to the inserted fragment. 7 clones were positive showing successful ligation of the 

fragment into the vector (Figure 3.3.1d). 
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A) 

 

B) 

 

Figure 3.3.1c. Quantification of the pmirGLO luciferase vector. 
 

A) Schematic representation of the pmirGLO dual Luciferase vector showing Xho1 restriction sites. 

The vector has a multiple cloning site downstream of the luciferase gene. Vector contains an ampicillin 

resistance gene for selectivity on media. B) The plasmid pmirGLO Dual-Luciferase miRNA Target 

Expression Vector (Promega) UK was prepared by precipitation and de-phosphorylation. It was then 

digested with Xho1 and to create corresponding binding site (sticky ends) for insertion of respective 

fragments equally digested. The pmirGLo vector contains ampicillin resistance allowing 

transformation and amplification of the plasmid in ampicillin (100 µg/mL) selective media and plates. 

Concentration of vector was 1.4 µg/µL. 
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Figure 3.3.1d. Agarose gel electrophoresis of the plasmid pmirGLO-PMCA4 
(4411-5877) digested with Xho1.  
Digestion with Xho1 of the plasmid pmirGLO-PMCA4 (4411-5877) obtained by mini-prep preparation 

from 7 bacterial colonies grown overnight. Restriction digestion resulted in the presence of 2 distinct 

bands when run in a 0.7% DNA agarose gel: one of 7350bp and another of 1466bp corresponding to 

the sizes of the pmirGLO Dual-Luciferase miRNA Target Expression Vector and the insert hPMCA4 

3’UTR (4411-5877) respectively. This indicated that successful ligation had occurred, and the vector 

contains the desired fragment. A 1 Kb plus ladder (ThermoFisher, UK) was used as a marker for DNA 

length.  
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Furthermore, the clones were digested with Hind III an enzyme with 2 restriction sites 

in the vector and one restriction site in the insert to determine the orientation of the 

insert (Figure 3.3.1e). Position of the restriction sites and size of resulting fragments 

were pre-determined by carrying out in silico restriction analysis of the sequence of 

plasmid pmirGLO-PMCA4 (4411-5877) using NEB Cutter 2.0.  A clone harbouring 

the insert in the right (forward) orientation was chosen and fidelity of the amplified 

inserted validated by sequencing in the department of Vascular Biology and 

Inflammation, Centro Nacional de Investigaciones Cardiovasculares CNIC, Madrid, 

Spain. The DNA maxi-preparation of the plasmid was performed, and the presence of 

the insert in the right orientation was verified again by restriction digestion analysis 

(Figure 3.3.1f). The resulting clone was now named pmirGLO-PMCA4 3’UTR (4411-

5877) and used in subsequent experiments. 
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A) 

 

B) 

 

 

 

 

 

 

 
Figure 3.3.1e. (A) Schematic diagram of the plasmid pmirGLO-PMCA4 3’UTR 
4411-5877 in forward and reverse orientation.  
The plasmid pmirGLO-PMCA4 3’UTR 4411-5877 was digested with HindIII enzyme which has 2 

recognition sites on the pmirGLO Vector and 1 recognition site in the fragment hPMCA4 3’UTR 4411-

5877. If the insert is in the reverse orientation, digestion with HindIII will generate 3 distinct bands of 

4771 bp, 2746 bp, and 1330 bp sizes. However, in the forward orientation 3 bands of 4771 bp, 2187 

bp, and 1889 bp sizes should be generated. (B) Characterisation of insert orientation by agarose gel 

electrophoresis of the plasmid pmirGLO-PMCA4 (4411-5877) digested with HindIII. The 7 successful 

plasmid pmirGLO-PMCA4 3’UTR 4411-5877 generated, were digested with HindIII. Numbers 1 to 4 

generated 3 distinct bands of 4771bp, 2187bp, and 1889bp suggesting that the insert is ligated in the 

forward orientation while numbers 5 to 7 generated 3 distinct bands of 4771bp, 2746bp, and 1330bp 

which indicates insertion in the reverse orientation  
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Figure 3.3.1f. Restriction analysis verification of plasmid pmirGLO-PMCA4 
(4411-5877).  
(A) Agarose gel electrophoresis of the plasmid pmirGLO-PMCA4 (4411-5877) digested with Xho1. 

The plasmid pmirGLO-PMCA4 (4411-5877) obtained by maxi-prep preparation was either uncut 

(control) or cut with Xho1 and run in a 0.7% electrophoresis gel. Restriction digestion resulted in the 

presence of 2 distinct bands: one of 7350bp and another of 1466bp corresponding to the sizes of the 

pmirGLO Dual-Luciferase miRNA Target Expression Vector and the insert hPMCA4 3’UTR (4411-

5877) respectively. (B) Agarose gel electrophoresis of the Plasmid pmirGLO-PMCA4 (4411-5877) 

digested with HindIII. The   successful plasmid pmirGLO-PMCA4 3’UTR 4411-5877 generated by 

ligation of the insert into the pmir-GLO vector was digested with HindIII enzyme. As expected, the 

digestion generated 3 distinct bands of 4771 bp, 2187 bp, and 1889 bp reassuring the insert was ligated 

into the right orientation. In both cases (A, B) uncut sample was included as control of efficient 

digestion.  
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3.3.2. Generation of plasmid harbouring the region 5857-6975 of PMCA4 3’UTR 
mRNA 

To generate the luciferase reporter containing the 3’UTR PMCA4 5857-6975, PCR 

amplification was firstly performed as previously described. PCR products were 

analysed by DNA gel electrophoresis using a 1% agarose gel. A unique band 

corresponding to a DNA fragment of the expected size was observed, suggesting that 

the correct region of PMCA4 3’UTR had been amplified (Figure 3.3.2a) 

 

 
Figure 3.3.2a. Agarose gel electrophoresis of the PCR amplification of hPMCA4 
3’UTR 5857-6975 highlighted in red colour.   
DNA electrophoresis of PCR reactions reveals a unique amplification product of expected size 

(1118bp) suggesting the expected region of the PMCA4 3’UTR (5857-6975) has been amplified (red 

rectangle). A 1Kb plus ladder (ThermoFisher) was used as marker for DNA length. Another PCR 

amplicon corresponding to the fragment PMCA4 3’UTR 6976-8134 (PCR B) was included in the same 

gel, and it is showed in the image, but it will be described elsewhere. 
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The amplified fragment was then precipitated, digested with XhoI, purified from 

agarose gel (0.7%), quantified (Figure 3.3.2b) and ligated into the pmirGLO Dual-

Luciferase miRNA Target Expression Vector (Promega) which had been digested 

with Xho1, precipitated, de-phosphorylated and as previously described (Figure 

3.3.1c). 

 

 

Figure 3.3.2b. Quantification gel electrophoresis of the PMCA4 3’UTR (5857-
6975) fragment pre-digested with XhoI.  
Electrophoresis of different volumes of the purified PMCA4 3’UTR (5857-6975) fragment generated 

by the half dilution method produced different band intensities. The 5 µL lane of the plasmid shows 

reduced (~50%) band intensity when compared with intensity of the 10 µL DNA lane. Concentration 

of the fragment was determined by comparison with the 1500bp of the 1 Kb plus ladder, therefore 

similar concentration/amount per µL was estimated. 

 

Ligation reactions were set up in a 1:3 molar ratio of vector to insert concentration 

using the T4 DNA Ligase (New England Biolabs) as previously described. Ligation 

reaction was transformed into JM109 competent E.coli cells  (Promega, UK) using 

the heat shock method. Plasmid DNA was isolated from overnight cultures of 

ampicillin-resistant bacterial colonies and analysed for the presence of the fragment 
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by restriction digestion using Xho1 enzyme. Digested samples were subsequently run 

in a 0.7% DNA agarose gel resulting in 2 unique bands; an upper band of 7350bp 

corresponding to the pmirGLO Dual-Luciferase miRNA Target Expression Vector 

and a lower one of 1118bp corresponding to the inserted fragment (Figure 3.3.2c). 

 

 

 

Figure 3.3.2c. Agarose gel electrophoresis of the pmirGLO-PMCA4 3’UTR 
(5857-6975) plasmid digested with Xho1.  
Digestion with Xho1 of the plasmid pmirGLO-PMCA4 3’UTR (5857-6975) obtained by mini-prep 

preparation from bacterial colonies grown overnight. Restriction digestion resulted in the presence of 

2 distinct bands when run in a 0.7% DNA agarose gel: one of 7350 bp and another of 1118bp 

corresponding to the sizes of the pmirGLO Dual-Luciferase miRNA Target Expression Vector and the 

insert hPMCA4 3’UTR (5857-6975) respectively. This indicated that successful ligation had occurred, 

and the vector contains the desired fragment. A 1Kb plus ladder (ThermoFisher, UK) was used as a 

marker for DNA length.  
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Furthermore, the clones were digested with SacI enzyme which has 1 recognition sites 

on the pmirGLO Vector and 1 recognition site in the fragment hPMCA4 3’UTR 5857-

6975. If the insert is in the reverse (undesired) orientation, digestion with SacI will 

generate 2 distinct bands of 7778 bp, and 730 bp sizes. However, clones with right 

insert orientation will generate 2 fragments of 462 bp and 8042 bp. The fragments 

obtained from agarose gel electrophoresis showed that the inserted fragment was 

ligated into our dual luciferase vector in the right orientation (Figure 3.3.2d). 

Restriction sites and fragments and appropriate restriction enzymes were pre-

determined by in silico analysis using NEB Cutter 2.0. To confirm the fidelity of the 

PCR reaction, the insert with the right orientation was now sequenced by the 

Department of Vascular Biology and Inflammation, Centro Nacional de 

Investigaciones Cardiovasculares CNIC, Madrid, Spain. After successful sequencing, 

DNA maxi-preparation of the plasmid was performed, and restriction digest was used 

to verify expected insertion and orientation. The resulting plasmid was now named 

pmirGLO-PMCA4 3’UTR (5857-6975) and used in subsequent experiments. 
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A) 

 

B) 

 

Figure 3.3.2d. Restriction analysis of plasmid pmirGLO-PMCA4 3’ (5857-6975).  
(A) Schematic diagram of the pmirGLO-PMCA4 3’UTR (5857-6975) in forward and reverse 

orientation. The plasmid pmirGLO-PMCA4 3’UTR (5857-6975) was digested with SacI enzyme 

which has 1 recognition sites on the pmirGLO Vector and 1 recognition site in the fragment 

hPMCA4 3’UTR (5857-6975). If the insert is in the reverse orientation, digestion with SacI will 

generate 2 distinct bands of 7778 bp, and 730 bp sizes. However, in the forward orientation 2 bands 

of 8042 bp, and 462 bp sizes should be generated.  (B) Agarose gel electrophoresis of the Plasmid 

pmirGLO-PMCA4 3’UTR (5857-6975) digested with SacI. The successful plasmid pmirGLO-

PMCA4 3’UTR 5857-6975 generated by ligation of the insert into the pmir-GLO vector was 

digested with SacI enzyme. This digestion generated 2 distinct bands of 8042 bp, and 462 bp 

indicating that insert is ligated in the forward/desired orientation. 
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3.3.3. Generation of plasmid harbouring the region 6976-8134 of PMCA4 
3’UTR mRNA 

To generate the luciferase reporter containing the 3’UTR PMCA4 6976-8134, PCR 

amplification of the region PMCA4 6976-8134 was firstly performed as previously 

described and were analysed by DNA gel electrophoresis using a 1% agarose gel. The 

gel showed a unique band with the expected size (1158 bp) suggesting that the correct 

region of PMCA4 3’UTR had been amplified (Figure 3.3.3a). 

 

 

 
Figure 3.3.3a. Agarose gel electrophoresis of the PCR amplification of  hPMCA4 
3’UTR (6976-8134) highlighted in blue colour.   
DNA electrophoresis of PCR reactions performed using cDNA from human endothelial cells as 
template reveals a unique amplification product of expected size (1158 bp) suggesting the expected 
region of the PMCA4 3’UTR (6976-8134) had been amplified. A 1Kb plus ladder (ThermoFisher) was 
used as marker for DNA length. PCR amplicon of PMCA4 3’UTR 5857-6975(PCR A) is included in 
the image but not highlighted and is discussed elsewhere. 
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The amplified fragment was then precipitated, digested with XhoI, purified from 

agarose gel (0.7%). Samples obtained from agarose extraction were quantified to 

estimate the amount needed for ligation into our chosen vector. To quantify samples, 

5µl and 10 µl (half dilution method) of samples were run in a 0.7% gel with 20 µl of 

a 1Kb plus ladder with known band size/concentration (Figure 3.3.3b).  

 

Figure 3.3.3b Quantification gel electrophoresis of the fragment PMCA4 3’UTR 
(6976-8134) digested with XhoI.  
Electrophoresis of different volumes of the PMCA4 3’UTR (6976-8134), generated by the half dilution 
method produced corresponding band intensities. Concentration of the fragment was determined by 
comparison with the 1500bp band of the marker ladder (1 Kb plus ThermoFisher). 
 

 

 

 

1kb+         5µL        10µL 
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Following quantification, the fragment PMCA4 3’UTR 6976-8134 was ligated into 

the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega) which 

had been digested with XhoI, precipitated, and de-phosphorylated as previously 

described (Figure 3.3.1c). The resulting construct obtained from ligation was 

transformed into JM109 competent E.coli cells. Plasmid DNA was isolated by DNA 

mini-preparation method from overnight cultures of ampicillin-resistant bacterial 

colonies and analysed for the presence of the fragment by restriction digestion using 

XhoI enzyme. Digested samples were subsequently run in a 0.7% DNA agarose gel. 

Digestion of plasmid DNA from one of the colonies resulted in 2 unique bands: an 

upper band of 7350 bp corresponding to the pmirGLO Dual-Luciferase miRNA Target 

Expression Vector and a lower one of 1158 bp corresponding to the inserted fragment. 

(Figure 3.3.3c). This colony was selected for further use, the rest of the colonies were 

discarded. 
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Figure 3.3.3c. Agarose gel electrophoresis of the Plasmid pmirGLO-PMCA4 
3’UTR (6976-8134) digested with Xho 1.  
Digestion with Xho1 of the plasmid pmirGLO-PMCA4 (6976-8134) obtained by mini-prep preparation. 
Restriction digestion resulted in the presence of distinct bands when run in a 0.7% DNA agarose gel: 
one of 7350 bp and another of 1158 bp corresponding to the sizes of the pmirGLO Dual-Luciferase 
miRNA Target Expression Vector and the insert hPMCA4 3’UTR (6976-8134) respectively. This 
indicated that successful ligation had occurred, and the vector contains the desired fragment. A 1Kb 
ladder (ThermoFisher, UK) was used as a marker for DNA length. 
 

Furthermore, the pmirGLO-PMCA4 3’UTR 6976-8134 clone was digested with KpnI 

enzyme which has 1 recognition sites on the pmirGLO Vector and 1 recognition site 

in the fragment PMCA4 3’UTR 6976-8134. Restriction sites, size of resulting 

fragments and appropriate restriction enzymes were pre-determined by using NEB 

Cutter 2.0.  Two possible orientations were possible; reverse orientation (undesired) 

and the forward orientation which was desired. The desired orientation was expected 

to produce two fragments of 485 and 8023 bp following KpnI digestion in an agarose 

gel. The fragments obtained showed that the insert fragment was ligated into our dual 

luciferase vector in the right orientation (Figure 3.3.3d). To confirm the fidelity of the 

PCR reaction,  the insert with the right orientation was now sequenced by the 
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Department of Vascular Biology and Inflammation, Centro Nacional de 

Investigaciones Cardiovasculares CNIC, Madrid, Spain. After successful sequencing, 

DNA maxi-preparation of the plasmid was performed, and restriction digest was used 

to verify insertion and orientation. The resulting plasmid was now named pmirGLO-

PMCA4 3’UTR (6976-8134).  
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A)

 
 
B) 

 
 

 
 

 
Figure 3.3.3d. Restriction analysis of plasmid pmirGLO-PMCA4 3’ (6976-8134).  
(A)Schematic diagram of the generation of the pmirGLO-PMCA4 3’UTR (6976-8134) in forward and 
reverse orientation. The pmirGLO-PMCA4 3’UTR 6976-8134 was digested with KpnI enzyme which 
has 1 recognition sites on the pmirGLO Vector and 1 recognition site in the fragment hPMCA4 3’UTR 
6976-8134. If the insert is in the reverse orientation, digestion with KpnI will generate 2 distinct bands 
of 6881 bp, and 1627 bp sizes. However, in the forward orientation, 2 bands of 485 bp and 8023 bp 
sizes should be generated. (B)Agarose gel electrophoresis of the plasmid pmirGLO-PMCA4 (6976-
8134) digested with Kpn1. The plasmid pmirGLO-PMCA4 (6976-8134) obtained by maxi-prep 
preparation was either uncut (control) or cut with KpnI and run in a 0.7% electrophoresis gel. 
Restriction digestion resulted in the presence of 2 distinct bands: one of 8023 bp and another of 485 bp 
corresponding to the sizes of the pmirGLO Dual-Luciferase miRNA Target Expression Vector and the 
insert hPMCA4 3’UTR (6976-8134) respectively. This indicated that insert is ligated in the 
forward/desired orientation. 1 Kb plus ladder (ThermoFisher) was used as a marker for DNA length. 
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3.3.4. Generation of plasmid harbouring the region 8113-8918 of PMCA4 
3’UTR mRNA 

To generate the luciferase reporter vector containing a distal fragment of the 3’UTR 

of PMCA4 encompassing nucleotides 8113-8918 of the PMCA4 gene (NCBI 

accession number NM_001001396.2), PCR amplification was firstly performed using 

oligonucleotides; sense XhoI-hPMCA4- 3’UTR 8113, and antisense SalI-hPMCA4- 

3’UTR 8918 (sequences of oligonucleotides are shown in Table I, Appendix 5) as 

previously described. Analysis of the PCR products by DNA gel electrophoresis in a 

1% agarose gel showed a unique band of the expected size suggesting that the correct 

region of PMCA4 3’UTR had been amplified (Figure 3.3.4a). 

 

 

Figure 3.3.4a. Agarose gel electrophoresis of the PCR amplification of hPMCA4 
3’UTR (8113-8918).   
DNA electrophoresis of PCR reactions reveals a unique amplification product of expected size (805 
bp) suggesting the expected region of the PMCA4 3’UTR (8113-8918) has been amplified. A 1Kb 
ladder (ThermoFisher) was used as marker for DNA length. 

 
The amplified fragment was then digested with XhoI and SalI, precipitated, purified 

from agarose gel (0.7%), quantified (Figure 3.3.4b) and ligated into the pmirGLO 

Dual-Luciferase miRNA expression vector (Promega)(Figure 3.3.4c). 
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Figure 3.3.4b. Quantification gel electrophoresis of the pmirGLO-PMCA4 
3’UTR (8113-8918) digested with Xho I and Sal I.  
 Electrophoresis of different volumes of the plasmid pmirGLO-PMCA4 (8113-8918) 
generated by the half dilution method produced corresponding band intensities. The 5 µL lane 
of the plasmid shows reduced (~50%) band intensity when compared with intensity of the 10 
µL DNA lane. Concentration of the fragment was determined by comparison with the 1500bp 
band in the marker ladder.1Kb ladder (ThermoFisher) was used as a maker for DNA length. 

 

The pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega) was 

prepared by digestion with Xho1 and SalI followed by precipitation, de-

phosphorylation. Finally, the concentration of the prepared vector was quantified by 

gel electrophoresis (Figure 3.3.4c). 
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Figure 3.3.4c. Quantification of the pmirGLO luciferase vector. 
The plasmid pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega) digested with 

Xho1 and Sal1 and to create corresponding binding site (sticky ends) for insertion of the PMCA4 3’UTR 

8113-8918 fragment equally digested. The pmirGLo vector contains ampicillin resistance allowing 

transformation and amplification of the plasmid in ampicillin (100 µg/mL) selective media and plates.  

 

Ligation reactions were set up in a 1:3 molar ratio of vector to insert concentration 

using the T4 DNA Ligase (New England Biolabs) as previously described. The 

resulting construct obtained from ligation was transformed into JM109 competent 

E.coli cells and the resulting bacterial colonies were analysed for the presence of the 

recombinant plasmid containing the PMCA4 3‘UTR fragment. Plasmid DNA isolated 

form the bacterial colonies was digested by Xho1 and Sal1 enzymes and analysed by 

DNA agarose gel electrophoresis showed 2 unique bands; an upper band of 7350 bp 

corresponding to the pmirGLO Dual-Luciferase miRNA Target Expression Vector 

and a lower one of 805 bp corresponding to the inserted fragment (Figure 3.3.4d). 
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A) 

 
B) 

 

 
 

Figure 3.3.4d Restriction analysis verification of plasmid pmirGLO-PMCA4 
8113-8918. 
(A)Schematic diagram of the generation of the pmirGLO-PMCA4 3’UTR 8113-8918 plasmid 
in forward and reverse orientation. The plasmid was digested with SalI and XhoI enzymes. 
Fragments were only expected in the forward orientation and sequencing was used to confirm 
desired orientation (B)Agarose gel electrophoresis of the Plasmid pmirGLO-PMCA4 (8113-
8918) digested with SalI and XhoI enzymes. Digestion of the plasmid pmirGLO-PMCA4 
3’UTR (8113-8918) obtained by mini-prep preparation from bacterial colonies grown 
overnight. The successful clones were sent for sequencing to confirm fidelity of the amplified 
fragment and was therefore used for further cloning experiments. A 1Kb ladder 
(ThermoFisher, UK) was used as a marker for DNA length. 
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Plasmid DNA obtained from maxi-prep were now analysed by digestion with Sal1 

and Xho1 to determine if the insert was intact and in the right orientation. Restriction 

sites, size of resulting fragments and appropriate restriction enzymes were pre-

determined by using NEB Cutter 2.0. Two possible orientations were possible; 

forward orientation which was desired and the reverse orientation which was not 

desired. The desired orientation was expected to produce two fragments of 7370 bp 

and 805 bp following digestion with our enzymes. The reverse orientation does not 

have a viable restriction site for Xho1 or SalI therefore no fragments were expected 

after digestion. The fragments obtained showed that the insert fragment was ligated 

into our dual luciferase vector in the right orientation (Figure 3.3.4e). To confirm the 

fidelity of the PCR reaction, the insert with the right orientation was now sequenced 

by the Department of Vascular Biology and Inflammation, Centro Nacional de 

Investigaciones Cardiovasculares CNIC, Madrid, Spain. The resulting plasmid was 

now named pmirGLO-PMCA4 3’UTR (8113-8918). 
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Figure 3.3.4e. Restriction analysis verification electrophoresis of the pmirGLO-
PMCA4 3’UTR (8113-8918) digested with Xho1 and Sal I.  
The plasmid pmirGLO-PMCA4 (8113-8918) obtained by maxi-prep preparation was either uncut 
(control) or cut with XhoI and SalI and run in a 0.7% electrophoresis gel. Restriction digestion resulted 
in the presence of 2 distinct bands; one of 7350 bp and another of 805 bp corresponding to the sizes of 
the pmirGLO Dual-Luciferase miRNA Target Expression Vector and the insert PMCA4 3’UTR (8111-
8918) respectively, indicating that the insert was ligated into the right orientation. In the uncut sample, 
a single band is generated, and this served as a control of efficient digestion. 1Kb ladder (ThermoFisher) 
used as a ladder for DNA sizes. 
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3.4. Functional consequence of PMCA4 downregulation in TNF-α induced 
apoptosis. 

TNF-α induced apoptosis has been well documented in the development of pulmonary 

arterial hypertension. Some studies have established this as an earlier event in human 

pulmonary artery cells. Reduced expression of the PMCA4 isoform in breast cancer 

has been linked to enhanced apoptosis (Curry et al., 2012). Although contradictory 

reports have been noted in colon cancer studies (Aung, et al, 2009).  

We therefore decided to investigate if cytokine induced down regulation of PMCA4 

would have any consequences on apoptosis. To study the role of PMCA4 in TNF-α 

apoptosis, PAEC were transfected as described with si-RNAs (si-PMCA4 and si-non-

Target) and incubated accordingly before stimulation with TNF-α. siRNA-mediated 

knockdown of PMCA4 expression was confirmed by qRT-PCR and western blot 

before apoptosis assay (see Figure 3.4.1a).  
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Figure 3.4.1a. siRNA-mediated knockdown of PMCA4 in human PAEC. 
 (A) PMCA4 RNA levels in PAEC transfected with a non-targeting control siRNA (si-NT) or an siRNA 

specific for human PMCA4 (si-PMCA4) were determined by qPCR. Data were analysed by statistical 

differences by Student t-test. ***, P≤0.005. Histograms show data as mean ± SE, n=9. (B) Western 

blot analysis of PMCA4 protein expression in PAEC transfected as described above. Levels of tubulin 

were determined as loading control.  

 

si-RNA transfected cells were further treated with TNF-α (50 ng/ml) plus 

cycloheximide (CHX) (20 µg/ml) for 4 hours to induce apoptosis. Untreated cells 

transfected with si-non-Targeting probes were used as control. Flow cytometry of 

Annexin-V/Propidium iodide staining showed that reduced expression of PMCA4 in 

human PAEC leads to a significant increase in TNFα-induced apoptosis (see figure 

3.4.1b). Treatment with the combination of TNF-α and CHX induced apoptosis in 

56% of si-PMCA4 transfected cells compared with only 30% of si-non target 

transfected cells treated with the same stimuli.   
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B) 

 

Figure 3.4.1b siRNA-mediated knockdown of PMCA4 enhances TNF-α induced 
apoptosis in human PAEC.   
(A) PAEC transfected with a non-targeting control siRNA (si-NT) or an siRNA specific PMCA4 (si-

PMCA4) were treated with a combination of TNF-α (50 ng/ml) and cycloheximide (CHX) 20 µl/ml 

before analysis of apoptosis by Flow cytometry of Annexin-V/PI staining. (B) Histograms of 

percentages of apoptotic cells; data presented as mean ± SE, n=6. ****, denotes P< 0.0001 

 

To further confirm these results, we investigated the role of PMCA4 in TNF-α induced 

apoptosis by identifying apoptotic cells using TUNNEL assay (Figure 3.4.1c).  PAEC 

were seeded and transfected as previously described. After transfection, PAEC were 

stimulated with TNF-α (50 ng/ml) plus cycloheximide (CHX) (20 µg/ml) for 3 hours 

to induce early apoptosis, and apoptotic cells were identified by TUNEL assay. 

Consistent with our previous results, PMCA4 silencing sensitised PAEC to apoptosis 

when challenged with TNF-α and CHX. Altogether, these results indicate a protective 

role for PMCA4 in PAEC apoptosis. 
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Figure 3.4.1c. siRNA-mediated knockdown of PMCA4 enhanced TNF-α induced 
apoptosis in human PAEC.  
 PAECs transfected with a non-targeting control siRNA (si-NT) or an siRNA specific for human 

PMCA4 (si-PMCA4) were treated with a combination of TNF-α (50 ng/ml) and cycloheximide 

(CHX) (20 µl/ml) before analysis of apoptosis by TUNNEL assay. (A) Representative 

microscopy fields showing nuclear staining with DAPI (blue) and apoptotic nuclei identified by 

TUNNEL (green). Images are representative of fields recorded from two independent 

experiments. (B) Histograms of percentages of apoptotic cells; data presented as mean ± SE, 

n=8. ***, denotes P< 0.001. I would like to acknowledge that data for this figure were generated 

by Ms Jayashree J in Dr Armesilla’s laboratory in RIHS, University of Wolverhampton, UK 

and were presented as part of her final year project to obtain the degree of B.Tech., 

Bioengineering, in Sastra University, India. 
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3.4.2 Determination of the effects of fragments of the 3’UTR of PMCA4 on the 
activity of the firefly luciferase gene. 

HEK293 cells were used in lieu of PAEC cells due to improved transfection 

efficiencies. As a first step, to confirm suitability of HEK 293 cells for performing 

these experiments, we determine whether TNF-α stimulated of HEK 293 cells resulted 

in downregulation of the PMCA4 RNA as we had seen in PAEC cells. For this 

purpose, were seeded HEK 293 at 200,000 per well and serum starved overnight the 

cells before stimulation with TNF-α 50 ng/ml for the indicated times. The results in 

Figure 3.4.2a showed that PMCA4 mRNA levels were significantly downregulated 

after 6, 16 and 24 hours of stimulation with TNF-α, consistently with results obtained 

when challenging PAEC with TNF-α and IL-1β. 
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Figure 3.4.2a. TNFα-induced decrease in PMCA4 RNA expression in HEK293 
cells.  
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Quantification of PMCA4 RNA levels by real-time PCR analysis in human HEK 293T treated with the 
indicated doses of TNFα 50 ng/ml for the indicted times. Ct values were normalised using the Ct values 

for the housekeeping gene Hprt-1. Analysis of data was carried out using the comparative 2
−ΔΔCT 

method. Histograms show results as mean ± SEM, n=6. Statistical differences were analysed by one-
way ANOVA with post hoc Tukey’s comparison test. ****, P≤0.0001; for comparison of cells 
stimulated with TNF-α versus control. 

*
, 

***
, and 

****
 denote P≤0.05, P≤0.001, and P≤0.0001 

respectively, for comparison versus cells stimulated with TNF-α 50 (ng/ml). 
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HEK 293 cells were used to investigate the subregion on the PMCA4 3’UTR which is 

responsible for the decrease in PMCA4 RNA stability observed in response to TNF-α 

stimulation instability (Figure 3.2a).  HEK 293 cells were seeded at a density of 2 x 

105 cells/well in a 6-well gelatin coated tissue culture plate and transfected with the 

generated plasmids of pmirGLO Dual-Luciferase miRNA Target Expression Vector 

(Promega, USA) harbouring different fragments of the 3’UTR of PMCA4 downstream 

of the Firefly luciferase reporter gene (luc2). The next day, cells were serum-starved 

in DMEM medium containing 2% serum for 16 hours and stimulated with TNF-α 50 

ng/µl for 6 hours. Activity of the firefly luciferase was determined as a surrogate 

measure of the effect of the PMCA4 3’UTR fragment on the stability of luc2 RNA. 

Renilla luciferase activity was determined to normalise potential differences in the 

transfection efficiency of each plasmid.  

Firefly luciferase activity in cells transfected with plasmid pmiRGLO (PMCA4 

3’UTR 5857-6975) was significantly lower than that detected in pmiRGLO-Empty, 

suggesting that this region of the PMCA4 3’UTR might contain elements that 

negatively regulate the stability of the RNA. However, unstimulated and TNF-α 

stimulated cells presented similar firefly luciferase activity, indicating that this 

negative effect was not dependent on stimulation by the cytokine.  No significant 

differences were found in the luciferase activity generated by cells transfected with 

other constructs. 
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Figure 3.4.2b. Effect of different fragments of PMCA4 3’UTR gene on the 
expression of Luciferase on plasmid pmiRGLO after transfection into HEK293 
cells. 
 HEK 293 transfected with the indicated plasmids were left untreated (control) or treated with TNF-α 

(50 ng/ml) for 6 hours. Firefly luciferase activity generated by each plasmid was compared to that in 

pmiRGLO-empty that does not contain any fragment of PMCA4 3’UTR. Plasmid transfection 

efficiency was normalized by determining Renilla luciferase activity. Results are shown as mean ± 

SEM, n=6. Statistical differences were analysed by one-way ANOVA with post hoc Tukey’s 

comparison test, ** denote P≤0.01 versus control (pmirGLO Empty), ns= non-significant. 
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3.5. Effects of TNF-α and IL-1β on the expression of PMCA1 in human 
Pulmonary Artery Smooth Muscle Cells. 

Following evaluation of the role of PMCA4 in both PAEC and PASMC, we decided 

to investigate the role of PMCA1 in PAH pathogenesis. PMCA1 gene is the other 

major isoform with ubiquitous distribution in human tissue (Strehler, 2015). A strong 

association between PMCA1 and hypertension has also been described (Little, et al., 

2016) This informed the decision to investigate the effects of pro-inflammatory 

cytokines on PMCA1 mRNA expression in PASMC. 

To this end, PASMC were seeded in a 6 well plate, serum starved, and treated with 

these inflammatory agents for indicated times. Cells left unstimulated were used as 

control (0 hours in figures). PASMC stimulation with IL-1β resulted in a transient 

upregulation of PMCA1 RNA levels that peaked at 6 hours post-treatment (Figure 

3.5.1a). Equivalent results were observed in cells treated with TNF-α (Figure 3.5.1b).   
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Figure 3.5.1a. Stimulation of human PASMC with IL-1β upregulates PMCA1 
gene expression.  
Quantitative real-time PCR analysis of PMCA1 RNA levels in human PASMC treated with IL-1β (10 

ng/ml) for the indicated times. Ct value was normalised using the Ct values for the housekeeping gene 

Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms show 

results as mean ± SEM, n=6. Statistical differences were analysed by one-way ANOVA with post hoc 

Tukey’s comparison test. ****, P≤0.0001. 
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Figure 3.5.1b. Stimulation of human PASMC with TNF-α upregulates PMCA1 
mRNA expression.  
Quantitative real-time PCR analysis of PMCA1 RNA levels in human PASMCs treated with TNF-α 50 

ng/ml for the indicated times (hours). Ct value was normalised using the Ct values for the housekeeping 

gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms 

show results as mean ± SEM, n=6. Statistical differences were analysed by one-way ANOVA with post 

hoc Tukey’s comparison test. ****, and ***, denote P≤0.0001 and P≤0.001. 

 

 

Following this, we determined the mechanisms responsible for this upregulation. We 

examined if the upregulation was due to cytokine-dependent up-regulation on the 

transcriptional activity of the PMCA1 gene. To test this, we treated cells with 5 µg/ml 

of actinomycin D for 30 minutes, followed by stimulation with TNF-α. Our results 

show that transcriptional blockage prevented TNF-α dependent upregulation of 

PMCA1 mRNA elevation, suggesting that the augment in PMCA1 RNA levels were 

mediated by an increase in the transcriptional activity of the gene. 
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Figure 3.5.1c. Transcriptional blockage impairs TNF-α mediated PMCA1 
upregulation in PASMC. 
 Stimulation of human PASMC with TNF-α produced no effect on the expression of PMCA1 after pre-

treatment with actinomycin-D (5 ug/ml). Quantitative real-time PCR analysis of PMCA1 RNA levels 

in human PASMC treated with TNF-α (50 ng/ml) for six hours. Ct value was normalised using the Ct 

values for the housekeeping gene Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT 

method. Histograms show results as mean ± SEM, n=9. Statistical differences were analysed by one-

way ANOVA with post hoc Tukey’s comparison test. ****, P≤0.001; for comparison of cells 

stimulated with TNF-alpha versus control (DMSO/ACT-D). 
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3.6. Effects of the inducers of pulmonary arterial hypertension (TNF-α, and IL-
6) on the expression of PMCA1 mRNA in PAEC. 

To determine the effects of TNF-α and IL-6 treatment on the mRNA expression of 

PMCA1 in PAEC, Cells were seeded in gelatin pre-coated 6 well flasks followed by 

serum starvation to enhance treatment. Serum starved cells were treated with 50 ng/ml 

TNF-α, IL-6 (50 ng/ml) plus the soluble form of the IL6 receptor (sIL6R, 100 ng/ml)  

or left untreated as indicated and incubated at 37°C, 5% CO2. PMCA1 RNA 

expression was determined by qRT-PCR analysis.  

.  

 

 

 

Figure 3.6.1a. Stimulation of human PAECs with TNF-α downregulates PMCA1 
gene expression.  
Quantitative real-time PCR analysis of PMCA1 RNA levels in human PAECs treated with TNF-α (50 
ng/ml) for the indicated times. Ct value was normalised using the Ct values for the housekeeping gene  
Hprt-1. Analysis of data was carried out using the comparative 2−ΔΔCT method. Histograms show results 
as mean ± SEM, n=6. Statistical differences were analysed by one-way ANOVA with post hoc Tukey’s 
comparison test. ****, P≤0.001; **, P≤0.01 
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Figure 3.6.1b Stimulation of human PAECs with IL6 and sIL6R had no effect on 
PMCA1 mRNA expression.  
Quantification of PMCA1 RNA levels by real-time PCR analysis in human PAEC treated with IL6 
(50 ng/ml) plus the soluble form of the IL6 receptor (sIL6R, 100 ng/ml) for the indicated times. Ct 
values were normalised using the Ct values for the housekeeping gene Hprt-1. Analysis of data was 
carried out using the comparative 2−ΔΔCT method. Histograms show results as mean ± SEM, n= 9. 
Statistical differences were analysed by one-way ANOVA with post hoc Tukey’s comparison test.  

 

 

The results clearly show that while TNF-α downregulates the expression of PMCA11 
in endothelial cells of the pulmonary artery, IL-6 had no significant effect. This 
suggests that although IL-6 plays a critical role in the development of PAH, it 
produces no significant effect on the behaviour of the PMCA4 gene in vitro. 
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4.1 DISCUSSION 
Pulmonary arterial hypertension is a rare, life-threatening disease characterized by a 

progressive vasoconstriction, remodelling and occlusion of small pulmonary arteries. 

It leads to increased pulmonary resistance (PVR), right ventricular failure and finally 

death (Galiè, et al , 2016; Hoeper, et al , 2017). At present, the disorder has no cure 

and current therapies only target vasoconstriction (McLaughlin, et al , 2015), with 

little effects on vessel remodelling (Thompson and Lawrie, 2017) and increasing 

resistance to therapies (Morrell, et al , 2009). There is also a concern that with an 

increasing aging population, the number of hypertension sufferers will exponentially 

increase (Kearney, et al, 2005).  Many drivers have been established for PAH 

pathogenesis including genetic risk factors, hypoxia, sex (hormones) and 

inflammation (Kurakula, et al, 2021). Increased activity of pro-inflammatory 

cytokines is linked to PAH pathogenesis.  Importantly, the major features of 

vasoconstriction and remodelling are now shown to be driven at least in part by 

cytosolic calcium concentration particularly in smooth muscle cells and endothelial 

cells (Morrell, et al, 2009; Kurt, et al, 2012).  Due to reduced efficacy of current PAH 

therapies, and the expanding role of inflammation in PAH pathogenesis, there is a 

strong rationale to identify genetic factors which predispose individuals to impaired 

resolution of inflammation and to determine functional interaction in these cellular 

pathways (Rabinovitch, et al, 2014). 

TNF-α, a key pro-inflammatory cytokine has been implicated in PAH pathogenesis 

(Lesprit et al., 1998; Fujita, et al, 2001; Kim, et al, 2013 and Long et al., 2015). Other 

major cytokines studied include interleukin (IL)-1β, IL-6, IL-8, monocyte 

chemoattractant protein (MCP)-1 (Rabinovitch, et al, 2014; Soon, et al, 2010). Apart 

from inducing inflammation, TNF-α plays a crucial role in apoptotic signalling 

particularly in endothelial cells (Long, et al, 2015), which is one of the major cells 
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found in pulmonary vasculature (Mandergal, et al, 2004); and a key regulator of 

vascular function (Morrell, et al, 2009). The apoptotic effect of TNF-alpha has been 

shown to be dependent on aberrant calcium ion concentration (Pu et al., 2002; 

Orrenius, Zhivotovsky and Nicotera , 2003 and  Lao and Chang, 2008), which implies 

that cellular mechanisms responsible for cytosolic calcium concentration might  have 

significant effect on  TNF-α induced apoptosis in vitro. There are several indications 

that apoptosis is an initiator of PAH development and precedes apoptosis resistance 

in cells of the vasculature (Rabinovitch,  2012; Thompson and Lawrie, 2017). PMCA1 

and 4 are members of the plasma membrane calcium ATPases (Strehler, 2015) and 

extrude calcium to the extracellular environment. Both isoforms (PMCA1 and 

PMCA4) are highly expressed in smooth muscle and endothelial cells of the 

pulmonary artery (Okunade, et al , 2004b; Szewczyk, et al , 2007). Reduced 

expression of the PMCA4 isoform in breast cancer has been linked to enhanced 

apoptosis (Curry, et al, 2012), while reduced expression of PMCA1 has been 

associated with hypertension (Little, et al, 2017). PMCA4 has also been shown to 

modulate systemic BP (Little, et al, 2016). However, both inhibition and over 

expression of the PMCA4 in vivo demonstrated elevated arterial contractility (Lewis, 

et al, 2018). 

In this study, we have shown that in pulmonary artery endothelial cells, TNF-α down 

regulates PMCA4 in vitro in a time and dose dependent manner (see Figure 3.1a and 

3.1.1a). The down regulation of this pump will lead to increased retention of calcium 

within endothelial cells which enhances cytokine dependent inflammation and 

apoptosis (Figure 3.4.1a and 3.4.1b). PMCAs have until recently been viewed as 

performing housekeeping roles, but this data indicate that they may be involved in 

many cellular functions which affect cell viability and motility in the vasculature. In 
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our study, we have shown that the effect of TNF-α on PMCA4 expression is time and 

dose dependent and this parallels some studies where severity of disease has been 

linked with concentration of cytokines (Duan, et al., 2014; Liu, et al, 2017). TNF-α 

has been shown to down regulate BMPR2 (Hurst, et al, 2016), which is a key gene for 

familial PAH. Other studies have shown how TNF-α has down regulated the 

expression of calcium regulators (Sathish, et al, 2012).The down regulation of 

PMCA4 in PAEC may be an initiating mechanism which invariably leads to cytosolic 

calcium overloading, a key enhancer of TNF-α apoptosis. The pulmonary artery 

endothelial cell is thought by most researchers to represent the initial site of disease 

in PAH (Long, et al, 2015; Hu, et al, 2020).  

 

Endothelial dysfunction resultant of sustained stimulation of the endothelium has been 

described as an initial step in the pathogenesis of PAH (Kurt, et al, 2012). 

Dysfunctional endothelium results to increased dysregulation of important signalling 

molecules such as adhesion molecules and other cytokines (Humbert, et al, 2019). 

Equally, endothelial dysregulation subsequently leads to dysregulated endothelial 

proliferation by mostly clonal expansion of apoptosis resistant ECS which contributes 

to pulmonary vascular remodelling and obliteration. The endothelium moderates 

arterial tone by equally maintaining the balance between release of and/or stimulation 

of vasodilating and vasoconstricting factors (Morrell, et al, 2009; Little, et al, 2016). 

Enhancement of BMPRII signalling in the endothelium has been shown to reverse 

PAH in experimental models (Long, et al, 2015). This emphasizes the role of the 

endothelium in PAH development.  Stimulation of PAEC with TNF-α may have 

enhanced the synthesis of other pro-inflammatory cytokines. TNF-α plays a critical 

role in orchestrating the production of a pro-inflammatory cytokine cascade which 
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would have precipitated the marked effect on PMCA4 and 1 (Parameswaran and 

Patial, 2010). Several studies have shown that antagonising TNF-α reduces the 

inflammatory cascade and results to disease relief (Taylor, et al, 2000; Monaco, et al, 

2015). Furthermore, studies have demonstrated that neutralizing TNF-α blocked the 

production of other cytokines such as IL-1(Interleukin-1), Interleukin-6 and -8 

(Udalova, et al, 2017). Blockade of Interleukin-1 did not produce similar results. 

Studies by Hurst et al, (2016) signify that TNF-α is the predominant cytokine 

implicated in PAH development at least in experimental models. Therefore, the 

significant effect of TNF-α stimulation in our studies agrees with these notions. 

 

Our study shows that this critical step of apoptosis is dependent on PMCA4 ablation 

in endothelial cells. Treatment of cells with TNF-α in the presence of cycloheximide 

increased apoptotic rates by nearly 30% in PAEC cells with silenced PMCA4 (Figure 

3.4.1a and Figure 3.4.1b). This indicates that PMCA4 ablation sensitizes PAEC to 

TNF-α induced apoptosis.  The results also show that this cytokine dependent 

downregulation of PMCA4 occurred in PASMC in a similar manner (Figure 3.1.1.1a). 

It has also been demonstrated that caspases cleave and inactivate the plasma 

membrane Ca2+ pump (PMCA) in neurons and non-neuronal cells undergoing 

apoptosis. Earlier studies strongly suggested that PMCA inhibition is implicated in 

neuronal cell death (Mark, et al, 1995).  The study by Schwab, et al, (2002) showed 

that caspase-3 dependent inhibition of PMCA4 impaired calcium handling and 

accentuates cell death by apoptosis and necrosis. This study however examined 

PMCA pump degradation at the protein level unlike our study where degradation has 

been shown at both protein and mRNA levels.  
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PMCA4 has been demonstrated as a negative regulator of the calcineurin/NFAT 

pathway in endothelial cells (Baggott, et al, 2014) and in cardiomyocytes (Wu, et al, 

2009). The inhibition of PMCA4 will invariably upregulate the Can/NFAT axis which 

has been demonstrated to be responsible for modulating apoptosis in PAH 

development (He, et al , 2018), as well as play a crucial role integrating multiple 

signalling pathways (Bonnet, et al , 2007; El Chami and Hassoun , 2012; Chen, et al 

, 2017).  The results of this present investigation  confirm that PMCA4 downregulation 

might play a role in development of PAH by accentuating TNF-α induced apoptosis 

by yet undetermined mechanisms but invariably, Can/NFAT role is expected. The 

involvement of other MAPK signalling pathways (ERK, JNK, p38) have also been 

reported in inflammatory response in different cell types 

 

Equally, treatment of PAEC cells with IL-1β led to a time and dose dependent 

reduction in mRNA of PMCA4 (Figure 3.1b and 3.1.1b). This was not achieved when 

cells were stimulated with IL-6 (Figure 3.1c). IL-6 has been demonstrated to play a 

role in PAH disease progression particularly in PASMC dependent remodelling 

(Tamura, et al, 2018). There are some indications that the effect of IL-6 may be more 

pronounced in PASMC than in PAEC, however this was not determined in our study. 

IL-6 signalling has been shown to potentiate survival and resistance to apoptosis 

(Pullamsetti, Seeger and Savai, 2018). Cis and trans signalling of IL-6 has been 

described to precipitate the effects of IL-6 and this is of importance in PAH (Parpaleix, 

et al, 2016; Tamura, et al, 2018). In our study, we have activated the trans signalling 

by expressing soluble receptors of IL-6R. The trans-signalling is well associated with 

inflammation (Zegeye, et al, 2018). As already mentioned, stimulation of PAEC with 

IL-6 did not produce any significant effects on the mRNA of PMCA4. One of the 
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possible reasons for the inactivity of IL-6 to produce similar results as other cytokines 

used in this study may be due to the specific cell used (PAEC). A recent study has 

shown that stimulation with IL-6 leads to dysregulated calcium release even at low 

concentrations via a ROS pathway in ventricular myocytes (Zuo, et al , 2020). In this 

study, immediate dysregulation of calcium was noted within 2 hours. This may 

explain in part why IL-6 produced insignificant effects on PMCA4 mRNA as its 

effects might have been resolved in the absence of similar acting agents in our cell 

samples. Other studies have shown that IL-6 is able to reverse cytosolic calcium 

increase in neuronal cells by inhibiting L-type voltage-gated calcium channel (L-

VGCC) activity via a JAK/CaN dependent pathway (Ma, et al, 2015). 

 

On the other hand, our study showed little effect on PMCA1 mRNA in TNF-α treated 

PAECs (Figure 3.6.1a). However, in PASMC, stimulation with TNF-α and IL-1β lead 

to sustained increases in the levels of PMCA1 mRNA (Figure 3.5.1a and 3.5.1b). 

These elevations were attenuated in the presence of actinomycin D indicating that the 

effects of TNF-α were transcriptionally blocked (Figure 3.5.1c). Several studies have 

pointed out that PMCA1 is a major housekeeping gene (Strehler and Zacharias, 2001; 

Di Leva et al., 2008) and is associated with blood pressure and hypertension (Tabara, 

et al , 2010 ;Wang, et al, 2013; Xi, et al, 2014). Importantly, PMCA1 plays an 

important role in normal development and is the major isoform in smooth muscle cells 

(Kobayashi, et al, 2012). The effect noted in our studies is thought to be compensatory 

as several reports indicate the homeostatic role played by PMCA1 in cardiovascular 

tissues (Wang, et al, 2017).  Several studies have shown that TNF-α challenge induces 

influx of the calcium as well as increased calcium sensitivity. Early studies by Amrani, 

Martinet and Bronner (1995) showed that TNF significantly potentiated the levels of 
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cytosolic calcium in smooth muscle cells in the presence of carbachol and bradykinin 

(BK). Also, studies by White, et al, (2006) showed that in human airway smooth 

muscle, TNF stimulation (approximately 20 ng/ml) induced increased influx of 

calcium in a mechanism that elevates the expression of TRPC3 a member of the 

transient receptor potential (TRP) channel family of proteins implicated as channels 

through which receptor- and store-operated Ca2+ influx occurs in airway smooth 

muscle cells. This observation has also been confirmed in another study (Sathish, et 

al, 2012). Taken together, TNF-α induced upregulation of intracellular calcium in 

smooth muscle cells may have elicited the increased expression of PMCA1 to mitigate 

calcium dependent toxicity or other similar events.EC and SMC are hugely dissimilar 

in structure and function, it is reasonable to expect a varied response towards reducing 

[Ca2+]i (Szewczyk, et al , 2007). This may explain why the effects of TNF and IL-1β 

are contradictory in the 2 cell types used in our study. Further studies are required to 

elucidate the mechanism involved in cytokine induced down regulation of PMCA4, 

however, this study present novel findings of a gene which has not been conclusively 

linked to altered immune response.  

 

To further investigate the role of these cytokines in our study, we have shown that 

stimulation with TNF-α lead to significant downregulation of the mRNA of PMCA4 

and 1 in endothelial cells. We have also demonstrated that this effect is post-

transcription (See Figure 3.2a and Figure 3.2b). Using actinomycin-D as a 

transcription blocker, TNF-α and Il-1β lead to a time dependent decrease in mRNA 

stability of the PMCA4 mRNA. The use of actinomycin D in study of mRNA decay 

rate has been well established (Lai, et al, 2019).To investigate the mechanism of 

action, we probed the 3’UTR of the PMCA4 mRNA. The 3’UTR have been implicated 
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as important factors for gene expression and regulation (Misquitta, et al, 2001). It has 

been elucidated that 3’UTR mediate important regulatory protein-RNA interactions 

(Mayr, 2019). RNA binding proteins and microRNAs are known to target numerous 

unidentified and specific regions of the 3’UTR of mRNAs in comparison to the 5’UTR 

region (Kristjánsdóttir, Fogarty and Grimson , 2015).  The 3’UTR region also 

regulates mRNA stability (Misquitta, et al, 2001). However, the effect of RNA 

binding proteins (RBPs) binding on cis elements may be dependent on individual cell 

type, stage of cell development as well as the prevailing context/environment or 

pathway stimulated (Mayr, 2019).  

 

The 3’UTR of PMCA4 is about 4.4 kb long, thus there was a need to obtain 

appropriately sized constructs through sequential deletion of fragments. This was to 

pinpoint the region involved in TNFα-dependent degradation of PMCA4 RNA. 

Deletion constructs are an established method to determine cis-elements (Kim-Ha, et 

al, 1993). We were able to obtain 4 constructs: fragment 4411-5877 of the PMCA4 

mRNA; fragment 5857-6975; fragment 6976-8134 and fragment 8113-8918. (See 

Figure 3.3.3a). These fragments were positioned downstream of the Luciferase gene 

in the pmirGLO reporter vector (Promega). All fragments were sequenced to certify 

their validity and differential restriction digest was used to determine the orientation 

the fragments in each vector. We equally used a readily binding predicted website 

“Scan for motifs” to predict binding sites for RNA-binding proteins and microRNAs 

that might be implicated on the regulation of PMCA4 RNA. The location of these 

motifs on the pmirGlo-PMCA4-3’UTR constructs is shown (See figure 3.2.1 and 

Table 1.3). Three (3) significant possible binding sites for RNA binding proteins were 

predicted in the constructs PMCA4 3’UTR 6975-8134 and 8113-8918. These were 15-
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LOX-DICE elements, Pumilio binding elements and   AU-rich stability elements. 

Additionally, a number of microRNAs were predicted to bind to the 3’UTR of PMCA4 

RNA (Table 1.3). 

The use of HEK 293 cells as a model for gene expression studies have been well 

described (Buch, et al, 2005; Holton et al, 2010; Baggott, et al, 2014), However when 

we expressed the generated constructs containing fragments of the 3’UTR PMCA4 

downstream of the luciferase gene, we did not observe any reduction in luciferase 

activity in cells stimulated with TNF-α when compared with unstimulated cells. The 

only change in luciferase activity was observed by transfection of the construct 

containing “PMCA4 3’UTR 5857-6975” that showed a 50% reduction in luciferase 

activity (see Figure 3.4.2b). However, this reduction was equally obtained in basal or 

TNF-α unstimulated conditions.  The understanding is that the construct on its own 

reduces mRNA stability in the absence of TNF-α or any other stimulation. There is 

evidence that the behaviour of 3’UTR may be cell specific (Mayr, 2019). Thus, the 

behaviour of the constructs in HEK 293 may be markedly different from its behaviour 

in PAEC, PASMC or any other cell of the vasculature. 

 

It may also be that synergistic action is required by these regions to achieve decreased 

stability on the mRNA. A study by Kristjánsdóttir, Fogarty and Grimson (2015)   

showed that cooperative action between the 3’UTR subregions were necessary for 

complete repression. Although our data does not indicate any other close site in TNF-

dependent destabilization, we have used a low-resolution analysis (> 400 nt luciferase 

reporter constructs) and  a higher resolution analysis may have led more credit to the 

synergistic theory of proximal 3’UTR regions (Figure 3.2.1a). 
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Another supposed mechanism of action to explain PMCA4 downregulation in the 

presence of TNF-α could be through the activation of RISC/miRNA complexes. 

miRNA have been demonstrated to repress translation by reducing stability of gene 

RNA transcripts (Kristjánsdóttir, Fogarty and Grimson, 2015; Mayr, 2019) and by 

rapid deadenylation (Chen and Shyu, 2011). Several miRNAs have been implicated 

in PAH development (Thompson and Lawire, 2017; Leopold and Maron, 2016). 

These miRNAs have been shown to display context dependent specific expressions 

and regulations (Schlosser, et al, 2015). Aberrant expression (increased and 

decreased) of these miRNAs in lung vasculature has been shown to participate in 

dysregulating processes such as apoptosis, inflammation, and proliferation. TNF-α has 

equally been described as an inducer of several micro RNAs.  

 

In silico analysis using Scan for motifs predicted 60 possible miRNAs with binding 

affinity to the PMCA4 mRNA (see appendix 6). However, only 26 were predicted to 

bind on the 3’UTR of PMCA4 (Table 1.3). To establish a link between TNF-α and 

these miRNAs,  a literature search was conducted and only 1 of these microRNAs 

have been conclusively demonstrated to be downstream of TNF-α stimulation. This 

indicated that many of these microRNAs may not be responsible for the 

downregulation of PMCA4 in PAEC cells. We also investigated other miRNAs 

associated with TNF and PAH. There are indications that the difficulty with 

identifying a single miRNA downstream of TNF-α may be due to the pleiotropic 

activity of TNF-α on home genes of microRNAs (Home Gene (HG)/ (long non-coding 

(lnc)RNA) 
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A recent study by Guo, et al (2019) showed that TNF stimulation upregulated the 

expression of miR-155 in a dose dependent manner. MicroRNA-155 further 

destabilized Sirtuin1 (SIRT1) mRNA to induce endothelial senescence. Although 

miR-155 has been associated with inflammation and cardiovascular diseases, it has 

equally been linked to hypertension in human subjects (Huang, et al, 2020) and 

experimental models (Liu, et al, 2018). Of the several microRNAs upregulated by 

TNF, evidence shows that miR-155 is the most highly upregulated (Yee, et al, 2017). 

MiR-155 has also been shown to target other factors such as p27, a cell cycle 

inhibitor/antiproliferative linked to PAH (Xu, et al, 2018) and cGMP-dependent 

protein kinase 1 (PKG1) (Choi, et al, 2018).  Another study by Kim, et al  (2017) 

showed that TNF-α upregulation of miR-155 was through a NF-κB pathway. NF- κB 

further enhances the transcription of several genes involved in the inflammatory 

process. TNF-α has also be shown to led to instability of the mRNA and protein of 

eNOS via miR-155. This evidence strongly suggests the involvement of miR-155 in 

TNF-α dependent downregulation of PMCA4 mRNA 

 

TNF-alpha may equally be enhancing the effect of RISC by enabling conformational 

changes within the structure which may expose miRNA binding sites preserved in a 

hairpin loop. Some studies have also suggested that TNF stimulation may also be 

enhancing the activity of adenine/uridine-rich element binding proteins (ARE-

BPs).IL-1β, the other major cytokine investigated  has also been reported to induce 

microRNA upregulation (Hsu, et al, 2021), this is yet to be demonstrated in PAH. This 

study overall provides a proof of concept for the potential of using PMCA4 as anti-

apoptosis strategy particularly in the vasculature. 
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Although this study has investigated the effects of inflammatory cytokines implicated 

in PAH development, it has elucidated further, the possible downstream targets of  

pleiotropic TNF-α. This is of wider importance for diseases and disorders where TNF-

α and PMCA4 play a pathogenic role; a prerequisite for the development of novel 

therapeutic strategies. By targeting apoptosis, therapies might be able to prevent 

vascular remodelling by reducing calcium overload which is critical for cytokine 

induced apoptosis. There seems to be with PAH, a point of no return, where therapies 

are unable to affect any clinical benefit in patients. 

 

In summary, our study demonstrates that inflammatory inducers of PAH dysregulate 

the expression of PMCA1 and 4 in endothelial cells and the post transcriptional 

downregulation of the PMCA4 isoform in endothelial cells enhances TNF-α apoptosis 

via yet to be elucidated mechanisms. 
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4.2 FUTURE WORK 
 

In this study we have identified that the time and dose dependent downregulation of 

PMCA4 in the presence of inflammatory cytokines TNF-α and IL-1β significantly 

increases the sensitivity of endothelial cells to apoptosis. The downregulation of 

PMCA4 a negative inhibitor of the calcineurin/NFAT pathway may also be inducing 

several other pro-apoptotic/pro-inflammatory signalling factors in TNF-α and IL-1β 

treated cells. The downregulation of PMCA4 is post transcription and has been shown 

to be due to increased instability of the mRNA in the presence of TNF-α and IL-1β. 

These results suggests that normal PMCA4  expression might be protective in TNF-α 

induced apoptosis, a critical step in PAH development.  

Our experiments in HEK293 cells have not revealed any fragment in the 3’UTR of 

the PMCA4 RNA that may be involved in the decrease of RNA stability observed in 

response to TNF-α stimulation. We decided to use HEK293 in our experiments 

because the transfection efficiency of the big plasmids generated was extremely low 

in PAEC cells. As we have discussed above, it might be possible that the factor 

responsible for decreasing PMCA4 RNA stability in PAEC is not expressed in 

HEK293. Professor Armesillaś research group have plenty of experience using 

adenoviral vectors to deliver big plasmids into primary endothelial cells. Therefore, 

this project would require generating adenoviral vectors where the fragments of 

PMCA4 3’UTR are placed downstream of the luciferase gene that can allow 

significant delivery of the reporter plasmid in primary human PAEC. 

In silico analysis predicted the possibility of RNA binding proteins and miRNAs 

interacting with the PMCA4 mRNA on its 3’UTR. These interactions need to be 

further investigated through co-immunoprecipitation and subcellular fractionation 

experiments. These methods have been successfully used to identify components of a 
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complex through antibody binding and SDS-PAGE and immunoblotting. Several 

miRNAs were predicted to bind on the 3’UTR of PMCA4 mRNA. These miRNAs are 

of unknown source, but recent studies have highlighted the role of extracellular vesicle 

(EVs) as carriers of miRNA involved in health and disease. A recent study has also 

demonstrated that endothelial cells can modulate inflammatory response through 

secretion of EVs (Liang, et al , 2020).The role and function of EVs of endothelial and 

smooth muscle origin in PAH pathogenesis require further analyses to highlight 

possible therapeutic strategies.  

In this work we have established that PMCA4 silencing in PAEC sensitizes the cells 

to apoptosis induced by TNFα/cycloheximide. However, we have not established the 

molecular mechanism implicated in this process. TNFα/cycloheximide is known to 

activate several intracellular pathways,  for example the JNK pathway, that have been 

implicated in the intracellular transduction of pro-apoptotic signalling. The role of 

PMCA4 as a regulator of intracellular signalling in endothelial cells has been well 

established (Holton, et al, 2010). Therefore, a follow-up work from our results will 

investigate the functional consequences of PMCA4 silencing in the activity of 

intracellular pathways transducing pro- or anti-apoptotic signals in PAEC. 

Transient increase in cellular calcium is not enough to predispose cells to apoptosis or 

other forms of cell death, however, the increase in cellular calcium triggers several 

other co-factors which work synergistically with the Ca2+ signal to direct the cell into 

entering the apoptotic program. A further look is necessary to identify these co-factors 

which may play a significant role in PAH development. 
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CONCLUSION 

This work has demonstrated the potential of PMCA4 enhancing to promote cellular 

resistance to TNF-α induced apoptosis in pulmonary arterial hypertension 

pathogenesis. 

 

Pro-inflammatory cytokines TNF-α and IL-1β downregulate the expression of 

PMCA4 in endothelial cells in a time and dependent manner. This downregulation is 

also observed at the protein level. 

 

The downregulation of PMCA4 at the mRNA level is shown to be post-transcription 

as treatment with Act-D did not inhibit this dysregulation in the presence of TNF-α 

and IL-1β. The possible mechanism of action includes the induction of microRNAs 

and RNA binding proteins which destabilise PMCA4 mRNA. 

 

TNF-α and IL-1β induced downregulation of PMCA4 increases the sensitivity of 

endothelial cells to apoptosis. The downregulation of PMCA4 may be enhancing the 

pleotropic effect of TNF-α possibly via the Calcineurin/NFAT axis; JNK pathways. 

 

PMCA1 is upregulated in the presence of TNF-α and this up regulation is pre-

transcriptional and may be as a result to increase cytosolic calcium concentration in 

the cells. 

 

IL-6 although a key inflammatory agent in PAH development appeared to have no 

role on PMCA4 and 1 regulation in endothelial cells 
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APPENDIX 
 

APPENDIX 1. Table of stacking and resolving gel preparation for western blot analysis 
 

Stacking Gel  Volume 
Stacking buffer (0.5 M Tris-HCl, 0.4% SDS, 
pH6.6) (GENEFLOW, UK) Ultra Pure 
ProtoGel®  30% (w/v)   
 

2.5 ml             

Acrylamide: 0.8% (w/v) Bis-Acrylamide 
(37.5:1)     
(acrylamide/bis-acrylamide) (GENEFLOW, 
UK)  ml 

1.4 ml 

Distilled Water 
 

6.1 ml 

10% ammonium persulfate (APS)    
 

100 µl 

N,N,N',N'-Tetramethylethylenediamine  
 
(TEMED)    

80 µl 

 

  

Resolving  Gel 6% gel 8%  gel 10% 12% 
Ultra Pure ProtoGel®  30% (w/v)  
Acrylamide: 0.8% (w/v) Bis-
Acrylamide  
(37.5:1)(GENEFLOW, UK) (ml)  
 

2.80 ml 3.80 ml 4.70 ml 5.60  ml             

10x Resolving Buffer  
(4x 1.5 M Tris-HCl, 0.4% SDS, pH8.8)  

(GENEFLOW, UK)  (ml) 

3.70 ml  
  
  
  
 
  
 

3.75 ml  
 

3.75 ml  
 

3.75 ml  
 

Distilled Water 7.35 ml 6.4 ml 5.45 ml 4.55 ml 
10% ammonium persulfate (APS)    100 µl 100 µl 100 µl 100 µl 
N,N,N',N'-
Tetramethylethylenediamine 
(TEMED)    

80 µl 80 µl 80 µl 80 µl 
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 APPENDIX 2: Table of Primary antibodies used for western blot analysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary antibody specific for  Type of 
Antibody  

Host  Dilution Supplier 

DSCR1 (RCAN 1.4) Polyclonal Rabbit 1:1000 Sigma-Aldrich, UK 
Calcineurin –A(CnA) Monoclonal Rabbit 1:1000 BD Transduction 

Laboratories 
PMCA4 (JA3) Monoclonal Mouse 1:500 Santa Cruz 

Biotechnology 
Tubulin Monoclonal Mouse 1:2500 Sigma-Aldrich, UK 
Erk ½ Polyclonal 

 
Rabbit 
 

1:1000 
 

Cell Signalling 
Technology 
 

p-Erk ½ Polyclonal Rabbit 1:1000 Cell Signalling 
Technology 

Flag epitope (M2 Peroxidase HRP-
conjugated) 

Monoclonal  1:2000 Sigma-Aldrich ,UK 

     

Secondary  antibody  Dilution Supplier 

ECL ™ Anti-Rabbit IgG-Horseradish Peroxidase 1:5000 GE Healthcare, UK 

ECL ™ Anti-Mouse IgG-Horseradish Peroxidase 1:5000 Sigma-Aldrich ,UK 
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APPENDIX 3:  DNA Gel for electrophoresis and purification 
 

 Gel Percentage 0.5% gel 0.7%  gel 1% 
UltraPure™ Agarose 
 
(Invitrogen UK) 
 

0.6 g 0.84 g 1.2 g 

TAE Buffer 1X (Tris-acetate-EDTA)  
 

120 ml 120 ml 120 ml 

Ethidium Bromide 100 mg/ml  
(Bio-rad UK) 

3.5 µl 3.5 µl 3.5 µl 
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APPENDIX 4. Table for Restriction enzyme digest 10 % Volume  
 

Ingredients Eco I Sal 1 Xho 1 Hind III Kpn I Xba I  Sac I 
 Volume 4 µl 4 µl 4 µl 4 µl 3 µl 4 µl 4 µl 
Plasmid  
digested with 
volume in µl 

2.00 µl 
308309 

2.00 µl 
308309 

2.00 µl  
“300310” 
 

2.00 µl   
300310          

10 µl 
312311 

2.00 µl   
305313          

2.00 µl   
305313         

Restriction 
Enzyme Buffer 
10X 

25mM Tris-
acetate (pH 
7.5, 100mM 
potassium 
acetate, 10mM 
magnesium 
acetate, 1mM 
DTT (Promega 
UK) 

D 
  
  
  
 
  
 

 
 

D 
 

 
E 

J  
D 

 
J 

Distilled Water 26 µl 26 µl 26 µl 26 µl 1 µl 26 µl 26 µl 
Acetylated BSA 
(10X)    

4 µl 4 µl 4 µl 4 µl 3 µl 4 µl 4 µl 

Total Volume    40 µl 40 µl 40 µl 40 µl 20 µl 40 µl 40 µl 
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APPENDIX 5:  Table of oligonucleotides used for PCR amplification 
Primer Name Sequence 

ALA 300 
 

CTTCGCCTCGAGTTCCCTCCACGAAAGCATTCAG 

ALA301 GGCCTCTGCAGGAAGGTTTTCTCAGATC 

ALA 302 CCTTCCTGCAGAGGCCAGAAACCTTGAG 

ALA 303 CTTCGCCTCGAGACAAGTGGGCATGAGTTTTTAT 

ALA305 CTTCGCCTCGAGGAAAACCTTCCTCCTGCAGAGGCCAG 
 

ALA306 CTTCGCGTCGACCTGACAGCTGTGTCCCTTGCTGG 
 

ALA307 CTTCGCGTCGACGCATACTGTGATGGTACCACGGG 
 

ALA 308 CTTCGCCTCGAGCGTGGTACCATCACACAGTATGCAG 
 

ALA309 CTTCGCGTCGACACAAGTGGGCAGTGAGTTTTTATTTCTC 
 

ALA310 CTTCGCCTCGAGGGCCTCTGCAGGAAGGTTTTCTCAGATC 
  

ALA311 CTTCGCCTCGAGGCATACTGTGATGGTACCACGGG 
  

ALA312 CTTCGCCTCGAGGGGTCAGCCATATGTATTTTGTT 
  

ALA313 CTTCGCCTCGAGAACAAAATACATATGGCTGACCC 
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APPENDIX 6: Predicted RNA and microRNA binding sites on PMCA4 3'UTR 
  created by Scan for motifs tool (http://bioanalysis.otago.ac.nz/sfm) 

 

####---------------------------- Identified regulatory elements from 
Transterm ----------------------------------------- 
#Identifier Sequence_header UTR_Start UTR_END MSA_Start
 MSA_END UTR_Sequence_Fragment MSA_Sequence_Fragment 
15-LOX-DICE Element Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7846 7879
 7846 7879 tctgtcctctggaatgactctcctgtccctaaag
 tctgtcctctggaatgactctcctgtccctaaag 
AU-Rich Stability Element (ARE) Homo sapiens ATPase plasma membrane 
Ca2+ transporting 4 (ATP2B4), transcript variant 1, mRNA. 8726
 8734 8726 8734 tatttatat tatttatat 
C-Rich Stability Element Homo sapiens ATPase plasma membrane 
Ca2+ transporting 4 (ATP2B4), transcript variant 1, mRNA. 261
 275 261 275 cccagcccactcccc cccagcccactcccc 
Mammalian Polyadenylation Element Homo sapiens ATPase plasma 
membrane Ca2+ transporting 4 (ATP2B4), transcript variant 1, mRNA.
 8885 8930 8885 8930
 gtgcactgagaataaaaactcatgcccacttgtaaaaaaaaaaaaa
 gtgcactgagaataaaaactcatgcccacttgtaaaaaaaaaaaaa 
Polyadenylation signal (PAS) UTRSite Homo sapiens ATPase plasma 
membrane Ca2+ transporting 4 (ATP2B4), transcript variant 1, mRNA.
 8895 8930 8895 8930 aataaaaactcatgcccacttgtaaaaaaaaaaaaa
 aataaaaactcatgcccacttgtaaaaaaaaaaaaa 
Pumilio binding element (PBE) Homo sapiens ATPase plasma membrane 
Ca2+ transporting 4 (ATP2B4), transcript variant 1, mRNA. 8397
 8404 8397 8404 tgtatata tgtatata 
tRNA like structure Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3220 3300
 3220 3300
 aacaccggcaggtcgtggctgtcactggtgatggcacaaatgacgggcctgctctgaagaaagcgga
tgttggttttgcca
 aacaccggcaggtcgtggctgtcactggtgatggcacaaatgacgggcctgctctgaagaaagcgga
tgttggttttgcca 
// 
 
####---------------------------- Identified 8 base seed sequence 
targets from human microRNA's (miRBase) ----------------------------
------------- 
#Identifier Sequence_header UTR_Start UTR_END MSA_Start
 MSA_END UTR_Sequence_Fragment MSA_Sequence_Fragment 
hsa-miR-1236-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4524 4532
 4524 4532 ggaagagg ggaagagg 
hsa-miR-1293 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3758 3766
 3758 3766 accaccca accaccca 
hsa-miR-1469 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4154 4162
 4154 4162 gcgccgag gcgccgag 
hsa-miR-187-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7593 7601
 7593 7601 agacacga agacacga 
hsa-miR-193a-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1836 1844
 1836 1844 aagaccca aagaccca 

http://bioanalysis.otago.ac.nz/sfm
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hsa-miR-214-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 2294 2302
 2294 2302 gacaggca gacaggca 
hsa-miR-3121-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3324 3332
 3324 3332 gcaaagga gcaaagga 
hsa-miR-3127-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 951 959
 951 959 gaagggga gaagggga 
hsa-miR-3127-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1776 1784
 1776 1784 gaagggga gaagggga 
hsa-miR-3173-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1952 1960
 1952 1960 gcagggca gcagggca 
hsa-miR-326 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 2921 2929
 2921 2929 cccagagg cccagagg 
hsa-miR-326 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 8016 8024
 8016 8024 cccagagg cccagagg 
hsa-miR-330-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 784 792
 784 792 cccagaga cccagaga 
hsa-miR-339-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 815 823
 815 823 gacaggga gacaggga 
hsa-miR-3620-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 263 271
 263 271 cagcccac cagcccac 
hsa-miR-3656 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 182 190
 182 190 cacccgcc cacccgcc 
hsa-miR-3657 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7449 7457
 7449 7457 gggacaca gggacaca 
hsa-miR-370 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 886 894
 886 894 cagcaggc cagcaggc 
hsa-miR-3922-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4160 4168
 4160 4168 aggccaga aggccaga 
hsa-miR-3922-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 5872 5880
 5872 5880 aggccaga aggccaga 
hsa-miR-4279 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7967 7975
 7967 7975 gaggagag gaggagag 
hsa-miR-4281 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4897 4905
 4897 4905 cgggaccc cgggaccc 
hsa-miR-4297 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3739 3747
 3739 3747 ggaaggca ggaaggca 
hsa-miR-4315 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3278 3286
 3278 3286 gaaagcgg gaaagcgg 
hsa-miR-4417 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 6361 6369
 6361 6369 agcccacc agcccacc 
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hsa-miR-4447 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4339 4347
 4339 4347 cccccacc cccccacc 
hsa-miR-4447 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7485 7493
 7485 7493 cccccacc cccccacc 
hsa-miR-4466 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 6075 6083
 6075 6083 ccgcaccc ccgcaccc 
hsa-miR-4472 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4339 4347
 4339 4347 cccccacc cccccacc 
hsa-miR-4472 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7485 7493
 7485 7493 cccccacc cccccacc 
hsa-miR-4483 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 8162 8170
 8162 8170 accacccc accacccc 
hsa-miR-4486 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 186 194
 186 194 cgcccagc cgcccagc 
hsa-miR-4492 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 6101 6109
 6101 6109 ccagcccc ccagcccc 
hsa-miR-4498 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 262 270
 262 270 ccagccca ccagccca 
hsa-miR-4508 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 6103 6111
 6103 6111 agccccgc agccccgc 
hsa-miR-4527 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 2068 2076
 2068 2076 gcagacca gcagacca 
hsa-miR-4659a-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1789 1797
 1789 1797 agaagaaa agaagaaa 
hsa-miR-4659b-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1789 1797
 1789 1797 agaagaaa agaagaaa 
hsa-miR-4667-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1882 1890
 1882 1890 aggaggga aggaggga 
hsa-miR-4667-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 2464 2472
 2464 2472 aggaggga aggaggga 
hsa-miR-4687-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1875 1883
 1875 1883 aacagcca aacagcca 
hsa-miR-4687-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7129 7137
 7129 7137 aacagcca aacagcca 
hsa-miR-4711-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7592 7600
 7592 7600 aagacacg aagacacg 
hsa-miR-4741 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3000 3008
 3000 3008 acagcccg acagcccg 
hsa-miR-4745-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3005 3013
 3005 3013 ccgggcca ccgggcca 
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hsa-miR-4749-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 8020 8028
 8020 8028 gaggggcg gaggggcg 
hsa-miR-4753-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1413 1421
 1413 1421 aaagagaa aaagagaa 
hsa-miR-4755-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 845 853
 845 853 aagggaaa aagggaaa 
hsa-miR-4778-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 8804 8812
 8804 8812 gaagaaga gaagaaga 
hsa-miR-5006-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 845 853
 845 853 aagggaaa aagggaaa 
hsa-miR-511 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 7591 7599
 7591 7599 aaagacac aaagacac 
hsa-miR-5193 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4489 4497
 4489 4497 gaggagga gaggagga 
hsa-miR-5193 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4528 4536
 4528 4536 gaggagga gaggagga 
hsa-miR-5580-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3765 3773
 3765 3773 agccagca agccagca 
hsa-miR-5589-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 260 268
 260 268 acccagcc acccagcc 
hsa-miR-5589-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3761 3769
 3761 3769 acccagcc acccagcc 
hsa-miR-578 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1909 1917
 1909 1917 acaagaag acaagaag 
hsa-miR-5787 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 261 269
 261 269 cccagccc cccagccc 
hsa-miR-593-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 176 184
 176 184 cagagaca cagagaca 
hsa-miR-599 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 1138 1146
 1138 1146 gacacaac gacacaac 
hsa-miR-636 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3176 3184
 3176 3184 caagcaca caagcaca 
hsa-miR-762 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 6101 6109
 6101 6109 ccagcccc ccagcccc 
hsa-miR-874 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 5777 5785
 5777 5785 cagggcag cagggcag 
hsa-miR-877-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4525 4533
 4525 4533 gaagagga gaagagga 
hsa-miR-877-3p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 8810 8818
 8810 8818 gaagagga gaagagga 
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hsa-miR-9-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4089 4097
 4089 4097 accaaaga accaaaga 
hsa-miR-92a-2-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 355 363
 355 363 ccccaccc ccccaccc 
hsa-miR-92a-2-5p Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 4994 5002
 4994 5002 ccccaccc ccccaccc 
hsa-miR-942 Homo sapiens ATPase plasma membrane Ca2+ 
transporting 4 (ATP2B4), transcript variant 1, mRNA. 3845 3853
 3845 3853 agagaaga agagaaga 
// 
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