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Abstract 

Elevated blood pressure, termed hypertension, is a major risk factor for cardiovascular 

mortality. Despite decades of research the pathogenesis of hypertension remains unclear. 

Genome-wide association studies have identified genes contributing to the polygenic nature 

of blood pressure. A meta-analysis of Exome chip genotypes from >300,000 individuals 

identified a rare missense single nucleotide variant, rs61760904, associated with a large effect 

on systolic blood pressure, located in an exon in the small GTPase R-Ras. R-Ras is highly 

expressed in the vasculature and is implicated in cardiovascular processes. This thesis 

investigated the potential role of R-Ras in blood pressure control. 

The CRISPR-Cas9 RrasDEL-415 knockout mouse model was specifically generated for this 

project. The blood pressure phenotype of these mice was characterised using radiotelemetry. 

Young R-Ras knockout mice exhibited blood pressure comparable to wild-type littermates, at 

baseline and with angiotensin II-induced hypertension. However, systolic blood pressure was 

significantly elevated in the aged R-Ras knockout mouse. This age-related phenotype in the 

R-Ras knockout mouse was explored in humans using an age-stratified association analysis 

of the RRAS variant in ~500,000 individuals from the UK Biobank. Individuals homozygous for 

the rare variant aged ≥50 years had higher mean systolic blood pressure (+14.6 mmHg) 

compared to individuals <50 years (+9.7 mmHg).  

This motivated the hypothesis that compensatory mechanisms were masking the impact of R-

Ras on blood pressure control in vivo in the young mouse. Phosphoproteomic analysis of the 

young mouse aorta revealed significant downregulation of pathways related to blood pressure 

control with R-Ras knockout – notably, ‘cAMP signaling’ and ‘Vascular smooth muscle 

contraction’.  

The work presented in this PhD thesis supports a role of R-Ras in vascular mechanisms of 

blood pressure control, and in the age-related pathogenesis of hypertension in humans. Future 

work, notably repeating phosphoproteomics of the aged R-Ras knockout mouse aorta, is 

essential to delineate the exact mechanisms responsible.  
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AU Arbitrary units 
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BNP Brain natriuretic peptide 
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BRAF V-raf murine sarcoma viral oncogene  
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C Cytosine 
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RNA-seq RNA sequencing 
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Elevated arterial blood pressure (BP), termed hypertension, is a chronic condition and a major 

risk factor for cardiovascular (CV) disease, including stroke and myocardial infarction [1–9]. 

Hypertension is preventable in many cases, however the prevalence of hypertension is rising 

worldwide due to the ageing population and the normalisation of sedentary lifestyles and 

unhealthy diets, among other factors [4–6]. Despite extensive research, BP regulation and 

hypertension remain poorly understood leading to issues with adherence to anti-hypertensive 

therapies across patients [7,10]. A better understanding of hypertension pathophysiology is 

necessary to aid more personalised disease management across individuals, facilitate high-

risk population screening, and for the identification of novel drug targets. Studies into the 

genetic architecture of BP traits and hypertension have identified over 2000 genetic variants 

in the human genome associated with BP regulation, providing new insights into mechanisms 

contributing to BP. Variation in the RRAS gene, encoding for the small G-protein R-Ras, has 

been demonstrated to be associated with systolic BP (SBP) across populations [11–13]. This 

study aims to investigate the potential role of R-Ras in BP control.       

 

1.1. The Cardiovascular system  

The CV system is composed of the heart, systemic and pulmonary vasculature and lymphatic 

system and functions to deliver oxygen and nutrients to organs from the heart and remove 

waste from organs via the blood. The systemic vasculature is divided into the arterial and 

venous system, the arterial system being primarily responsible for blood distribution and BP 

control. The primary function of arterial vessels depends on their size and structure (Table 

1.1). The aorta is the largest arterial vessel and delivers blood directly from the heart to other 

large arteries and smaller arterioles, including the mesenteric, carotid and renal arteries, which 

distribute blood to organ systems [14]. Small resistance arterioles are responsible for BP 

control; they have fewer layers of vascular smooth muscle (VSM) in comparison to larger 

arteries, and have sensitive endothelium responsive to chemical and mechanical stimuli in the 

blood, triggering mechanisms regulating VSM tone [14].  
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Table 1.1. Arterial vessel size and function.  

Vessel type Diameter (mm) Function 

Aorta 25 Blood distribution  

Large arteries 1.0 – 10.0 Blood distribution 

Small arteries 0.2 – 1.0  Blood distribution and BP regulation  

Arterioles  0.01 – 0.2 BP regulation  

BP: blood pressure. Adapted from Klabunde, R. E. (2021) Cardiovascular physiology 

concepts. Philadelphia: Wolters Kluwer [14]. 

 

Haemodynamics describes the factors controlling blood flow in the CV system, particularly the 

arterial system. During a cardiac cycle, when the ventricles contract blood is ejected into the 

arterial system and the pressure inside arteries increases due to an expansion in blood volume 

(systole); this is denoted by SBP. Diastolic BP (DBP) describes the pressure when ventricles 

are relaxed and the pressure in the arteries is at its lowest (diastole). SBP and DBP are used 

to calculate the average pressure in the arteries during a cardiac cycle, denoted as mean 

arterial pressure (MAP) (Figures 1.1 and 1.2). The pulse pressure (PP) represents the force 

generated by a single heart contraction [14]. SBP and DBP are equivalent to the maximum 

and minimum PP respectively (Figure 1.1), and PP is therefore calculated as the difference 

between SBP and DBP (Figure 1.2) [14]. MAP is also measured and it is a product of cardiac 

output (CO) and systemic vascular resistance (SVR) (Figure 1.2) [14]. Arterial BP is measured 

in millimetres of mercury (mmHg) using a BP sphygmomanometer, and is denoted as SBP 

over DBP [14]. 
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Figure 1.1. Characteristics of the pulse pressure wave. Changes in aortic pressure during 

a single cardiac cycle in a normotensive patient. [14] 

 

 

Figure 1.2. Blood pressure formulas. [14] 

 

Haemodynamic factors are independent of each other and constantly fluctuating. In  

normotensive individuals, BP control systems function to compensate for changes in CO, SVR 

and MAP. In  hypertensive individuals, BP control systems become dysregulated resulting in 

haemodynamic imbalance and BP elevation.  
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1.2. Hypertension  

1.2.1. A brief history of hypertension  

The circulatory system was first described by William Harvey in 1628, in his published 

“Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus”. A century later the English 

Clergyman Stephan Hales first measured BP in a horse using his invention the manometer. 

In  1896 Scipione Riva-Rocci refined non-invasive BP measurement and developed the 

mercury sphygmomanometer, a version of what we use today. The mercury 

sphygmomanometer was only useful for SBP measurement until Nikolai Kortkoff defined 

audible sounds used to distinguish SBP and DBP in 1905, eponymously named Kortkoff 

sounds [15]. At this time, the impact of elevated BP on population health was underestimated 

and anti-hypertensive medications were sparse, with severe side effects (sodium thiocyanate) 

or limited efficacy (phenobarbital) [16]. Recognition of the significance of hypertension is 

attributed to the death of Franklin D. Roosevelt in 1945 due to severe BP elevation (reaching 

300/190 mmHg). This catapulted BP to the forefront of CV research and urged the succeeding 

president, Harry Truman, to sign in to law the National Heart Act [16]. This law established the 

National Heart Institute (now known as the National Heart, Lung and Blood Institute) and 

prompted the launch of the Framingham Heart Studies in 1947, the first longitudinal studies of 

its kind, with an initial focus on ischaemic heart disease [16]. The first major findings were 

published in 1957 and included the characterisation of hypertension as >160/95 mmHg. The 

Framingham studies eventually led to a series of publications consistently highlighting high 

BP as a risk factor for CVD including stroke [1,17], coronary heart disease [2], heart failure [8] 

and general CV morbidity and mortality [9]. 

 

1.2.2. Clinical definitions of hypertension  

The European Society of Cardiology/European Society of Hypertension Guidelines in 2018 

characterised hypertension clinically as 140/90 mmHg in patients below 80 years [7]. Current 

treatment strategies in Europe aim to achieve a goal BP below 140/90 mmHg, however clinical 

trials suggest benefits in lowering SBP further to 120 mmHg. The SPRINT (Systolic Blood 

Pressure Intervention Trial) study demonstrated a reduction in SBP to 120 mmHg in non-

diabetic patients over 50 years significantly reduced incidence of fatal and non-fatal 

cardiovascular events compared to a target of 140 mmHg [3]. Reflective of this, the clinical 

threshold for hypertension in the USA was amended to 130/80 mmHg in 2017 [18]. However, 

lowering SBP to 120 mmHg vs 140 mmHg requires more intensive treatment and additional 

drug combinations increasing the likelihood of serious adverse events [3,19]. Physicians have 
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argued the harm associated with a target of 120 mmHg may outweigh the benefits, particularly 

in elderly patients [20]. The most recent guidelines in the UK therefore remain at 140/90 mmHg 

[7]. 

 

1.2.3. Epidemiology  

Hypertension is the leading risk factor responsible for all-cause mortality and accounts for 9.4 

million annual deaths worldwide [5]. The Global Burden of Disease study, a major comparison 

risk assessment spanning 1990 to 2015, calculated high BP to have the highest disease 

burden compared to other risk factors including smoking, body mass index (BMI) and drug 

use [5]. The NCD (non-communicable diseases) Risk Factor Collaboration performed a 

longitudinal study focusing on BP trends in 19.1 million participants with raised BP from 200 

countries, from 1975 to 2015 [6]. The global estimated number of adults with raised BP 

increased from 594 million to 1.13 billion over these 41 years due to a combination of factors 

including population growth and ageing. Little global change in SBP values were observed 

(1975 – 2015; men: 126.6 mmHg – 127.0 mmHg, women: 123.9 mmHg – 122.3 mmHg), yet 

trends within and between regions changed significantly. Notably, high income countries in 

Western and Asia Pacific region were leading in high BP prevalence in 1975, but prevalence 

notably declined over the years, and mid income countries and low income countries in central 

and eastern Europe, sub-Saharan Africa and South Asia saw the highest mean BP values in 

2015 [6]. In high income countries changes in risk factors, improved treatment and detection 

are partly responsible for the decrease in BP, despite an elevation in BMI [21]. In contrast, 

higher levels of salt and less fresh fruit in Eastern European diets, and malnutrition and under-

treatment in South Asian and sub-Saharan African countries, could explain the modern 

increase in high BP prevalence [6]. The 2013 Prospective Urban Rural Epidemiology study 

also attributed the rise of elevated BP in low income countries, particularly in Africa, to lack of 

awareness, treatment and control of hypertension [22]. In lower-mid income countries 

including China, Colombia and Iran, urbanisation has been associated with the adoption of 

unhealthy diets and sedentary lifestyles [22] contributing to the rise in BP prevalence in these 

regions [6]. Low income countries had the lowest rate of antihypertensive use reflective of the 

lack of accessibility to treatment, in terms of affordability, drug inventory, and distance to clinics 

for patients [22].  
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1.2.4. Hypertension as a risk factor in cardiovascular disease 

Since the Framingham Heart Studies [1,2,8,17], numerous large-scale analyses have 

repeatedly demonstrated the correlation between elevated BP and CV events. In  2002, the 

Prospective Studies Collaboration published a landmark meta-analysis of 61 studies 

assessing the incidence of CVD in the context of elevated BP, with corrections for sex and 

age [23]. Results demonstrated a positive correlation between 10 mmHg increases in SBP 

and DBP and increased mortality from stroke, ischaemic heart disease, heart failure, 

inflammatory heart disease and atherosclerosis [23]. This has been replicated in more recent 

large-scale studies analysing correlations between hypertension and a range of CV events, 

including the 2015 NCD study aforementioned [6], the 2014 CALIBER (CArdiovascular 

research using LInked Bespoke studies and Electronic health Records) study [24], and a meta-

analysis of 123 MEDLINE trials [4]. The Prospective Studies Collaboration study calculated a 

20 mmHg difference in SBP equated to the same hazard as 10 mmHg in DBP [23], with very 

similar results in the CALIBER study (20 mmHg SBP v 11 mmHg DBP) [24]. Prior to the study 

it was believed that the threshold of SBP as a risk factor for CV events sat between 140 to 

160 mmHg, however this theory has been contradicted and there is evidence for a log linear 

relationship between 10 mmHg differences in SBP and the hazard ratio, even with values as 

low as 115 mmHg [4,23]. 

The CALIBER study, a 5 year follow up study of 1.25 million patients, utilised electronic health 

records allowing generalisation of the population and not limited to those enrolled in trials [24]. 

This large-scale study demonstrated variation in the relationship between age and BP 

elevation according to disease, supporting the idea that BP functions via different mechanisms 

to increase risk of CVD. For example, the risk of angina, myocardial infarction and heart failure 

is higher in patients aged 30 – 59 years compared to 60 years and above with increasing SBP. 

Furthermore, the impact of higher SBP and DBP values on CV risk is generally weaker at 

older ages. Notably, the risk of abdominal aortic aneurysm has a strong positive correlation 

with increases in SBP in patients aged 30 – 59 years, yet this is markedly diminished in 

patients aged 60 years and above, although this correlation is maintained with DBP. 

Nonetheless, SBP appears to have a greater impact on CV risk overall [24].  

Ettehad et al., were the first investigators to assess the impact of raised BP on CV risk in the 

context of co-morbidities [4]. In  a meta-analysis of 123 studies with over 600,000 participants 

including patients with co-morbidities including diabetes, prior CV events and chronic kidney 

disease investigators found lowering BP reduced the hazard ratio of major CV events by 20%, 

and all-cause mortality by 13% for every 10 mmHg, reflecting results from the Prospective 

Studies Collaboration study [23] and CALIBER [24]. This meta-analysis importantly added 
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insight to the relationship between BP and disease as they found higher-risk groups still have 

the same reduction in hazard ratio with decrease in BP, consistent with results from the 

SPRINT trial [3]. Co-morbidities did appear to influence efficacy of different drugs for risk 

reduction; for example, calcium channel blockers appeared less efficacious in treatment of 

heart failure compared to diuretics but were superior in stroke prevention. However, these 

results may be confounded by treatment choice dependent on prior CV events, and 

prevalence of combination therapies [4].   

Elevated BP also impacts other organ systems including the kidneys. This was exemplified in 

a Northern Californian cohort where investigators found patients with BP of 140/90 mmHg had 

a 2.6 fold chance of developing end-stage renal disease compared with normotensive 

patients, in both diabetic and non-diabetic subjects [25]. However the risk is more complex 

than this; meta-analyses have shown that lowering BP with medication does not affect the 

hazard risk on renal failure [4] and end-stage renal disease [26], and has actually been shown 

to potentially cause adverse effects including acute kidney injury [3]. Moreover, end-stage 

renal disease risk was unaffected by decreasing SBP in the SPRINT [3] and ACCORD (Action 

to Control Cardiovascular Risk in Diabetes) trials [19]. This is potentially due to the complexity 

of renal failure, which is a manifestation of multiple mechanisms both lowering and increasing 

BP. Nonetheless, patients with chronic kidney disease appeared to have less risk reduction 

with every 10 mmHg decrease in BP than those without [4]. 

 

1.2.5. Pathogenesis of hypertension  

Arterial BP is a product of systemic vascular resistance and circulatory fluid volume, which are 

influenced by several physiological mechanisms in the CV system and in major organ 

systems, including the nervous system (NS), the kidneys, and the immune system (Figure 

1.3). Dysregulation of these BP control mechanisms contributes to the pathogenesis of 

hypertension.
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Figure 1.3. Mechanisms of blood pressure control. BP is regulated in response to changes in haemodynamic factors by multiple control 

systems throughout the body. Diagram created with Biorender.com. 
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1.2.5.1. The vasculature  

Systemic vascular resistance is influenced by the lumen diameter, dependent on vascular 

tone, and the structural and mechanical characteristics of the vessel. Vascular tone is 

governed by vasoconstriction and vasodilation, largely mediated by the endothelial and VSM 

cell layers (Figures 1.4 and 1.5). Vascular tone is important in the acute phase of 

vasocontraction in response to chemical and mechanical stimuli, including vasodilatory 

molecule nitric oxide (NO) and vasoconstrictor endothelin 1 (ET1). In  contrast, chronic 

haemodynamic changes promote structural and compositional changes in the VSM and 

external layers of the vasculature, characterised by vascular remodelling and an increased 

media to lumen ratio. This section describes how these vascular changes contribute to the 

pathogenesis of hypertension.  

 

Figure 1.4. Cross section of a blood vessel. Diagram created with Biorender.com. 
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Figure 1.5. Cell signalling in endothelial and vascular smooth muscle cells to regulate 

vascular tone. Activation of Akt by (1) Gαs-coupled receptor signaling or (2) shear stress 

acting on mechanoreceptors results in phosphorylation of eNOS at Ser1177. eNOS activation 

also results from increased IC calcium levels via (3) calcium channel influx or (4) Gαq-coupled 

receptor mediated activation of PIP2 signaling. (5) eNOS in its active phosphorylated state 

catalyses the formation of NO from L-arginine. (6) NO diffuses out of ECs into VSMCs, where 

it potentiates cGMP formation by activating sGC. VSMC relaxation is promoted via (7) cGMP-

mediated inhibition of MLCK and (8) activation of KATP channels, inducing hyperpolarisation 

and inhibiting VGCC opening. (9) Gαs-coupled signalling promotes VSMC relaxation via (10) 

KATP channel activation and (11) inhibition of RhoA/ROCK signalling. An increase in IC Ca2+ 

results from (12) membrane depolarisation, VGCC opening and subsequent Ca2+ influx, and 

(13) Gαq-coupled receptor activation (14) inducing Ca2+ release from internal stores. This 

results in (15) Ca2+-calmodulin complex formation and subsequent MLCK activation to induce 

VSMC contraction. (16) Gαq-coupled signalling also inhibits MLCP, facilitating MLC 
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phosphorylation, myosin crossbridge formation, and subsequent VSMC contraction. Image  

created with Biorender.com.  

1.2.5.1.1. The endothelium  

The endothelium is comprised of a monolayer of endothelial cells lining the lumen of the vessel 

(Figure 1.4). In a healthy vessel, the endothelium releases endothelium-derived relaxing 

factors, most notably NO, and endothelium-derived constricting factors, such as ET1 and 

angiotensin II (ANGII), to regulate vascular tone via effects on the VSM layer. In  

pathophysiological conditions, endothelial dysfunction, characterised by an imbalance of 

these factors and formation of oxidative species, promotes vasoconstriction resulting in an 

increase in BP.  

In 1980, Furchgott and Zawadski identified an endothelium-derived molecule that triggered 

relaxation of the VSM in a rabbit aorta, originally denoted Endothelium-derived relaxing factor 

[27]. This molecule was later proved to be the free radical gas NO [28,29]. Since, the 

importance of NO signalling has been demonstrated throughout the CV system, notably in 

vasodilatation of blood vessels [27–29], inhibition of vascular smooth muscle cell (VSMC) 

proliferation, regulation of vascular permeability [30,31] and inhibition of platelet and monocyte 

adhesion and activation [32].  

NO is synthesised in and released from ECs, before diffusing into VSMCs where it exerts its 

effects on VSMC relaxation and proliferation via cyclic guanosine monophosphate (cGMP) 

signalling (Figure 1.5). Formation of NO from the amino acid L-arginine is catalysed by the 

constitutively active enzyme endothelial nitric oxide synthase (eNOS). eNOS activation 

requires the endothelium-derived cofactor tetrahydrobiopterin (BH4) [32]. The phosphorylation 

status of eNOS is influenced by various pathways initiated by mechanical and chemical stimuli 

(Figure 1.5). In  a healthy system, basal phosphorylation of eNOS ensures a continuous 

release of low levels of NO from the endothelium, maintaining vascular tone and permeability 

and ultimately BP [33–36].  

Endothelial dysfunction plays a prominent role in hypertension pathophysiology and is 

characterised by diminished NO bioavailability. eNOS null mice exhibit a hypertensive 

phenotype [33], and this phenotype is replicated in rats via inhibition of NO production by 

application of eNOS inhibitor L-NAME (N(gamma)-nitro-L-arginine methyl ester) [6]. 

Furthermore, diminished NO signalling results in disinhibition of VSMC proliferation reflected 

in intimal thickening observed in hypertensive blood vessels [37].  
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1.2.5.1.2. Vascular smooth muscle   

VSM contraction is triggered by cross-bridge formation of myosin heads with actin filaments 

to generate force. This is dependent on phosphorylation of the myosin ATPase, myosin light 

chain 20 (MLC20). MLC20 is phosphorylated at S19 by myosin light chain kinase (MLCK) [38–

40]. Various calcium-dependent and calcium-independent mechanisms influence the 

phosphorylation status of MLC20 (Figure 1.5).  

Calcium-dependent mechanisms rely on an increase in intracellular (IC) Ca2+ levels (Figure 

1.5). This can be elicited via membrane depolarisation resulting in Ca2+ influx via voltage-gated 

calcium channels (VGCCs) on the membrane, notably L-type channels [41]. Alternatively, Ca2+ 

efflux from internal stores, including the sarcoplasmic reticulum (SR), is triggered by Gαq-

coupled IP3/DAG signalling [38,42,43]. Free Ca2+ forms a complex with the calcium binding 

protein calmodulin (CaM), together activating MLCK [38]. In  contrast, VSM relaxation is 

triggered by a decrease in IC Ca2+ levels causing dissociation of the Ca2+-CaM complex, 

MLCK deactivation, and dephosphorylation of MLC20 by MLC phosphatase (MLCP) (Figure 

1.5) [38,44]. Decreases in IC Ca2+ result from a multitude of pathways including inactivation of 

L-type calcium channels [45], activation of the Na+-Ca2+exchanger, and uptake into the SR via 

the Ca2+ ATPase (SERCA) [46].  

Calcium-independent mechanisms of VSM contraction regulate calcium sensitivity of MLC20, 

mainly via DAG/PLC/PKC and RhoA/ROCK signalling (Figure 1.5). Whereas IP3 stimulates 

release of Ca2+ from the SR, diacylglycerol (DAG) acts as a second messenger to activate 

Protein Kinase C (PKC), and C-kinase potentiated protein Phosphatase 1 inhibitor, molecular 

mass 17 kDa (CPI-17). PKC induces phosphorylation of CPI-17 which inhibits MLCP, thus 

facilitating contraction [47]. Likewise, Ras homolog family member A (RhoA) and Rho-

associated protein kinase (ROCK) have been shown to phosphorylate CPI-17 to mediate 

contraction [47]. RhoA/ROCK-mediated contraction is largely dependent on calcium 

sensitization by ROCK, via direct phosphorylation of myosin phosphatase target subunit 

(MYPT1), or indirectly via phosphorylation of Zipper-interacting protein kinase [48]. MYPT1 

phosphorylation disrupts binding of MLCP to MLC, reducing phosphatase activity. In  contrast, 

cAMP signalling inhibits vasoconstriction via calcium-independent mechanisms in VSM. 

Activation of Gs-coupled receptors stimulates increases in cAMP levels, activating the cAMP-

sensing protein Epac (activating exchange protein directly activated by cAMP). Epac 

stimulates Rap1-dependent Ca2+ desensitisation and relaxation, inhibiting RhoA, and 

disinhibiting MLCP activity [49]. cAMP has also been shown to activate ATP-sensitive 

potassium channels (KATP) by stimulating PKA-dependent phosphorylation and leading to 

hyperpolarisation and consequent vasorelaxation (Figure 1.5) [50].  
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In hypertension, vascular reactivity and VSM contraction is increased due to dysregulation of 

calcium-dependent and independent mechanisms [40]. Indeed, calcium channel blockers are 

more effective in lowering BP and SVR in hypertensive than normotensive humans [51] and 

rats [52,53], in part due to increased expression and phosphorylation of L-type calcium 

channels. RhoA/ROCK activation is increased in animal models of hypertension [54,55], and 

in humans [56,57], influencing ROCK-dependent contraction and vessel remodelling. MYPT1 

phosphorylation is also upregulated in patients with essential hypertension [57].  

1.2.5.1.3. Vascular remodelling  

Vascular remodelling is a hallmark characteristic of hypertension [58]. Chronic haemodynamic 

changes result in adaptation of structural and mechanical properties of the vasculature. In  

pathogenic conditions, like hypertension, these changes are maladaptive [40,58]. In  

resistance arteries, increased SVR is related to structural alterations, characterised by VSMC 

proliferation and hypertrophy, decreased lumen diameter, and lumen stenosis. Large arteries 

such as the aorta exhibit increased stiffness and loss of elasticity [58]. Furthermore, increased 

arterial stiffness and hypertension appear causally interrelated [59]. 

The extracellular matrix (ECM) is composed of elastins, collagens, glycoproteins, and 

prostaglandins, linked via integrins to form a three-dimensional dynamic network [60]. The 

ECM is essential for the structural integrity of the vessel wall [60]. The composition of the ECM 

varies by layer in the vascular wall. The inner basement membrane is predominantly 

composed of collagen, laminin, and fibronectin, facilitating anchoring of ECs in the tunica 

media. In  the internal elastic lamina, elastin is arranged in concentric circles with VSMCs to 

facilitate contraction and dilation of the VSM layer. In  the tunica adventitia, fibrillar collagens 

provide strength and limit vasodilation (Figure 1.4). Proteases, including matrix 

metalloproteinases (MMPs), hydrolyse ECM proteins to regulate VSM turnover [58].  

In hypertensive conditions, VSMCs switch from a quiescent, low turnover phenotype with high 

expression of contractile proteins, to a dedifferentiated phenotype with high expression of 

factors associated with cell growth, migration, and fibrosis. In  hypertension, accumulation of 

dedifferentiated smooth muscle cells in the vascular wall stimulates media thickening, 

neointimal hyperplasia, and vascular stiffness [40]. Prolonged vasoconstriction further 

stimulates ECM reorganisation and actin polymerisation over time [40]. Increased local 

production of ANGII and transforming growth factor-β (TGF-β) by the VSM in response to 

increases in cyclic stretch and stress increases the rate of synthesis of the ECM, thus 

increasing wall thickness [61]. Bersi and colleagues demonstrated loss of elasticity, fibrosis 

and collagen deposition, and wall thickening in the thoracic aorta in ANGII-induced 
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hypertensive mice [65]. Integrins also contribute to adventitial thickening in hypertensive 

conditions. In  the ANGII-induced hypertension mouse model, elimination of the α1 subunit of 

the α1β1 integrin, a major receptor for collagen, attenuated wall thickening of the carotid artery 

[62]. Furthermore, MMPs are downregulated in hypertensive patients, resulting in enhanced 

collagen deposition and fibrosis [63].  

1.2.5.1.4. Oxidative stress  

Oxidative stress contributes to dysregulation of vascular tone and vascular remodelling in 

hypertension via the formation of reactive oxide species (ROS). ROS are generated by 

enzymes including nicotinamide adenine dinucleotide phosphate (NADPH) and 

cyclooxygenase, and their activity is upregulated by factors including systemic inflammation, 

vascular stretch and tobacco smoking [64]. In  the endothelium, ROS production reduces the 

bioavailability of NO, by oxidising BH4 and shifting eNOS to a conformation favouring ROS 

production [32]. ROS also bind directly to NO to decrease its bioavailability, leading to the 

generation of the pro-inflammatory peroxynitrite and enhancing ROS production in a feedback 

cycle [64,65]. This is evident in the vasculature of hypertensive mice, which exhibit elevated 

oxidised BH4 and ROS production, concurrent with decreased NO levels [32]. Further, ROS 

have been shown to increase vascular tone via stimulation of ET1 in the VSM and ECs [64]. 

Upregulation of vascular ROS production contributes to VSMC growth and remodelling, 

decreasing compliancy of arteries and further promoting the development of hypertension [37]. 

ROS generation is also linked to ANGII, a key peptide in the renin-angiotensin aldosterone 

system (RAAS) (see section 1.2.5.2). Endothelial ANGII has been shown to activate epidermal 

growth family receptors present on VSMCs and in kidneys, promoting vascular NAPDH 

production and ultimately VSM hypertrophy [66]. In  hypertensive human males, ANGII-

induced ROS production is elevated, as measured with CM-H2DCFDA fluorescence assays 

[37]. Doughan et al., showed ANGII-induced mitochondrial hydrogen peroxide production was 

blocked by inhibition of NOS, NAPDH and PKC, and KATP channels in isolated mitochondria 

and bovine arterial endothelial cells, suggesting a PKC-dependent pathway of ANGII induced 

mitochondrial dysfunction and ROS production via activation of NAPDH oxidase in ECs [67].  

 

1.2.5.2. The renin angiotensin aldosterone system  

The RAAS regulates pressure-volume homeostasis in the kidneys and is arguably the most 

integral BP regulatory mechanism. Prorenin is produced continuously in renal juxtaglomerular 

cells and is cleaved to its active form of renin in conditions of low BP or decreased sodium 

load detected by macula densa cells in the distal convoluted tubule [68]. Renin is released 



 
40 

into the interstitial space where it cleaves hepatic angiotensinogen to form angiotensin I 

(ANGI) [69]. The ubiquitously expressed angiotensin converting enzyme converts ANGI to 

ANGII in the plasma and tissues including the kidneys, adrenal cortex, arterial vasculature, 

and the brain. ANGII has a short plasma half-life of 1 – 2 mins prior to degradation by 

peptidases into its less active forms, angiotensin III and IV [68], and therefore primarily exerts 

its effects locally in tissues via G protein coupled receptors (GPCRs) angiotensin receptor 1 

(AT1R) and angiotensin receptor 2 (AT2R). Early studies in rats demonstrated block of AT1R 

and AT2R inhibited ANGII induced effects on BP elevation and VSMC hypertrophy 

respectively [70], demonstrating differential roles for the angiotensin receptors. In  the kidneys, 

ANGII upregulates activity of the Na+/H+ exchanger and Na+/K+-ATPase transporter to 

facilitate sodium reabsorption, elevating BP by promoting the movement of blood into the 

extracellular space and increasing circulating blood volume [68]. ANGII also stimulates the 

release of the steroid hormone aldosterone from the zona glomerulosa in adrenal cortex via 

AT1R [71]. Aldosterone binds renal mineralocorticoid receptors to induce activation of the 

epithelial sodium channel promoting renal sodium reabsorption in the cortical collecting duct 

of the kidneys [68]. Aldosterone further induces endothelial dysfunction and vasoconstriction 

via GPCRs independent of its renal actions [72]. ANGII generation also occurs in the 

vasculature, promoting endothelial dysfunction and vasoconstriction via AT1R activation  

[68,73–75]. In  the central nervous system, ANGII stimulates thirst by binding the 

hypothalamus and increases water reabsorption in the kidney by promoting the release of 

antidiuretic hormone from the posterior pituitary, increasing circulatory fluid volume. ANGII 

also decreases the sensitivity of the baroreceptor reflex to diminish the response to elevations 

in blood volume [76]. Finally, ANGII has been linked with ROS and inflammation in 

hypertension, as discussed in sections 1.2.5.1.4. and 1.2.5.5., respectively.  

 

1.2.5.3. The baroreceptor reflex  

Arthur Guyton and colleagues first identified specialised mechanoreceptors, termed 

baroreceptors, located around the arterial tree and concentrated in the carotid sinus [77]. In  

conditions of increased circulatory volume, baroreceptors detect arterial stretch and trigger 

signals sent via nerve bundles in the carotid sinus to the brain to reduce activity of the 

sympathetic nervous system (SNS), reducing heart rate and thereby BP [77]. The importance 

of the baroreceptor reflex in BP control was initially demonstrated in dogs; block of the 

baroreceptor reflex and subsequent rapid blood transfusion to increase circulatory blood 

volume resulted in an uncontrollable elevation of BP compared to dogs with the reflex intact 

[78]. Research in patients [79] and animal models [76] supports SNS hyperactivity in 
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hypertensive conditions, and in the context of co-morbidities including obesity [80] and renal 

disease [81]. 

1.2.5.4. Natriuretic peptides  

Natriuretic peptides, namely ANP (atrial natriuretic peptide), BNP (brain natriuretic peptide) 

and CNP (C-type natriuretic peptide) are hormones important in BP control. Conditions of 

elevated blood volume, atrial, ventricular and vascular wall stretch, and increased BP triggers 

the release of the endocrine mediators ANP and BNP to decrease BP. Natriuretic peptide 

receptor type A (NPRA) and type B (NPRB) are membrane bound guanylate cyclase receptors 

and when activated by ANP and BNP activate guanylyl cyclase signalling leading to BP 

lowering mechanisms including natriuresis (excretion of sodium in the urine), the baroreceptor 

reflex, and vasodilation [82]. ANP and BNP preferably bind NPRA receptors, which are located 

primarily on the VSM, ECs, and in organ systems related to BP control including the kidneys, 

adrenal glands, and the NS [83,84]. BNP null rats have hypertension and associated 

phenotypes including arterial fibrosis and end organ damage [85]. Genetic studies have 

identified numerous variants in genes encoding ANP and BNP, and their precursors pro-ANP 

and pro-BNP, associated with SBP, DBP, and hypertension [86]. Genetic variants detected in 

hypertensive patients are associated with decreased levels of ANP and BNP, highlighting the 

BP lowering properties of this hormonal system [87]. However, later stages of hypertension 

were found to be associated with elevated BNP levels, although this is hypothesised to result 

from cardiac stress associated with high BP [88]. The endopeptidase neprilysin acts to 

inactivate ANP and BNP, and is a target of the combination drug LCZ696, clinically known as 

Sacubilitril/Valsartan, which acts as a dual angiotensin receptor and neprilysin inhibitor. 

Numerous trials have shown LCZ696 decreases BP in elderly patients with a greater efficacy 

than the angiotensin receptor blocker olmesartan alone [89], and valsartan alone [90]. LCZ696 

has further shown to have effects on cardiac hypertrophy independent of its effects on BP [91], 

and is also indicated in other CV disease including heart failure [92]. An ongoing clinical trial 

is looking into its efficacy in resistant hypertension (ClinicalTrials.gov Identifier: 

NCT04637152).  

ANP and BNP have been extensively investigated in respect to CV mechanisms, but there is 

less research on the more recently identified CNP [93]. Unlike ANP and BNP which are solely 

produced in the heart, CNP is localised throughout the body, including in the brain [94], ECs 

and blood plasma [95], cardiomyocytes [96] and fibroblasts [97]. Mounting evidence has 

implicated CNP in BP control at the level of peripheral vasculature, particularly with endothelial 

control via NPRB Gi-coupled signalling [93]. The primary function of the natriuretic peptide 

receptor type C (NPRC) was initially believed to be internalisation and degradation of 

https://clinicaltrials.gov/ct2/show/NCT04637152?term=LCZ696&cond=%22Hypertension%22&draw=3&rank=16
https://clinicaltrials.gov/ct2/show/NCT04637152?term=LCZ696&cond=%22Hypertension%22&draw=3&rank=16
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natriuretic peptides, negatively regulating their actions [98]. However, mounting evidence has 

indicated functional roles of NPRC via CNP, for example endothelial production of NO via a 

calcium dependent pathway as demonstrated in isolated rat aortas [99]. CNP has also been 

linked to hypertension in animal models, where endothelial specific deletion of CNP in mice 

resulted in elevated BP [100], and in human genomic studies with the identification of variants 

in CNP [101] and its endoproteinase furin associated with hypertension [102], and NPRC 

receptor variants associated with SBP [11,86,103,104], DBP [86,105] and hypertension [86]. 

Further, CNP has also been shown to be involved in other BP related CV processes including 

cardiac hypertrophy, inflammation, angiogenesis and vascular remodelling [93].  

 

1.2.5.5. Inflammation 

Numerous studies in rodents and hypertensive patients have highlighted an association 

between inflammation and hypertension, although the exact mechanisms remain unclear. 

Elevated levels of activated monocytes and monocyte-derived cells were measured in ANGII-

induced hypertensive mice in response to increased mechanical stress; this was inhibited by 

scavenging of hydrogen peroxide and addition of NO, supporting a link between ROS, 

inflammation and endothelial dysfunction [106]. Chemokines are also linked to ANGII-induced 

hypertension and elevated ROS production in rodents. CXCR2 inhibition in rats led to a 

decrease in BP leading the authors to suggest CXCR2 as a potential therapeutic target  [107]. 

Rodent models have also shown the role of CCR2 in hypertension and oxidative stress and 

hypertrophy [108,109] and renal damage [110] dependent on monocyte function. Guzik et al., 

demonstrated the role of T cells, but not B cells, in ANGII and salt-induced hypertension in 

mice via production of cytokine tumour necrosis factor alpha (TNFα) and ROS production 

[111], and patients with hypertension have higher renal infiltration of CD4+ and CD8+ T cells 

[112]. Hypertensive patients also have elevated levels of inflammatory markers, including C-

reactive protein and TNFα [113]. Contradictorily, drugs treating inflammation including 

cyclosporine and non-steroidal anti-inflammatory drugs increase BP, highlighting the 

complexity of BP control and hypertension pathogenesis [114].  
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1.2.6. Hypertension risk factors  

Hypertension is categorised as primary (or essential) hypertension, i.e. without determined 

cause, or secondary hypertension, as a result of a pre-existing disease (Table 1.2).  

Table 1.2. Causes of hypertension. 

Primary Hypertension (90%) Secondary Hypertension (10%) 

Lifestyle factors (50 – 70%) 

• Diet 

• Lack of physical exercise 

• Alcohol and tobacco use 

• Stress 

Monogenic disorders 

Diabetes 

Kidney disease 

Thyroid disease  

Genetics (30 – 50%) 

 

1.2.6.1. Lifestyle risk factors  

Lifestyle factors play a prominent role in the pathogenesis of primary hypertension and 

nonpharmacological intervention targeting these factors is often the first line treatment of 

primary hypertension, including alterations in diet, reductions in sodium intake and tobacco 

and alcohol use, and physical exercise.  

1.2.6.1.1. Sodium  

Sodium levels in the blood have long been associated with regulation of BP, and high levels 

of salt in the diet are linked with the onset of hypertension [115,116] and CVD including stroke 

[117]. Hypertensive patients often display heightened responses to sodium due to pre-existing 

dysregulation of compensatory mechanisms [118]. These patients are termed salt sensitive, 

and this can be a result of genetic factors (e.g. monogenic disorders of hypertension), 

environmental factors, or both (e.g. in the case of obesity) [119]. Studies in rats have found 

high salt diet impairs NO release and elevates ROS production, thus causing endothelial 

dysfunction [120]. Sodium has also been linked to inflammation and the microbiome; in mice 

a high salt diet depletes gut microbiota and treatment with Lactobacillus muriinus prevents 

salt-induced exacerbation of salt-sensitive hypertension via T helper 17 cell modulation driving 

autoimmunity [121].  
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1.2.6.1.2. Diet 

Multiple studies have described an optimal diet for BP control. A meta-analysis of randomised 

controlled trials evaluating the DASH diet (Dietary Approaches to Stop Hypertension), a diet 

rich in vegetables, fruit and low-fat dairy, found a significant reduction in SBP and DBP in 

normotensive subjects, with an even greater reduction in hypertensive subjects [122]. The 

Framingham heart study in the 1960s identified the relationship between body weight and BP 

[123], and more recent analyses showed the prevalence of hypertension in obese individuals 

is 3 fold higher than in subjects with a normal BMI [124]. Elevations in BP in obese patients 

are partly due to sensitisation of the baroreceptor reflex [125], increased SNS activity thereby 

stimulating RAAS activation and ANGII production, and further with endothelial dysfunction 

[124]. Increasing physical activity levels is demonstrated to reduce BP in both hypertensive 

and normotensive and independent of BMI [126], and studies in older patients found that 

increased aerobic exercise increased NO release from endothelial cells, corresponding to a 

decrease in BP [127]. 

1.2.6.1.3. Alcohol  

A link between alcohol consumption and hypertension was first reported in French soldiers 

during World War II [128]. Since, hundreds of studies have explored the relationship between 

levels of alcohol consumption and hypertension risk, and the influence of ethnicity and gender 

[129–132]. Notably, a meta-analysis of epidemiological studies using 17,059 participants from 

the Third National Health and Nutrition Examination Study in the US found African Americans 

had higher odds of developing hypertension than White and Mexican American populations. 

Furthermore, the same study found the risk of developing hypertension was only significant in 

White and Mexican American men and women consuming high levels of alcohol, but not with 

mild and moderate alcohol consumption [131]. This study did not find a sex-specific 

association of alcohol intake with hypertension risk, in contrast to a meta-analysis of 

prospective studies conducted in the US and Japan which identified a protective effect of 

moderate alcohol consumption in women, but not in men [129]. However, this protective effect 

in women was not observed in a more recent meta-analysis which included some of the same 

prospective cohorts [128]. Despite conflicting literature, it is well-established that heavy 

alcohol consumption (above 2 drinks per day) increases odds of hypertension [128–130,132]. 

The mechanisms by which alcohol affects BP have been elucidated in rodent models; rats 

chronically administered with ethanol have decreased baroreceptor sensitivity [133], 

increased VSM contraction [134], and attenuated vasodilation [135,136]. Tirapelli et al., found 

a reduction in post translational expression of eNOS in rat aortas thereby reducing NO 
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formation [136], and alcohol has also been linked to vascular ROS production [137] and 

decreased bioavailability of NO via the formation of peroxynitrite catalysed by eNOS.  

1.2.6.1.4. Smoking  

The relationship between smoking and hypertension is also unclear. Tobacco use is a well-

established risk factor in CVD, although studies in hypertensive subjects have been 

contradictory with smoking sometimes shown to lower or increase BP compared to smokers, 

and in some case with no impact at all [124]. In  the context of hypertension however, it 

appears smoking is more relevant in increasing the CV risk related to hypertension rather than 

changes in BP [138]. 

1.2.6.1.5. Stress 

In conditions of acute stress, elevated BP results from enhanced SNS activity [139]. Chronic 

stress is also associated with maintained elevations in BP and hypertension, and with 

hypertension related pathologies including atherosclerosis [140]. 

1.2.6.1.6. Ageing 

Hypertension is more prevalent in the older population. The 2015 National Health and Nutrition 

Examination Survey reported 70% of adults over 65 years as hypertensive, with numbers 

predicted to rise due to the ageing population [141]. Indeed, hypertension is often viewed as 

a disease of accelerated vascular ageing. Several factors contribute to age-related 

progression of BP, including arterial stiffness [142–144], vascular dysfunction [143], and 

inflammation [143,145]. The prevalence of arterial stiffness and hypertension concomitantly 

increases with age [142,144,146]. Ageing large arteries exhibit wall thickening and loss of 

elasticity, resulting in increased pulse wave velocity; this is a marker of arterial stiffness [144]. 

Elevated pulse wave velocity results in an increase SBP with little change in DBP, and 

therefore isolated systolic hypertension is the most common form in the aged population [147]. 

Ageing is also associated with enhanced elastin degradation and accumulation of collagen in 

the ECM. This is potentiated by MMPs, as demonstrated in aged rats [148], and in the ageing 

human aorta, via upregulation of the MMP2-activating enzyme calpain-1 [149]. Bruno and 

colleagues reported age-dependent increases in the media to lumen ratio and collagen 

deposition in small resistance arteries, exacerbated in hypertensive patients [143]. Vascular 

tone is also dysregulated in small resistance arteries with age. Gq/11 and Gq/12-coupled 

receptor expression is elevated in mesenteric arteries of aged mice, and inhibition decreased 

myogenic tone via PLC/Ca2+ and ROCK signalling [150]. NO availability is decreased in small 

arteries of older individuals, resulting in blunted endothelial-mediated vasodilation and ROS 
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production [143]. Finally, low-grade chronic inflammation associated with age is linked to 

hypertension pathogenesis via ROS formation, and elevated SNS activity [151]. 

 

1.2.6.2. Genetics of hypertension  

Genetics plays a prominent role in the pathogenesis of primary and secondary hypertension 

(Table 1.2). In  1949, Page documented the multifaceted nature of hypertension as a result of 

the dysregulation of four integral systems: CV, renal, endocrine, and neural [152]. The genetic 

contribution to hypertension was recognised 32 years later in revision of the Mosaic Theory of 

Hypertension [153], following evidence from a multitude of familial studies [154–156] and the 

characterisation of rare monogenic disorders of hypertension [157,158].  With a consensus on 

the existence of a genetic component of BP, the Platt vs. Pickering debate of the 1950s 

considered whether hypertension was a monogenic or polygenic disorder [159]. Platt argued 

that rare monogenic disorders of hypertension were evidence for a monogenic nature. In  

contrast, Pickering postulated the Gaussian, rather than bimodal, distribution of BP throughout 

the population suggested BP is determined by a collection of genes and further recognised 

hypertension as a quantitative trait with a normal distribution, opposing the previous 

suggestion of hypertension as a qualitative trait distinct to normotensive BP [159]. Later 

studies supported the polygenic nature of hypertension and estimated the heritability of clinical 

SBP and DBP to be 15 – 40% and 15 – 30% respectively [154], with rare monogenic disorders 

representing an extreme end of the distribution.  

The Human Genome Project provided the catalyst for advances in gene mapping in the 1990s 

[160]. Linkage analysis was a key tool in the early years, where microsatellite genetic markers 

were tested for co-segregation with a trait in families, the results of these studies provided 

chromosomal locations of genes for traits [161]. Investigation into families with monogenic 

disorders of hypertension using linkage analysis facilitated the identification of the first BP 

associated genes and highlighted the role of renal and adrenal pathways in BP control [157]. 

Yet monogenic forms of hypertension account for a very small percentage of hypertensive 

cases, and in a bid to elucidate genes involved in polygenic forms of hypertension a series of 

candidate-gene linkage studies were carried out in familial cohorts [162–168]. These studies 

yielded some promising results; however, these were often contradictory across cohorts with 

no single candidate gene consistently showing strong linkage with hypertension. Candidate-

gene studies were generally underpowered as they relied on familial cohorts for which 

recruitment is difficult, and there was a lack replication data [169]. Furthermore, candidate 

genes were selected based on previously characterised BP pathways restricting the 
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identification of novel BP genes. At the turn of the 21st century, genome-wide linkage analyses 

were deployed with the aim of identifying loci anywhere in the genome – a hypothesis free 

approach. Various genome-wide linkage analyses were undertaken in relatively large cohorts 

including the Framingham Heart Study [170], the Family Blood Pressure Program [171,172] 

and the British Genetics of Hypertension (BRIGHT) study [173]. These studies successfully 

identified a number of quantitative trait loci (QTLs; regions of DNA linked to variations in the 

phenotype) associated with hypertension, some of which were validated in follow-up studies 

[174–176]. The identification of broad QTL regions on five chromosomes led the BRIGHT 

study researchers to propose hypertension as an “oligogenic” disorder, in which a small 

number of genes located in these regions provide the largest effect on the trait, with additional 

genes exerting smaller effects [173]. Nonetheless, interpreting linkage analysis results 

presented challenges and limitations; the QTLs identified spanned broad regions of DNA 

making the identification of the responsible gene difficult [161]. Furthermore, there was a lack 

of power to identify single nucleotide variants (SNVs) associations with small effects [177].   

The complete sequencing of the human genome in 2003 [160], paired with the development 

of single nucleotide polymorphism (SNP) chip arrays enabled cost-efficient high-throughput 

genotyping of selected variants, and powered the first genome wide association studies 

(GWAS) [178–183]. SNPs are SNVs which are present in over 1% of individuals in the 

population. In  GWAS SNPs distributed across the genome are tested for association with 

traits or diseases. GWASs have benefits over linkage analyses and candidate gene studies 

as they are unbiased, permit larger sample sizes, and enable meta-analyses improving 

statistical power [184]. The first GWAS for BP and hypertension was accomplished by the 

Wellcome Trust Case Control Consortium in 2007, and analysed genotype data of 2000 

individuals for 7 diseases, including hypertension, diabetes, and coronary artery disease, with 

a set of common controls [185] . However, the results of this study demonstrated no genetic 

variants with large effects on BP or hypertension [185]. Two meta-analyses of GWAS carried 

out in 2009 identified 13 novel BP loci reaching genome-wide significance of P <5 x 10-8, using 

~30,000 individuals. These studies provided the first validated loci for BP [180,186]. In  2011, 

the International Consortium for Blood Pressure Genome-Wide Association Studies (ICBP) 

identified a further 16 novel loci associated with BP traits, namely SBP, DBP, PP, and 

hypertension, in a meta-analysis of 29 studies [86]. The combination with the 13 previously 

reported loci explained a very small proportion of genetic variance of BP. Variants identified 

were common with small effect sizes on BP traits, and often found in non-coding (intronic or 

intergenic) regions of the genome [86,180,186]. These results demonstrated the need for even 

greater participant numbers to optimise the power of analysis and identify low frequency and 
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rare variants with significant effect sizes mapping to exonic genomic regions, to explain more 

variation in the phenotype.  

SNP arrays include only a small proportion of the variants present in the genome, and do not 

include rare variants with minor allele frequencies (MAFs) below 1%. The development of SNP 

reference panels, including the 1000 Genomes Project [187] and the Haplotype Reference 

Consortium [188], enabled imputation and estimation of the effects of associated variants not 

featured on arrays. In  tandem with SNP arrays, the establishment of accessible large-scale 

Biobanks (e.g. UK Biobank) containing not only genetic data but a variety of phenotypic and 

health-related data [189] have improved the statistical power of GWAS and enabled the 

detection of both common and rare BP variants [12,13,103,190]. Rare variants with large 

effects have more potential than common variants to provide insight into disease pathogenesis 

and act as genetic markers (Figure 1.6). 

 

 

Figure 1.6. Relationship between allele frequency and effect size of rare and common 

variants. Adapted from Tam et al., 2019 [191]. 

 

In 2011 the Exome chip was launched [192]; an array of predominantly rare and low frequency 

variants mostly located in exonic (coding) regions. Four years later, a trans-ethnic meta-

analysis of Exome chip data with replication in European and South Asian ancestries was 

published and identified the first rare exonic variants associated with BP traits with effect sizes 

greater than that observed with common variants (>1.5 mmHg per allele), mapped to four 

genes: RBM47, COL21A1, DBH, and RRAS, our gene of interest. In  the same year, an 
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additional trans-ethnic study reported a rare variant of the NPR1 gene, associated with a +1.1 

mmHg increase in SBP; this gene is a drug target for hypertension with a clinical trial ongoing 

[193]. Nonetheless, the collective number of loci identified at this point accounted for 2.8% of 

the genetic heritability of BP. It was not until 2018 that the impact of large-scale Biobanks was 

truly demonstrated, with the identification of over 500 novel loci in a single study 1 million 

individuals of European descent, doubling the total explained heritability from less than 3% to 

~6% [194]. This study was closely followed by a large-scale GWAS meta-analysis of over 

750,000 participants of mixed-ancestry from UK Biobank (UKB) and Million Veteran Program 

(MVP) data in 2019, identifying a further 53 novel rare variants associated with BP traits [104]. 

The study with the largest number of participants to date was carried out  in 2020, including 

1.3 million individuals using Exome chip data with replication in trans-ethnic individuals 

identified an additional 106 novel loci, of which 87 were rare variants. These analyses focused 

on identifying rare variants with larger effect sizes on BP. More recently in 2022, a single-

stage GWAS meta-analysis combining genetic data from over 1 million individuals from UKB, 

ICBP, MVP and the BioVU Vanderbilt DNA databank, investigated common variants with a 

MAF ≥1% to assess the percentage heritability explained in BP traits, and identified over 2000 

independent signals. When translated into a polygenic risk score, these loci and secondary 

signals explained 41.2% of the common heritability of SBP [195], exemplifying the power of 

large-scale meta-analyses. To date, over 1200 loci have been significantly associated with 

BP, with continuous efforts being made to further unravel the genetic architecture of BP 

(Figure 1.7).    
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Figure 1.7. Timeline of important blood pressure genetic discoveries (blue) and release of genetic resources (green). [86,103–

105,179,182,185,186,190,195–199]
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1.2.7. Current BP treatments  

The current National Institute for Health and Care excellence (NICE) guidelines in the UK aim 

to lower BP to <140/80 mmHg in hypertensive patients aged under 80 years, and <150/90 

mmHg in patients aged 80 years and over [200]. Life-style changes, including improved diet 

and exercise and reduced alcohol and tobacco use, are recommended for all hypertensive 

patients. Lifestyle modifications alone in many patients do not reduce BP, and drug treatment 

is often necessary to sufficiently lower BP (Table 1.3).  

 

Table 1.3. Drugs used in the treatment of hypertension 

Drug class Mechanism of action Example 

AT1R inhibitors 

Inhibit activation of RAAS preventing vasoconstriction 
and endothelial dysfunction 

Losartan 

Angiotensin 
ACE inhibitors 

Captopril 

Thiazide 
diuretics 

Block sodium-chloride symporter of distal convoluted 
tubule in kidney causing increased water excretion in 
urine lowering blood volume 

Chlortalidone 

Calcium channel 
blockers 

Cause vasodilation via inhibition of calcium influx in 
vascular smooth muscle  

Verapamil 

Beta-blockers 
Inhibit β-adrenergic receptors in heart to reduce 
cardiac output 

Propranolol 

Alpha-blockers 
Vasodilation via inhibition of α1-adrenergic receptors 
in VSM 

Doxazosin 

Drugs are listed in order of treatment steps as outlined in the NICE clinical guidelines for 

hypertension management in adults [7,10,200].  

 

Interindividual variation exists in patient response to the anti-hypertensive drugs, largely 

dependent on age and ethnic background, in addition to issues with patient adherence [10,11]. 

Moreover, patients often require combination therapies to reach BP target levels. Current 
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NICE guidelines take into account ethnic background and co-morbidities, namely type II 

diabetes, to inform treatment choice [200]. Nonetheless, in 2017 over ¼ of adults aged over 

18 years in England had hypertension [200], and data from the US only indicates 50% of 

hypertensive patients were satisfactorily treated in 2012 [201]. Together these issues highlight 

a need to design more efficacious and personalised medicines. 

 

1.3. R-Ras 

In 2016, a trans-ancestry meta-analysis of over 300,000 participants from European and South 

Asian Ancestry first identified rare genetic variants with modest effect sizes on BP traits [11] 

(Figure 1.7). This study identified 30 novel loci including the SNV rs61760904 reaching 

genome-wide significance with a positive effect size of 1.51 mmHg/T allele on SBP. This rare 

variant was mapped to the RRAS gene (Figure 1.8), encoding the small G-protein R-Ras, with 

a predicted amino acid change from an arginine (D) to an asparagine (N) at position 133 

(D133N). This association was subsequently confirmed in a meta-analysis of UKB and the 

MVP data published in 2019 [104], and most recently in a meta-analysis of over 1.3 million 

individuals [12]. In  the recently released Genebass database of rare variant associations of 

over 4,529 phenotypes in exome data from UK Biobank [202], SKAT-O (optimal unified SNP-

set Kernel Association Test) testing of variants in the gene including the rs61760904 missense 

variant showed significant association with the phenotypes ‘Hypertension’ (p = 5.96x10 -10), 

and ‘Systolic blood pressure, automated reading’ (p = 3.41x10 -7) [202]. rs61760904 was the 

most significantly associated variant, and gene based testing indicated no association with the 

SCAF1 gene, the neighbouring gene to RRAS [202]. Altogether, this data is supportive of 

rs61760904 as the potential causal variant, and R-Ras as a promising candidate gene.  

Numerous studies have indicated a role of R-Ras in cardiovascular physiology, including 

vasodilation and vascular remodelling. Furthermore, R-Ras is expressed in arteries, including 

the aorta [203], and endothelial and smooth muscle cell lines [204]. Coupled with genome-

wide significant association with SBP, this suggests involvement of R-Ras in BP control and 

hypertension.  
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Figure 1.8. Regional association plot of chromosome 19 and the systolic blood 

pressure-associated variant, rs61760904, identified in the meta-analysis using Exome-chip 

data. Figure adapted from Surendran et al., 2016 [103].  

 

1.3.1.  The Ras superfamily  

The Ras superfamily is comprised of over 150 small GTPases that share common enzymatic 

activity and play vital roles in signalling in mammalian cells (Figure 1.9) [205–207]. Ras 

proteins share a conserved GTP-binding core of ~20 kDa formed of 5 guanine nucleotide 

consensus sequence elements which bind phosphate, Mg2+ and guanine to aid the GDP-GTP 

cycle (GDP: guanosine diphosphate, GTP: guanosine triphosphate) [206–209]. Ras proteins 

have 2 switch regions (SI; Ras residues 30 – 38, SII; 59 – 76) involved in effector binding 

specificity and conformational changes during cycle. The Ras and Rho of proteins possess a 

hypervariable carboxyl terminal region terminating in a Cys-A-A-X (CAAX) binding motif, which 

undergoes post-translational modifications including prenylation and palmitoylation, and is 

essential for targeting the proteins to the membrane to enable activation and inactivation by 

specific guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) 

respectively [209–214] (Figure 1.10).  



 
54 

 

Figure 1.9. The Ras superfamily. Over 150 small GTPases make up the Ras superfamily, 

divided into families based on structure, sequence homology and functional similarities [205–

207,209].  

 

 

 

Figure 1.10. The Ras family structure. The Ras family share conserved functional regions, 

including switch regions, a hypervariable region at the C-terminus, the CAAX motif and motifs 

for phosphate binding and core effector binding. R-Ras has an extended N-terminus compared 

to other Ras family proteins [204,215–217].  
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Ras proteins cycle between an inactive GDP-bound state and an active GTP-bound state [45, 

54-57]. This process is regulated by specific GEFs and GAPs (Figure 1.11). GEFs catalyse 

the release of GDP enabling GTP binding and conversion of the protein into the active GTP-

bound state. GAPs support intrinsic GTPase activity and stimulate GTP hydrolysis to convert 

Ras proteins to the inactive GDP-bound state [205,209,218–221]. As listed in Table 1.4, 

members of the Ras family interact with different GEFs and GAPs resulting in diversity in 

signalling between Ras proteins [205,213,218,219,222–225].  

 

 

Figure 1.11. The R-Ras GTP-GDP cycle.  
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Table 1.4. Ras family GEFs and GAPs. 

Ras protein GEFs GAPs 

H-Ras 

RasGRF1, RasGRF2, CalDAG-GEFII, 

CalDAG-GEFIII, SOS, PDZ-GEF1, 

RasGRP4 

p130a, NF1 

K-Ras 
RasGRF1, CalDAG-GEFI, CalDAG-GEFII, 

CalDAG-GEFIII, SOS, Rap1GDS1 
p130a, NF1 

N-Ras 
RasGRF1, CalDAG-GEFI, CalDAG-GEFII, 

CalDAG-GEFIII, SOS 
p130a, NF1 

R-Ras 
RasGRF1, CalDAG-GEFI, CalDAG-GEFII, 

CalDAG-GEFIII 

p130a, NF1, R-RasGAP, 

Plexin-B1 

 

1.3.2. The Ras family  

The Ras (Ras sarcoma) family is known as the founding family of the Ras superfamily and is 

further divided into H-Ras, K-Ras, N-Ras proteins, and the R-Ras family (Figure 1.9) 

[206,207,211,224]. H-Ras, K-Ras, and N-Ras proteins are widely recognised as oncogenic 

proteins and share an 85% sequence homology. Lowe et al., in 1987 identified an additional 

Ras family GTPase based on hybridization with an H-Ras probe and subsequent cloning 

studies [210,211]. This protein, denoted R-Ras, shares 55% sequence homology with the Ras 

family GTPases [211,226]. H-Ras, K-Ras and N-Ras are proteins of 189 – 190 amino acids in 

length and are formed of 4 coding exons and intron regions. In  contrast, R-Ras is 218 amino 

acid protein composed of 6 exons, with an extended N-terminus of 26 amino acids 

[210,211,226]. R-Ras also has a distinct proline-rich PXXP sequence enabling binding to the 

adaptor protein Nck and subsequent regulation of integrin signalling (Figure 1.10) [227]. 

Following the discovery of R-Ras (R-Ras1), two additional closely related proteins, TC21 (R-

Ras2) and M-Ras (R-Ras3), were identified together forming a distinct branch of classic Ras 

proteins (Figure 1.9) [228]. R-Ras and TC21 share similarities in effector coupling and 

downstream signalling pathways, notably PI3K/Akt [225,229]. In  contrast, M-Ras is regulated 
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by classic Ras GAPs and GEPs [225] and, unlike R-Ras and TC21, potentiates MEK/ERK 

signalling [229]. This thesis focuses on the RRAS gene, encoding the R-Ras1 protein, denoted 

as R-Ras throughout.  

 

1.3.3. R-Ras signalling 

Ras proteins modulate a diverse array of signalling pathways via interactions with different 

effector molecules (Figure 1.12). H-, K-, and N-Ras proteins are recognised as oncogenic 

proteins, and are the most commonly mutated proteins in cancer [211,224]. They play a large 

role in cancer via activation of the MAP kinase (MAPK) pathways, particularly ERK signalling 

pathways, heavily involved in cell growth and proliferation [224]. R-Ras signalling is less 

defined, and there is conflicting evidence in differential cell systems, summarised in Figure 

1.12. Notably, it is debated as to whether R-Ras interacts with ERK1 signalling; experiments 

undertaken in CHO cells [230], J774 macrophages, and PC12 cells oppose this [231], 

however, more recent work by Fremin et al., in 2016 suggests ERK1 phosphorylates R-Ras 

at the S201 residue [232]. Likewise, experiments exploring the link between R-Ras and MAPK 

signalling in different cell systems also yield conflicting results; R-Ras appears to activate 

MAPK in NIH3T3 cells [233] but has no effect on MAPK activation in Cos-7 cells [224]. 

Nevertheless, it is well established that R-Ras activation initiates PI3K/Akt signalling 

[217,224,230,231,234–239]. 

R-Ras activation is mediated by various receptor systems, including GPCRs [240], tyrosine 

kinase receptors [212,218,241], semaphorin-plexin signalling [238,239] and Notch receptor 

signalling [242] (Figure 1.12). Notably, activation of the Gαq-coupled muscarinic acetylcholine 

receptor M3 (M3AChR) potentiates R-Ras activation, dependent on Epac [240,243]. Likewise, 

Semaphorin-4D, an axon guidance protein which binds the plexin B1-receptor, has been 

shown to induce growth cone collapse via inhibition of R-Ras activation and subsequent 

inhibition of PI3K and GSK-β3 signalling in hippocampal neurons cultured from rat embryos 

[238].  
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Figure 1.12. R-Ras signalling overview. Solid arrows indicate activation downstream of R-

Ras, dotted arrows indicate upstream effector activation of R-Ras. [11,212,217,218,224,231–

245]. 

 

1.3.4. R-Ras function  

The generation of a R-Ras knockout (KO) mouse model by Komatsu et al., in 2005 [208], in 

combination with ex vivo and in vitro assays and the use of constitutively active and dominant 

negative mutants of R-Ras (R-Ras38V and R-Ras43N, respectively), has provided insight into 

cellular, physiological, and pathological roles of R-Ras (Table 1.5). R-Ras has been identified 

to play key roles in basic cellular functions including cell spreading, adhesion and migration. 

These cellular functions rely heavily on bi-directional signalling molecules, the integrins. 
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Table 1.5. Primary physiological functions of R-Ras. 

Function Mechanism References 

Integrin 
activation  

Reverses H-Ras mediated integrin inhibition  [226,246]  

Cell migration  Promotes cell spreading, adhesion and 
migration via integrins and calcium-dependent 
actin-binding protein modulation  

[208,233,235,247] 

Vascular 
permeability  

Interacts with actin binding protein filamin-A 
and Epac to maintain permeability 

Inhibits VEGF-induced permeability  

Promotes blood vessel maturation and stability  

[208,216,217,248,249] 

Angiogenesis     Inhibits VEGF-induced angiogenesis via 
VEGFR2 inhibition  

Promotes blood vessel maturation and stability  

Promotes cardiac angiogenesis via DDAH1  

 [208,217,250,251] 

Nervous 
system 
development  

Promotes growth cone collapse, neural tube 
formation and oligodendrite differentiation  

[238,239,245] 

Immune 
response  

Mediates T cell priming and trafficking and 
autoimmunity  

[252–255] 

 

1.3.4.1. Integrins  

R-Ras is demonstrated to activate integrins composed of specific α and β subunits. Notably, 

R-Ras activates α2 but not α5-containing integrins to promote migration of breast epithelial 

cells via PI3K and PKC signalling, independent of MAPK [256]. Expression of R-Ras38V in 

32D [236] and CHO cell lines failed to activate β3 integrins [257]. In  contrast, a separate study 

in CHO lines demonstrated an R-Ras38V-mediated activation of αIIbβ3, but no change in 

expression [226]. The scaffold protein SHANK3 was shown to inhibit β1 integrin activation by 

sequestering R-Ras in HEK293 cells [258]. R-Ras-mediated activation of the β1-integrin has 

also been demonstrated to act downstream of oxysterol-binding protein-related protein 3 
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(ORP3) [259,260]. Further, numerous studies have demonstrated R-Ras reversal of H-Ras 

mediated integrin suppression. H-Ras-mediated inhibition of integrin activation via ERK 

signalling was demonstrated in CHO cells, and this was reversed by R-Ras via PI3K and Notch 

signalling cascades, independent of ERK [208,230,242]. Overall, it is well established that R-

Ras signalling results in integrin activation, linking R-Ras signalling to advanced processes as 

discussed below.  

 

1.3.4.2. Cell shape change, adhesion, and migration  

Cell migration is a fundamental process in both physiological and pathophysiological systems 

[257]. The cell undergoes an initiation stage of spreading and adhesion to the extracellular 

matrix resulting in the formation of cell protrusions [241,257]. These protrusions extend and 

form new attachments to the extracellular matrix concomitant to the release of attachments at 

the rear of the cell facilitating directional movement [227,241]. A vast number of IC signalling 

pathways mediate this process. Notably, integrin signalling is essential in adhesion, and the 

small GTPases Cdc42, Rac and RhoA are indicated to mediate actin polymerization to allow 

spreading and formation of protrusions [215,241].  

R-Ras influences these signalling pathways to encourage cell spreading and adhesion via 

regulation of the actin cytoskeleton. In  cultured cortical neurons, R-Ras-induced activation of 

the actin-binding multidomain adaptor protein, afadin, facilitated F-actin binding and formation 

of axonal protrusions [229]. R-Ras-mediated reorganisation of the actin cytoskeleton in the 

epithelial cell line, MCF10A, was demonstrated to be dependent on PLCε signalling [247]. R-

Ras38V-expressing cells lose polarisation and spread to a greater extent than control cells 

and exhibit a ruffling lamellipodia phenotype, as demonstrated in numerous cell lines 

[214,231,232,235,237,247]. In  Cos-7 cells R-Ras38V was shown to colocalize with β1-

integrins and regulate integrin clustering in these characteristic ruffles to promote cell adhesion 

[214]. Activation of R-Ras by ORP3 has been shown to regulate cell adhesion via Akt 

phosphorylation and subsequent β1 integrin activity [260]. Further, R-Ras is proposed to 

activate Rac1 via PI3K/Akt signalling [236] promoting IP3-dependent calcium mobilization and 

calcium-dependent modulation of actin-binding proteins and membrane trafficking [235,247].  

Research exploring the role of R-Ras in cell migration yields inconsistent results depending 

on the cell system used. Cell migration relies on the formation of filopodia, however, it has 

been demonstrated in MCF10A cells [247], T47D cells [261] and in fibroblasts [235] that 

expression of R-Ras38V inhibits filopodia formation and promotes a ruffling lamellipodia 

phenotype. Furthermore, R-Ras transfection into human coronary artery endothelial cells 
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(HCAECs) inhibited platelet-derived growth factor-induced migration [188]. In  contrast, two 

separate studies in the human breast cancer cell line T47D showed constitutively active R-

Ras to induce migration across collagen, in an α2β1 dependent manner [256,261,262]. 

Likewise, in a human cervical carcinoma cell line, C33A, R-Ras promoted migration across 

collagen [263]. In  vitro studies in mouse fibroblasts have also demonstrated R-Ras modulation 

of cell extension generation involved in early stages of cell migration by the actin binding 

protein Flightless I via GAPs Rasgap10 [264,265]. 

 

1.3.4.3. Angiogenesis    

Cell adhesion and migration underlie the formation of new blood vessels, termed 

angiogenesis. Angiogenesis occurs throughout the body in physiological and 

pathophysiological systems e.g. embryonic development and tumour growth [248]. An anti-

angiogenic role of R-Ras has been exemplified in in vivo tumour formation and ex vivo matrigel 

plug assays in R-Ras null mice. Further, R-Ras38V-transfected human umbilical vein 

endothelial cells (HUVECs) exhibit attenuated vascular endothelial growth factor (VEGF)-

induced angiogenesis in vitro [208].  

R-Ras also promotes the formation of mature, stable blood vessels via a few independent 

pathways. Blood vessel stability is governed by tight regulation of vascular permeability by the 

vascular endothelium. Small molecules passively cross the endothelial barrier, however, 

passage of large molecules of >40 kDa depends on active processes, such as actin 

polymerization and reorganization of the cytoskeleton, and the formation of transcellular and 

paracellular gap junctions [30,31,216,248,266]. The paracellular adherens junction, composed 

mostly of adhesion molecule VE-Cadherin, is critical in maintenance of vascular permeability. 

Pro-angiogenic stimuli, including VEGF, stimulate hyperphosphorylation and internalisation of 

VE-Cadherin via a cAMP dependent pathway, dissolving junctions and increasing the 

permeability of the vessel, thus destabilising it and encouraging angiogenesis [248,267,268]. 

R-Ras is suggested to inhibit the effects of VEGF on angiogenesis and vascular permeability 

via inhibition of internalization, phosphorylation and therefore activation of VEGF receptor 2 

(VEGFR) [259,261,267,268], as exemplified by observed hyperphosphorylation of VEGFR2 

in null mice [261]. Furthermore, in retinas of null mice the vessels formed were “leaky”, and 

immunostaining for VE-Cadherin in the blood vessel endothelium was reduced compared to 

the wild-type (WT) animals [262]. Conditional KO demonstrated this retinal development was 

dependent on R-Ras localised in pericytes [269].  Studies in a mouse model of ischaemia 

demonstrated interplay between Akt/GSK-3β and R-Ras signalling to maintain vascular 
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permeability, independent of VEGF [217]. This is achieved via the non-muscle actin binding 

protein Filamin A (FLNa), which interacts with β-integrins to maintain permeability. Loss of 

communication between R-Ras and FLNa enhances vascular permeability via cAMP 

signalling, as decreased R-Ras or FLNa expression in HCAECs mimicked increased vascular 

permeability observed with forskolin-induced cAMP production [249]. R-Ras also regulates 

vascular permeability via interactions with the inducible guanine nucleotide exchange factor 

Epac. Epac enhances endothelial barrier integrity by binding to and stimulating cAMP activity 

(Figure 1.12), resulting in Rac1 activation and subsequent stabilisation of actin and 

redistribution of adherens and tight junctions [248]. In  HEK293 cells, Epac is demonstrated to 

play a role in R-Ras activation induced by M3AChR Gq-coupled signalling, dependent on 

cAMP signalling [240]. Epac has also been shown to induce eNOS phosphorylation and 

subsequent NO production in HUVECs [240], although it has not yet been explored as to 

whether R-Ras is also involved in this.  

R-Ras also appears to inhibit hyperplasia of VSM in blood vessels; in a mouse model of 

restenosis, VSM hyperplasia is inhibited in the R-Ras null mouse compared to WT [208]. This 

R-Ras-mediated inhibition of proliferation is replicated in HCAECs [208] and in rat glioma cells 

[241].  

Finally, the R-Ras/Akt/GSK-3β signalling axis is suggested to play a role in exercise induced 

cardiac angiogenesis via dimethylarginine dimethylaminohydrolase-1 (DDAH1). Exercise-

induced angiogenesis in WT mice was concurrent with increased protein levels of DDAH1, R-

Ras, Akt and GSK-3β, and this effect was ablated in DDAH1 null mice. DDAH1 degrades 

assymetric dimethylargine (ADMA), a major inhibitor of NOS, thereby increasing NO 

bioavailability. In  this study, changes in eNOS protein expression were in line with elevated 

R-Ras expression with exercise, and reductions with DDAH1 KO, however a potential link 

between the R-Ras and NO pathways has not been looked into [251]. ADMA accumulation is 

linked to endothelial cell apoptosis, a process linked to angiogenesis and maturation of blood 

vessels. Takino et al., found R-Ras inhibited Bax-induced apoptosis of HUVECs, downstream 

of RasGRP, further evidencing a link between R-Ras and angiogenesis and potentially with 

DDAH1 [270]. 

 

1.3.4.4. Nervous system development 

R-Ras signalling is implicated in NS development. In  its active state, the serine/threonine 

protein kinase GSK-3β induces collapse of the actin-based extension of a developing neurite, 

termed a growth cone, which is essential in the development of the NS [238,239,245]. GSK-
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3β is inactivated via PI3K/Akt signalling, and in a developing NS the Sema4D-Plexin-B1 

complex inactivates PI3K to disinhibit GSK-3β allowing collapse of the growth cone. R-Ras 

activates PI3K/Akt, and thus plays a role in inactivating GSK-3β and preventing collapse 

(Figure 1.12) [245]. Likewise, expression of R-Ras38V in the neuronal growth factor-

stimulated PC12 cell line inhibited Sema4D-induced neurite retraction [245]. R-Ras also 

interacts with Eph receptors, a class of protein tyrosine kinases, to aid NS development 

[241,271]. Silencing RNA studies show EphB2/R-Ras mediated inhibition of glioma cell 

proliferation in an organotypic rat brain slice, via MAPK signalling [241]. R-Ras appears to play 

a role in neural tube formation via interactions with VANGL Planar Cell Polarity Protein [272]. 

Finally, in vitro and in vivo studies have suggested an essential role of R-Ras role in 

oligodendrocyte differentiation, which is essential for axonal myelination and effective 

transmission of neural impulses [273,274]. 

 

1.3.4.5. The immune system 

The immune system serves to protect the body from pathogens. The innate immune system 

acts as the first line of defence and recruits phagocytic cells, including macrophages, dendritic 

cells, and neutrophils, which engulf and destroy pathogens upon contact. If the innate immune 

response fails to contain the pathogen spread, the adaptive immune response is activated. 

Unlike the innate immune response, which is non-specific, the adaptive immune response 

acquires a memory of specific pathogens, in the form of antigen-specific receptors expressed 

on T and B cells [275].  

Evidence for the role of R-Ras in the innate immune response is inconsistent; in vitro studies 

in HCAECs found R-Ras38V enhanced monocyte adhesion and increased R-Ras activity 

corresponded to increased expression of connectin segment-1 fibronectin and α5β1 integrins, 

which are mediators of monocyte entry into atherosclerotic regions, dependent on Akt 

activation [276]. Conversely, in vivo studies in atherosclerotic plaques of R-Ras null mice 

found the same F4/80-positive macrophage levels as WT [208].  

R-Ras is more established in the adaptive immune response, and studies have proposed a 

role of R-Ras in T cell priming and trafficking. In  response to infection, naïve T cells are 

trafficked to the lymph nodes via high endothelial venules (HEV) for specialisation. In  WT 

mice, R-Ras is upregulated in the endothelium of HEVs after pathogen inoculation [252]. R-

Ras null mice have smaller lymph nodes and disorganised HEVs [253], and in EC-specific 

inducible R-Ras KO mice pathogen-induced naïve T cell trafficking to lymph nodes is 

attenuated [252]. Moreover, Singh et al., found bone marrow derived dendritic cells from R-



 
64 

Ras null mice exhibit impaired T cell priming and proliferation [254]. R-Ras is also associated 

with autoimmunity; in a model of experimental autoimmune encephalomyelitis characterised 

by hypermyelination, R-Ras null mice had an attenuated disease phenotype, in tandem with 

upregulation of regulatory T cells and reduction in CD4+ and CD8+ T cells [255]. Together 

these studies identify a role of R-Ras in T cell regulation of the adaptive immune response, 

however, there has been no evidence for R-Ras in B cells.  

 

1.3.4.6. Pathological roles of R-Ras 

The other members of the Ras family, H-Ras, K-Ras and N-Ras are acknowledged as 

oncogenes, and are mutated in various cancers [209]. However, the role of R-Ras in cancer 

pathology is disputed. For example, Bcl2, a pro-apoptopic protein downregulated in numerous 

cancers including melanoma, breast and lung cancers, associates with R-Ras, as 

demonstrated in coimmunoprecipitation studies in the NIH3T3   fibroblast cell line [233] and in 

the cervical cancer derived HeLa cell line [256], but with opposing evidence in bone marrow-

derived lymphoblast FDC-P1 cells [273] or the similarly murine bone-marrow derived 32D cell 

line [277]. However, R-Ras38V expression in the human breast carcinoma cell line T47D 

induces migration of cells across collagen, an important process in the formation of tumours 

[256]. More recently, R-Ras has been shown to colocalise with the TGF-β receptor-interacting 

protein in colorectal cancer cells, implicating R-Ras in TGF-β oncogenic signalling via 

MAPK/ERK pathways [278]. Further, induction of skin carcinomas using DMBA/TPA in the R-

Ras null mouse resulted in a reduction in the number of tumours formed, as well as a delay in 

tumour formation [271] indicating an oncogenic role of R-Ras. OPR3, an upstream effector of 

R-Ras promoting β1-integerin activity, is also overexpressed in some cancers suggesting this 

pathway may contribute to an oncogenic role of R-Ras [260]. More recently, R-Ras was linked 

to development of malignant peripheral nerve sheath tumours (MPNSTs) which are 

characterised by loss of the GAP neurofrombin 1 (NF1).  R-Ras is normally inactivated by NF1 

but was found to be constitutively active in MPNSTs. Phosphoproteomic analysis further 

identified alteration in ROCK1 and cortactin signalling pathways, suggesting R-Ras promotes 

actin reorganisation to facilitate pathogenic MPNST cell migration [279] .  

RASopathies, including Noonan syndrome, are a family of neural developmental disorders 

associated with cardiac defects, including pulmonary stenosis, atrial septal defects, and 

hypertrophic cardiomyopathy, and predisposition to malignancies, among other co-

morbidities. Noonan syndrome is characterised by dysregulation of RAS signalling via 

enhanced activation of Ras family members H-Ras, K-Ras, and N-Ras, and upstream 
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modulators [280]. Although R-Ras has not been directly linked to Noonan syndrome 

pathogenesis, activating mutations in RRAS were recently identified in two patients with 

clinical features overlapping with Noonan syndrome, but lacking characteristics for a definitive 

diagnosis. One patient carried an alanine to glycine substitution mutation (R-RasA163G), and 

one patient carried a de novo three-nucleotide duplication (c.116_118dup, p.Gly39dup) 

mutation. The R-RasA163G patient exhibited pulmonary stenosis, although other cardiac 

abnormalities were absent. In silico and in vitro studies demonstrated these mutations 

enhanced GTPase activity by maintaining R-Ras in its GTP-bound active state, thus 

dysregulating MEK/ERK signalling downstream [280]. Nonetheless, these cases are 

extremely rare, and evidence is otherwise lacking for causal R-Ras mutations in RASopathies. 

 

1.4. The Rras-DEL415 KO mouse model  

With strong genetic support of the missense rs61760904 variant in the RRAS  gene associated 

with elevated SBP [11,104,281], DBP [281] and PP [104,281], R-Ras presented as a 

promising candidate for follow up functional studies. A R-Ras KO mouse model, Rras-DEL415, 

was specifically generated for this project via CRISPR-Cas9 on a C57BL/6N background by 

MRC Harwell (UK) in conjunction with the International Mouse Phenotyping Consortium 

(IMPC). Inactivation of Rras in these mice is caused by deletion of 415 nucleotide bases, 

including critical exon 3 and exon 4, to create a KO allele (Figure 1.13). Exon loss was 

validated by MRC Harwell using a WT loss of allele assay with a Dot1l internal control.  

 

Figure 1.13. Generation of the Rras KO allele, Rras-DEL415.  

 

Previous in vivo exploration of R-Ras function has predominantly been in the R-Ras KO mouse 

model generated by Komatsu and colleagues [208]. This model utilised a gene-trap vector 

inserted between exons 4 and 5 to inactivate the Rras gene, using the C57BL6/129Sv strain. 
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Studies in this mouse model have demonstrated R-Ras to play major roles in angiogenesis 

and maturation of blood vessels [297,320,321], smooth muscle restenosis [297], and tumour 

formation [322]. The same group later used a Cre/LoxP mouse for a pericyte-conditional Rras 

KO, highlighting a role of R-Ras in development of the retinal vasculature [269]. This study is 

the first to use the Rras-DEL415 global knockout mouse model, generally referred to as R-

Ras KO in this thesis. Since its generation, IMPC has reported significant phenotypes of the 

Rras-DEL415 mouse, including decreased circulating calcium levels, and increased serum 

albumin and triglyceride levels. However, the BP phenotype of these mice has not been 

measured. Interestingly, the Mouse Genome Informatics (MGI) resource (MGI:5438689, 

[429]) reported decreased B cell number, and increased CD4+ and CD8+ T cell numbers 

phenotypes in the Komatsu et al., model; these phenotypes have not been reported by the 

IMPC for Rras-DEL415 [338], however, it appears lymphocyte levels have not been 

investigated and therefore a similar phenotype may be present.  

Although the rs61760904 RRAS variant is predicted to encode for a D133N mutation, a R-Ras 

KO mouse model was used in this thesis to identify the essential roles of R-Ras in BP control. 

Pilot experiments assessing the BP phenotype in R-Ras KO mice using radiotelemetry found 

an elevated SBP and MAP phenotype in R-Ras KO mice (Figure 1.14). In  support of the 

genetic data, these findings formed the motivation behind this PhD study investigating the 

potential role of R-Ras in BP control and hypertension.  
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Figure 1.14. Pilot radiotelemetry data demonstrates an elevated BP phenotype in R-Ras 

KO mice aged 12 months. WT and R-Ras KO mice were implanted with radiotelemetry 

probes and their BP and HR measured for 2 days diurnally. WT n = 5, KO n = 6. Data is 

analysed using a two-way ANOVA with Sidak’s multiple comparisons test. P values are 

displayed as numerical values, and asterisks indicate significance (p < 0.05).  

 

1.5. Hypothesis and aims   

R-Ras is known to activate PI3k/Akt signalling and is highly expressed in endothelial cells in 

the vasculature. Furthermore, R-Ras signalling is implicated in physiological mechanisms 

related to BP control, namely angiogenesis [37, 47-50, 101], vascular permeability [47-51, 

101] and VSM hyperplasia [37, 47]. Therefore, I hypothesised that R-Ras would regulate 

vascular tone via activation of the PI3K/Akt signalling axis in endothelial cells to promote 

formation of the vasodilatory molecule, NO (Figure 1.15). 
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Figure 1.15. Proposed R-Ras signalling in the vasculature to regulate vasodilation via 

nitric oxide production.  

 

The hypothesis therefore stated: 

“The small G-protein R-Ras interacts with signalling pathways in vascular endothelial and 

smooth muscle cells to promote blood vessel dilation, and the exonic variant modifies R-Ras 

function leading to increases in blood pressure”.  

The specific aims of this PhD were to: 

1. Predict the impact of the SBP-associated exonic variant rs61760904 on R-Ras protein 

expression and function, 

2. Explore the influence of R-Ras on BP phenotype and organ systems in vivo with a 

knock-out mouse model, 

3. Investigate R-Ras signalling in the vasculature, and 

4. Translate findings from the Rras-DEL415 mouse model to humans via genetic 

analyses of the exonic variant using UK Biobank genetic data.  
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2.1. Computational and genetic statistical methods  

2.1.1. Protein structure analysis  

R-Ras full length protein structure prediction was performed using the RoseTTAFold method 

via the Robetta server (https://robetta.bakerlab.org/). RoseTTAFold uses a “three-track” 

neural network, which considers patterns in protein sequence, amino acid interactions, and 

potential 3D structure of proteins [282]. PyMol 2.5 (The PyMOL Molecular Graphics System, 

Version 2.5, Schrödinger, LLC) was used to compare the 3D models of R-Ras and mutant R-

Ras. Root-mean-square deviation (RMSD) of atomic positions was calculated using PyMOL 

with the code “cealign PDB1, PDB2 etc.” to assess alignment. An RMSD value of 0 Å equates 

to a perfect alignment. 

 

2.1.2. Variant damage prediction  

The impact of the rs61760904 variant D133N (the BP variant), and two additional variants 

D133P (an R-Ras variant that disrupts secondary structure) and D133K (an R-Ras variant with 

an opposite charge), on R-Ras protein function were predicted using bioinformatic tools listed 

in Table 2.1.  

 

 

 

 

 

 

 

 

 

 

https://robetta.bakerlab.org/
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Table 2.1. Variant damage prediction tools used to predict the impact of D133N, D133K 

and D133P amino acid substitutions on R-Ras function. 

Prediction tool Input 
Prediction 

method 
URL 

ConSurf FASTA Sequence https://consurf.tau.ac.il/   

Missense3D-DB UniProt ID Structural  http://missense3d.bc.ic.ac.uk/missense3d/  

PolyPhen-2  FASTA Combined http://genetics.bwh.harvard.edu/pph2/ 

PROVEAN FASTA Sequence http://provean.jcvi.org  

MUPro FASTA Structural  http://mupro.proteomics.ics.uci.edu/    

MutPred2  FASTA Combined  http://mutpred.mutdb.org/  

SNAP2 FASTA Combined https://rostlab.org/services/snap/  

SIFT  FASTA Sequence  https://sift.bii.a-
star.edu.sg/www/SIFT_seq_submit2.html 

Prediction methods are classified as using sequence, structural or combined sequence and 

structural analysis.       

 

 sp|P10301|RRAS_HUMAN Ras-related protein R-Ras OS=Homo sapiens OX=9606 

GN=RRAS PE=1 SV=1 

MSSGAASGTGRGRPRGGGPGPGDPPPSETHKLVVVGGGGVGKSALTIQFIQSYFVSDYD

PTIEDSYTKICSVDGIPARLDILDTAGQEEFGAMREQYMRAGHGFLLVFAINDRQSFNEVGK

LFTQILRVKDRDDFPVVLVGNKADLESQRQVPRSEASAFGASHHVAYFEASAKLRLNVDEA

FEQLVRAVRKYQEQELPPSPPSAPRKKGGGCPCVLL 

Figure 2.1. FASTA format of the human R-Ras protein. (NCBI Reference Sequence: 

NC_000019.10, Bethesda (MD): National Library of Medicine (US), National Center for 

Biotechnology Information; [1988] – [cited 2022 Jul 06]. Available from: 

https://www.ncbi.nlm.nih.gov/). 

https://consurf.tau.ac.il/
http://missense3d.bc.ic.ac.uk/missense3d/
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/
http://mupro.proteomics.ics.uci.edu/
http://mutpred.mutdb.org/
https://rostlab.org/services/snap/
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
https://www.ncbi.nlm.nih.gov/
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2.1.2.1. ConSurf 

The ConSurf server analyses the evolutionary conservation of amino acids in a protein based 

on phylogeneity between homologous sequences. ConSurf extracts homologous sequences 

from the protein databases and performs multiple sequence alignment to construct a 

phylogenetic tree. Conservation scores are calculated using empirical Bayesian algorithms 

and provided as a percentage. The amino acid sequence was inputted, and homologous 

sequences were extracted from the PSI-BLAST database. The R-Ras FASTA sequence 

(Figure 2.1) was inputted into the ConSurf server (https://consurf.tau.ac.il/overview.php, 

[Accessed 25 May 2022]). 

 

2.1.2.2. SNAP2  

SNAP2 is a trained classifier that uses neural network machine learning to determine whether 

a non-synonymous SNV has an effect or is neutral [283]. SNAP2 produces a score of -100 to 

+100 (neutral to strong effect) which is (in part) correlated to the severity of the effect. The R-

Ras FASTA sequence (Figure 2.1) including the amino acid substitution was inputted into 

SNAP2 (https://www.rostlab.org/services/snap/ [Accessed 25 May 2022]), with a separate 

query for each mutant (D133N, D133P, D133K).  

 

2.1.2.3. SIFT 

The Sorting Intolerant from Tolerant (SIFT) algorithm uses sequence homology of the input 

sequence to compute the probability that the amino acid substitution will adversely impact 

protein function by assuming substitutions in evolutionary conserved regions are more likely 

to impact function [284,285]. A SIFT score ranging from 0 to 1 is calculated, which is the 

normalised probability of observing the new amino acid at that position. It outputs whether a 

substitution is deleterious or tolerated; normalised probabilities less than the threshold are 

predicted deleterious and those greater or equal to are tolerant. The R-Ras FASTA sequence 

was the protein query sequence and was inputted into SIFT Sequence (https://sift.bii.a-

star.edu.sg/www/SIFT_seq_submit2.html [Accessed 25 May 2022]) with the substitutions of 

interest D133N, D133P, and D133K. The database used to search was UniProt-SwissProt 

2010_09. The median conservation of sequences was set at 3.00 and sequences with more 

than 90% homology with the query sequence were removed to avoid including SNVs in the 

database.  

https://consurf.tau.ac.il/overview.php
https://www.rostlab.org/services/snap/
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
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2.1.2.4. PROVEAN 

Protein Variation Effect Analyzer (PROVEAN) Protein v1.1 [286] predicts the impact of 

variants of protein function by calculating the delta alignment score of the query and variant 

sequence. A threshold of -2.5 for the PROVEAN score was determined based on the 

maximum separation of deleterious and neutral variants for single amino acid substitutions, 

deletions, insertions and replacements [286]. The R-Ras FASTA query sequence (Figure 2.1) 

was inputted into PROVEAN Protein (http://provean.jcvi.org [Accessed 25 May 2022). 

Variants were inputted using Human Genome Variation Society notation (D133N, D133P, 

D133K). The calculated PROVEAN score was provided, and each variant predicted 

“deleterious” or “neutral”. An amino acid substitution is predicted damaging if the PROVEAN 

score is below -2.5. 

 

2.1.2.5. PolyPhen-2 

Polymorphism Phenotyping v2 (PolyPhen-2) predicts the functional impact of a 

nonsynonymous SNV on a protein by using machine-learning trained models to predict 

changes in sequence-based (e.g. disulphide bonds, binding sites) and structural based 

features (e.g. electrostatic interactions, ligand interactions) [287]. The R-Ras FASTA 

sequence (Figure 2.1) was inputted into PolyPhen-2 v2.2.3 

(http://genetics.bwh.harvard.edu/pph2/, [Accessed 25 May 2022]) using a HumDiv-trained 

model, and the variant position and substitution selected. An individual query was submitted 

for each variant (D133N, D133P, D133K). Data is a false positive rate (FPR); mutations are 

classified based on a 5% / 10% FPR threshold. A variant is “probably damaging” if the FPR is 

≤ 5%, “possibly damaging” if ≤ 10%, and “benign” if above 10%. 

 

2.1.2.6. MutPred2 

MutPred2 [288] uses machine learning to quantify the pathogenicity of the amino acid 

substitution but also provides more detailed information on how the structure and function is 

changed and the key sites or amino acid residues affected. It provides 2 outputs: the predicted 

pathogenicity (general score), and a list of potential functional and structural alterations 

resulting from the variant (property score). MutPred2 predicts a general score and a property 

score, both ranging between 0 to 1. A general score closer to 1 is more pathogenic. A property 

score is given to each functional or structural property, with a score closer to 1 denoting that 

http://provean.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
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the pathogenesis of the disease involves a change in the property of the protein [288]. The R-

Ras FASTA sequence was inputed into MutPred2.0 web server (http://mutpred.mutdb.org/ 

[Accessed 25 May 2022], followed by the list of amino acid substitutions (D133N, D133K, 

D133P). A p value threshold of 0.05 was set and the substitution predicted pathogenic if the 

general score was above 0.5.  

 

2.1.2.7. MUpro 

MUpro: Prediction of Protein Stability Changes for Single Site Mutations from Sequences [289] 

directly imputes the sequence into a Support Vector Machine and provides an output of the 

relative stability change (∆∆G). This is predicted based on structure and sequence. ∆∆G output 

provides a magnitude and a sign, the sign being more important as it is indicative of the 

direction of the effect of the amino acid substitution. If ∆∆G is negative it increases stability, if 

positive it is destabilising. The R-Ras FASTA sequence (Figure 2.1) was inputted into MUpro 

web server (http://mupro.proteomics.ics.uci.edu/ [Accessed 25 May 2022]) and the amino acid 

substitutions specified. A separate query was run for each mutant. 

 

2.1.2.8. Missense3D-DB 

Missense3D-DB predicts the structural impact of an amino acid substitution based on pre-

computed atom-based calculations [290]. Missense3D-DB output is “damaging” or “neutral” 

based on 16 structural features: breakage of a disulphide bond, hydrogen bond or salt bridge, 

introduction of a proline or a hydrophilic residue or a charge in buried amino acid, steric clash, 

charge switch or loss of charge in a buried residue, introduction of a residue with disallowed 

phi/psi angles, and change in secondary structure. The UniProt ID for R-Ras 

(A0A024QZF2_HUMAN, Uniprot, 2021) was inputed into Missense3D-DB 

(http://missense3d.bc.ic.ac.uk/missense3d/, [Accessed 25 May 2022]) and the variants 

inputed (D133N, D133K, D133P). The results were provided as the Missense3D prediction 

i.e. Damaging or Neutral, and the structural feature predicted.  

 

2.1.3. RRAS variant association analysis in UK Biobank 

Association analyses of the rs61760904 SNV with SBP were carried out in the UKB cohort by 

Dr. Helen Warren (WHRI, QMUL) (Figure 2.2). The UKB includes genetic data from ~500,000 

http://mutpred.mutdb.org/
http://mupro.proteomics.ics.uci.edu/
http://missense3d.bc.ic.ac.uk/missense3d/
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individuals aged 40 – 69 years (y) recruited between 2006 – 2020 [291]. At assessment, all 

individuals provided electronic signed consent, completed a standardised questionnaire and 

interview focused on health, lifestyle and family history, and blood, urine and saliva samples 

were collected. Phenotypic tests were performed, including two automated measurements of 

BP taken seated after two minutes rest, one measurement apart, using an appropriate cuff 

and an Omron HEM-7015ITdigital BP monitor. Individuals undergo longitudinal follow-up over 

their life course through linkage to routinely available national datasets. Genotyping was 

performed using two arrays –the Affymetrix UK BiLEVE Axiom Array for ~50,000 individuals 

from the UK BiLEVE study [292], and the UKB Axion Array for ~450,000 individuals, together 

including ~850,000 variants directly measured and >90 million variants inputed using the 

Haplotype Reference Consortium and UK10K + 1000 Genomes reference panels [293].  

Briefly, further quality control (QC) of the genetic data, including clustering all individuals by 

ancestry was performed and only individuals of European ancestry were included in this 

analysis for homogeneity. For the simple linear regression analyses, 1st and 2nd degree 

relatives were removed, leaving a total of n = 423,655 individuals for analysis. Mean SBP 

values were calculated from two measurements available and adjusted for BP-lowering 

medication use by adding 15 mmHg. For age-stratified analyses, individuals were grouped 

into two subgroups: ‘younger’ (< 50 y) vs ‘older’ (≥ 50 y).  

The rs61760904 SNV encodes a T>C nucleotide substitution, where T is the minor allele. The 

SNV was directly genotyped and extracted from UKB genetic data using PLINK software 

(http://pngu.mgh.harvard.edu/purcell/plink/ [294]). For the association analyses, genotype 

groups were as follows: CC, homozygotes with no minor alleles; CT, heterozygotes with 1 

minor allele; TT, homozygotes with 2 minor alleles. 

Simple linear regression association testing was performed using two different genetic models 

in R statistical software (Version 4.2.1; R Foundation for Statistical Computing, Austria). For 

analysis of all individuals a per-allelic association model was used. The per-allelic model 

treated the CC, CT, TT genotype groups as a continuous variable according to the SNV risk 

allele score 0, 1, 2, respectively CC vs. CT vs. TT. Analyses were adjusted for covariates: sex, 

age, age2, BMI, genotyping chip, and top 10 principal components for ancestry. For 

subsequent age-stratified analyses, a genotype model was used. The genotype model 

compared each risk allele carrier genotype groups CT and TT vs. the non-carrier homozygous 

group CC as a reference. An age-interaction analysis was also performed, including an 

interaction term SNV*age-subgroup, to test for statistically significant differences in the effect 

of the SNV in younger vs. older individuals (Figure 2.2).  

http://pngu.mgh.harvard.edu/purcell/plink/
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Figure 2.2. Study design schematic for RRAS variant association analysis. 
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2.2. Laboratory materials 

2.2.1. Compounds  

Compounds (Table 2.2) were dissolved in Milli-Q water (mQH2O), dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich, UK), Phosphate Buffered Saline (PBS) (Sigma-Aldrich, UK), 100% ethanol 

(Thermo Fisher Scientific, US) or Nuclease-Free Water (QIAGEN, Germany). The remaining 

compounds, once in solution, were stored at -20°C for up to 6 months. Sodium dodecyl sulfate 

(SDS) was purchased from Riedel-de Haen (Germany). 

 

Table 2.2. List of compounds, preparation, mechanism, and supplier. 

Compound Dissolvent Mechanism of action Supplier 

9,11-dideoxy-9α,11α-
methanoepoxy-prosta-5Z,13E-
dien-1-oic acid (U46619) 

100% 
ethanol 

Thromboxane A2 
receptor agonist  

Cayman 
Chemical, USA 

Acetylcholine chloride (ACh) mQH2O Muscarinic 
acetylcholine receptor 
agonist  

Sigma-Aldrich, 
UK   

Angiotensin II acetate salt 
(ANGII) 

PBS Angiotensin receptor 
AT1 and AT2 agonist  

Bachem, 
Switzerland 

Recombinant Murine VEGF165 Nuclease-
Free Water 

Vascular endothelial 
growth factor (VEGF) 
receptor agonist 

PeproTech, USA 

 

2.3. Cell lines, culture, and passage  

Two cell lines were used for the cellular experiments: primary HUVECs and immortalised 

CHO-K1 cells. Cells were grown in a humidified atmosphere of 95% air and 5% CO2 at a 

temperature of 37°C and procedures carried out in sterile conditions in a Class II laminar flow 

biological safety cabinet.  

Primary HUVECs were provided by Dr Fu Liang Ng (Clinical Pharmacology, WHRI, QMUL). 

The HUVEC cells were derived from human umbilical veins following a protocol adapted from 
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Jaffe et al., 1973 [295]. Briefly, the umbilical vein was cannulated and washed with Hanks’ 

Balanced Salt Solution (HBSS) prior to injection of 0.2% type I collagenase to distend the vein. 

The cord was subsequently clamped upon vein distention and incubated in collagenase for 10 

min at 37°C with gentle massaging. The cord was unclamped and the vein flushed, and the 

fluid collected and centrifuged at 1000 x g for 10 min to isolate HUVECs.  

HUVECs were grown in Endothelial Cell Growth Medium (EGM) (Promocell, Germany) 

supplemented with 0.4% Endothelial Cell Growth Supplement, 0.1 ng/mL Epidermal Growth 

Factor, 1 ng/mL Basic Fibroblast Growth Factor, 0.09% Heparin, 0.0001% Hydrocortisone 

(Promocell, Germany) and 2% penicillin-streptomycin (Thermo Fisher Scientific, US), in 0.2% 

gelatin-coated flasks, and media replaced every 2 days. CHO-K1 cells (ATCC CCL-61TM) were 

maintained in Ham’s F-12 Nutrient Mixture (Sigma, UK) supplemented with 10% foetal bovine 

serum (FBS) (Thermo Fisher Scientific, US) and 2% penicillin-streptomycin. Cell growth and 

morphology was monitored using light microscopy.  

HUVECs and CHO-K1 cells were passaged upon reaching a confluency of 80 – 100%. Media 

was removed and cells washed with 3 mL PBS (Sigma-Aldrich, UK). For cell detachment, cells 

were incubated in 3 mL 10% Trypsin-PBS (Thermo Fisher Scientific, US) if in T75 flasks, and 

1 mL 10% Trypsin-PBS if in T25 flasks, at 37°C for at least 3 min. After detachment of at least 

90% of total cells, trypsin was neutralised with equal volumes of appropriate cell media and 

the cells transferred to a 15 mL falcon tube. Cells were then centrifuged for 4 min x 90 g and 

cell supernatant removed. The remaining cell pellet was resuspended in appropriate media 

and split into T75 flasks at 25% confluency (Sarstedt, Germany) for passage, or T25 flasks or 

6 well plates (Sarstedt, Germany) at 70% confluency in preparation for transfection or drug 

treatment.  

 

2.4. cDNA constructs 

The WT RRAS construct was developed by Nicola Burgess, and purchased from Addgene 

(US) (Addgene plasmid # 38815; http://n2t.net/addgene:38815; RRID:Addgene_38815). WT 

R-Ras and R-Ras mutant constructs, R-Ras D133N, R-Ras D133P and R-Ras D133K, were 

generated by Dr Kate Witkowska (Clinical Pharmacology, WHRI). The R-Ras38V construct 

was developed by Adrienne Cox, and also purchased from Addgene (US) (R-Ras38V: 

Addgene plasmid #14728; http://n2t.net/addgene:14728; RRID:Addgene_14728).  
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2.5. Plasmid DNA replication  

Bacterial transformation was used to clone and maintain plasmid DNA stocks. DNA is 

introduced into bacterial cells possessing the ability to uptake exogenous material, termed 

competent cells. Bacterial cells produce multiple copies of plasmid DNA which can be 

extracted to make up a stock of DNA ready for use in transfection procedures.  

 

2.5.1. Bacterial transformation  

One tablet of Luria-Bertani (LB) broth (10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl, 2.2 

g/L inert binding agents, Sigma-Aldrich, UK) was added to 50 mL of mQH2O and autoclaved. 

To prepare agar plates, one tablet of LB broth with agar (Sigma-Aldrich, UK) was added per 

50 mL mQH2O, autoclaved, and mixed with the antibiotic carbenicillin at 100 ng/mL. Once 

cooled, the LB-agar mixture was poured into sterile petri dishes and stored at 4°C. For 

bacterial transformation, competent cells (NEB® 5-alpha Competent E. coli High Efficiency; 

New England Biolabs, US) were thawed on ice. 100 ng of DNA was mixed with 50 µL of 

competent cells and incubated on ice for 30 min, prior to heat-shock at 42°C for 30 s and a 

further 5 min incubation on ice. Cells were transferred to 950 µL of LB broth and transferred 

to a shaker heated at 37°C for 60 min, vigorously shaking at 250 rpm. Cells were thoroughly 

mixed and spread on a pre-warmed agar plate and incubated overnight in a dry incubator at 

37°C.   

 

2.5.2. Bacterial growth 

The following day, a single bacterial colony was gathered using a sterile pipette and added to 

2 mL LB broth with 100 ng/mL carbenicillin in a falcon tube. The bacterial culture was 

incubated at 37°C shaking at 250 rpm for 12 h. The culture was then either mixed with 50% 

glycerol-mQH2O to create a glycerol stock and stored at -80°C, or the plasmid DNA was 

isolated for short-term storage, as described below.   

 

2.5.3. Plasmid DNA isolation  

Plasmid DNA isolation was carried out using the QIAGEN Plasmid Midi Kit (QIAGEN, 

Germany), according to the manufacturer’s instructions. The overnight bacterial culture was 

centrifuged at 3000 g for 15 min at 4°C, and the resultant pellet resuspended in 4 mL of 
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resuspension buffer supplemented with RNase A. Following resuspension, lysis buffer was 

added and the solution inverted 6 times prior to 5 min incubation at room temperature. Lysis 

was halted with chilled neutralization buffer and the solution mixed vigorously prior to a further 

5 min incubation at room temperature. The resultant precipitant, composed of genomic DNA, 

proteins, and cell debris, was filtered from the solution using 150 mm Whatman filter paper, 

and the clear solution containing plasmid DNA collected. The solution was passed through a 

calibrated QIAGEN-tip and washed 2 times with wash buffer before elution of DNA with elution 

buffer. DNA was precipitated with 3.5 mL isopropanol at room temperature and the resultant 

solution was centrifuged at 3000 g for 90 min at 4°C. The supernatant was discarded and the 

DNA pellet washed with 1 mL of 70% ethanol prior to centrifugation at 20,000 g for 10 min. 

The supernatant was discarded and the ethanol wash repeated. Again, the supernatant was 

discarded and the pellet air-dried for 10 min. Finally, the DNA pellet was dissolved in 1 mL 

nuclease-free water and the DNA concentration was measured using a NanoDrop 2000 

Spectrophotometer (Thermo Fisher Scientific, US), according to the manufacturer’s protocol. 

Plasmid DNA was sequenced by the Genome Centre, and sequence alignment carried out 

using the BLAST programme (National Centre for Biotechnology Information, US) to confirm 

DNA identity.    

 

2.6. Cell transfection 

2.6.1. Lipofectamine  

Transfections were performed in CHO-K1 cells using Lipofectamine 2000 reagent (Thermo 

Fisher Scientific, US) with R-Ras variants D133N, D133P, and D133K, to study the impact of 

RRAS gene mutation on protein expression in a cell system. The day before transfection, 

CHO-K1 cells were seeded into a 6 well plate at a density of 1 – 2 x 106 cells per well and 

grown overnight to a reach a confluency of 80%. Media was aspirated and cells were washed 

with PBS prior to addition of 2 mL reduced-serum medium Opti-MEM (ThermoFisher, US). 

DNA and Lipofectamine reagent were diluted separately in 150 µL Opti-MEM before transfer 

of the Lipofectamine solution to the DNA. The mixture was incubated for 5 min at room 

temperature to allow DNA-lipid complexes to form, and subsequently added dropwise to cells, 

reaching a final amount of 500 ng of DNA and 9 µL of Lipofectamine reagent per well. Opti-

MEM was changed for fresh Ham’s F12 Nutrient Mixture supplemented with 10% FBS and 

2% penicillin-streptomycin after a 5 h incubation. Cells were lysed 48 h post transfection in 

preparation for analysis of protein levels with Western blotting.    
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2.6.2. Nucleofection  

HUVECs, primary cell lines, were transfected with the constitutively active form of R-Ras, R-

Ras38V. HUVECs of passage numbers 2 to 9 were split and grown in 75 cm2 flasks for 2 days 

prior to Nucleofection and were ready for Nucleofection at a cell confluency of 80%. The P5 

Primary Cell 4D-Nucleofector X Kit (Lonza, Switzerland) was used, and Nucleofection carried 

out according to the optimised Amaxa 4D-Nucleofector Protocol for HUVEC Transfection in 

Suspension (Lonza, Switzerland). Mastermixes of 100 µL Nucleofector Solution with a final 

volume of 2 µg GFP and 2 µg of R-Ras38V was prepared at room temperature. Cells were 

detached with 10% trypsin-PBS, as described in section 2.3. Cells were resuspended in trypan 

blue and cell number determined using a haemocytometer under an optical microscope. The 

appropriate volume of cell suspension to achieve a final cell number of 5 x 104 to 1 x106 cells 

per transfection condition was centrifuged for 10 min x 90 g. The supernatant was aspirated, 

and the remaining cell pellet resuspended in the appropriate mastermix before transfer into a 

100 µL Nucleocuvette (Lonza, Switzerland). Nucleocuvettes were immediately placed into the 

4D-Nucleofector™ X Unit (Lonza, Switzerland) and the CA-167 programme initiated. After run 

completion, cells were transferred into 35 mm dishes with 14 mm glass diameter coverslips 

(MatTek, US) containing 2 mL pre-warmed media for imaging, or 25 cm2 flasks containing 3 

mL pre-warmed media for Griess and Western blot analysis, and grown for 2 days prior to 

analysis.  

 

2.7. Immunofluorescence microscopy  

HUVECs were co-transfected with 2 µg GFP and R-Ras38V, as described in Chapter 2.6.2, 

to allow validation of transfection efficiency with epifluorescence imaging. Immediately after 

Nucleofection, HUVECs were seeded into 35 mm glass bottom microwell dishes with a 14 mm 

glass diameter pre-coated with 0.2% gelatin. 48 h post transfection, cells were washed with 

PBS and 2 mL colourless media was added (Opti-MEM, Thermo Fisher Scientific, US) for 

immunofluorescent and confocal imaging. Cells were imaged with a Nikon Eclipse TE200 

Inverted microscope (Nikon, Japan) with a 20x microscopic lens. Cells were excited with a 

488 nm wavelength laser to detect GFP fluorescence. Confocal imaging was performed on 

the same cells to allow estimation of transfection efficiency. Images were processed with Fiji 

(ImageJ).  
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2.8. Cell Lysis   

Cell lysis was performed 2 days post transfection, in preparation of protein lysates for analysis 

with Western blotting. Media was aspirated and cells washed with ice cold PBS before addition 

of lysis buffer (50 mM Tris-HCl pH 6.8 (BioRad, UK), 10% glycerol (VWR International, US), 

2% SDS (Riedel-de Haen, Germany) and mQH2O) supplemented with Halt Protease Inhibitor 

Cocktail (ThermoFisher Scientific, US) at a 1:1,000 dilution. 100 μL of lysis buffer was required 

for each well in a 6 well plate, 300 μL for 25 cm2 flasks and 850 μL for 75 cm2 flasks. Cells 

were incubated on ice for 2 min and a cell scraper used to gather the cell lysate before transfer 

to Eppendorf tubes. The cell lysate was homogenised, before heating at 95C for 3 min and 

subsequent centrifugation at 20,000 g for 10 min at 4C. The supernatant containing the 

protein lysate was collected and the remaining cell pellet discarded. Protein concentration was 

analysed using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, US), 

according to the manufacturer’s protocol.  

 

2.9. Western blotting 

2.9.1. Sample preparation  

HUVEC and CHO cell lysates were prepared at a 1:4 ratio with 6 x loading buffer (4% SDS, 

20% glycerol, 0.004% bromophenol blue) (Sigma-Aldrich, UK) and 100 mM β-

mercaptoethanol (Sigma-Aldrich, UK) and diluted in SDS lysis buffer to reach a final protein 

volume of 20 – 30 μg per well. Protein samples were heated at 95°C for 5 min prior to 

centrifugation at 20,000 g for 3 min at room temperature. Polyacrylamide gels were cast on 

the day of the experiment, and composed of mQH2O, 30% Acrylamide/Bis (BioRad, UK), 1.5 

M Tris-HCl (pH 6.8 for stacking gel, pH 8.8 for resolving gel), 10% SDS, 10% Ammonium 

Persulfate (APS) (Sigma-Aldrich, UK) and N,N,N’,N’-Tetramethylethylenediamine (TEMED) 

(Sigma-Aldrich, UK). A resolving gel was made at a gel percentage of 8 – 12%, depending on 

the protein of interest, and stacking gel was made at a gel percentage of 4%. The PageRuler 

Plus Prestained Protein Ladder (Thermo Fisher Scientific, US) was used as an indicator of 

molecular weight (in kilodaltons (kDa)). 10 µL of protein ladder was loaded into the first lane, 

and 20 – 30 µg of protein sample into the subsequent wells. 
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2.9.2. Gel electrophoresis and sample transfer to membrane 

Loaded gels were placed into tanks containing running buffer (25 mM Tris-Base, 190 mM 

glycine and 0.1% SDS) and run at 100 mV for 20 min until samples reached the resolving gel, 

before running at 120 mV until completion. PVDF membranes (Amersham Hybond Western 

blotting membranes, GE Healthcare, US) were cut to the gel size and pre-soaked in 100% 

methanol. Gels were extracted from the cast and placed on the PVDF membranes. For 

membrane transfer, the gel and membrane were sandwiched in between four sheets of 0.03 

cm thick blotting paper (Amersam Hybond blotting paper, GE Healthcare, US) and sponges, 

and placed in a transfer tank filled with transfer buffer (25 mM Tris base, 190 mM glycine, 20% 

methanol), and a 75 mV was applied for 90 min. 

 

2.9.3. Protein detection  

Membranes were removed from transfer apparatus and blocked in 10 mL 5% non-fat milk for 

detection of non-phosphorylated proteins, or 5% Bovine Albumin Serum (BSA) (Sigma-

Aldrich, UK) for detection of phosphorylated proteins, in TBS-T (20 mM Tris-HCl pH 7.5, 150 

mM NaCl, 0.1% Tween 20 (Sigma-Aldrich, UK). After blocking, membranes were incubated 

with a primary antibody (see Table 2.3) overnight at 4°C. Membranes were subsequently 

washed with T-BST 3 times for 15 min, and incubated with the appropriate HRP-conjugated 

secondary antibody (Amersham ECL Anti-Mouse IgG HRP-Linked Whole Antibody (from 

Sheep) or Amersham ECL Anti-Rabbit IgG HRP-Linked Whole Antibody (from Goat) (GE 

Healthcare, US) at a 1:5,000 dilution for 1 h at room temperature. The membrane was washed 

again and incubated with Luminata Classico Western HRP Substrate (Sigma-Aldrich, UK) for 

2 min, before protein band visualisation with the chemiluminscent imaging system 

GeneGnome XRG and GeneSys software (Syngene, India). For reprobing, the membrane 

was stripped with stripping buffer (2% SDS, 0.05 M Tris-HCl 6.8, 1% β-mercaptoethanol) for 

7 min prior to washing for 15 min 3 times. The membrane was then ready to be blocked and 

re-probed for detection of an alternative protein. The blot was stripped and re-probed a 

maximum of 3 times. Signal intensity of protein bands was analysed with ImageJ software 

(NIH, US) and normalized to the loading control signal (GAPDH) using the following equations: 

𝑙𝑎𝑛𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑙𝑎𝑛𝑒

ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 ℎ𝑜𝑢𝑠𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑏𝑙𝑜𝑡
 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 =
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙

𝑙𝑎𝑛𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
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Table 2.3. Primary antibodies used in Western blotting assays. 

Primary Antibody Origin Clonality Dilution Supplier Cat no. 

Anti- RRAS Rabbit Polyclonal 1:1000 CST, UK #8446 

Anti-NOS3 Mouse Monoclonal 1:1000 Santa Cruz, USA sc-376751 

Anti-Phospho-
eNOS (Ser1177) 

Rabbit Polyclonal 1:1000 BD Biosciences, 
USA 

612393 

Anti-GAPDH Mouse Monoclonal 1:2000 Santa Cruz, USA sc-32233 

 

2.10. Animals  

Global R-Ras knockout (KO) mice (Rras-DEL415-EM1-B6N) were generated using CRISPR-

Cas9 technology by MRC Harwell (UK) in conjunction with the International Mouse 

Phenotyping Consortium (IMPC). These mice have a C57BL/6N genetic background. 

Inactivation of Rras in these mice is caused by deletion of 415 nucleotide bases, including 

exon 3 and exon 4, to create a KO allele (Rras-DEL415) (Figure 2.3). All experiments were 

conducted in accordance with the Guide for the Care and Use of Laboratory Animals published 

by the British Home Office regulations and by the National Institutes of Health (NIH), under 

the Project Licence PPL PE9055EAD.   

WT Rras allele   

5′-TGTCTGACTATGATCCCACCATTGAAGATTCCTACACAAAGATCTGCACTGTGGACG 

GCATCCCTGCACGGCTGGACAGTGAGGATGGGATGGCTGGGCTTGGAAGGGAGGCA

GGGGGCAAGACTCAGAGGATTTGTGAACATGCCCAGGACAACCTGGGGGGACCCACA

CGTTTCTCTCTCTGTCTCCACAGTCCTGGACACTGCGGGGCAAGAGGAATTTGGTGCC

ATGCGGGAGCAGTACATGCGTGCTGGCAACGGCTTCCTGCTGGTGTTTGCCATTAAC

GACAGGCAGAGGTGAGGGGGATGCTGGTGGGCCTGGCTGAGCACGGGGCAGGTTCC

TGCTAAGGTGGTGCCTCATGCTACTGACTTCTCTTGCAGTTTCAATGAGGTGGGCAAG

CTCTTCACACAGATCCTCAGAGTCAAGGACCGGGATGATTTCCCCATTGTGTTGGTTG

GGAACAAGGCAGATCTGGAGAACCAGCGCCAGGTTTGAGATGCCCCCTCCCCTGGTC
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ACCCCCATTTGGACCTAGGAAGCTCTCTCAGGTGACCATCTCCTACTCTGGATCCCTG

GTCCCTCTATTGTCACAACTTTCACTTAAGAGATGACCCCCCAAGAGGAATCGCCCATC

ACTGAGCCACACCCCTGGCCATCACTGAGGGATTCTAACCAGGACCCCTAGCACTGA

GCCACGGTCCTGGCCCTTATACTAATCCGTTGATACTGGTTCCCCTGTCCTGAA-3′ 

 

KO Rras allele: 415 nt deletion (Rras-DEL415-EM1-B6N) 

5′-TGTCTGACTATGATCCCACCATTGAAGATTCCTACACAAAGATCTGCACTGTGGACG 

GCATCCCTGCACGGCTGGACAGTGAGGATGGGATGGCTGGGCTTGGAAGGGAGGCA

GGGGGCAAGACTCAGAGGATTTGTGAACATG[415xntxdeletion]CTCTGGATCCCTGGT

CCCTCTATTGTCACAACTTTCACTTAAGAGATGACCCCCCAAGAGGAATCGCCCATCAC

TGAGCCACACCCCTGGCCATCACTGAGGGATTCTAACCAGGACCCCTAGCACTGAGC

CACGGTCCTGGCCCTTATACTAATCCGTTGATACTGGTTCCCCTGTCCTGAA-3′ 

Figure 2.3. Nucleotide sequence of WT Rras allele and KO Rras alleles generated by 

deletion of 415 nucleotide bases spanning the critical exons 3 and 4 (MRC Harwell, UK 

in conjunction with IMPC). Red lettering indicates the deleted nucleotide bases. Genotyping 

primer sequences are highlighted (pink: forward 1, green: forward 2, grey: reverse, see table 

2.4). Sequences are in the 5′ – 3′ direction.  

Male and female mice were used in experiments. Mice were homed in standard Perspex 

cages at room temperature and a 12 h dark light cycle, with wood chip bedding, paper nesting 

and enrichment tubes, and access to hard diet and water at all times. All mice were bred in 

house and caged with at least one other, except for post-surgery where they were individually 

caged. Young adult mice were used for experiments between 8 and 15 weeks of age, and 

aged mice between 10 to 12 months. 

 

2.10.1. Genotyping  

2.10.1.1. DNA extraction  

Genomic DNA was isolated from mouse ears for genotyping. Ear clips were lysed in 75 µL of 

25 mM NaOH/0.2 mM EDTA at 95°C for 30 min with intermittent vortexing. The resultant lysate 
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was neutralised with 75 µL of 40 mM Tris-HCl (pH 5.5), and the DNA product stored at -20°C 

until ready for use. 

 

2.10.1.2. Polymerase chain reaction  

Two PCR reactions were run in parallel with two sets of custom primers (Table 2.4, Integrated 

DNA Technologies, UK). Reaction 1 (R1) includes a forward primer (F1) located before the 

excised exon, and a reverse primer located after the excised exon 4 (R) (Figure 2.3).  Reaction 

2 (R2) includes a forward primer (F2) located within the excised exon and the same reverse 

primer (R) as R1 (Figure 2.3). 2 µL of template DNA, or nuclease-free water for the negative 

control, was mixed with 12.5 µL BioMixTM Red containing Taq DNA polymerase (Bioline, 

Ireland), 5 µL of forward and reverse primers (Table 2.4) and 5.5 µL nuclease free water in 

PCR tubes. PCR tubes were placed in a thermal cycler (VWR International, US) and the 

appropriate cycling programme initiated (Table 2.5). Samples were stored at -20°c or analysed 

using gel electrophoresis.  

 

Table 2.4. Primer sequences for Rras-DEL415 mouse genotyping. 

Primer Nucleotide sequence 5′ – 3′ 

F1 5′-TGTCTGACTATGATCCCACCATTG-3′ 

F2 5′-GCTGGTGTTTGCCATTAACG-3′ 

R 5′-TTCAGGACAGGGGAACCAGTA-3′ 

Primers are listed in the 5′ – 3′ nucleotide sequence direction. Custom primers were produced 

by Integrated DNA Technologies, UK.  
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Table 2.5. Thermal cycling conditions for Rras-DEL415 mouse genotyping. 

Step Temperature Time 

Denaturation 94 °C 5 min 

Cycle x 34 

Denaturation 94 °C 30 s 

Annealing 61 °C 30 s 

Extension 72 °C 1 min 

Close cycle 72 °C 5 min  

 

2.10.1.3. Gel electrophoresis 

A 1% agarose gel was prepared by dissolving 1 g of agarose powder (Sigma-Aldrich, UK) in 

100 mL 1x Tris Acetate-EDTA (TAE) buffer (Thermo Fisher Scientific, US), and 5 µL of Midori 

Green dye was added (Nippon Genetics, Europe, Germany). The liquid gel was poured into a 

casting tray and combs inserted to create wells, before setting at room temperature for 20 min. 

Once set, the gel was placed in an electrophoresis tank containing enough TAE buffer to cover 

the surface of the gel, and the combs were removed. 25 µL of PCR product was loaded into 

the resultant wells, parallel to 5 µL of 100 bp DNA ladder (Thermo Fisher Scientific, US), and 

a voltage of 110 mV applied for 45 min. After run completion, DNA fragments were visualised 

using GeneGnome XRG and GeneSys software (Syngene, India).   

 

2.11. RNA isolation  

Ribonucleic acid (RNA) was extracted from tissues using the RNeasy Fibrous Tissue Mini Kit 

(QIAGEN, Germany), for real-time quantitative polymerase chain reaction (qPCR) or RNA 

sequencing. The integrity of RNA must be maintained for accurate analysis. However, RNA is 

relatively unstable and is sensitive to oxidation and degradation by RNAses [296]. Therefore, 

RNA samples must be stored quickly at minus temperatures or in reagents that have been 

developed to stabilise RNA, such as RNAlater (ThermoFisher Scientific, US). It is also 
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important to perform RNA isolation quickly and using RNAse-free equipment to maintain the 

integrity of RNA for accurate analysis.  

For qPCR, organs were excised from mice and snap frozen in liquid nitrogen. For RNA 

sequencing, whole aortas were excised from mice and transferred to ice-cold PBS (Sigma-

Aldrich, UK). Aortas were quickly cleaned of connective tissue and fat and flushed with ice-

cold PBS (Sigma-Aldrich, UK) to remove blood, and stored in RNAlater (Thermo Fisher 

Scientific, US) at -20°C for up to a month, or -80°C for longer term storage, until ready for 

processing.  

On the day of RNA extraction, surfaces and tools were wiped down with RNaseZap (Thermo 

Fisher Scientific, US) to avoid RNA degradation by RNases. If extracting RNA from snap 

frozen tissues, tissues were broken down using a pestle and mortar chilled with liquid nitrogen 

and <30 mg of tissue transferred to a 2 mL Tissue grinding CKMix Precellys tube (Bertin 

Instruments, France) with 300 µL buffer RLT (QIAGEN, Germany) supplemented with 10 μL 

β-mercaptoethanol (Sigma-Aldrich, UK). For RNA sequencing, aortas stored in RNAlater 

(ThermoFisher Scientific, US) were thawed on ice and transferred to a 2 mL Tissue grinding 

CKMix Precellys tube (Bertin Instruments, France) containing 50 µL buffer RLT (QIAGEN, 

Germany). Tissues were homogenised using the Precellys Evolution (Bertin Instruments, 

France) with a programme of 6 x 20 s pulses with 30 s pause, at 6000 rpm and 0°C. Lysed 

samples were transferred to RNase-free 1.5 mL tubes (QIAGEN, Germany) and quickly 

centrifuged to remove bubbles. 590 µL RNase-free water (QIAGEN, Germany) and 10 µL or 

Proteinase K solution (QIAGEN, Germany) was added and the sample was thoroughly mixed 

by pipetting, prior to 10 min incubation at 55°C. The sample was then centrifuged at 20,000 g 

for 3 min and 800 µL of the supernatant was transferred to a new RNase-free 1.5 mL tube 

(QIAGEN, Germany). 400 µL of 100% ethanol was added to the sample and mixed thoroughly 

by pipetting. 700 µL of the sample was transferred to a RNeasy Mini spin column (QIAGEN, 

Germany) placed in a 2 mL collection tube (QIAGEN, Germany). The sample was centrifuged 

at room temperature for 15 s at 20,000 g and the flow-through discarded. This was repeated 

with the remainder of the sample. On column DNase digestion was performed on samples for 

RNA sequencing. 350 μL Buffer RW1 (QIAGEN, Germany) was added directly to the RNeasy 

Mini spin column, prior to centrifugation at room temperature for 15 s at 20,000 g to wash the 

membrane. 10 μL DNase I stock solution (QIAGEN, Germany) was added to 70 μL Buffer 

RDD (QIAGEN, Germany) and mixed by gentle inversion. 80 μL of the DNase I incubation mix 

was added directly to the RNeasy Mini spin column (QIAGEN, Germany) membrane to ensure 

complete DNAse digestion, and placed on the benchtop at room temperature for 15 min. The 

membrane was washed again by addition of 350 μL Buffer RW1 (QIAGEN, Germany) and 
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centrifugation for 15 s at 20,000 g. For qPCR, DNase digestion was omitted, and the 

membrane washed with addition of 700 μL of Buffer RW1 and centrifugation for 15 s at 20,000 

g. 500 μL Buffer RPE was added to the RNeasy Mini spin column (QIAGEN, Germany) and 

centrifuged at room temperature for 15 s at 20,000 g. The flow-through was discarded and 

500 μL Buffer RPE (QIAGEN, Germany) added and centrifuged at room temperature for 2 min 

at 20,000 g. The RNeasy Mini spin column was placed in a new 2 mL collection tube (QIAGEN, 

Germany) and centrifuged for 1 min at 20,000 g to ensure no Buffer RPE or ethanol carryover. 

The RNeasy Mini spin column (QIAGEN, Germany) was placed in a new 1.5 mL collection 

tube (QIAGEN, Germany) and 30 μL RNase-free water (QIAGEN, Germany) added directly 

to the membrane. RNA was eluted by centrifugation for 1 min at 20,000 g at room temperature. 

Elution was repeated with an additional 30 μL RNase free water (QIAGEN, Germany). RNA 

concentration was determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific, US).  

 

 

2.12. Real-time quantitative polymerase chain reaction  

2.12.1. Reverse transcription  

cDNA was produced from extracted RNA using the Applied Biosystems™ High-Capacity 

cDNA Reverse Transcription Kit with RNase inhibitor (Thermo Fisher Scientific, US). 10 μL of 

the 2x reverse transcription (RT) mastermix was prepared with RNase inhibitor per reaction 

by mixing 2 μL 10 x RT buffer, 0.8 μL 25 x dNTP mix (100 nM), 2.0 μL RT Random Primers, 

1 μL MultiScribe™ Reverse Transcriptase, 1 μL RNase Inhibitor, and 3.2 μL Nuclease-free 

water on ice. 10 μL of 2 x RT master mix was pipetted into a 0.2 ml Flat Cap PCR Tube 

(Starlab, UK). Extracted RNA was diluted to reach a volume of 2 μg in 10 μL of Nuclease-free 

water for each reaction, and added to the 2 x RT master mix, before mixing by pipetting up 

and down and brief centrifugation to remove air bubbles. Samples were placed in a thermal 

cycler with the conditions in Table 2.6. and a reaction volume set to 20 μL. cDNA was 

quantified immediately with qPCR or stored at -20c.  
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Table 2.6. Thermal cycling conditions for the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, US). 

 Temperature Time 

Step 1 25 °C 10 min 

Step 2 37 °C 120 min 

Step 3 85 °C 5 min 

Step 4 4 °C Infinite hold 

 

2.12.2. TaqMan Gene Expression assay  

Gene expression was measured using the Applied Biosystems TaqMan Gene Expression 

assay (Thermo Fisher Scientific, US). The Rras probe Mm00485861_g1 (Table 2.7, Thermo 

Fisher Scientific, US) crosses the junction between exon 3 and 4, within the region of 

nucleotide deletion in the Rras-DEL415 mouse model. Probes were FAM labelled. 

 

Table 2.7. ID, sequence, and exon junctions spanned by Rras and Gapdh TaqMan 

probes (Thermo Fisher Scientific, US) used for gene expression quantification with real-

time qPCR. 

Gene Sequence Cat. No. Exon 
junction 

Rras 5′-TCTCTTGCAGTTTCAATGAGGTGGGC-3′ Mm00485861_g1 3 – 4 

Gapdh 5′-GAACGGATTTGGCCGTATTGGGCGC-3′ Mm99999915_g1 2 – 3 
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cDNA was diluted in Nuclease-free water to a concentration of 10 ng/μL. Each sample was 

assayed in triplicate. Gapdh (Table 2.7, Mm99999915_g1, Thermo Fisher Scientific, US) was 

used as the reference gene, and a no template control (NTC) was carried out with no DNA for 

both Rras and Gapdh. A mastermix was made up of 10 μL 2✕ TaqMan® Gene Expression 

Master Mix (Thermo Fisher Scientific, US) and 1 μL probe. 11 μL of the mastermix was 

pipetted into a 96 well non-skirted PCR plate (Thermo Fisher Scientific, US) and 9 μL of 

sample DNA added, resulting in a total reaction volume of 20 μL. The plate was briefly 

centrifuged, loaded into the qPCR thermal cycler (CFX96 Touch Real-Time PCR Detection 

System, BioRad, UK), and the appropriate cycling conditions initiated (Table 2.8).  

 

Table 2.8. Thermal cycling conditions for real-time qPCR. 

Step Temperature Time 

Hold 50 °C 2 min 

Hold 95 °C 10 min 

Cycle (40 Cycles) 95 °C 15 s 

60 °C 1 min 

 

 

2.13. Organ bath pharmacology  

In this study, the organ bath was used to compare the ability of thoracic aortas isolated from 

WT and R-Ras KO mice to contract and dilate in response to U46619 and acetylcholine (ACh), 

respectively. Thoracic aortas were mounted on two parallel wires in an organ bath, and 

changes in tension in response to drug addition were recorded (Figure 2.4). Concentration 

response curves (CRCs) of U46619-induced contraction and subsequent ACh-induced 

relaxation were carried out to assess vascular smooth muscle and endothelial function of the 

vessel (Figure 2.4).  
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Figure 2.4. Example trace of ACh-induced vasodilation of a thoracic aorta segment pre-

contracted with U46619, using the organ bath technique. The arrows indicate addition of 

U46619 and cumulative addition of ACh.  

 

2.13.1. Isolated vessel preparation  

The thoracic aorta from mice aged 12 – 16 weeks was isolated and cleaned of connective 

tissue and blood in Krebs-bicarbonate buffer composed of (mmol/L): NaCl 118, KCl 4.7, CaCl2 

2.5, NaHCO3 25, KH2PO4 1.2, MgSO4 1.2, glucose 10. 2 mm aortic rings were mounted onto 

two parallel tungsten wires 25 μm in diameter in 10 mL organ baths of a Mulvany-Halpern 

myograph (620 M Multi Wire Myograph System, Danish Myo Technology, Denmark) filled with 

6 mL Krebs-bicarbonate bubbled with 5% CO2 and 95% oxygen, at 37°C. Changes in tension 

were recorded via an isotonic transducer connected to the wires using PowerLab hardware 

(AD Instruments, UK) and LabChart 8 software (AD Instruments, UK). Upon mounting, a pre-

tension of 5 mN was applied and the aortic rings were equilibrated for 60 min with washing 

every 15 min. The tension was re-adjusted if it dropped below 5 mN. 
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2.13.2. Assessment of vascular function  

After equilibration, the tension was zeroed, and the aortic rings were stimulated with 48 mM 

potassium chloride to assess their functional integrity. The aortas were washed for 15 min until 

the tension returned to 0 mN, and this step repeated. The aortic segments were treated with 

1 μM U46619 (Cayman Chemical, US) for 5 min or until the maximum response could be 

estimated, then washed with Krebs-bicarbonate every 15 min for at least 60 min, until the 

tension returned to 0 mN. To measure endothelial function of the aortas, segments were 

stimulated with U46619 to reach 50 – 80% contraction and a cumulative concentration-

response curve to ACh (Sigma-Aldrich, UK) (1 nM – 10 µM) was performed. A maximum ACh-

induced relaxation of over 75% indicated an intact endothelium. The aortic rings were washed 

3 times for 15 min and a cumulative concentration response curve using U46619 (1 nM – 10 

μM) was carried out to assess smooth muscle function.    

 

2.14. Aortic sprouting assay  

The pro-angiogenic role of R-Ras has been demonstrated in in vivo and ex vivo angiogenic 

assays [268,297]. In  this thesis, the aortic sprouting assay performed by Komatsu and 

Ruoslahti was replicated in the Rras-DEL415 mouse model to confirm the cardiovascular 

phenotype. The preparation of the aortic rings and coating the wells with the collagen matrix 

is primarily performed outside of the sterile hood, however sterility is paramount to ensure the 

preparation does not become infected as this will impact vessel growth. Tools were autoclaved 

and surfaces continuously wiped with 70% ethanol to maintain sterility.   

Mice aged 8 – 10 weeks were euthanised and briefly submerged in 70% ethanol. The thoracic 

aortas were removed and transferred to a petri dish containing ice-cold Opti-MEMTM Reduced 

Serum media with GlutaMAXTM supplement (Gibco, ThermoFisher Scientific, US). Aortas were 

cleaned of fat and connective tissue, and gently flushed with ice cold media to remove blood. 

This was done carefully to avoid damaging the endothelium as this impacts sprouting ability. 

Aortic rings of ~0.5 mm were cut (~15 from each aorta) and embedded in 1 mg/mL collagen 

matrix (type 1 rat tail, Millipore, US) in a Corning™ Costar™ 96-well cell culture-treated clear 

flat-bottom microplate (Thermo Fisher Scientific, US) at 4°C to prevent depolymerisation. The 

plate was covered and left at room temperature for 15 min prior to incubation for 1 h 37°C in 

to allow for matrix polymerisation and embedding of aortic rings. The remaining steps were 

performed in a Class II laminar flow biological safety cabinet. Following incubation, 150 µL 

Opti-MEMTM + GlutaMAXTM media supplemented with 2.5% FBS (Thermo Fisher Scientific, 
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US), 2% penicillin-streptomycin (Thermo Fisher Scientific, US) and with 30 ng/mL recombinant 

murine VEGF165 (ProteinTech, US) to induce angiogenesis, or without as a control, was added 

to each well. Plates were incubated in a humidified atmosphere of 95% air and 5% CO2 at 

37°C. Media was changed on day 3 and 5, and aortic rings were imaged on day 7 using a 

Nikon Eclipse Ts100 microscope connected to a DS-L3 camera control unit (Nikon, Japan). 

The number of aortic sprouts was counted using the Cell Counter plugin in ImageJ (Fiji). 

Conditions were masked, and the mean number of aortic sprouts of all rings was taken for 

each mouse. 

 

2.15. Surgical procedures 

All surgical procedures were performed under aseptic conditions. Mice were anaesthetised 

with isoflurane (5% induction, 1.5% maintenance). Buprenorphine (0.1 mg/kg) was 

administered via subcutaneous injection pre-operatively as a pre-emptive analgesic, 8 – 12 h 

after surgery for 48 h, and thereafter if showing visible signs of pain. Post-surgery, mice were 

singly housed in sterile standard Perspex cages and provided soft diet. The mice were 

weighed pre-operatively to calculate the dose of analgesia, and weight was monitored post-

operatively for 7 days. Mice were humanely culled if weight dropped by 20% of pre-operative 

weight, or if showing symptoms of ongoing pain or infection.  

 

2.15.1. Implantation of radiotelemetry probes 

PA-C10 probe (DSI, US) catheters were implanted in the carotid artery of mice aged 8 weeks, 

and the transmitter implanted subcutaneously in the right flank (Figure 2.5). Post-surgery, mice 

were singly housed in cages located on PhysioTel Receivers (DSI, US) connected to a 

computer and Dataquest ART acquisition system (DSI, US). Mice were allowed to recover for 

10 days prior to baseline recordings taken every 15 min for 120 s for 2 days, diurnally (Figure 

2.6). Post-surgery mortality rate was at around 10%.  
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Figure 2.5. Implantation of radiotelemetry probes to measure mouse blood pressure. 

The catheter is inserted into the left carotid artery of the mouse, with the tip at least 2 mm from 

the wall of the aortic arch to prevent signal disruption. The probe body is inserted into a 

subcutaneous pocket on the right flank of the animal. Diagram adapted from Huetteman D.A., 

Bogie H (2009) [298].  

 

2.15.2. ANGII hypertension model  

Mice implanted with radiotelemetry probes were chronically infused with ANGII at a dose of 

1.1 mg/kg/min for a period of 14 days to induce hypertension (Figure 2.6). 10 days after 

implantation of radiotelemetry probes, and 24 h prior to implantation of osmotic pumps, mice 

were weighed to calculate the appropriate volume of ANGII (Bachem, Switzerland) required 

to pump 1.1 mg/kg/min. Under sterile conditions, micro-osmotic pumps (Alzet 1004; Alzet, US) 

with an infusion rate of 0.11 µL/h and a reservoir volume of 28 days were loaded with ANGII 

(Bachem, Switzerland) dissolved in D-PBS (Sigma-Aldrich, UK) and primed in PBS (Sigma-

Aldrich, UK) at 37°C.  
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Figure 2.6. Blood pressure radiotelemetry timeline. Mice were implanted with PA-C10 

radiotelemetry probes (DSI, US). After 10 days recovery, baseline recordings were taken. (A) 

Aged mice were culled and organs harvested for phenotyping. (B) Young mice were 

challenged with ANGII via osmotic minipump implantation for 14 days with recordings taken 

at day 3, 5, 7, and 10 to 14. Mice were culled, organs harvesting for phenotyping, and the 

vascular reactivity of aortas assessed with organ bath pharmacology. Diagram created with 

Biorender.com. 

 

 

2.16. Mouse phenotyping  

Mice were culled by cervical dislocation, and body weight measured. If implanted, the 

radiotelemetry probe and micro-osmotic pumps were removed, and their weights subtracted 

from the total body weight to calculate true body weight. The heart, aorta, spleen, and kidneys 

were harvested, weighed, and either fixed in 10% formalin solution (Sigma-Aldrich, UK) for 

histology or snap frozen in liquid nitrogen and stored at -80°C for further analysis. The lungs 

were harvested and wet lung weight noted before dehydration at 60°C overnight and weighing 

the next day for dry lung weight. The wet lung to dry lung weight ratio was used as a measure 

of lung fluid retention, an indicator of pulmonary oedema. The tibial length was used to 

normalise organ weights [299].   
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2.17. Mouse histology  

2.17.1. Masson’s Trichrome staining  

To analyse aortic wall thickness sectioned mouse thoracic aortas were stained with Masson’s 

Trichrome Stain using the Trichrome Stain Kit (Connective Tissue Stain) (Abcam, UK). Mouse 

aortas fixed in 10% formalin (Sigma-Aldrich, UK) were embedded in paraffin and sectioned to 

5 μm horizontal sections mounted onto slides. Slides were deparaffinised in xylene prior to 

rehydration in 100%, 95% and 70% ethanol sequentially and incubation in Bouin’s solution 

(Sigma-Aldrich, UK) overnight. The next day slides were washed under running tap water for 

5 – 10 min, until the water ran clear. Sections were stained with Weigert’s iron haematoxylin 

solution (parts A and B mixed in equal parts) for 10 min to stain the cell nuclei black, then 

washed under running tap water for 10 min and rinsed once in mQH2O. Sections were stained 

with Beibrich-Scarlet Acid Fuschin solution for 10 min to stain the cytoplasm red, before rinsing 

once in mQH2O. Phosphomolybdic-phosphotungstic acid was applied for at least 15 min to 

differentiate the red stain from the collagen. Without rinsing, sections were stained with aniline 

blue solution for 10 min to stain the collagen blue. The slides were rinsed once in mQH2O and 

differentiated with 1% acetic acid for 3 to 5 min to remove residual colour. Finally, slides were 

washed in mQH2O and dehydrated in 95% ethanol, prior to clearing in xylene and remounting. 

Sections were imaged using the Pannorammic 250 Flash III scanner (3DHISTECH Ltd., 

Hungary) the next day to ensure the mounting medium was set. Aortic wall thickness was 

measured using CaseViewer software (3DHISTECH Ltd., Hungary), taking an average of 10 

measurements from each aortic section.  

 

2.17.2. Picrosirius red  

Picrosirius red staining of murine heart samples was used to assess fibrosis, as a biomarker 

of successful ANGII challenging. Collagen is stained red on a pale yellow background, nuclei 

are stained black. Hearts were sectioned and stained by the BCI Pathology Services (Barts 

Cancer Institute, QMUL) using published methods [300,301]. Briefly, hearts fixed in 10% 

formalin (Sigma-Aldrich, UK) were embedded in paraffin and sectioned to 5 μm longitudinal 

sections mounted onto slides. Slides were deparaffinised (2 min in 3 changes of xylene) and 

rehydrated (2 min in 2 changes of 100% ethanol, 1 min in 90% ethanol, 1 min in 70% ethanol) 

and rinsed in tap water. Nuclei were stained by immersing slides in working Weigert’s Iron 

Haematoxylin solution (Atom Scientific, UK) for 5 min, prior to washing in running tap water 

for 2 min. The slide was carefully blotted and placed into Picrosirius red solution (0.5 g Sirius 

Red F3B (C.I.35782) mixed with 500 mL saturated aqueous solution of picric acid) for 1 h. 
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Slides were washed in 2 changes of 0.5% acetic acid and water removed by vigorous shaking 

or blotting with paper. Slides were dehydrated in 3 changes of 100% ethanol and mounted. 

Sections were imaged using the Pannorammic 250 Flash III scanner (3DHISTECH Ltd., 

Hungary) and fibrosis quantified as area of red stain (collagen) using ImageJ (Fiji). 

 

2.17.3. Immunofluorescent staining  

Immunofluorescent staining of mouse aortas was carried out to visualise Yes-associated 

protein 1 (YAP1) cytoplasmic and nuclear localisation. Paraffin mounted sectioned mouse 

aortas were dewaxed followed by antigen retrieval with Citrate buffer pH 6.0 (Vector 

laboratories, UK) for 10 min in the microwave. Slides were washed in PBS and permeabilised 

with 0.25% Triton in PBS for 15 min. Slides were then washed 3 times in PBS, prior to blocking 

for 1 h in 5% goat serum in PBS at room temperature, and overnight incubation in 1% goat 

serum in PBS at 4°C with primary antibodies for YAP1 and elastin (Table 2.9). The next day, 

slides were washed in PBS and incubated for 1 h at room temperature with 2 μg/mL of 488 

goat anti-mouse (for anti-YAP1) and 555 donkey anti-rabbit (for anti-Elastin) (Invitrogen, UK). 

Samples were washed with PBS and counterstained with DAPI for 5 min prior to mounting 

with a 22 mm x 50 mm coverslip with Immunomount (Shandon, UK). The slides were kept in 

the dark and imaged with confocal microscopy (Zeiss LSM 880, Carl Zeiss, UK). Images were 

processed using ZEN Blue 3.6 Microscopy software (Carl Zeiss, UK).  

Table 2.9. Primary antibodies used in immunofluorescent staining.  

Primary Antibody Origin Clonality Dilution Supplier Cat. no. 

Anti-YAP1 Mouse Monoclonal  1:50 Santa Cruz, USA sc-101199 

Anti-Elastin Rabbit Polyclonal 1:1000 Proteintech, USA bs-1756R 

 

2.18. RNA sequencing  

RNA sequencing (RNA-seq) was carried out on WT and R-Ras KO mouse aortas to identify 

changes in gene expression resulting from Rras gene deletion. RNA was isolated and DNAse 

treated as described in section 2.11. RNA-seq was carried out by the Genome Centre, QMUL. 

Briefly, quality control of RNA samples was carried out by measuring RNA quantity using a 
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NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, US), and RNA integrity using 

the Agilent 100 Bioanalyser (Agilent, US) to generate an RNA integrity number (RIN). Only 

samples with an RIN of >7 were used, indicating low RNA degradation. mRNA libraries were 

prepared using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs, 

US). RNA-seq was performed with Illumina NextSeq500 (Illumina, US) with >25 million short 

reads generated per sample. RNA-Seq data was aligned and analysed by Dr. Charles Mein 

using Partek Flow software (Partek, US).   

 

2.19. Phosphoproteomics  

The phosphosignalling profiles of WT and R-Ras KO mouse aortas were compared using 

phosphoproteomics (Figure 2.7). Protein extraction from the mouse aorta was performed by 

me. Phosphoproteomics was performed by Dr. Vinothini Rajeeve and Ms. Ruth Otunsola, 

(Cutillas group, Cancer Research UK Barts Centre Mass Spectrometry Facility, QMUL). 

Published methods were used [302–304], with some modifications. Raw data and quantified 

phosphopeptide data were supplied in excel format for analysis.  

 

Figure 2.7. Phosphoproteomics workflow. Whole aortas were excised from 8 WT and 8 R-

Ras KO mice, and 2 aortas pooled per sample. Diagram created with Biorender.com. 
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2.19.1. Protein extraction from whole mouse aorta 

Whole aortas were from mice aged 8 weeks excised and transferred to a dish with ice cold 

PBS, cleaned and flushed as described previously (Sigma-Aldrich, UK). Aortas were flash 

frozen in liquid nitrogen until ready for protein extraction. 2 aortas were pooled to achieve 

sufficient protein. The pulveriser (BioPulverizer, BioSpec, US) was pre-chilled overnight at -

80°C prior to protein extraction. On the day of protein extraction, urea buffer was 

supplemented with phosphatase inhibitors (8 M urea in 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), pH 8.0 supplemented with 1 mM sodium 

orthovanadate, 1 mM sodium fluoride, 1 mM disodium pyrophosphate and 1 mM β-

glycerophosphate) and kept on ice. Aortas were ground to a fine powder using the pre-cooled 

pulveriser. Liquid nitrogen was carefully poured over the pulveriser during this process to 

maintain low temperature. The ground aortas (2 per sample) were transferred to a 2mL Lo-

bind Eppendorf tube (Thermo Fisher Scientific, US) containing 250 μL urea buffer 

supplemented with phosphatase inhibitors with a pre-chilled spatula, and placed on ice. The 

sample was vortexed for 2 min, replacing the sample on ice every 20 s to maintain low 

temperatures. The sample was homogenised on ice using the Sonifier Cell Disrupter Model 

SLPe (Branson Ultrasonics, US) with 6 x 15 s pulses, 15 s rest at 50% intensity. The sample 

was then centrifuged at 20,000 g for 20 min at 4°C and the supernatant collected. Protein 

concentration was measured using the PierceTM BCA Protein Assay Kit (Thermo Fisher 

Scientific, US) as described in section 2.19.2, and samples stored at -80°C until ready for 

analysis.    

 

2.19.2. BCA Protein Assay  

The protein concentration of mouse aorta homogenates was measured using the PierceTM 

BCA Protein Assay Kit (Thermo Fisher Scientific, US). The BCA protein assay uses 

bicinchoninic acid (BCA) to allow colourimetric detection and quantification of total protein 

concentrations ranging from 20 to 2000 µg/mL. The biuret reaction (the reduction of Cu2+ to 

Cu+ ions by protein in an alkaline medium) results in the formation of a purple-coloured 

reaction product due to chelation of two BCA molecules with one Cu+ ion. The purple reaction 

product exhibits a strong absorbance at 562 nm nearly linear with increasing protein 

concentrations. A standard curve is plotted using a series of dilutions with albumin standard 

(BSA) protein and unknown concentrations are extrapolated.  
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A series of BSA protein standards ranging from 0 (blank) to 2000 µg/mL were prepared by 

dilution of 2 mg/mL BSA with lysis buffer used for protein extraction (Chapter 2.19.1). The 

BCA working reagent (WR) was prepared by mixing 50 parts of BCA reagent A to 1 part of 

BCA Reagent B (50:1, Reagent A:B). The total volume of WR required was calculated as: 

Total volume of WR = (# standards + # unknowns) x (# replicates) x (volume of WR per 

sample) 

10 µL of each standard or unknown sample was added into a microplate well in a Corning 

Costar 96-well clear flat-bottom microplate (Thermo Fisher Scientific, US), in replicates of 3, 

and 200 µL WR added to each well. Samples were mixed by gentle shaking and incubated for 

30 min at 37°C in the dark. After incubation, the absorbance was measured at 562 nm using 

the Victor2 Multilabel Counter (PerkinElmer, US). The mean 562 nm absorbance 

measurement of the blank standard replicates was subtracted from the 562 nm measurements 

of BSA protein standard and unknown sample replicates to eliminate background signal. A 

standard curve was constructed, and the protein concentration of each unknown sample 

extrapolated using y = mx+c.  

 

2.20. Statistical analysis  

Quantitative data was plotted as mean with standard error of mean (SEM) bars and analysed 

using GraphPad Prism 8 Software (GraphPad, US). Normality tests were carried out to assess 

normality to inform the appropriate post-hoc test choice. Significant differences between 

quantitative values were analysed using a paired or unpaired Student’s two-tailed t-test, a two-

way Analysis of Variance (ANOVA) with Sidak’s multiple comparisons, or one-way ANOVA 

with Tukey’s multiple comparisons as a post hoc test if normal assumptions were met, and 

Kruskal-Wallis if the data failed to meet assumptions, with P values below 0.05 considered as 

significant.  

2.20.1. Organ bath data analysis  

For analysis of organ bath data standard reference curves were fitted with linear regression 

using the equation shown below, with unconstrained Y intercept and slope values.  

𝑌 = 𝑌 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + (𝑋 ×  𝑠𝑙𝑜𝑝𝑒) 

Prism 8 software was used to interpolate X values from the linear standard reference line from 

each experiment to calculate IC50 and RMax values.  
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2.20.2. Radiotelemetry mixed model linear regression analysis  

Mixed model linear regression analysis was performed on radiotelemetry data using R 

software (Version 1.4.1103; R Foundation for Statistical Computing, Austria) and visualised 

using the ggplot2 package [305]. QQplots were plotted to determine normality of data, and 

data points with a standard deviation (SD) of ± 3 were deemed outliers and excluded from 

analysis. The lme4 package [306] was used to perform mixed model linear regression analysis 

and graphs plotted using ggeffects [307].  

2.20.3.  Real-time qPCR quantification   

For real-time qPCR quantification of DNA, relative gene expression was calculated using the 

comparative cycle threshold (Ct) method [308]. Ct values of the gene of interest are normalised 

to the housekeeping gene (Gadph) to calculate ∆Ct for each sample. The difference in ∆Ct 

between experimental and control samples (∆∆Ct) is calculated for each. Finally, the fold 

change in gene expression between experimental and control samples is calculated and 

expressed as relative units based on 2-∆∆Ct. Data is presented as relative change compared to 

control, and analysed using a one-way ANOVA with Tukey’s multiple comparisons.   

2.20.4.  RNA-Seq data analysis  

RNA-Seq data was analysed by Dr. Charles Mein (Genome Centre, QMUL) using Partek Flow 

software (Partek, US). Significant differential gene expression was assessed using a student’s 

two-tailed t-test with equal variances assumed, with Bonferonni correction and stated as fold 

change.  

2.20.5.  Phosphoproteomics data analysis  

Phosphoproteomic data was transferred from raw files to Excel and the Log2 (Fold Change) 

(Log2FC) calculated. Statistical significance of Log2FC was calculated using a student’s two-

tailed t-test with equal variances assumed (p < 0.05, Log2FC   2). Bioinformatic analysis of 

phosphoproteomic data was performed using R (Version 4.2.0; R Foundation for Statistical 

Computing, Austria) and the packages ggplot2 [305], ggnewscale [309], and cowplot [310] 

used to visualise data. Bioconductor version 3.15  was used for bioinformatic analysis with the 

following packages; org.Mm.eg.db (v3.15.0, Carlson, 2019), clusterProfiler (v4.4.4, Yu et al., 

2012), DOSE (v3.22.0, Yu G et al., 2015), enrichplot (v1.16.1,[313]), and pathview (v1.36.0, 

[314]). Gene set enrichment analysis (GSEA) was performed using the KEGG database 

(release 101.0, Mouse Genome Sequencing Consortium) and Gene Ontology database 

(release 2022-03-22, [315]). 
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Chapter 3. Exploring the impact of the rare 

exonic variant on R-Ras structure and function 
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3.1. Introduction  

Nonsynonymous SNVs are changes in the DNA sequence where a nucleotide substitution 

results in a different amino acid, and can alter protein function by disrupting structural stability 

and expression, enzymatic activity, protein-protein interactions, among other physiological 

properties [11]. The SBP-associated SNV mapped to the RRAS gene, encoding a missense 

mutation from a cytosine (C) to thymine (T) allele (T>C), with a predicted change of an 

aspartate (D) to an asparagine (N) residue at position 133 (R-Ras D133N). The rs61760904 

variant is in strong linkage disequilibrium with two variants both mapping to intronic regions of 

the SCAF1 gene: rs189349094 (r2 = 0.98) and rs139064177 (r2
 = 0.97), encoding the SR-

Related CTD Associated Factor 1 gene associated with RNA splicing [316]. The SCAF1 gene 

has not been previously linked to BP, and both the corresponding SNVs are intronic. These 

data indicated rs61760904 as the likely causal variant.  

The predicted effect of the rs61760904 SNV on protein structure and function was reported 

as damaging using the Ensembl VEP tool by Surendran et al [11]. However, the importance 

of the D133 amino acid to R-Ras structure and function has not yet been elucidated, and so 

the impact of the R-RasD133N missense mutation remains unclear. This chapter explores the 

possible effect of the D133N variant on R-Ras protein structure and function. Further, the 

importance of D133 residue is investigated by introducing two additional mutants: an alpha 

helix breaker (D133P, proline), and a charge reversal mutant (D133K, lysine).  

There are two main approaches:  

1) In silico protein structure prediction, conservation analysis, and damage prediction of the 

R-Ras variants, and   

2) In vitro assessment of the impact of the R-Ras variants on protein expression and function 

using western blotting. 
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3.2. Results  

3.2.1. The D133N variant may not alter R-Ras protein structure in silico   

The protein structure prediction service Robetta [282] was used to predict the protein structure 

of R-Ras, and R-RasD133N, to evaluate changes in protein structure induced by the mutation. 

Protein structure modelling in PyMOL 2.5 [317] shows the D133 residue is located on a loop 

(Figure 3.1). Structural alignment of R-Ras and R-RasD133N computed a RMSD value of 

2.24, suggesting no stark differences in protein structure.  

 

 

Figure 3.1. Structural alignment R-Ras and R-RasD133N. R-Ras and R-RasD133N protein 

structures were predicted using Robetta [282] and aligned using PyMOL 2.5 (The PyMOL 

Molecular Graphics System, Version 2.0 Schrödinger, LLC).  
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3.2.2. The R-RasD133N variant is predicted damaging in silico 

Conservation analysis performed with the ConSurf server [318] showed weak conservation of 

D133 (normalised conservation score = 1.474, 95% CI [0.766, 2.285]), and predicted D133 to 

be an exposed residue. In  150 aligned sequences chosen by ConSurf based on amino acid 

homology to R-Ras, D is the most common amino acid at position 133 (29.252% of 150 

sequences). N, P and K are also located in this position with percentage varieties of N = 

2.041%, P = 8.844% and K = 5.442 %.  

In silico bioinformatics tools were used for damage prediction of the RRAS variants D133N 

based on information on sequence homology, structure, or a combination (Table 3.1). Basic 

tools (PROVEAN and SIFT) rely on sequence alignment to assess the evolutionary 

conservation of the residue of interest and provide a general output of whether an amino acid 

substitution has an effect or is neutral. More complex tools take a structural approach and 

utilise machine learning methods to combine information on protein structure, sequence, 

phylogeny, interaction networks and the physicochemical properties of amino acids. Two 

additional variants were also introduced to investigate the functional importance of the residue; 

D133P and D133K. D133P introduces an alpha helix break, to assess whether the residue is 

important for protein structure. D133K is a charge reversal mutant, to assess whether the 

residue is important for protein-protein interactions.  

Detailed methods of variant damage prediction tools are provided in section 2.1.2. Tools rely 

on sequence homology, structural information, or both (combined) to predict the impact of a 

mutation on protein structure, providing a score and relative outcome (Table 3.1).  
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Table 3.1. Variant damage prediction tools used to predict the impact of D133N, D133K 

and D133P amino acid substitutions, their scores, thresholds and outcomes, and 

prediction methods. 

Tool Score Threshold Outcome 
Prediction 

method 

PolyPhen-2 FPR > 10% Probably damaging Combined 

≤ 10% Possibly damaging 

≤ 5% Benign 

Missense3D Categorical Damaging or neutral Structural 

MUpro ∆∆G + Decrease stability Structural 

- Increase stability 

MutPred2 Continuous 

0 to 1 

Less to more pathogenic Combined 

PROVEAN Continuous < -2.5 Damaging Sequence 

≤ 2.5 Tolerated 

SIFT Continuous 

0 to 1 

≤ 0.05 Damaging Sequence 

> 0.5 Tolerated 

SNAP2 Continuous 

-100 to + 100 

Neutral to strong effect Combined 

Prediction methods are classified as using sequence, structural or combined sequence and 

structural analysis. See Chapter 2.1.2. for more details. FPR: false positive rate, ∆∆G: relative 

stability change.  
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PolyPhen-2, PROVEAN, Mupro, MutPred2, and SIFT predicted all the variants damaging 

(Table 3.2). MutPred2 predicted D133P and D133K pathogenic (score threshold > 0.5 without 

FPR correction), and D133N pathogenic without FPR adjustment (score = 0.526, Table 3.2). 

The MutPred2 creators suggest a threshold of 0.68 yields a FPR of 10% [288]. With 10% FPR 

correction, the R-RasD133N score is < 0.68 and is predicted as benign (Table 3.2). MutPred2 

also calculates a posterior probability of structural changes resulting from amino acid 

substitutions. For all variants, MutPred2 predicted a gain of allosteric site at R128 (probability 

= 0.19 for D133N). However, the probability is low and the importance of this residue has not 

been elucidated [274]. SNAP2 predicted an effect with the D133N and D133K variant, but not 

with the D133P variant (Table 3.2). Missense3D is the only tool to predict no effect of any 

variant. Ensembl VEP was used to predict the impact of the rs61760904 SNV by Surendran 

et al., [11]; this tool integrates PolyPhen-2 and SIFT. Prediction scores calculated by 

PolyPhen-2 and SIFT independently of VEP differ slightly to scores obtained in VEP (R-

RasD133N, PolyPhen-2 alone = 0.981, PolyPhen-2 in VEP = 0.797, SIFT alone = 0.00, SIFT 

in VEP = 0.02, Table 3.2). 
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Table 3.2. In  silico damage prediction of the impact of R-Ras variants D133N, D133P 

and D133K. 

 D133N D133P D133K 

Tool Score Outcome Score Outcome Score Outcome 

PolyPhen-2 0.981 Probably 

damaging 

0.999 Probably 

damaging 

0.976 Probably 

damaging 

Missense3D  - No change - No change - No change  

Mupro -0.968 Decrease 

stability 

-1.324 Decrease 

stability 

-1.361 Decrease 

stability  

MutPred2 0.526 Maybe 

pathogenic 

0.767 Probably 

pathogenic 

0.7 Probably 

pathogenic  

PROVEAN -3.926 Deleterious -5.665 Deleterious -5.518 Deleterious 

SIFT  0 Intolerant 

substitution 

0 Intolerant 

substitution 

0 Intolerant 

substitution 

SNAP2 2 Effect -8 Neutral Effect  34 

Tools report a score and relative outcome to predict the impact of a variant based on 

information on sequence, structure, or both, as described in Table 3.1. 

 

3.2.3. The exonic RRAS BP-associated variant does not impact protein 

expression in vitro 

To investigate the effect of the exonic variant of RRAS (D133N) on R-Ras protein expression 

in vitro, western blotting was used to quantify R-Ras protein levels in transfected CHO-K1 cells 

(Figure 3.2). CHO-K1 cells were transfected with WT R-Ras, the exonic variant, D133N, and 
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two individual variants of interest, D133K and D133P, to investigate the functional importance 

of this residue. Untransfected (UT) CHO-K1 cells were incubated with Lipofectamine in the 

absence of DNA and used as a negative control. Protein bands of the same size were detected 

at 24 kDa with the anti-RRAS primary antibody in all transfected CHO-K1 samples, and no 

protein band was detected in UT cells (Figure 3.2.A). The normalized signals quantified for 

WT- (29.82 AU ± 2.44) compared to D133N- (35.45 AU ± 5.23), D133P- (25.10 AU ± 1.67) 

and D133K-transfected cells (34.26 AU ± 3.67) did not differ significantly with a repeated 

measures one-way ANOVA and Tukey’s multiple comparison testing (Figure 3.2.B).  

 

 

Figure 3.2. Western blot analysis of R-Ras expression in transfected CHO cells. CHO 

cells were transfected with 500 ng of wild-type (WT) or mutant RRAS DNA, or left 

untransfected (UT), prior to lysis and preparation of protein samples. 20 μg of protein/sample 

was run on a 12% gel and probed with anti-RRAS (1:1000) or anti-GAPDH (1:1000) as the 

loading control. A) Representative protein bands obtained with chemiluminescent imaging. B) 

Mean normalized signal, quantified as described in methods.  Significant differences between 

normalized signal were determined using a repeated measures one-way ANOVA with Tukey’s 

multiple comparison post-hoc test to detect significant differences. Data is presented as mean 

± SEM. N = 6.  
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3.3. Discussion  

The BP associated SNV encodes a nucleotide change from T>C, and a predicted amino acid 

change of arginine (D) to asparagine (N) residue at position 133. In  silico damage prediction 

is beneficial in prioritising nonsynonymous SNVs in genetic studies for further evaluation, but 

does not truly reflect the impact of the variant in vivo. Here, I have used a combination of in 

silico and in vitro methods in an attempt to further investigate the impact of the R-RasD133N 

mutation, and additionally explore the structural importance of the D133 residue through two 

additional variants; D133P, an alpha helix breaker (to assess impact on protein structure), and 

D133K, a charge reversal mutant (to assess importance in protein-protein interactions). In  

silico bioinformatics tools overall predicted the D133N variant as likely damaging. Structural 

alignment and conservation analysis suggest the D133N variant may not impact protein 

structure; this observation is supported by no change in protein expression in vitro. However, 

these findings remain inconclusive and further experiments are required to determine the 

exact impact on protein structure and function of the R-RasD133N variant, and the importance 

of the D133 residue. 

Basic bioinformatics tools (PROVEAN, SIFT Sequence) rely on sequence alignment to assess 

the evolutionary conservation of the residue of interest, and predict whether a mutation is likely 

to be benign or pathogenic. More complex tools utilise machine learning methods to combine 

information on protein structure, sequence, phylogeny, interaction networks and the 

physicochemical properties of amino acids (PolyPhen-2, Missense3D-DB, SNAP2, MutPred2, 

Mupro) to predict changes in tertiary structures. I used a combination of these tools to predict 

the impact of the R-RasD133N variant on R-Ras protein structure and function in silico, and 

to corroborate the Ensembl VEP prediction of rs61760904 as a damaging variant, reported in 

the GWAS discovery [11]. All bioinformatics tools, except Missense3D, predicted the D133N 

variant as damaging. When independently run, SIFT and PolyPhen-2 computed scores slightly 

lower to the scores obtained using Ensembl VEP, the prediction software used by Surendran 

et al., [11]. This may be explained by different inputs; the SNV identifier is inputted into VEP, 

whereas the amino acid sequence is inputted into SIFT and PolyPhen-2. Furthermore, the 

overall outcome of D133N as a predicted damaging mutation is consistent. However, ConSurf 

reported weak conservation of the D133 residue, in contrast to the damage predictions of SIFT 

and PROVEAN, which rely on sequence homology to predict the impact of a variant. ConSurf 

uses 150 supporting sequences, compared to 419 supporting sequences used by PROVEAN, 

suggesting PROVEAN may have higher powered analysis.   
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Unlike the other bioinformatics tools used, Missense3D solely relies on structural information. 

Here, Missense3D reported no change in structure with the D133N, D133K or D133P 

mutations. This is concurrent with structural alignment of WT R-Ras and R-RasD133N using 

PyMOL, and a reported RSMD value comparable to that observed with homologous structures 

[319]. Together, these in silico analyses suggest the rs61760904 SNV encoding the R-

RasD133N missense mutation could be damaging. I also aimed to assess the impact of the 

variant in vitro in CHO-K1 cells transfected with the WT R-Ras, and the R-Ras variants. R-

Ras protein expression detected with western blotting was the same with WT and mutant 

RRAS transfection. This suggests the D133N variant does not change the protein 

confirmation, and the protein is not degraded. Nonetheless, these in silico and in vitro analyses 

do not provide conclusive evidence to support whether the variant impacts structure and/or 

function.  

Future in vitro experiments can explore the impact of the D133N variant on R-Ras function. 

For example;  

1) Pull-down assays to assess changes in GTP-loading via measurement of the physical 

interaction between GTP or GDP and the R-Ras mutant,  

2) Assessment of R-Ras interaction with GEFs (e.g. RasGRF1) and GAPs (e.g. p130a) 

via Ras protein binding assays, 

3) Immunofluorescence imaging of transfected cells to determine cellular localisation,   

4) Western blotting to explore the impact of the D133N variant on R-Ras on known 

signalling pathways, such as the PI3K/Akt signalling axis, and 

5) Cellular assays to assess the impact of the variant of R-Ras function in more complex 

processes, including cell motility and proliferation.  

Altogether, these in silico and in vitro data suggest the R-RasD133N variant may impact R-

Ras protein structure and/or function, although the exact mechanism is yet to be uncovered. 
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4.1. Introduction  

The SBP-associated variant is mapped to the RRAS gene, a promising candidate due to its 

high expression in the aorta, VSM and endothelial cells, and association with cardiac 

processes including angiogenesis. These observations suggest R-Ras may physiologically 

function to regulate BP. This study is the first to explore R-Ras in the context of BP control.  

I hypothesised that R-Ras KO mice would have an elevated BP phenotype. Furthermore, the 

expression of R-Ras in the aorta [323], and endothelial and VSM cells [324] led us to 

hypothesise that R-Ras may be involved in vascular control of BP. R-Ras is known to 

potentiate the Akt/PI3K signalling axis [321,325–333]. In  endothelial cells, the Akt/PI3K 

pathway activates eNOS, to generate NO ultimately promoting vasodilation by stimulating 

contraction of the VSMC layer [27–29]. I propose R-Ras may promote vasodilation by 

potentiating this pathway in endothelial cells and expect R-Ras KO mice to have altered 

vascular reactivity. In  this chapter, I set out characterise the Rras-DEL415 global KO mouse 

model and investigate R-Ras signalling in vitro. The main aims were to: 

1) Establish the BP phenotype of young mice at baseline and with ANGII-induced 

hypertension, 

2) Investigate the potential of R-Ras to promote vasodilation in young mice, specifically 

via NO signalling,  

3) Characterise gross organ morphology of young mice and assess hypertension-related 

fibrosis, and 

4) Determine whether the anti-angiogenic function of R-Ras reported in other in vivo 

models was replicated.  
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4.2. Results  

4.2.1. Confirmation of Rras deletion in the Rras-DEL415 knockout mouse model  

The Rras-DEL415 global KO mouse model was generated by MRC Harwell in conjunction 

with the IMPC specifically for this project, by CRISPR-Cas9 excision of critical exons 3 and 4. 

as detailed in section 1.4. Rras gene expression was quantified using RT-qPCR on RNA 

extracted from mouse kidneys (Figure 4.1). Relative Rras expression normalised to Gapdh 

confirmed Rras was completely deleted in R-Ras KO mouse kidneys, and Rras expression 

was approximately half that in R-Ras HET mice compared to WT (R-Ras HET = 0.63 ± 0.09, 

WT = 0.10 ± 0.11), as expected.  

 

 

Figure 4.1. Relative Rras gene expression in WT, R-Ras HET, and R-Ras KO mouse 

kidneys quantified using RT-qPCR. Relative Rras gene expression was calculated using 

the comparative Ct method and normalised to Gapdh. Mice were aged 12 – 16 weeks. Data 

is expressed as mean ± SEM and analysed using a one-way ANOVA with Tukey’s multiple 

comparisons. WT n = 16, HET n = 8, KO n = 18. * p < 0.05, **** p < 0.0001.  

 

4.2.2. BP radiotelemetry in the young adult R-Ras KO mouse  

To investigate the impact of R-Ras KO on BP, radiotelemetry probes were implanted into 

young adult 8-week-old R-Ras KO mice and their WT littermates, and SBP, DBP, MAP, HR 
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and activity recorded after 10 days recovery. All parameters were higher at night when the 

mouse was active than at day, as expected (Table 4.1, Figure 4.2). SBP, DBP, MAP and HR 

were not statistically different at baseline at day or night when analysed with a two-way 

ANOVA with Sidak’s post-hoc testing (Table 4.1, Figure 4.2). The activity of WT mice at night 

was significantly higher than R-Ras KO (Table 4.1, Figure 4.2.E, p = 0.032). Night SBP, DBP, 

MAP and HR values were therefore activity-corrected by only including readings concurrent 

to activity readings ranging between 5 – 15 arbitrary units (AU). Differences remained non-

significant between WT and R-Ras KO mice across all parameters at night with activity-

correction when analysed using a Student’s paired two-tailed t-test (Table 4.2, Figure 4.3).  

 

Table 4.1. Baseline SBP, DBP, MAP, HR and activity values in young adult WT and R-

Ras KO mice. 

 SBP (mmHg) DBP (mmHg) MAP (mmHg) HR (bpm) Activity (AU) 

Day Night Day Night Day Night Day Night Day Night 

WT 111.4 
± 1.76 

123.5 
± 1.69 

87.02 
± 9.71 

93.75 
± 2.68 

96.21 
± 1.88 

106.1 
± 2.56 

526.6 
± 16.4 

590.6 
± 12.3 

2.775 
± 0.81  

9.935 
± 3.28 

KO 110.4 
± 2.52 

120.6 
± 2.41 

82.4 ± 
6.80 

91.34 
± 1.91 

97.72 
± 1.87 

106.7 
± 1.73 

533.4 
± 8.10 

587.4 
± 8.18 

3.126 
± 0.78 

6.847 
± 1.33 

Data is expressed as mean ± SEM and analysed with a two-way ANOVA with Sidak’s post-

hoc testing. WT n = 6, R-Ras KO n = 5.  
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Figure 4.2. Baseline SBP (A), DBP (B), MAP (C), HR (D) and activity (E) values in young adult WT and R-Ras KO mice. Data is expressed 

as mean ± SEM and analysed with a two-way ANOVA with Sidak’s post-hoc testing. * = p < 0.05, ns = non-significant. WT n = 6, R-Ras KO n = 

5. 
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Table 4.2. Activity-corrected baseline SBP, DBP, MAP and HR at night in young adult 

WT and R-Ras KO mice. 

 SBP (mmHg) DBP (mmHg) MAP (mmHg) HR (bpm) 

WT 110.4 ± 2.52 93.75 ± 2.68 106.1 ± 2.56 590.6 ± 12.3 

KO 120.6 ± 2.41 91.34 ± 1.91 106.7 ± 1.73 587.4 ± 8.18 

Data is expressed as mean ± SEM. WT n = 6, R-Ras KO n = 5.  
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Figure 4.3. Activity-corrected baseline SBP (A), DBP (B), MAP (C) and HR (D) at night in 

young adult WT and R-Ras KO mice. Data is expressed as mean ± SEM and analysed using 

a Student’s paired two-tailed t-test. Circles represent females, and squares represent males. 

WT n = 6, R-Ras KO n = 5.  
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4.2.3. ANGII challenge increases blood pressure in WT and R-Ras KO mice to 

the same extent  

With no differences observed between WT and R-Ras KO mice for BP and HR, I hypothesised 

the potential impact of R-Ras deletion on BP may become apparent in a hypertensive 

phenotype. To investigate this, young adult mice aged 10 weeks implanted with radiotelemetry 

probes were chronically infused with ANGII (1.1 mg/kg/day) to induce hypertension. SBP, DBP 

and MAP significantly increased over 14 days of ANGII challenge (Figures 4.4 – 4.6) and HR 

and activity remained the same, as expected (Figures 4.7 and 4.8). Analysis with multiple 

unpaired t-tests with Welch’s Correction found no significant difference between WT and R-

Ras KO SBP, DBP, MAP, HR, or activity at any time point before and during ANGII challenge 

(Table 4.3, Figures 4.4 – 4.8). 
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Figure 4.4. SBP of WT and R-Ras KO mice with ANGII challenge. A) Diurnal SBP of WT 

and R-Ras KO mice over 14 days of ANGII challenge, analysed using multiple unpaired t-tests 

with Welch’s correction. The dotted line indicates ANGII minipump implantation. B) SBP at 

day/night 0 and day/night 14 for WT and R-Ras KO mice, analysed using a two-way ANOVA 

with Sidak’s post-hoc test. Circles represent males, squares represent females. N = 3 – 6, see 

Table 4.4. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 4.5. DBP of WT and R-Ras KO mice with ANGII challenge. A) Diurnal DBP of WT 

and R-Ras KO mice over 14 days of ANGII challenge, analysed using multiple unpaired t-tests 

with Welch’s correction. The dotted line indicates ANGII minipump implantation. B) DBP at 

day/night 0 and day/night 14 for WT and R-Ras KO mice, analysed using a two-way ANOVA 

with Sidak’s post-hoc test. Circles represent males, squares represent females. N = 3 – 6, see 

Table 4.4. *p < 0.05, **p < 0.001, ****p < 0.0001. 



123 

 

Figure 4.6. MAP of WT and R-Ras KO mice with ANGII challenge. A) Diurnal MAP of WT 

and R-Ras KO mice over 14 days of ANGII challenge, analysed using multiple unpaired t-tests 

with Welch’s correction. The dotted line indicates ANGII minipump implantation. B) MAP at 

day/night 0 and day/night 14 for WT and R-Ras KO mice, analysed using a two-way ANOVA 

with Sidak’s multiple post-hoc. Circles represent males, squares represent females. N = 3 – 

6, see Table 4.4. **p < 0.01, ***p < 0.001. 
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Figure 4.7. HR of WT and R-Ras KO mice with ANGII challenge. A) Diurnal HR of WT and 

R-Ras KO mice over 14 days of ANGII challenge, analysed using multiple unpaired t-tests 

with Welch’s correction. The dotted line indicates ANGII minipump implantation. B) HR at 

day/night 0 and day/night 14 for WT and R-Ras KO mice, analysed using a two-way ANOVA 

with Sidak’s post-hoc test. Circles represent males, squares represent females. N = 3 – 6, see 

Table 4.4.  
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Figure 4.8. Activity of WT and R-Ras KO mice with ANGII challenge. A) Diurnal SBP of 

WT and R-Ras KO mice over 14 days of ANGII challenge, analysed using multiple unpaired 

t-tests with Welch’s correction. The dotted line indicates ANGII minipump implantation. B) SBP 

at day/night 0 and day/night 14 for WT and R-Ras KO mice, analysed using a two-way ANOVA 

with Sidak’s post-hoc test. Circles represent males, squares represent females. N = 5 – 6. 
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Table 4.3. Mean SBP, DBP and MAP of WT and R-Ras KO mice challenged with ANGII. 

 SBP (mmHg) DBP (mmHg) MAP (mmHg) 

 WT R-Ras KO WT R-Ras KO WT R-Ras KO 

D0 112.65 ± 2.13 111.59 ± 4.79 89.14 ± 4.18 83.65 ± 1.89 94.21 ± 2.46 96.40 ± 3.79 

N0 123.37 ± 1.25 123.43 ± 2.96 94.13 ± 3.01 89.79 ± 1.93 104.54 ± 3.42 106.75 ± 2.25 

D3 112.73 ± 4.75 125.72 ± 7.70 86.42 ± 2.17 93.47 ± 7.01 100.57 ± 3.26 107.62 ± 7.67 

N3 125.95 ± 3.43 133.78 ± 5.56 98.05 ± 2.41 101.67 ± 4.06 114.55 ± 3.51 116.34 ± 4.55 

D5 118.40 ± 5.45 125.69 ± 3.22 89.33 ± 3.20 94.22 ± 2.60 103.62 ± 4.07 109.65 ± 2.82 

N5 131.07 ± 4.97 134.34 ± 3.91 101.19 ± 3.66 102.78 ± 2.90 115.84 ± 2.93 117.99 ± 2.78 

D7 117.52 ± 3.97 124.78 ± 3.86 87.51 ± 3.41 93.01 ± 2.50 102.97 ± 2.87 108.49 ± 1.94 

N7 131.27 ± 3.53 136.50 ± 2.11 99.98 ± 3.85 102.33 ± 3.07 115.42 ± 3.04 119.00 ± 1.85 

D10 124.02 ± 2.40 123.61 ± 5.31 92.85 ± 3.95 91.47 ± 1.22 108.01 ± 2.26 107.84 ± 3.13 
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N10 140.72 ± 3.86 139.87 ± 2.07 106.65 ± 3.13 105.15 ± 1.82 123.14 ± 2.57 122.01 ± 1.22 

D11 123.74 ± 5.24 125.46 ± 5.41 94.06 ± 2.04 92.38 ± 2.56 108.74 ± 2.86 109.15 ± 3.42 

N11 141.74 ± 3.88 140.53 ± 2.01 108.44 ± 4.05 107.53 ± 3.57 124.62 ± 2.95 122.97 ± 2.39 

D12 125.46 ± 5.43 126.77 ± 4.06 96.24 ± 2.15 94.94 ± 1.01 112.11 ± 1.50 110.47 ± 2.11 

N12 143.94 ± 4.07 141.68 ± 3.12 106.01 ± 2.50 106.74 ± 0.91 125.41 ± 2.58 124.14 ± 3.10 

D14 129.16 ± 6.17 130.44 ± 4.64 98.72 ± 2.83 98.83 ± 1.84 112.34 ± 3.40 112.88 ± 3.24 

N14 143.72 ± 4.06 151.67 ± 0.74 107.12 ± 3.67 112.30 ± 2.58 123.49 ± 1.75 128.59 ± 3.29 

Data is expressed as mean ± SEM. N = 3 – 6, see Table 4.4. 
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The actual number of mice from which recordings were included per day of ANGII challenge 

varied due to complications including loss of signal, dislodgement of the telemetry catheter, or 

mortality (Table 4.4). This resulted in a reduction in power in the analysis of the study however, 

mean SBP, DBP, and MAP values were consistently higher in R-Ras KO mice than WT mice 

(Tables 4.2 and 4.3, Figures 4.2 and 4.4 – 4.8). I therefore tested for a trend in elevated BP 

using linear mixed model (LMM), to account for inter-individual variance of mice within genoty–

e - the random effect. Fixed effects were genotype (WT or KO), days of ANGII challenge and 

diurnal differences (day vs. night). 

 

Table 4.4. Number of WT and R-Ras KO mice across days of ANGII challenge. 

  Day of ANGII challenge 

Genotype D/N 0 3 5 7 10 11 12 14 

WT D 6 5 6 6 6 5 6 6 

N 6 5 6 6 6 5 6 4 

KO D 5 5 5 4 4 4 4 4 

N 5 5 5 4 4 4 4 3 

 

LMM detected a diurnal difference, with higher SBP, DBP and MAP in the night than day, 

when mice are active (Figure 4.9, Table 4.5). The 95% confidence intervals (CIs) did not 

overlap and the effect of night vs. day appeared strong, evidencing a diurnal difference in SBP, 

MAP, DBP and HR (Figure 4.10). This was observed across baseline and all durations of 

ANGII treatment. Furthermore, in line with the previous analysis (Figures 4.4 – 4.6, Table 4.3), 

ANGII challenge over 14 days increased SBP, DBP, and MAP over time (Figures 4.9.A – C 

and 4.10.A – C). Interestingly, LMM visualisation shows a decline in HR with ANGII challenge 

(Figures 4.9.D and 4.10.D), which was not as apparent in previous analysis (Figure 4.7).  
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Figure 4.9. Linear mixed model regression plots of A) SBP, B) DBP, C) MAP, D) HR and 

E) Activity from all mice (WT and R-Ras KO) during the day (red) and night (blue) over 

days of ANGII challenge. LMM was carried out in R using lme4 package, and plots were 

plotted using the ggeffects package with an unfixed slope. Shaded areas indicate 95% 

confidence intervals. N = 5 – 6.  
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Fixed effects estimate values from LMM analysis suggested overall R-Ras KO mice had higher 

SBP and MAP values compared to WT mice, after ANGII challenge. However, DBP and HR 

were higher in WT than KO mice (Table 4.5). Plotting the trends with 95% CIs indicated a 

weak genotype effect, varying over days of ANGII challenge. Furthermore, 95% CIs were large 

and overlapping and therefore it cannot concluded that there is an effect of genotype on SBP, 

DBP, MAP or HR (Figure 4.10).  

 

Table 4.5. Fixed effects estimate values from linear mixed model regression performed 

on SBP, DBP, MAP and HR diurnal data from radiotelemetry experiments on R-Ras WT 

and KO mice, with ANGII treatment. 

 SBP 
(mmHg) 

DBP 
(mmHg) 

MAP 
(mmHg) 

HR (bpm) Activity 
(AU) 

WT vs. KO -3.01 ± 5.09 0.73 ± 3.23 -2.23 ± 3.18 10.23 ± 28.96 0.96 ± 1.49 

Day of 
ANGII 
challenge 

1.28 ± 0.26 0.98 ± 0.23 1.08 ± 0.24 -1.12 ± 1.03 0.05 ± 0.09 

Night vs. 
Day  

9.85 ± 1.63 8.15 ± 1.62 10.32 ± 1.75 45.98 ± 9.14 4.69 ± 0.73 

Fixed effect estimate values correspond to graphs in Figures 4.9 and 4.10. Data is expressed 

as fixed effect estimate ± SEM. N = 3 – 6.  
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Figure 4.10. Linear mixed model regression plots of A) SBP, B) DBP, C) MAP, D) HR and 

E) activity from WT (blue) and R-Ras KO (red) mice over days of ANGII challenge. LMM 

was carried out in R using lme4 package, and plots were plotted using the ggeffects package 

with an unfixed slope. Shaded areas indicate 95% confidence intervals. N = 5 – 6.  
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4.2.4. The ANGII-induced hypertension model was successful  

Aortic wall thickening, cardiac fibrosis and loss of vascular reactivity are hallmark features of 

the ANGII-induced hypertensive mouse model [334,335]. To establish whether ANGII-

challenge successfully induced aortic wall thickening, and to explore potential differences 

between WT and R-Ras KO mice, histology was performed on mouse aortas and hearts and 

organ bath studies were carried out to assess vasodilatory and vasocontractile properties of 

the mouse aorta.  

Aortas were stained with Masson’s trichrome staining to visualise collagen (blue), cytoplasm 

(red) and nuclei (black), and aortic wall thickness measured (Figure 4.11). ANGII treatment 

increased aortic wall thickness, in both WT and KO mice (WT = 54.22 µm ± 0.89 v WT + 

ANGII: 64.38 µm ± 0.72, KO = 50.84 µm ± 2.12, KO + ANGII = 66.22 µm ± 4.04). One-way 

ANOVA with Tukey’s post-hoc test found this increase with ANGII challenge was only 

significant in R-Ras KO mice (p = 0.0019, n = 3 – 5), however, in WT mice, the p value is close 

to significance (p = 0.0558, n = 4 – 5). There was no significant difference between WT and 

R-Ras KO mouse aortic wall thickness without ANGII challenge (p = 0.6928, n = 5), or with 

ANGII challenge (p = 0.9582, n = 3 – 4) (Figure 4.11.B).  
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Figure 4.11. Aortic wall thickness. Aortas were sectioned and stained with Masson’s 

trichrome. A) Images were acquired using the Pannoramic 250 scanner, and viewed using 

CaseViewer software. The whole cross-sectional image was taken at 8x magnification, and 

the enlarged image at 30x magnification. Arrows indicate measurement of the aortic wall. B) 

Aortic wall thickness was measured 10 times per sample and averaged. Significant differences 

between mean aortic wall thickness were calculated using a one-way ANOVA with Tukey’s 

post hoc test. * = p < 0.05, ** = p < 0.01. N =–3 - 5.  
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Hearts were sectioned longitudinally and stained with Picrosirius Red to visualise collagen 

fibres as an indication of fibrosis (Figure 4.12.A). % fibrosis was calculated as the percentage 

of red stained area compared to the whole tissue area (Figure 4.12.B). ANGII challenge 

increased % fibrosis in WT and R-Ras KO mouse hearts (WT = 2.33% ± 0.64, WT + ANGII = 

14.71% ± 2.46, KO = 1.71% ± 0.62, KO + ANGII = 14.28% ± 1.71). This increase was 

significant as analysed with ANOVA with Tukey’s post-hoc testing (WT vs. WT + ANGII p = 

0.0002, KO vs. KO + ANGII = 0.0002, n = 5). There was no significant difference in % fibrosis 

between WT and R-Ras KO mouse hearts with and without ANGII challenge (WT vs. KO p = 

0.9919, WT + ANGII vs. KO + ANGII p = 0.9973, n = 5).  
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Figure 4.12. Picrosirius Red staining of WT and R-Ras KO mouse hearts with and 

without ANGII challenge to measure cardiac fibrosis. Hearts were sectioned longitudinally 

and stained with Picrosirius Red to visualise collagen. A) Images were acquired using the 

Pannoramic 250 scanner and viewed using CaseViewer software. The whole cross-sectional 

image was taken at 1x magnification, and the enlarged image at 20x magnification. B) Mean 

% fibrosis was quantified by comparing to the total amount of tissue using colour thresholding 

in ImageJ software. Data is expressed as mean ± SEM and analysed with one-way ANOVA 

with Tukey’s post hoc test. *** = p < 0.001. N = 5.  
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4.2.5. Active R-Ras upregulates eNOS phosphorylation in endothelial cells  

The original hypothesis of this study states that R-Ras promotes vasodilation via activation of 

the PI3K/Akt signalling pathway in ECs, resulting in phosphorylation and activation of eNOS, 

and subsequent NO production. Prior to investigating this hypothesis in the R-Ras KO mouse 

model (Chapter 4.2.6), I studied the impact of R-Ras on NO signalling in vitro.  

HUVECs were transfected with the constitutively active (R-Ras38V) mutant of R-Ras using 

the Nucleofection Amaxa system (Lonza, Switzerland). HUVECs were co-transfected with 

green fluorescent protein (GFP) to allow confirmation of protein expression in cells with 

immunofluorescence microscopy (Figure 4.13). Fluorescent imaging detected GFP 

expression throughout the cell, indicating successful transfection. Furthermore, a transfection 

efficiency of around 60% was estimated by comparison with brightfield imaging (Figure 4.13).  

 

 

Figure 4.13. Fluorescent and brightfield confocal microscopy images of GFP-

transfected HUVECs. HUVECs co-transfected with GFP and R-Ras38V were plated onto 

glass bottom microwell dishes and imaged using a Nikon Eclipse TE200 inverted microscope 

48 h post-transfection. Cells were imaged using a wide-field fluorescent microscope with a 

GFP filter cube to detect GFP fluorescence (left), and with brightfield illumination (right). 

Images were processed with Fiji (ImageJ).  
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The formation of NO from L-arginine in endothelial cells is catalysed by eNOS, which is 

activated by phosphorylation. eNOS is activated by phosphorylation at Ser1177 via Akt [336], 

a downstream signalling molecule of R-Ras. Western blotting was used to detect 

phosphorylation of eNOS at Ser1177 (phospho-eNOS, Ser1177) in HUVEC lysates 

transfected with R-Ras38V to explore the effect of R-Ras activity on NO signalling. HUVECs 

were stimulated with VEGF, known to result in phosphorylation of eNOS at Ser1177 via 

PI3K/Akt signalling, as a positive control.  

HUVECs were serum starved for 24 h before treatment with VEGF (100 ng/mL) or 10% DMSO 

for 30 min as a positive and negative control, respectively, or transfected with 5 μg GFP or R-

Ras38V. Blots were probed with anti-GAPDH to control for loading differences. Incubation with 

phospho-eNOS (Ser1177) (BD Sciences) resulted in bands at 140 kDa in VEGF-treated, and 

GFP- and R-Ras38V transfected cells upon chemiluminescent imaging (Figure 4.14.A). A 

band was not detected for phospho-eNOS (Ser1177) in untransfected control cells treated 

with DMSO, but a band was detected in GFP-transfected cells, suggesting transfection caused 

baseline phosphorylation of eNOS (Figure 4.14.A). Blots were probed with anti-eNOS (BD 

Sciences) to measure total eNOS levels, and a band was present in all cell lysates (Figure 

4.14.A). Phospho-eNOS bands were normalised against eNOS bands to ensure changes in 

phospho-eNOS levels were the result of differences in phosphorylation and not abundance of 

eNOS in the lysate. The mean normalised signal was greater in R-Ras38V transfected HUVEC 

(2.02 AU) compared to the GFP control (0.927 AU) (Figure 4.14.B). Probing with anti-RRAS 

(CST) confirmed transfection with R-Ras38V (Figure 4.14.A).  
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Figure 4.14. Western blot analysis of expression of phospho-eNOS (Ser1177) in 

HUVECs. HUVECs were treated with DMSO (10%) or VEGF (100 μM) after serum starvation 

for 24 h or transfected with GFP (control) or R-Ras38V. Protein samples of cell lysates were 

prepared and 30 μg of protein/sample run on 8% gels. Blots were probed with anti-phospho-

eNOS (Ser1177) (1:200, BD Sciences), anti-RRAS (1:1000, CST, UK), anti-eNOS (1:1000, 

BD Sciences) and GAPDH as a loading control (1:1000, CST, UK). A) Protein bands obtained 

with chemiluminescent imaging. B) Normalised signal quantified as described in methods.       

N = 3.  

 

4.2.6. Normal vasodilatory and contractile responses of R-Ras KO mouse aortas  

Following the observation that R-Ras potentiates eNOS activity in vitro (section 4.2.5), and 

the high expression of R-Ras in the aorta [203], and ECs and VSMCs [204], I hypothesised 

the vasodilatory response would be attenuated in mouse aorta with R-Ras KO. The 

vasodilation and vasocontraction response of mouse aortas from mice aged 12 – 16 weeks 

was assessed using the organ bath. WT and KO mouse aortas were pre-contracted with 

U46619, and cumulative concentration response curves (CRCs) carried out with acetylcholine 

(ACh) to assess vasodilation (Figure 4.15.A). U46619 is a thromboxane A2 (TxA2) receptor 

agonist that stimulates VSM contraction via a Gq-coupled pathway leading to an increase in 

intracellular calcium, and via a G12/13-coupled pathway inhibiting myosin light chain 

phosphatase via Rho Kinase activation [337]. ACh acts on endothelial Gq-coupled m3AChRs 

to stimulate activation of the PI3k-Akt pathway leading to phosphorylation of eNOS and 

subsequent NO formation and release. The ACh CRCs for WT and R-Ras KO aortas were the 
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same, and mean IC50 and RMax values did not differ (Figure 4.15.A – C, Table 4.6). U46619 

CRCs were also carried out to assess vasocontraction (Figure 4.4.D). These were the same 

for WT and R-Ras KO mouse aortas and EC50 values were not significant different (Figure 

4.15.D and E, Table 4.6).  

Chronic ANGII infusion induces endothelial dysfunction, thereby attenuating endothelium-

mediated vasodilation [75]. In  WT and R-Ras KO mice challenged with ANGII, CRCs were 

significantly shifted to the right (Figure 4.15.A). The IC50 values were higher with ANGII 

challenge, and the maximum inhibition of U46619-precontraction was significantly reduced 

(Figure 14.15.B and C, Table 4.6). The vasocontractile response of WT and R-Ras KO aortas 

to U46619 did not change with ANGII challenge (Figure 14.15.D and E, Table 4.6).  

 

Table 4.6. Mean IC50, RMax and EC50 values calculated from acetylcholine and U46619 

concentration response curves in WT and R-Ras KO mouse aortas with ANGII 

challenge. 

Drug Parameter WT KO WT + ANGII KO + ANGII 

ACh 

IC50 (µM) 0.03 ± 0.01 0.05 ± 0.01 0.89 ± 0.3 1.35 ± 0.6 

RMax (%) 24.2 ± 2.9 25.3 ± 0.6 55.7 ± 11.1 57.9 ± 6.8 

U46619 EC50 (nM) 8.25 ± 1.2 8.92 ± 1.3 6.33 ± 1.1 6.87 ± 3.1 

IC50 was calculated as the concentration of acetylcholine needed for 50% of the maximum 

relaxation of aortic rings pre-contracted with U46619. RMax is the maximum % inhibition of the 

U46619 pre-contraction by ACh. EC50 is the U46619 concentration required for 50% of the 

maximum U46619 contraction. Data is expressed as mean ± SEM. N = 5 – 10. 
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Figure 4.15. Vascular reactivity of WT and R-Ras KO aortas with and without ANGII 

challenge. Aortas from 10 to 12-week-old WT and R-Ras KO mice, and mice challenged with 

ANGII (1.1 mg/kg/day) for 14 days, were mounted in an organ bath. A) A cumulative 

acetylcholine (ACh) concentration response curve (CRC) was performed in aortic rings pre-

contracted with U46619 to measure the relaxation response of the aorta (1 nM – 10 µM). Mean 

IC50 (B) and RMax (C) were calculated from individual ACh CRCs. % precontraction was 

calculated as the % of U46619-precontraction. D) Cumulative U46619 CRCs (1 nM – 1 µM). 

E) Mean EC50 values calculated from individual U46619 CRCs in (D). % contraction for 

U44196 CRCs was calculated as % maximum U46619 contraction. Data is expressed as 

mean ± SEM. CRCs were analysed using a two-way ANOVA with Sidak’s post-hoc test. WT 

vs. WT + ANGII * = p < 0.05, *** = p < 0.001, **** = p < 0.0001, KO vs. KO + ANGII # = p < 

0.05, ## = p < 0.01, ### = p < 0.001. Mean EC50 and RMax values were compared using a one-

way ANOVA with Tukey’s post-hoc testing. * = p < 0.05, ** = p < 0.01. N = 5 – 10.   
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4.2.7. R-Ras KO promotes aortic sprouting  

To confirm the pro-angiogenic effect of R-Ras KO observed in previous mouse models 

[269,297,320–322], the aortic ring angiogenesis assay was performed on aortas from WT and 

R-Ras KO mice aged 8 weeks (Figure 4.16). In  the absence of VEGF (control), R-Ras KO 

mouse aortas had significantly more aortic sprouts after 7 days than WT, as analysed using a 

one-way ANOVA with Tukey’s post-hoc test (Figure 4.16, WT = 8.1 ± 0.7, KO = 20.4 ± 1.6, p 

= 0.02). VEGF-treatment significantly increased aortic sprouting in both WT and R-Ras KO 

aortas (Figure 4.16, WT control vs. WT + VEGF, p = 0.0007, KO control vs. KO + VEGF, p < 

0.0001). R-Ras KO aortas had more aortic sprouts at day 7 of VEGF (30 ng/μL) treatment 

than WT (Figure 4.16, WT = 27.2 ± 3.6, KO = 52.8 ± 2.8, p < 0.0001). Moreover, untreated R-

Ras KO mouse aortas and WT aortas treated with VEGF had comparable levels of aortic 

sprouting (Figure 4.16, p = 0.26).  

 

Figure 4.16. R-Ras KO increases novel sprout formation in the aortic ring assay. Aortic 

rings from 8-week-old WT and R-Ras KO mice were embedded in Matrigel and incubated with 

Opti-MEM supplemented with PBS (control) or VEGF (30 ng/μL) for 7 days. Mouse n = 4, 

aortic rings ~15/mouse. A) Images were taken at day 7 using a Nikon Eclipse Ts100 

microscope at 4 x magnification. B) The mean number of aortic sprouts was compared using 

a one-way ANOVA with Tukey’s post-hoc test. * = p < 0.05, *** = p < 0.001, **** = p < 0.0001.  
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4.2.8. R-Ras KO mice have normal organ morphology    

As this is the first study to use the Rras-DEL415 mouse model to look at blood pressure, I 

characterised the gross organ morphology of the R-Ras KO mouse. The hearts, kidneys, 

spleens, and lungs from mice aged 12 – 15 weeks were weighed and normalised to tibia length 

(Figure 4.17). There was no significant difference in body weight, normalised heart, kidney, or 

spleen weight between WT and R-Ras KO mice (Figure 4.17.A – D). Wet to dry lung weight 

ratio was calculated and used as a measure of lung fluid retention, an indicator of pulmonary 

oedema. This was the same between WT and R-Ras KO mice (Figure 4.17.E).  

 

Figure 4.17. Body weight (A), normalised heart (B), kidney (C) and spleen (D) weight, 

and wet lung : dry lung weight ratio (E) in WT and KO R-Ras mice. Circles are male mice, 

and squares are female mice. Data is presented as mean ± SEM. Statistical differences 

between means were calculated using unpaired Student’s t-test. N = 16 – 25.  
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4.3. Discussion  

The R-Ras KO mouse model has been a valuable tool in R-Ras research in vivo 

[253,269,297,320–322]. This is the first study to investigate R-Ras in the context of blood 

pressure regulation and hypertension, and the first to use the Rras-DEL415 mouse (MRC 

Harwell).  

To supplement the IMPC WT loss of allele assay to validate Rras WT allele deletion, I 

measured Rras expression using qPCR in the mouse kidneys. Using radiotelemetry I 

determined the young R-Ras KO mouse had a normal BP phenotype, in normotensive 

conditions and when challenged with ANGII to induce hypertension. Further, the aortas of 

young R-Ras KO mice exhibited normal vasodilatory and vasocontractile responses. I 

measured gross organ weight and morphology of the mouse to complement the IMPC 

phenotyping data [338], but found no change in the hearts, kidneys, spleen or the aorta of R-

Ras KO mice. Finally, I replicated the pro-angiogenic effect of R-Ras KO seen in previous KO 

mouse models with the aortic ring assay. Overall, the results indicate the young R-Ras KO 

mouse exhibits a normal BP phenotype, contrary to our original hypothesis.  

 

4.3.1. R-Ras is not essential for BP control in the young mouse or in ANGII-

induced hypertension  

Given the RRAS missense variant is associated with an increase in SBP in humans, I 

hypothesised R-Ras KO in the mouse would exhibit elevated BP. To investigate this, I 

implanted radiotelemetry probes in young adult (10 to 12 week) WT and R-Ras KO mice to 

allow continuous diurnal BP measurement. Young adult mice were investigated to explore 

whether R-Ras was essential for blood pressure control, even in non-hypertensive conditions.  

Contrary to the hypothesis, I observed normal SBP, DBP, MAP, and HR, in R-Ras KO. As 

expected, activity was higher in the night than day when mice are most active, and this 

correlated with increased BP and HR. Interestingly, young WT mice had significantly higher 

activity levels at night than R-Ras KO. To investigate whether mean BP or HR values were 

not confounded by increased levels of activity, the baseline data was corrected for activity. 

There remained no difference between young WT and R-Ras KO BP and HR phenotypes. 

However, it must be noted the method used to correct for activity was not a standardized, 

peer-reviewed method. Furthermore, the hypoactive phenotype of the young adult R-Ras KO 

mouse was not investigated further; repeated activity measurements are warranted to 

determine the reproducibility of this hypoactive phenotype, and establish this is not a result of 
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study conditions. Together, this data suggests that R-Ras is not essential for BP control in the 

young adult mouse.  

I therefore considered whether the impact of R-Ras deletion on BP may become apparent in 

hypertensive conditions. Here the ANGII-induced hypertension model was used, an 

established rodent model of hypertension often used in conjunction with radiotelemetry [339]. 

It can be concluded that ANGII challenge was a successful model of hypertension; there was 

a clear upward trend with increasing days of ANGII challenge and BP parameters, as observed 

previously [334]. Furthermore, cardiac fibrosis, arterial wall thickening and attenuated aortic 

vasodilation was observed with ANGII challenge, as expected. A decline in HR with ANGII 

challenge was observed in the LMM visualisation, which was not as apparent in prior analyses, 

likely reflecting the baroreceptor reflex [335]. Comparable to normotensive conditions, there 

was no statistically significant difference in BP elevation between WT and R-Ras KO young 

mice treated with ANGII. However, there was a trend for R-Ras KO mice to have numerically 

increased values across SBP, DBP and MAP. I therefore hypothesised the complexity of the 

experimental design of the radiotelemetry studies with ANGII treatment required more 

sophisticated statistical analysis for full data interpretation. Interindividual variance between 

each mouse even within the same genotype will introduce a random effect that must be 

distinguished from fixed effects (ANGII treatment, day v night, genotype). Furthermore, 

repeated measures are taken from the same mouse over cumulative days of ANGII treatment, 

introducing non-independent data. To overcome this, LMM regression was applied which uses 

both random and fixed effects as predictor variables to account for non-independence. 

Visualisation of LMM suggests a trend of higher SBP in R-Ras KO mice, but inconsistent 

trends in MAP, DBP and HR. Despite WT mice initially appearing to have a higher DBP, at 5 

days of treatment this trend is reversed. R-Ras KO mice initially appear to have higher MAP, 

until day 10 where the trend is reversed. MAP equals DBP + 1/3(SBP – DBP), and so it is 

interesting the trend is reversed at this point, inverse to the trend seen with DBP and SBP at 

10 days. Moreover, HR appears to be decrease over days of ANGII infusion, with higher HR 

observed in WT than R-Ras KO mice initially, and reversal of this trend at day 7. Ultimately, 

large and overlapping 95% CIs do not allow a confident conclusion of an effect of R-Ras 

deletion on these parameters, suggesting R-Ras is unlikely to be involved in ANGII-related 

hypertension.   

ANGII challenge is the gold-standard method to induce hypertension in mouse models 

[334,340], hence this model was chosen for this study. Acute systemic infusion of ANGII 

results in peripheral vasoconstriction via activation of AT1R in the vasculature, however the 

effects of chronic ANGII are mainly mediated by its central effects via stimulation of the RAAS 
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pathway, activation of the SNS [335,341], blunting of the baroreceptor flex [335], and oxidative 

stress [342], and the myogenic effect of ANGII loses significance [335]. Perhaps a BP 

phenotype is not observed with R-Ras KO as the impact of R-Ras on BP is mainly regulated 

in the vasculature. Other hypertensive models with a more dominant vascular mechanism, 

such as L-NAME infusion inhibiting NOS [343], may reveal differences between WT and R-

Ras KO mouse BP phenotype in younger mice not apparent with ANGII challenge. 

This radiotelemetric study has some limitations. Firstly, this study is limited by small n 

numbers, both at baseline and across days of ANGII challenge. Radiotelemetry is a gold-

standard technique for long-term continuous recording of BP in vivo and is often implemented 

to compare BP phenotype in KO mouse models. Genetic variation in the UMOD gene 

encoding uromodulin (UMOD) was identified as associated with hypertension [344]. 

Telemetric BP recordings in adult 12 week UMOD KO mice detected a change in SBP of + 20 

mmHg with an n of 6 [345]. Similarly, in telemetric studies of H-Ras KO mice, the “opposing 

sibling” of R-Ras, an n of 7 was required to detect a decrease of 13 mmHg in H-Ras KO mice, 

although the authors do not indicate the age at which these mice are studied [346]. The 

radiotelemetric BP data from WT and R-Ras KO mice failed at baseline to detect a difference 

in BP phenotype, with comparable n numbers to studies with UMOD and H-Ras KO mice. This 

could suggest that the magnitude of effect of R-Ras KO on BP in young mice is too small, and 

the study requires more n to reach sufficient power for detection. This limitation is also seen 

in the ANGII challenged model; n numbers fluctuate across days of ANGII challenge, 

decreasing toward the end of experiment due to complications with catheter dislodgement, 

signal loss, and mortality. Repeat experiments are required to establish whether a phenotype 

in young adult R-Ras KO mice, and with ANGII-induced hypertension, is actually present.  

Secondly, there is substantial evidence for sex differences in blood pressure and 

hypertension, in humans and animals [347]. A telemetric study in FVN/B and C57BL/6 mice 

observed an average 5 ± 4 mmHg increase in MAP males vs. females aged 3 months [340]. 

Moreover, ANGII challenge increases BP to a greater extent in male mice than females; in 

C57BL/6J mice aged 12-16 week challenge with ANGII at 800 ng/kg/min over 7 days, 

elevations in MAP were substantially greater in males than females [335]. In  the 

radiotelemetry study, an uneven number of female and male mice were included, potentially 

confounding results and masking differences in BP seen with R-Ras deletion. The current 

dataset is underpowered to perform separate analyses on each sex and repeat radiotelemetry 

experiments in each sex are essential to uncover any potential differences in BP between WT 

and R-Ras KO mice. Recent national guidelines introduced by the MRC (2021) outline the 

need for both sexes to be included in experimental research. However, given the human and 
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animal data supporting sex differences in BP, additional analyses stratified by sex (if sufficient 

power is reached) may still reveal a sex difference in relation to R-Ras.  

 

4.3.2. R-Ras promotes NO signalling in vitro but is not essential for NO-

mediated vasodilation in vivo  

I hypothesised that, due to its expression in the aorta [323] and endothelial and VSM cell lines 

[324], R-Ras will have a role in vascular control of blood pressure. More specifically, R-Ras 

activates the PI3K/Akt axis [321,325–333] which potentiates vasodilation by NO signalling 

[27–29]. I therefore proposed R-Ras could potentiate NO production via activation of the 

PI3K/Akt signalling pathway in endothelial cells, promoting vasodilation. In  vitro analysis of 

R-Ras signalling showed the potential of R-Ras to upregulate eNOS phosphorylation in 

endothelial cells. In  vivo, acetylcholine stimulates NO production in endothelial cells via 

activation of M3AChR [348]. I therefore expected to see ablated vasodilatory responses of the 

R-Ras KO mouse aorta to acetylcholine addition. This was not observed in ex vivo organ bath 

studies, suggesting R-Ras is not essential for NO signalling in endothelial cells ex vivo.  R-

Ras is also expressed at high levels in VSMCs [204] and has been shown to modulate VSMC 

proliferation and angiogenesis [208,217,250,251], and so I proposed R-Ras may play a role 

in contraction of the VSM layer independent of the endothelial monolayer. However, there was 

no difference between contraction induced by U46619 in WT and R-Ras KO mouse 

endothelium denuded aortas. Finally, ANGII challenge inhibited the maximum ACh-induced 

vasodilation as expected, due to its known impact on endothelial dysfunction [73,74,349]. 

However, this was to the same extent in WT and R-Ras KO aortas. This is complementary to 

the radiotelemetry data, which saw no BP phenotype in the young adult R-Ras KO mouse. 

This could suggest that the impact of R-Ras KO on vascular BP control mechanisms may be 

masked by compensatory mechanisms in the young adult Rras-DEL415 mouse model.  

In vivo BP is predominantly regulated by small resistance arterioles, while large arteries like 

the aorta are responsible for distribution of blood around the body [14]. In  hypertension, 

persistent elevated BP is largely due to increased total peripheral resistance which is 

predominantly determined by the small resistance vessels [14]. Pathophysiological changes 

in small resistance vessels contribute to this, including arterial wall thickening and lumen 

narrowing [350], and endothelial dysfunction and oxidative stress [64,351]. In  this study, 

aortas were used to assess endothelial dysfunction. Perhaps the vascular reactivity of smaller 

resistance vessels is altered in R-Ras KO mice; small vessel myography using mesenteric 

arteries from mice could explore this. Finally, elevated BP was observed in the aged R-Ras 
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KO mouse. It would be interesting to see whether the vascular reactivity of the aged mouse 

aorta is impacted by R-Ras KO, in line with the elevations in BP.  

 

4.3.3. BP-related phenotypes in the Rras-DEL415 mouse 

The anti-angiogenic role of R-Ras is well established in vivo [208,217,251,320]. I sought to 

confirm this phenotype in the Rras-DEL415 KO mouse using the ex vivo aortic ring assay. In  

line with previous data, R-Ras KO increased aortic sprouting, without an angiogenic stimulus, 

and in VEGF-induced angiogenesis. This is not a novel finding but instils confidence in the 

mouse model and further supports a role of R-Ras in signalling related to CV processes.   

Normal body weight, and normalised heart and spleen weights observed in the Rras-DEL415 

model are in line with IMPC reported phenotypes [338]. I additionally assessed kidney weights, 

and wet to dry lung ratio as an indication of pulmonary oedema (a symptom of pulmonary 

hypertension) but found no difference between age-matched WT and R-Ras KO mice. In  

hypertensive patients [352] and animal models [334,335,353], chronic elevations in BP lead 

to arterial wall thickening and cardiac fibrosis. This was observed in WT and R-Ras KO mice 

challenged with ANGII, corroborating previous literature [334,335,353]. However, no 

difference in arterial wall thickness or cardiac fibrosis was observed between genotype, in 

normotensive or hypertensive conditions. This is perhaps not surprising, as the telemetry 

studies found the BP of young adult R-Ras KO mice was the same as WT.  

 

4.3.4. Conclusions and limitations  

This study has not identified significant differences in the phenotype of the young adult Rras-

DEL415 mouse with strong relations to BP. Furthermore, R-Ras KO does not appear to have 

a large effect on the vasodilatory or vasocontractile properties of the young adult mouse aorta. 

A BP phenotype in young adult R-Ras KO mice was not observed, in both normotensive and 

ANGII-induced hypertensive conditions; this is perhaps not too surprising, as cell signalling in 

the vasculature and globally is complex in vivo. It may be the lack of phenotype in these young 

adult mice can be explained by compensatory mechanisms at play.   

There are limitations to this work in the young adult Rras-DEL415 mouse. Firstly, although 

Rras gene deletion was previously validated using a WT loss of allele assay, and in this thesis 

using qPCR in mouse kidneys, R-Ras protein levels have not been directly measured. 

Therefore, it cannot be concluded that there is a complete lack of R-Ras protein in this mouse 
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model. Western blotting experiments on Rras-DEL415 mouse tissue should be performed to 

confirm R-Ras protein KO, most importantly in the aorta in the context of this thesis.  

Furthermore, the vasodilation and vasocontraction properties of mouse vasculature were 

explored using the organ bath in the mouse aorta. However, in vivo the aorta is not responsible 

for changes in BP but mainly functions to carry blood around the body. Smaller resistance 

vessels, including the mesenteric artery, are responsible for subtle changes in BP. Therefore, 

small vessel myography should be performed to investigate differences in vascular reactivity 

with R-Ras KO, which may not obvious in the aorta.  
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Chapter 5. The role of R-Ras in age-related 

hypertension in mice and humans 
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5.1. Introduction  

Pilot radiotelemetry data in the aged mouse showed increased SBP and MAP with R-Ras KO 

(Figure 1.14). Converse to this data, in this PhD results showed young adult R-Ras KO mice 

had a normal BP phenotype at baseline and with ANGII-induced hypertension. This led to the 

hypothesis that R-Ras may contribute to age-dependent changes in the vasculature 

responsible for elevated BP attributed to old age, in humans and mice.   

In this chapter, I performed experiments to confirm the age-related SBP phenotype in the R-

Ras KO mouse model by supplementing the pilot radiotelemetry data. I also sought to relate 

findings in the mouse model back to humans. Thus, an exploratory age-stratified association 

analysis looking at the effect of the RRAS SNV on SBP was performed, using UKB data from 

over 400,000 individuals of European ancestry (see methods section 2.1.4).  

 

5.2. Results  

5.2.1. Aged R-Ras KO mice exhibit elevated SBP   

Pilot radiotelemetry data in the aged 10 – 12-month R-Ras KO mouse model was 

supplemented to confirm the phenotype observed (Table 5.1, Figure 5.1). Aged R-Ras KO 

mice had significantly higher SBP than WT mice at day and night, as analysed using a two-

way ANOVA with Sidak’s post-hoc test (Day p = 0.027, Night p = 0.028, Table 5.1, Figure 

5.1.A). DBP and MAP were higher in aged R-Ras KO mice compared to WT at day and night, 

but not significantly different (DBP Day p = 0.401 Night p = 0.557, MAP Day p = 0.855 Night 

p = 0.853, Table 5.1, Figure 5.1.B and C). HR was the same in aged WT and R-Ras KO mice 

(Table 5.1, Figure 5.1.D).  
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Table 5.1. SBP, DBP, MAP, and HR in aged WT and R-Ras KO mice. 

 SBP (mmHg) DBP (mmHg) MAP (mmHg) HR (bpm) 

Day Night Day Night Day Night Day Night 

WT 
117.8 ± 
2.46 

129.6 ± 
2.50 

96.9 ± 
2.35 

101.1 ± 
5.09 

106.2 ± 
1.81 

112.0 ± 
3.32 

563.2 ± 
15.7 

597.0 ± 
21.6 

KO 
127.5± 
2.93 

139.2 ± 
2.28 

109.0 ± 
2.94 

112.4 ± 
4.25 

116.4 ± 
1.94 

121.8 ± 
2.22 

554.9 ± 
17.1 

596.1 ± 
12.2 

Data is expressed as mean ± SEM. WT n = 7, KO n = 9.  

 

Figure 5.1. SBP (A), DBP (B), MAP (C) and HR (D) in aged WT and R-Ras KO mice. Data 

is expressed as mean ± SEM and analysed with a two-way ANOVA with Sidak’s post-hoc test. 

* = p < 0.05, ns = non-significant. WT n = 7, R-Ras KO n = 9.  
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Both WT and R-Ras KO mice exhibited significantly elevated diurnal DBP and MAP in the 

aged vs. young adult group, as analysed using a mixed effects analysis with Sidak’s post-hoc 

testing (Figure 5.2.B and C, Table 5.2). Diurnal SBP was not significantly increased in aged 

WT mice vs. young adult WT mice but was significantly increased in R-Ras KO mice with age 

(Figure 5.2.A, Table 5.2). Diurnal HR was the same in young and aged R-Ras KO mice (Figure 

5.2.D, Table 5.2).    

 

 

Figure 5.2. SBP (A), DBP (B), MAP (C) and HR (D) in young and aged WT and R-Ras KO 

mice. Radiotelemetry probes were surgically implanted in young (8 week) and aged (10 – 12 

month) WT and R-Ras KO mice. Data is expressed as mean ± SEM and analysed using a 

mixed model with Sidak’s post-hoc test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** p < 

0.0001. ns = non-significant. WT n = 7, R-Ras KO n = 9.  
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Table 5.2. Comparison of young and aged WT and R-Ras KO mouse SBP, DBP, MAP and HR. 

  Day Night 

  WT KO WT KO 

SBP 

Mean difference  

[95% CI] 

-0.33 mmHg  

[-7.87 – 8.54] 

10.19 mmHg  

[3.204 – 16.98] 

0.54 mmHg  

[-7.66 – 8.75] 

9.52 mmHg  

[2.63 – 16.41] 

P value (sig) >0.999 (ns) <0.0001 (****) 0.999 (ns) 0.0002 (***) 

DBP 

Mean difference  

[95% CI] 

7.72 mmHg  

[-6.86 - 22.29] 

17.48 mmHg 

[2.87 – 32.10] 

14.90 mmHg  

[0.32 – 29.48] 

22.65 mmHg 

[8.04 – 37.26] 

P value (sig) 0.540 (ns) 0.013 (*) 0.043 (*) 0.001 (***) 

MAP 

Mean difference   

[95% CI] 

12.22 mmHg  

[1.98 – 22.47] 

16.14 mmHg  

[5.71 – 26.57] 

12.11 mmHg  

[1.86 – 22.36] 

15.20 mmHg  

[4.77 – 25.63] 

P value (sig) 0.016 (*) 0.002 (**) 0.017 (*) 0.003 (**) 

HR 

Mean difference   

[95% CI] 

25.88 bpm  

[-38.53 - 90.29]  

20.16 bpm 

[-44.42 - 84.73] 

-0.82 bpm 

[-65.42 - 63.59] 

16.19 bpm 

[-48.38 - 80.77] 

P value (sig) 0.764 (ns) 0.889 (ns) >0.999 (ns) 0.946 (ns) 
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The mean difference between aged (10 – 12-months) vs. young (8 weeks) mice is calculated using a mixed effects analysis with Sidak’s post-

hoc test, and the 95% CI, p value and significance stated. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, ns = non-significant. 

Young WT n = 6, aged WT n = 7, young R-Ras KO n = 5, aged R-Ras KO n = 9. 
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5.2.2. Exploring the age-related effect of the SBP-associated RRAS variant in 

humans   

In vivo radiotelemetry studies in the R-Ras KO mouse revealed an elevated SBP phenotype 

in the aged mouse, absent in the young adult mouse (Figure 5.2.A). This suggested R-Ras 

contributes to age-related increases in BP. To explore whether this age-related effect was 

apparent in human data, an age-stratified association analysis of the rare RRAS variant 

rs61760904 was performed in the UKB cohort by Dr. Helen Warren. The UKB includes genetic 

data from ~500,000 individuals aged 40-69 years. Only individuals of European ancestry were 

included in this analysis for homogeneity (n = 423,655). The descriptive summary statistics 

are presented in Supplementary Table S1. For age-stratified analyses, individuals were 

grouped into two subgroups: ‘younger’ (<50 y) vs. ‘older’ (≥ 50 y). The variant rs61760904 

encodes a T>C nucleotide substitution, where T is the minor allele. Genotype groups were 

therefore as follows; CC, homozygotes with no minor alleles; CT, heterozygotes with 1 minor 

allele; TT, homozygotes with 2 minor alleles (Table 5.3). The minor allele frequency (MAF) of 

the SNP in the UKB cohort was 0.008. 

  

Table 5.3. Number of individuals from the UK Biobank cohort used in the age-stratified 

association analysis of the RRAS variant rs61760904 on systolic blood pressure, 

grouped by genotype and age. 

Age group CC (n) CT (n) TT (n) Total (n) 

All 417,244 6,392 19 423,655 

< 50 y 103,724 1,531 8 105,263 

≥ 50 y 313,520 4,861 11 318,392 

 

Individuals with the T minor allele had numerically increased mean SBP compared to the 

homozygote CC group in all individuals and both age groups. The increase in mean SBP was 

greater in the homozygote TT groups vs the heterozygote CT group (Table 5.4, Figure 5.3). 

Furthermore, the mean SBP of the TT group in ≥ 50 y individuals is numerically larger than 

the CC group in < 50 y, highlighting a strong effect of the variant on SBP.   
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Table 5.4. Mean systolic blood pressure (SBP) of individuals below and above 50 years 

of age carrying the rs61760904 variant in the UK Biobank cohort. 

Age group Genotype 
Mean SBP 

(mmHg) 
SEM N 

All CC 137.6 0.04 417,244 

CT 139.1 0.36 6,392 

TT 154.6 9.26 19 

< 50 y CC 130.7 0.05 103,724 

CT 132.1 0.42 1,531 

TT 147.1 6.79 8 

≥ 50 y CC 144.6 0.04 313,520 

CT 146.1 0.30 4,861 

TT 162.1 11.7 11 

Mean SBP was calculated for homozygotes with no minor allele (CC), heterozygotes with one 

minor allele (CT), and homozygotes with two risk alleles (TT).  
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Figure 5.3. Graph of mean systolic blood pressure (SBP) of individuals below and above 

50 years of age carrying the rs61760904 variant in the UK Biobank cohort. Data is 

expressed as mean SBP ± SEM.  

 

5.2.2.1. Per-allelic additive association of the exonic variant on SBP in all 

individuals in UKB   

Firstly, an association of the exonic variant was explored using a per-allelic additive model in 

all individuals treating genotype groups as a continuous variable. This model was used by 

Surendran et al., in the discovery analysis of RRAS [11]. The calculated effect size of the 

exonic variant on SBP in the total dataset (all individuals) was +1.53 mmHg/T allele. This 

association was highly significant (p = 3.5x10-11), confirming the previous result that the rare 

variant at RRAS has a large effect size on SBP.  

 

5.2.2.2. Genotype association of the exonic variant on SBP in all individuals  

Next, an association analysis using the genotype model was performed on all individuals, 

comparing each minor risk allele carrier genotype group (CT and TT) to the non-carrier 

homozygous group (CC). Across all individuals, the genotype effect size was greater in the 

CC vs. TT comparison (+12.6 mmHg ± 4.22, p = 2.3x10-10), than the CC vs. CT comparison 

(+1.47 mmHg ± 0.23, p = 0.003) (Table 5.5). The CC vs. CT effect size is similar to the per 

allelic additive association model (+1.53 mmHg/T allele), as these two genotype groups 

constitute the majority of individuals. Despite the lack of statistical power for analysis of the 
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rare variant due to a low n number in the TT group (n = 19), the large effect size of the CC vs. 

TT comparison is significant (p = 0.003). Individuals homozygous for both T risk alleles have 

a mean SBP +12.6 mmHg higher than CC homozygotes, demonstrating a dominant effect of 

the T risk allele that was not identified in the previous per allelic association model. The 

genotype model was therefore used for the subsequent age-stratified analysis.   

 

5.2.2.3. Age-stratified genotype association of the exonic variant on SBP   

In the age-stratified analysis, the effect size estimates for both the CC vs. CT comparison and 

the CC vs. TT comparison were greater in ‘older’ individuals ≥ 50 y than ‘younger’ individuals 

< 50 y (Table 5.5). Notably, in individuals ≥ 50 y the effect size estimate in the CC vs. TT 

comparison of +14.6 mmHg is ~50% greater than for < 50 y individuals (+9.68 mmHg). The 

effect size estimate of CC vs. CT was highly significant in all age groups (Table 5.5). CC vs. 

TT was statistically significant in the ≥ 50 y age group (p = 0.012, Table 5.5), but it did not 

reach statistical significance in the < 50 y age group (p = 0.073, Table 5.5). Furthermore, an 

age-interaction result was non-significant (effect = +0.29 mmHg ± 0.54, p = 0.059, see 

methods section 2.1.4). The lack of significance in the < 50 y CC vs. TT comparison and in 

the age-interaction result are likely due to low statistical power due to the small n number of 

the TT cohort (TT all n = 19, < 50 y n = 8, ≥ 50 y n = 11).  
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Table 5.5. Effect of the rs61760904 variant on systolic blood pressure calculated using 

a genotype association model. 

Age 

group 

Genotype 

comparison 

Effect 

(mmHg) 
SE 95% CI P value 

All CC vs. CT 1.47 0.23 1.02 to 1.92 2.3x10-10 

CC vs. TT   12.6 4.22 4.34 to 20.9  0.003 

< 50 y CC vs. CT 1.24 0.39 0.47 to 2.01 0.002 

CC vs. TT  9.68 5.40 -0.90 to 20.3 0.073 

≥ 50 y CC vs. CT 1.56 0.28 1.01 to 2.10 2.6x10-8 

CC vs. TT 14.6 5.82 3.21 to 26.0 0.012 

An association analysis was carried out using a genotype model in individuals of white 

European ancestry from the UK Biobank, for all individuals, and stratified by age (< 50 y v ≥ 

50 y).  

 

5.3. Discussion  

In this chapter, the age-related phenotype of elevated SBP in the R-Ras KO mouse was 

confirmed by supplementing pilot radiotelemetry data (see Chapter 1.4). Secondly, an age-

related phenotype was demonstrated in humans, via an age-stratified association analysis of 

the SNV with SBP in ~500,000 individuals from UKB.  

Despite a lack of a BP phenotype observed with global R-Ras KO in young adult mice, and 

with ANGII-induced hypertension, the aged mice (10 – 12 months) did exhibit significantly 

elevated SBP in the supplemented pilot data set. This supports that R-Ras contributes to age-

related increases in BP. Interestingly, when the pilot data was supplemented, the significant 

difference observed with increased MAP between WT and R-Ras KO mice was lost. This 
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observation may be explained by the addition of female mice in the dataset. A previous study 

found no significant difference in MAP in female mice with a C57BL/6J genetic background 

between 3 and 14 months of age, contrary to male littermates, despite a robust increase in 

SBP [340]. It should be noted that these mice have a different genetic background to the Rras-

DEL415 mice used in this study, which have a C57BL/6N background, and therefore these 

findings may not be true for the Rras-DEL415 mice. Nevertheless, the radiotelemetry data 

evidenced that aged WT and R-Ras KO mice had an increased BP phenotype compared to 

young adult mice of the same genotype – this is concurrent with previous literature [340,354]. 

This increase appears to be emphasised in the R-Ras KO mice. Considering the young adult 

R-Ras KO mouse is normotensive, this increase in BP exaggerated compared to WT mice 

may be related to changes in BP control mechanisms occurring with age, as explored using 

phosphoproteomics in the mouse aorta in Chapter 6. Overall, the radiotelemetry data provides 

a strong indication that R-Ras is involved in age-dependent development of hypertension.  

An exploratory association analysis was performed to investigate the effect of the SNV on 

SBP, using UKB data from ~500,000 individuals of European ancestry. A per-allelic additive 

model analysing all individuals indicated the effect size of the SNV on SBP of +1.53 mmHg/T 

allele was comparable to that previously reported by the original discovery analysis (+1.51 

mmHg/T allele [11]) and more recently in a larger meta-analysis using Million Veteran Program 

data for discovery and 140,886 white individuals from UKB, and individuals from ICBP for 

replication (+1.16 mmHg/T allele [13]). The MAFs are also comparable (here, 0.008, 

discovery, 0.007 [11]). These data corroborate the large effect of the rs61760904 variant on 

SBP. 

For the age-stratified association analysis a genotype model was used because it is more 

appropriate for rare variants where there is less statistical power indicated in all individuals. 

The calculated effect size in the CC vs. TT comparison was +12.6 mmHg; this is much larger 

than the effect size calculated in the CC vs. CT comparison (+1.47 mmHg), These results 

demonstrate a strong dominant effect of the T risk allele. This large effect has not been 

previously reported and the effect size is comparable to all common variants combined (+12.9 

mmHg, [195]). This dominant effect was hidden in the per allelic association analysis. 

Following these results, the genotype model was used for the subsequent age-stratified 

analyses.  

A sub-analysis stratified by age where individuals were divided into ‘younger’ (≥ 50 y) or ‘older’ 

(≥ 50 y) groups found a similar trend of a small increase in mean SBP between CC and CT 

groups, and a big jump between CC and TT groups. This was observed in both age groups, 

as with the combined analysis. Most notably, the effect size of the TT group was larger in older 
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individuals (+14.9 mmHg) than younger individuals (+9.68 mmHg). These data strongly 

suggest older individuals carrying both alleles have a much greater risk of developing 

hypertension. This is a novel observation, and in tandem with the age-related association, 

provides support from humans of a similar age-related association to what was observed in 

mice.  

There are some limitations to this SNV association analysis. Notably, rs61760904 is a rare 

variant, and therefore the n number in the TT groups is low. Validation of this result in larger 

cohorts is thus warranted. Furthermore, validation across other ancestries is important as the 

RRAS variant was discovered in a multi-ancestry analysis. Low power may explain the lack of 

significance of the age-interaction observed with the genotype model. Nonetheless, the mean 

SBP values and significant effect estimates in the per allelic and genotype analyses, and in 

the age-stratified analysis, describe a major effect of the SNV on SBP, and suggest an age-

dependency. The human data from the UKB analyses supports the experimental findings in 

the R-Ras KO mice, and together indicate an age-related effect of R-Ras on the pathogenesis 

of hypertension.    
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Chapter 6. Multi-omic analyses of the young R-

Ras KO mouse aorta 
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6.1. Introduction  

The original hypothesis stated that R-Ras regulates BP via cell signalling mechanisms in the 

vasculature, namely NO-mediated vasodilation. I therefore proposed the R-Ras KO mouse 

model would have an elevated BP phenotype and abnormal vascular reactivity. However, 

radiotelemetric recordings found a normal BP phenotype in young adult R-Ras KO mice, and 

with ANGII-induced hypertension (Chapter 4). Moreover, the vasodilatory and vasocontractile 

response of the R-Ras KO mouse aorta was the same as WT, as assessed using the organ 

bath (Chapter 4). Yet, aged R-Ras KO mice exhibited elevated SBP (Chapter 5). BP is a 

complex phenotype, governed by multiple signalling mechanisms across several organ 

systems. At the level of the vasculature numerous signalling pathways work concomitantly to 

regulate vasodilation and vasocontraction, including the NO pathway. Therefore, I considered 

whether the impact of R-Ras KO on BP in young adult mice may be masked by compensatory 

mechanisms at play, becoming dysregulated in the aged mouse to reveal the elevated SBP 

phenotype. To explore this, I adopted a hypothesis-free multi-omic approach (Figure 6.1). 

Using aortas from young adult male and female WT and R-Ras KO mice, I first analysed the 

transcriptome using RNA sequencing (RNA-seq) to measure changes in gene expression 

(methods section 2.18, Figure 6.1). Secondly, I assessed changes in phosphorylation status 

of proteins using phosphoproteomic analysis, and contextualised changes observed into cell 

signalling mechanisms (methods section 2.19, Figure 6.1).  
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Figure 6.1. Outline of RNA sequencing and phosphoproteomic analyses of the R-Ras 

KO mouse aorta. RNA or protein was isolated from 8-week-old mouse aortas from WT and 

R-Ras KO mice.  For phosphoproteomics, 2 aortas were pooled per sample.
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6.2. Results  

6.2.1. RNA sequencing  

6.2.1.1. Quality control reveals variation between samples within genotype  

All aortic RNA samples had an acceptable RNA integrity number (RIN) of >7, indicating low 

levels of RNA degradation. Samples were processed in two batches, with final n numbers of 

5 for WT, 3 for HET, and 4 for R-Ras KO. All samples, except two, were DNase treated during 

RNA extraction. Two samples were treated with DNase after RNA extraction to remove 

residual DNA detected in quality control (Figure 6.2). Principal component analysis (PCA) 

failed to demonstrate clustering within the groups, or with DNase treatment (Figure 6.2). This 

indicates a high level of variation between samples within genotype and DNAse treated 

groups.  

 

Figure 6.2. Principal Component Analysis (PCA) showing variation within and between 

genotypes. RNA was isolated from 8-week-old mouse aortas from WT, HET, and R-Ras KO 

mice for RNA-seq (WT n = 5, HET n = 3, KO n = 4). Samples were processed in two batches, 

and treated with DNase during RNA extraction (circles), or after (squares). PCA was carried 

out by Dr. Charles Mein (Genome Centre, QMUL) using Partek Flow software.  
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6.2.1.2. Gene set analysis does not identify changes in gene expression 

between WT and R-Ras KO mouse aortas 

Analysis carried out using the Partek Flow Gene Set Analysis (GSA) tool identified 428 genes 

that were differentially expressed (DE) between WT and R-Ras KO mouse aortas. HET data 

was excluded. 53 of these genes passed the p value threshold of p < 0.05 after a t-test with 

unequal variances and a Log2FC ≥ ± 2, of which 19 were upregulated and 34 were 

downregulated (Figure 6.3, Supplementary Table S2). The heat map visualising DE using 

normalised gene counts by z-scores shows a lack of consistent pattern with gene expression 

(Figure 6.4). Results from a separate GSA of WT vs. HET samples are presented in 

Supplementary Table S2.  

 

 

Figure 6.3. Volcano plot of differentially expressed genes in WT vs. R-Ras KO mouse 

aortas identified with RNA-seq. Differential expression was analysed using a t-test with 

unequal variances. P values presented are before Bonferonni correction. Significant 

thresholds: p < 0.05, log2(Fold Change) ≥ ±2. Analysis was carried out using Partek Flow 

software. 
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Figure 6.4. Heatmap of RNA-seq expression data showing differential expression of genes in R-Ras KO, heterozygous (HET) and WT 

mouse aortas. Gene expression is shown as z-scores, calculated as the expression count minus the mean and divided by the standard deviation 

(SD). Hierarchical clusters are identified with dendograms. Gene names are on the X axis. Samples are grouped depending on genotype. WT n 

= 5, HET n = 3, KO n = 4. The diagram was generated by Dr. Charles Mein (Genome Centre, QMUL) using Partek Flow software. 



169 

After Bonferonni correction with a false discovery rate (FDR) threshold of ≤ 5%, only 1 gene, 

Rras, passed the p value threshold in the GSA of WT vs. R-Ras KO samples (Figure 6.5, 

Supplementary Table S2).  

 

Figure 6.5. Dot plot of Rras gene expression in WT, R-Ras HET and R-Ras KO mouse 

aorta analysed with RNA-seq. Data was plotted using Partek Flow software. WT n = 5, HET 

n = 3, KO n = 4.  

 

6.2.1.3. Exploratory KEGG geneset enrichment analysis of RNA-seq data 

yields no significantly enriched pathways  

Prior to Bonferonni correction, GSA found 53 statistically DE genes in WT vs. KO mouse 

aortas. KEGG gene set enrichment analysis was therefore performed as an exploratory 

analysis using this dataset, to investigate whether the culmination of these genes may 

translate to significantly DE pathways. KEGG geneset enrichment analysis (GSEA) imputes 

the directional Log2FC and p value associated with DE genes to calculate an enrichment score 

in a given condition. GSEA can only be performed between two groups, therefore HET data 

was excluded from this analysis. However, no KEGG pathway was significantly enriched.  
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6.2.2. Phosphoproteomics 

6.2.2.1. R-Ras KO results in changes in phosphorylation status of proteins in 

the young mouse aorta  

Phosphoproteomic analysis was carried out to investigate changes in cell signalling pathways 

in the mouse aorta, resulting from R-Ras KO. Phosphoproteins and phosphosites were 

identified using the PhosphoSitePlus database. The PhosphoSitePlus database includes 

additional post-translational modifications (PTMs) to phosphorylation. PTMs are categorised 

as phosphorylation of serine (S), threonine (T) and tyrosine (Y), methylation of arginine (R), 

and acetylation and ubiquitination on lysine (K), oxidation of methionine (M), or no modification 

(no_mod). The term phosphosite used in this thesis covers any of these PTMs reported by 

PhosphoSitePlus.  

Using cut-off values of p < 0.05 and Log2FC ≥ ±2, 702 differentially expressed phosphosites  

in 498 proteins were identified (Figure 6.6). A negative Log2FC value indicates a larger  

phosphosite signal in the WT aorta (indicating downregulation by R-Ras) and a positive 

Log2FC indicates a larger phosphosite signal in the R-Ras KO aorta (indicating upregulation 

y R-Ras). 302 phosphosites were significantly downregulated in 274 proteins, and 400 

phosphosites significantly upregulated in 224 proteins, in the R-Ras KO mouse aorta 

compared to WT (Figure 6.6). The top 10 upregulated (Table 6.1) and downregulated (Table 

6.2) phosphosites and the phosphoprotein functions are listed below, the remaining significant 

phosphosites are presented in Supplementary Tables S3 and S4.  
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Figure 6.6. Upregulated and downregulated phosphosites in the R-Ras KO mouse aorta. Phosphoproteomic analysis was carried out on 

WT and R-Ras KO mouse aortas (n = 8) and phosphosite/protein abundance calculated and normalised as the log2(Fold Change) of R-Ras KO 

vs. WT. A) Bar plot of the number of significantly up- and downregulated phosphosites and phosphoproteins in the R-Ras KO mouse aorta. 

Plotted using Prism 8 software. B) Volcano plot of significantly up- and downregulated phosphosites in the R-Ras KO mouse aorta. Top significant 

proteins are labelled with their gene names. Dotted lines indicate significance thresholds. Plotted using the ggplot2 package  in R. Significance 

thresholds are p < 0.05 and log2(Fold Change) ≥ ±2. 
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Table 6.1. Top 10 phosphosites significantly upregulated in R-Ras KO mouse aortas 

Uniprot ID Name Phosphosite Log2FC P value Function 

Tns2 Tensin-2 Y483; S481 19.89 4.2x10-5 
Focal adhesion molecule that binds actin filamin. Role in cell 
migration. 

Rla0 
60S acidic ribosomal 
protein P0 

M311; S304; 
S307 

16.10 4.6x10-7 Ribosomal protein important for RNA binding. 

Hnrpk 
Heterogeneous nuclear 
ribonucleoprotein K 

Y280 15.12 0.022 
Pre-mRNA-binding protein. Related to hypertension and 
kidney injury in diabetes via renal AGT transcription. 

Lrc8c 
Volume-regulated anion 
channel subunit LRRC8C 

T660 14.85 5.2x10-8 
Component of volume-regulated anion channel which 
regulates cellular volume homeostasis. Implicated in 
vascular remodelling in hypertension. Expressed in SMCs. 

Rhg17 
Rho GTPase-activating 
protein 17 

S698 14.50 5.1x10-8 
GTPase activator of CDC42, Rho, RAC1. Role in 
maintenance of tight junction, cell polarity, Ca2+ dependent 
exocytosis.  

H4 Histone H4 S48 14.44 0.021 
Core component of nucleosome. Role in transcription 
regulation, DNA repair, DNA replication and chromosomal 
stability.  

Cdkl5 
Cyclin-dependent kinase-
like 5 

S341 14.36 0.022 
Phosphorylation of methyl CpG binding protein 2. May 
regulate ciliogenesis. Related to glomelular filtration rate. 
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Nub1 
Negative Regulator of 
Ubiquitin Like Proteins 1 

S100 14.31 0.022 Promotes degradation of NEDD8 (cell-cycle regulator). 

Tbcd1 
TBC1 domain family 
member 1 

S697 14.31 1.1x10-7 

Glucose transport mediator. May act as a GTPase-
activating protein for Rab family protein. Plays role in cell 
differentiation, and insulin-stimulated glucose uptake into 
cells. 

Necp2 
Adaptin ear-binding coat-
associated protein 2 

S186 14.28 0.021 Involved in endocytosis. 

Phosphosite abundance was normalised as log2(Fold Change) KO vs. WT, and p value determined using a t-test with unequal variance. 

Phosphosites are labelled as phosphorylation of Y (tyrosine), T (threonine), or S (serine), or oxidation of M (methionine). Sites with no modification 

(no_mod) are excluded. Information on function is extracted from GeneCards – the human gene database, www.genecard.org [355].  
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Table 6.2. Top 10 phosphosites significantly downregulated in R-Ras KO mouse aortas. 

Uniprot ID Name Phosphosite Log2FC P value Function 

Myo9b 
Unconventional myosin-
IXb 

S1175 -17.41 0.029 
Binds actin to regulate intracellular movement. RhoA 
GTPase activator. 

Cip2a Protein CIP2A M680 -16.92 5.6x10-7 Oncogenic protein.  

Srrm2 
Serine/arginine repetitive 
matrix protein 2  

S1628; 
S1631 

-15.58 0.020 
Involved in mRNA splicing in the spliceosome. A 
biomarker of Parkinson’s disease.  

Mp2k2 
Dual specificity mitogen-
activated protein kinase 
kinase 2  

T397 -15.48 5.5x10-10 
Activates MAPK/ERK/BRAF. Critical in mitogen growth 
factor signal transduction.  

Lorf2 
LINE-1 retrotransposable 
element ORF2 protein  

S1072 -15.15 1.44x10-6 Reverse transcriptase.  

If4g1 
Eukaryotic translation 
initiation factor 4 gamma 
1  

T1213 -15.04 1.6x10-09 Regulates mRNA translation of ATF4.  

Septin7 Septin-7  S422 -14.40 0.028 
Filament-forming cytoskeletal GTPase required for normal 
organisation of actin cytoskeleton.  
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Srrm1 
Serine/arginine repetitive 
matrix protein 1  

S702; S704 -14.27 1.3x10-7 Involved in numerous pre-mRNA processing events. 

Map1b 
Microtubule-associated 
protein 1B  

M827; S825; 
T834 

-14.25 0.036 Involved in microtubule assembly and neurite extension.  

I2bp2 
Interferon regulatory 
factor 2-binding protein 2  

T73 -14.18 2.2x10-9 
Acts as a coactivator of VEGFA expression in cardiac and 
skeletal muscles. Plays a role in immature B-cell 
differentiation.  
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The phosphoproteomic analysis revealed novel and known phosphoproteins to interact with 

R-Ras. Notably, the upregulated phosphosite with the highest Log2FC was located in the 

Tensin-2 protein (Tns2(Y483;S481), Log2FC = 19.89, p = 4.2x10-5, Table 6.1). Tensin-2 has 

not been previously associated with R-Ras. In  total, there were 5 significantly upregulated 

phosphosites in Tns2 (Y483; S481; S466; Y456; S455), Figure 6.7, Supplementary Table S3).  

 

Figure 6.7. Differential phosphorylation of tensin-2 phosphosites in R-Ras KO mouse 

aortas. Plotted using the ggplot2 package in R.   

In filamin-A (Flna), a known effector of R-Ras [215,356], 4 phosphosites are upregulated and 

1 downregulated in the R-Ras KO mouse aorta (Figure 6.8, Supplementary Tables S3 and 

S4).  

 

Figure 6.8. Differential phosphorylation of filamin-A phosphosites in R-Ras KO mouse 

aortas. Plotted using the ggplot2 package in R.  
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There were also significant changes in phosphorylation status of proteins involved in the 

PI3K/Akt signalling; inositol 1,4,5-Triphosphate Receptor Associated 1 (Irag1), and Akt 

Serine/Threonine Kinase 1 (Akt1) (Figure 6.9.A, Supplementary Table S3). Phosphorylation 

of Rho-associated protein kinase-1 (Rock1) at S1100 and S1102 was downregulated in R-

Ras KO mouse aortas (Figure 6.9.B, Supplementary Table S4, mean Log2FC WT = 0.31  

2.7, KO = -7.35  0.1, p = 0.03); R-Ras is known to activate Rock1 by phosphorylation in vitro 

[279]. Adenylate cyclase type 6 (Adcy6), an activator of R-Ras [240], is less phosphorylated 

in R-Ras KO mouse aortas (Figure 6.9.C, Supplementary Table S4, mean Log2FC WT = 5.67 

 0.03, KO = -7.35  0.1, p < 0.0001). Phosphorylation of eNOS, Nos3(S632) was also 

downregulated, although this was not statistically significant (Figure 6.9.D, Supplementary 

Table S4, mean Log2FC WT = -2.45  3.3, KO = -7.35  0.1, p = 0.20). However, 

phosphorylation of the inducible form Nos2(S118) was upregulated and significant (Figure 

6.9.D, Supplementary Table S3, mean Log2FC WT = 7.44  1.7, KO = -2.69  3.5, p = 0.03). 

Finally, multiple phosphosites on the R-Ras GAP, Rasa3, were differentially phosphorylated 

(Figure 6.9.D, Supplementary Tables S3 and S4).  
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Figure 6.9. Boxplots of differential expression of phosphosites in the R-Ras KO mouse aorta. A) Proteins involved in PI3K/Akt signalling. 

B) Rock1. C) Adcy6. D) NOS isoforms. E) Rasa3. Significant differences between normalised absolute peptide abundance (Log2(abspep)) were 

compared using a 2-tailed t-test with unequal variance. *p < 0.05, ****p < 0.0001. Boxplots were plotted using Prism 8 software.  
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6.2.2.2. Kinase substrate enrichment analysis shows changes in kinase 

activity with R-Ras KO in the mouse aorta 

Phosphorylation of protein phosphosites is dependent on kinases. Kinase substrate 

enrichment analysis (KSEA) combines phosphoproteomic data with PhosphoSitePlus and 

Phospho.ELM databases to infer kinase activity based on the abundance of phosphosites and 

known kinase-substrate relationships [357]. KSEA analysis found Mek1 activity was 

significantly upregulated in R-Ras KO mouse aortas (Log2FC = 1.25, p = 0.001, Figure 6.10). 

Mtor (mechanistic target of rapamycin) activity was also upregulated but failed to reach 

statistical significance. Pkaca (cAMP-dependent protein kinase catalytic subunit alpha), Akt1, 

Pkca (Protein kinase C alpha), Erk2 and Erk1 activity were downregulated in R-Ras KO mouse 

aortas, but again were not statistically significant (Figure 6.10).  

 

Figure 6.10. Kinase substrate enrichment analysis (KSEA) of changes in kinase activity 

in R-Ras KO v WT mouse aorta. Mean log2(Fold Change) in phosphosite abundance in KO 

vs. WT samples were calculated for each sample, and used for KSEA analysis [357]. Changes 

in kinase activity are expressed as log2(Fold Change) in KO vs. WT samples. Bars are 

coloured dependent on p values obtained using an unpaired t-test with unequal variance. ***p 

< 0.001. Plotted using ggplot2 in R.  
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6.2.2.3. KEGG geneset enrichment analysis reveals pathways related to BP 

KEGG geneset enrichment analysis (GSEA) was performed on the phosphoproteomic dataset 

using the gseKEGG function in R/ClusterProfiler to explore changes in signalling pathways in 

mouse aortas resulting from R-Ras KO. Some phosphoproteins have multiple phosphosites. 

KEGG GSEA does not consider the specific phosphosite, and therefore an individual 

phosphoprotein may appear in the analysis multiple times, potentially introducing bias. To 

assess whether this potential bias impacts GSEA output, three separate analyses were 

performed, as follows: 

A1 Analysis 1  

Multiplicate genes removed and the highest Log2FC value for that protein included, with the 

corresponding p value (Supplementary Table S5).  

A2 Analysis 2  

Multiplicate genes removed and the most significant p value for that protein included, with the 

corresponding Log2FC value (Supplementary Table S6).  

A3 Analysis 3 

All multiplicate genes included (Supplementary Table S7).  

The results were largely consistent between all 3 analyses, A1, A2, and A3 (Figure 6.11, 

Supplementary Tables S5 to S7). All significantly enriched pathways in A1 and A2 were 

downregulated. A1 shared every significantly enriched pathway with A2, with minor 

discrepancies in p value or normalised enrichment score (NES) (Figure 6.12, Supplementary 

Tables S5 and S6). A1 however reports ‘Thermogenesis’ as significantly downregulated – this 

was not significant in A2.  

The results from A3 included all the pathways significantly enriched in A1 and A2. The ‘cAMP 

signaling’ pathway had the highest NES and p value for all three GSEAs (Supplementary 

Tables S5 to S7). There were also some other significant pathways only in A3. These included 

the ‘Adrenergic signaling in cardiomyocytes’ pathway which was significantly downregulated; 

this downregulation was mirrored in A1 and A2 but did not reach significance (Figure 6.11, 

Supplementary Tables S5 to S7). There was also a significantly upregulated pathway - ‘Hippo 

signaling pathway – multiple species’ (NES = 1.48, p = 0.047) (Supplementary Table S7). The 

A3 analysis included all multiplicate genes and this may reflect some bias on these results.  



181 

 

Figure 6.11. Comparative barplot of enriched KEGG pathways in the R-Ras KO mouse 

aorta from KEGG geneset enrichment analyses (GSEA) A1, A2 and A3. Three GSEA 

analyses were run to assess bias imparted by multiplicate phosphoproteins. A1 included only 

phosphoproteins with highest Log2FC value (white). A2 included only phosphoproteins with 

highest p value (blue). A3 included all multiplicate phosphoproteins (orange). KEGG GSEA 

was performed using the gseKEGG function in the R/Bioconductor package. Significant 

enrichment was calculated with permutation testing. * = p < 0.05, ** = p < 0.01, ns = non-

significant.  
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reported here (phosphoproteins with highest Log2FC values). A1 identified 28 upregulated 

and 75 downregulated KEGG genesets/pathways in the R-Ras KO mouse aorta (Table 6.3, 

Supplementary Table S5). 11 downregulated pathways were statistically significantly enriched 

with permutation testing (p < 0.05, Figure 6.12, Table 6.3). The ‘cAMP signaling’ pathway had 

the highest NES, and was most significant (NES = 1.99, p = 0.002, Figure 6.12 and Table 6.3). 
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There were no upregulated pathways which reached statistical significance with permutation 

testing in A1. Table 6.3 lists the enriched genes in the significant pathways, which appear in 

the ranked list before the maximum running score is reached in the GSEA. There is a lot of 

overlap in these enriched genes between significantly downregulated pathways, suggesting 

these pathways are related (Table 6.3). 

 

 

Figure 6.12. Barplot of significantly enriched pathways in the R-Ras KO mouse aorta - 

results from analysis A1. The phosphoproteomic dataset was filtered by removing 

multiplicate phosphosites and including phosphoproteins with the highest Log2FC (Analysis 

A1, Supplementary Table S5). KEGG gene set enrichment analysis was performed using the 

gseKEGG function in the R/Bioconductor package. The normalised enrichment score is 

calculated from the running score of a random walk of the phosphoproteomics gene list against 

the KEGG geneset, normalised against the number of genes in the geneset.  
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Table 6.3. Significantly enriched KEGG pathways in R-Ras KO mouse aortas - GSEA 

results from analysis A1. 

Pathway NES P value Enriched genes 

cAMP signaling pathway -1.99 0.002 Adcy6/Braf/Cnga3/Myl9 

Oxytocin signaling pathway -1.99 0.002 Actb/Adcy6/Myl9/Mylk/Mylk2 

Gastric acid secretion -1.86 0.005 Actb/Adcy6/Adcy9/Mylk/Mylk2 

Cushing syndrome -1.70 0.013 Adcy6/Adcy9/Braf 

Endocrine resistance -1.68 0.017 Adcy6/Adcy9/Braf/Ncor1 

Parathyroid hormone 
synthesis, secretion and action 

-1.62 0.017 Adcy6/Braf 

Chemokine signaling pathway -1.68 0.019 Adcy6/Adcy9/Braf 

Progesterone-mediated oocyte 
maturation 

-1.63 0.024 Adcy6/Adcy9/Braf 

Vascular smooth muscle 
contraction 

-1.68 0.031 Adcy6/Braf/Myl9/Mylk2 

Thermogenesis -1.54 0.037 Actb/Adcy6 

Regulation of actin 
cytoskeleton 

-1.65 0.038 Actb/Braf/Enah/Myl9/Mylk/Mylk2 

KEGG GSEA was performed using the R/Bioconductor package, with multiplicate genes 

filtered based on highest Log2FC values (Analysis 1). Enrichment scores are normalised 

against the number of genes in the KEGG geneset and presented as normalised enrichment 

scores (NES). A negative NES indicates downregulation in the R-Ras KO vs. WT mouse aorta. 

Enriched genes appear in the ranked list at or before the point at which the running sum 

reaches its maximum enrichment score.  
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The overarching aim of this PhD study was to investigate the contribution of R-Ras to BP 

control. Therefore, the downregulation of pathways directly related to BP control in the R-Ras 

KO mouse aorta were assessed (‘cAMP signaling’, ‘Oxytocin signaling’, ‘Vascular smooth 

muscle contraction’, ‘Regulation of actin cytoskeleton’). These KEGG pathways share the 

cAMP and RhoA/ROCK signalling cascades. R-Ras is activated by cAMP [248], and 

potentiates RhoA/ROCK signalling [279,358]. Genes common between the significantly 

downregulated pathways are actin beta (Actb), adenylate cyclase isoforms 6 (Adcy6) and 9 

(Adcy9), the oncogene v-raf murine sarcoma viral oncogene, B-raf (Braf), and MLCK isoforms 

(Mylk, Mylk2) and myosin light chain 9 (Myl9) (Table 6.3, Figure 6.13). These genes are also 

common in the pathways listed in Table 6.3 (Figure 6.13). Together, this data suggests a role 

of R-Ras in vascular BP control signalling.  

 

 

Figure 6.13. Circle plot illustrating crossover of genes in significantly upregulated 

pathways directly related to blood pressure control in the R-Ras KO mouse aorta. The 

genes shown are present in the phosphoproteomics gene list. The dot size corresponds to the 

number of genes in the KEGG gene set that are present in the other gene sets. The fold 

change illustrates the Log2FC value in the R-Ras KO mouse aorta compared to WT. Plotted 

with R/ggplot2.  
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6.2.2.4. Evaluating a role of R-Ras in Hippo signalling  

The ‘Hippo signalling pathway – multiple species’ KEGG geneset was the only pathway 

upregulated in the R-Ras KO mouse aorta (Figure 6.11, Supplementary Tables S5 to S7). 

This enrichment had nominal significance in the KEGG enrichment analyses A1 and A2 

(multiplicate genes removed) and reached significance when multiplicate genes were included 

(analysis A3). This pathway further was chosen for further follow-up as it is evidenced to 

promote VSM contraction [359], and is implicated in other cardiovascular processes also 

linked to R-Ras, including angiogenesis and smooth muscle cell restenosis [360–362]. The 

gold-standard method to confirm changes in phosphorylation status of proteins is western 

blotting. However, this technique is time-consuming, and antibodies are expensive, and this 

method was not achievable in the remaining time frame of this PhD. Therefore, an 

immunofluorescence staining protocol of mouse aortas using YAP/TAZ antibodies previously 

optimised by our research group was performed as preliminary validation experiments to 

explore the impact of R-Ras KO on YAP/TAZ signalling. 

The YAP (Yes-associated protein 1) and TAZ (Transcriptional co-activator with PDZ binding 

motif) are the primary sensors of the Hippo signalling pathway. YAP/TAZ binds TEAD 

(Transcriptional enhanced associate domain) in the nucleus and influences gene expression 

to regulate cell proliferation, differentiation, and apoptosis (Figure 6.14). YAP/TAZ signalling 

contributes to adaptation of the VSM to mechanical forces, both acutely and chronically 

[359,363]. This is in line with the downregulation of VSM contraction KEGG pathway observed 

in the R-Ras KO mouse aorta.  

 

 

 

Figure 6.14. Changes in phosphorylation of proteins in the ‘Hippo signalling pathway – 

multiple species’ KEGG pathway with R-Ras KO. Changes in phosphorylation of proteins 

resulting from R-Ras KO were visualised using Pathview (R/Bioconductor). Red indicates 

upregulated phosphorylation, and green downregulated phosphorylation.  
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Lats1 and TEAD phosphorylation were upregulated in the R-Ras KO mouse aorta 

(Lats1(S461); Log2FC = 13.3, p = 0.02, Tead3(S145); Log2FC = 11.5, p < 0.0001, 

Supplementary Table S2). YAP phosphorylation was downregulated (Yap1(S148); Log2FC = 

-2.24, p = 0.02, Supplementary Table S3, Figure 6.14). The hypothesis was that R-Ras will 

promote YAP/TAZ localisation to the nucleus in VSMCs where it is active, thus regulating VSM 

contraction. To explore this, immunofluorescence staining was performed to monitor nuclear 

translocation of YAP/TAZ in WT and R-Ras KO mouse aortas with the hypothesis that 

YAP/TAZ will be retained in the cytoplasm in KO. However, this yielded inconclusive results 

as cytoplasmic and nuclear localisation was not discernible (Figure 6.15).  
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Figure 6.15. Confocal immunofluorescence images of YAP localisation in the WT and 

R-Ras KO mouse aorta. Aortas were sectioned horizontally and incubated with anti-YAP 

(green), anti-elastin (red), and DAPI (blue, nuclei). Images were acquired using the Zeiss LSM 

710 Confocal Microscope at x40 magnification. The endothelium (Endo) and the lumen (L) are 

indicated.  
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6.3. Discussion  

A hypothesis-free multi-omic approach was adopted to ascertain if there were changes in gene 

expression (RNA-seq) and cell signalling pathways (phosphoproteomics) between R-Ras KO 

and WT mice aorta, in a bid to elucidate whether R-Ras KO had an impact on BP related 

pathways in the young mouse, and to identify mechanisms which may be contributing to the 

age-related BP phenotype. Transcriptomic analysis with RNA-seq failed to detect changes in 

gene expression, which may be due to issues with sample heterogeneity and study design. 

Phosphoproteomics was more fruitful; analysis revealed hundreds of significantly up- and 

down-regulated phosphosites. When contextualised as changes in cell signalling pathways, 

pathways related to BP control were enriched. These findings warrant follow up studies to 

confirm these observations and delineate how R-Ras contributes to signalling mechanisms 

acting to regulate BP.   

 

6.3.1. Transcriptomics of the young R-Ras KO mouse aorta  

RNA-seq analysis was used to measure changes in gene expression resulting from Rras gene 

deletion in the young adult mouse aorta. PCA demonstrated a lack of clustering between 

samples within genotype. This is likely explained by limitations in study design. Samples were 

processed in two batches, and two samples required additional DNase treatment to improve 

quality after RNA isolation, introducing differing processing conditions. Thus, the results from 

the RNA-seq must be interpreted with caution.  

I considered whether the lack of clustering of groups in PCA may be explained by the 

heterogeneous genetic architecture of the aorta. Embryological [364] and single-cell RNA-seq 

(scRNA-seq) studies [365] have highlighted the spatial diversity in the SMC and EC types 

along the aorta. In  this RNA-seq study, RNA was extracted from the whole aorta, but it is not 

certain that the whole aorta was harvested for each sample, and flushing of the aorta to 

remove blood during sample preparation may have accidentally removed endothelial cells. 

This limitation is likewise acknowledged in an RNA-seq comparative study of the young and 

aged whole mouse aorta [366]. Gao and colleagues performed RNA-seq on 5 replicates of 

male whole aortas from young and aged mice, reporting over 2,000 DE genes. However, the 

PCA showed distinct clustering of samples in young and aged groups [366]. The lack of 

clustering observed in this study is therefore more likely to be due to processing conditions. 

ScRNA-seq on individual EC and SMCs may provide more informative data in this study, by 

reducing noise from studying multiple cell types at once. Notably, Zhang and colleagues have 
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used scRNA-seq to demonstrate changes in transcriptome of subpopulations of ECs and 

SMCs extracted from the mouse aorta after salt-induced hypertension, including in expression 

of genes related to contractility [367]. Repeating this scRNA-seq on ECs and SMCs isolated 

from the R-Ras KO mouse aorta may facilitate identification of more subtle changes resulting 

from Rras gene deletion .  

Rras was the only significantly DE gene in the young adult R-Ras KO mouse aorta after 

Bonferonni correction. Prior to Bonferonni correction, 53 genes were significantly DE in the R-

Ras KO mouse aorta using an unpaired t-test with unequal variances assumed, and a 

threshold of Log2FC ± ≥ 2. of these genes, many were pseudogenes, or appear to be 

unrelated to R-Ras or BP and hypertension. I performed an exploratory KEGG enrichment 

analysis on the dataset of genes significantly DE prior to Bonferonni correction to identify 

whether these genes were related and involved in BP-relevant pathways. However, this 

yielded no significantly enriched KEGG pathways in R-Ras KO in the mouse aorta. Overall, 

RNA-seq of the young R-Ras KO mouse aorta failed to produce any interesting results. This 

is potentially due to issues with study design and underpowering, which may be overcome 

with scRNA-seq, including higher n numbers, and more stringent sample preparation to 

minimise heterogeneity between samples. Alternatively, there may simply be no major 

transcriptomic changes induced by Rras KO in the mouse aorta.  

 

6.3.2. Phosphoproteomics analysis of the young R-Ras KO mouse aorta  

Phosphoproteomics detects changes in PTMs of proteins as an indicator of change in protein 

activity. A phosphoproteomic approach was chosen over proteomics (which provides 

information on the proteins present in a sample) in the hope to delve deeper into changes in 

protein signalling pathways resulting from R-Ras KO in the mouse aorta, as well as the 

proteomic makeup. Over 700 differentially phosphorylated phosphosites were identified in the 

R-Ras KO mouse aorta, corresponding to nearly 500 phosphoproteins. These included novel 

phosphoproteins not previously associated with R-Ras (e.g. tensin-2, myosin light chain 

kinases), and previously associated phosphoproteins (e.g. filamin-A, adenylyl cyclase). These 

changes were then contextualised into cell signalling pathways using geneset enrichment 

analysis (GSEA) and the KEGG database. Three analyses were performed with multiplicate 

phosphoproteins removed (A1, A2) or included (A3). All three GSEA analyses revealed the 

‘cAMP signaling pathway’ as the most significant and enriched downregulated pathway in the 

R-Ras KO mouse aorta compared to WT. A role of R-Ras in vascular BP control was 

supported by downregulation of ‘Vascular smooth muscle contraction’ and ‘Regulation of the 
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actin cytoskeleton’ pathways in all 3 analyses. These discoveries warrant confirmation and 

further investigation to delineate the mechanisms by which R-Ras may contribute to vascular 

BP control.  

When interpreting this data, it must be stressed that phosphoproteomics is an exploratory 

analysis. An individual phosphoprotein has multiple phosphosites and can be simultaneously 

up- or downregulated. Therefore, the change in phosphorylation status of proteins observed 

can sometimes be contradictory to that reported in the literature, depending on the 

phosphosite. This data can be interpreted as an indication of changes in potential pathways, 

however in vitro confirmation of changes in phosphorylation status of proteins, and 

observations in cell signalling pathways, are essential to draw any concrete conclusions. 

Phosphoproteomics is therefore a useful tool to generate new hypotheses.  

 

6.3.2.1. Downregulation of eNOS phosphorylation with R-Ras KO is not 

significant  

One of the preliminary hypotheses was that R-Ras would potentiate NO signalling via 

PI3K/Akt/eNOS signalling in endothelial cells. Western blotting assays in human umbilical vein 

endothelial cells demonstrated transfection with constitutively active R-Ras results in 

upregulated eNOS (Nos3) phosphorylation, indicating eNOS activation (section 4.2.5). Here, 

the phosphoproteomic data suggest that eNOS phosphorylation is downregulated with R-Ras 

KO at S632, although not significantly. In  the western blotting experiments, the antibody 

specifically targeted the S1177 phosphosite on eNOS, however eNOS activity is mediated by 

phosphorylation at multiple sites. Phosphorylation of Nos3(S633), located in the flavin 

mononucleotide binding domain of eNOS, also increases eNOS activity and appears 

particularly important for the maintenance of NO synthesis after initial activation by Ca2+ flux 

and S1177 phosphorylation [368]. Could R-Ras modulate S1177 phosphorylation indirectly 

via S633 phosphorylation? It is important to consider the lack of significance observed with 

this finding. This may be explained by the endothelial localisation of eNOS, and the delicate 

nature of the endothelium monolayer meaning it could have been accidentally removed during 

sample preparation, explaining the lack of phosphosite present in 2 out of 4 WT samples. 

However, it is not certain that this didn’t happen in the KO samples, in which case the lack of 

Nos3(S633) phosphosite will be due to lack of endothelial cells in the preparation rather than 

downregulated phosphorylation. Furthermore, why was downregulated phosphorylation at 

Nos3(S1177) not observed in the phosphoproteomics dataset? The in vitro observations 
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suggest R-Ras potentiates eNOS activity, yet this was not validated in the in vivo 

phosphoproteomic data.  

 

6.3.2.2. R-Ras KO alters the phosphorylation status of novel and known 

proteins in the mouse aorta  

The most differentially phosphorylated phosphosites in the R-Ras KO mouse aorta were in 

the tensin-2 protein. Five phosphosites in tensin-2 were significantly upregulated in the R-Ras 

KO. Tensin-2 is a ubiquitously expressed focal adhesion molecule, with a prominent role in 

maintaining structural integrity of the glomerular basement membrane in kidneys [369]. 

Studies in Tns2 deficient mice reveal development of glomerular and nephrotic kidney 

disease, depending on the genetic background [369,370]. Numerous homozygous recessive 

mutations in the TNS2 gene are associated with nephrotic syndrome (NS) in humans, as 

revealed with whole exome sequencing in affected families [371]. Hypertension is a common 

comorbidity of NS, in part due to RAAS activation, glomerular fibrosis and reduced glomerular 

filtration rate [372]. A direct link between tensin-2 and BP has not been established in vivo, 

although numerous genome and exome wide studies have associated TNS2 gene variants 

with SBP [373–377], DBP, and MAP [376]. Tensin-2 downregulates Akt activity [378], in 

contrast to the stimulatory effect of Akt by R-Ras [208,217,224,230,231,234–239,379,380]. In  

R-Ras KO mouse aortas, tensin-2 phosphorylation is upregulated i.e. activated. A possible 

interaction between R-Ras and tensin-2 could be related to the RAAS. However, in the KO 

mice challenged with ANGII to induce hypertension differences to WT were not observed in 

BP, or associated cardiac fibrosis and arterial wall thickening (Chapter 4), suggesting the link 

between tensin-2 and R-Ras is distinct from renal BP control. However, R-Ras does have 

medium expression levels in the glomeruli [203]; possible colocalization and interaction of 

tensin-2 and R-Ras in the kidneys may warrant investigation. Tensin-2 is highly expressed in 

the aorta [203], however literature predominantly reports on the renal function of tensin-2, and 

there is a lack of research into the vasculature. Tensin-2 is an focal adhesion molecule, and 

R-Ras promotes focal adhesion formation [212,262]. Focal adhesions are integral in actin 

cytoskeleton reorganisation in vascular smooth muscle contraction, and in vascular 

remodelling. Could an interaction of tensin-2 and R-Ras in the aorta be a novel pathway for 

actin cytoskeleton regulation in the vasculature?  

Another gene that appears in the phosphoproteomics dataset is Flna, encoding filamin-A. 

Filamin-A is a large-actin binding cytoskeletal protein, highly expressed in vascular tissues 

[381]. Smooth muscle specific deletion of Flna in mice results in attenuated caudal and renal 
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myogenic tone [382]. Mice with impaired RNA-editing of Flna, important for optimal function of 

the protein, exhibit diminished aortic contraction to U46619, and elevated DBP at rest 

measured with radiotelemetry [383]. MLC phosphorylation is increased in these mice; 

dephosphorylation of MLC premediates smooth muscle relaxation [383]. With R-Ras KO in 

the mouse aorta, 4 phosphosites on filamin-A are upregulated, and 1 downregulated. Notably, 

phosphorylation of S16, S20 and T1747 is upregulated with R-Ras KO. These sites are in the 

actin binding region, and Hinge 1 region (responsible for maintaining viscoelastic properties 

of actin networks [384]), respectively (UniProt ID: Q8BTM8), suggesting R-Ras may impact 

filamin-A function. This is supported by literature evidencing an interaction of filamin-A and R-

Ras in maintenance of vascular permeability in human coronary artery endothelial cells [356] 

and in a mouse model of hindlimb ischaemia [217]. Together, this data suggests R-Ras and 

filamin-A may also interact to regulate vascular tone.  

It is well established that R-Ras activation initiates PI3K/Akt signalling 

[208,217,224,230,231,234–239,379,380]. The phosphoproteomics data indicate members of 

the PI3K/Akt signalling axis have upregulated phosphorylation in the R-Ras KO mouse aorta; 

this is contrary to what would be expected as R-Ras potentiates PI3K/Akt signalling. This 

includes Irag1 (inositol 1,4,5-triphosphate receptor associated 1) which is involved in NO-

mediated relaxation of gastric smooth muscle [385], although a link with VSM has not yet been 

established. R-Ras KO mice also have upregulated phosphorylation at Akt1(S129). Akt1 is 

the predominant isoform of Akt in endothelial cells, and is implicated in the pathogenesis of 

hypertension via its roles in eNOS phosphorylation [386], endothelial dysfunction [387], and 

in angiogenesis [388]. Akt1 activity is largely mediated by phosphorylation at S473 and T308 

[379]. The Akt1(S129) phosphosite on the other hand has been demonstrated to facilitate anti-

apoptopic activity of Akt by preventing dephosphorylation at T308, facilitated by the CK2 

kinase and association with the Hsp90 chaperone [53]. R-Ras also contributes to the anti-

apoptopic role of PI3K/Akt signalling axis, as demonstrated in HUVECs where active R-Ras 

inhibits Bax-induced apoptosis in the context of angiogenesis, particularly at phosphosites 

S473 and T308 [379]. Therefore, R-Ras KO would be expected to result in downregulated 

phosphorylation at Akt1(S129), contrary to what is observed in the phosphoproteomics data. 

Furthermore, results from the KSEA analysis, which provides a measure of kinase activity 

based on changes in phosphorylation status of downstream effectors of kinases, suggest Akt1 

phosphorylation is downregulated with R-Ras KO, although this failed to reach significance. 

The significance of Akt1(S129) upregulated phosphorylation with R-Ras KO therefore remains 

unclear, but does affirm interaction of R-Ras with the protein. Whether R-Ras contributes to 

the NO-mediated vasorelaxation and anti-hypertensive roles of Akt remains unknown.  
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Rasa3 is an R-Ras GAP which has been shown to inactivate R-Ras in neuronal [390] and 

breast cancer cell lines, and in vivo in the zebrafish xenograft model [391]. Specifically, Rasa3 

functions to oppose R-Ras action, leading to destabilisation of focal adhesions and promoting 

metastasis of cancer cells [391], or preventing the development of stable embryonic blood 

vessels by limiting endothelial cell migration [390]. Phosphoproteomic analysis indicated R-

Ras KO in the mouse aorta results in upregulated phosphorylation of Rasa3 at phosphosites 

Y807 and S809, and downregulated phosphorylation at S833. The functional relevance of 

these sites is not known. This is an interesting observation nonetheless as Rasa3 has only 

been implicated to work upstream of R-Ras in previous literature.   

 

6.3.2.3. MEK1 activity could be upregulated with R-Ras KO in the mouse aorta  

The impact of phosphorylation at phosphosites on proteins do not always have a functional 

impact, evidenced by the poor conservation of phosphorylation sites across species [392]. 

Throughout the phosphoproteomics dataset, phosphorylation at different phosphosites of the 

same protein are differentially up- and downregulated with R-Ras KO, despite being located 

on the same protein. Kinase-Substrate Enrichment Analysis (KSEA) instead combines 

information on known kinase-substrate relationships available in databases with 

phosphoproteomic datasets to estimate the kinase activity of known kinases [357,393]. Mek1 

(MAPK/ERK kinase) was the only kinase to reach significance with KSEA, and was 

upregulated in R-Ras KO, suggesting R-Ras normally inhibits its activity. There is 

contradictory literature on R-Ras and MEK1. Notably, constitutively active R-Ras does not 

stimulate MEK or its downstream activator ERK in transfected COS-7 cells [224], or human 

carcinoma cell lines [394]. Yet, a more recent study in glioma cells proposes R-Ras to inhibit 

MEK via Eph receptor tyrosine kinase signalling, attenuating proliferation [395]. This is 

concurrent with the KSEA data, indicating MEK activity is upregulated in R-Ras KO mouse 

aortas. In  contrast, Erk1 and Erk2 activity appears to be downregulated as analysed with 

KSEA, although this does not reach significance. This KSEA has limitations. Firstly, the 

databases used are biased towards well-known kinases and pathways, so the size of the 

substrate sets differs, and other less-studied kinases could be missed. Secondly, KSEA was 

specifically designed for applications in human data, and does not include the phosphosite 

when analysing mouse datasets.  

MEK/ERK signalling is associated with VEGF-induced angiogenesis [396,397], contrary to the 

anti-angiogenic role of R-Ras [208], also exemplified by the aortic ring assay in this study 

(Chapter 4.2.7). More relevant in the context of this thesis however is the role of MEK/ERK in 
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VSM contraction. MEK/ERK activates MLCK, leading to increased MLC phosphorylation and 

contraction [398]. This is further evidenced in spontaneously hypertensive rats, which exhibit 

elevated ERK levels [399], and increased ANGII-mediated contraction of VSMCs from SHRs 

compared to normotensive controls is normalised by ERK inhibition [400]. Upregulation of 

Mek1 activity with R-Ras KO may propose a role for R-Ras in VSM contraction mediated by 

MEK/ERK.  

 

6.3.2.4. A potential role of R-Ras in regulation of vascular tone  

KEGG GSEA contextualises changes in phosphorylation status of proteins to measure the up- 

and downregulation of pathways between different conditions – in this study, between WT and 

R-Ras KO. The KEGG pathway database is a continuously updated database of molecular 

pathways based on genomic, chemical and systemic functional information [401]. As 

described, three GSEA analyses were performed with multiplicate phoshoproteins excluded 

(A1, A2) or included (A3). The results from analyses A1 and A2 were largely consistent, with 

all pathways downregulated. Analysis A3 with multiplicate phosphoproteins included reported 

one significantly upregulated pathway – ‘Hippo signaling – multiple species’. 

When multiplicate phosphoproteins were excluded, KEGG GSEA resulted in 11 significantly 

enriched pathways, all of them downregulated. These included pathways directly associated 

with vascular blood pressure control, namely ‘Vascular smooth muscle contraction’, the ‘cAMP 

signaling pathway’, the ‘Oxytocin signaling pathway’, and ‘Regulation of actin cytoskeleton’.  

cAMP signalling in endothelial and vascular smooth muscle cells promotes vasodilation 

[49,240]. Here, downregulation of cAMP signalling in the R-Ras KO mouse aorta is reported, 

and more specifically downregulated phosphorylation of the adenylyl cyclase isoforms 6 

(Adcy6) and 9 (Adcy9) in the mouse aorta. AC is activated by Gαs-coupled GPCRs and 

catalyses the formation of cAMP. While the Adcy9 isoform is highly expressed in skeletal 

muscle [402], the predominantly VSM expressed Adcy6 isoform is key in regulating 

vasoreactivity via cAMP/PKA-mediated cytoskeletal reorganisation of VSM [403–405]. 

cAMP/PKA signalling also promotes vasodilation via direct phosphorylation and activation of 

KATP channels to induce hyperpolarisation, subsequently attenuating VGCC activity in VSMCs 

[50]. Likewise, Epac has been demonstrated to promote vasodilation via inhibition of RhoA 

and via KATP channel activation [49,398], however cAMP/PKA signalling is primarily 

responsible for KATP channel activity (Figure 6.16). In  ECs, cAMP-mediated activation of PKA 

and Epac promotes NO formation to induce vasodilation [243] (Figure 6.16). R-Ras is 
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activated by AC downstream of Gαs-coupled receptors, including M3AChRs and β2-

adrenoreceptors; this was shown as dependent on Epac, and independent of PKA [240]. This 

cAMP/Epac/R-Ras signalling mechanism has been explored in the context of endothelial 

integrity. Epac enhances endothelial barrier integrity by stimulating cAMP activity and 

stabilising actin [248]. This is determined by the interaction between filamin-A and R-Ras in 

vitro [356], and the observation that Flna is differentially phosphorylated with R-Ras KO may 

support this.  

VSM contraction relies on the phosphorylation status of MLC, governed by MLCK and MLCP 

activity which phosphorylate and dephosphorylate MLC, respectively [406]. RhoA/ROCK 

signalling downstream of G12/13 coupled receptors promotes VSM contraction by increasing 

Ca2+ sensitization via ROCK-mediated phosphorylation of Mypt1, a subunit of MLCP, leading 

to its inhibition [406] (Figure 6.16). The phosphoproteomics data shows R-Ras KO results in 

differential phosphorylation of Rock1, Mypt1, and MLC (Figure 6.16). Specifically, R-Ras KO 

results in downregulated phosphorylation of Rock1 at S1100;S1102. This observation is 

concurrent with in vitro studies showing R-Ras activates ROCK [279], via RhoA [358]. The 

same study found R-Ras promotes phosphorylation of Mypt1 [279], but this is contrary to the 

upregulation observed with the R-Ras KO in the mouse aorta in this study. The 

Rock1(S1100;S1102) phosphosite is located in the RhoA binding region (Uniprot ID: P70335). 

Rock1 is downstream of RhoA. Downregulation of this phosphosite via R-Ras may attenuate 

Rock1 binding to RhoA, thus inhibiting VSM contraction as observed with GSEA. However, R-

Ras KO also results in the upregulation of phosphorylation of Rock1 at S1108; the function of 

this phosphosite has not been elucidated. R-Ras KO also results in downregulated 

phosphorylation of MLCK (Mylk(S1781;S1782)), and MLC isoform 9 (Myl9(45-63,no_mod)), 

although at a ‘no modification’ site.  Previous literature shows R-Ras38V transfection in breast 

epithelial cells results in accumulation of MLC and MLC-P S19 at edges, promoting changes 

in cell morphology and cell motility [407], but there are no reported experiments directly linking 

MLCK and MLC activity with R-Ras in the context of VSM contraction.  
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Figure 6.16. Proposed role of R-Ras in cAMP signalling to mediate vascular tone in 

endothelial and smooth muscle cells. Solid black arrows indicate known mechanisms of 

vasodilation and vasoconstriction. Dotted black arrows indicate proposed mechanisms of R-

Ras to mediate vascular tone. Red (upregulation) and blue (downregulation) arrows indicate 

phosphorylation status of phosphosites in the young R-Ras KO mouse aorta identified with 

phosphoproteomics. 

 

In vitro studies have showed R-Ras is activated by Epac, but not PKA [240], and by PI3K/Akt. 

In  ECs, PI3k/Akt signalling stimulates NO production which induces vasodilation by sGC 

signalling in VSMCs. R-Ras could potentially be activated by cAMP/Epac/PI3k/Akt signalling 

in ECs to mediate NO formation (Figure 6.16), evidenced by the in vitro western blotting 

assays (section 4.2.5). In  VSMCs, cAMP signalling activates Epac, which inhibits 

RhoA/ROCK signalling disinhibiting MLCP and resulting in vasodilation. Epac also activates 

KATP channels resulting in hyperpolarisation and closing of VGCCs, preventing Ca2+ influx and 

thus Ca2+/CaM/MLCK-mediated vasocontraction. Could R-Ras regulate vasodilation 

downstream of cAMP/Epac? (Figure 6.16). There is also evidence in the literature that R-Ras 

activates Rho/ROCK, and the ‘Vascular smooth muscle contraction’ pathway is 
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downregulated in the R-Ras KO mouse aorta. This could be another potential pathway R-Ras 

regulates vascular tone, via Rho/ROCK inhibition of MLCP to promote vasoconstriction, albeit 

opposing the cAMP/Epac-mediated vasodilation (Figure 6.16). This is in line with the 

concurrent downregulation of both ‘cAMP signaling’, and ‘Vascular smooth muscle 

contraction’ pathways in the phosphoproteomics dataset. These observations reflect how 

phosphoproteomics analysis can provide multiple potential mechanisms for further 

interrogation. It is imperative these reported changes in cell signalling are confirmed in vitro.   

The oxytocin signalling pathway is also implicated in VSM contraction and vasorelaxation; low 

doses stimulate PI3K/eNOS signalling to cause vasorelaxation, and high doses increase 

phospho-ERK1/2 expression to induce vasoconstriction in rat aortic ring organ bath [408]. 

Altogether, the exact position of R-Ras in all of this remains unclear, yet the data does 

evidence R-Ras involvement in pathways regulating vascular contractility.  

The ’Regulation of actin cytoskeleton’ pathway is also downregulated in R-Ras KO mouse 

aortas. This supports the literature evidencing R-Ras-regulation of the actin cytoskeleton to 

enable formation of protrusions and facilitate cell spreading, migration, adhesion, and 

proliferation, and more complex processes such as angiogenesis [208,216,217,251,267–269]. 

Reorganisation of the actin cytoskeleton in VSMCs is further implicated in vascular 

remodelling and aortic stiffness associated with hypertension, in tandem with focal adhesion 

signalling [409]. R-Ras also promotes the formation of focal adhesions [212,262]. These 

changes may contribute to the age-related BP phenotype observed in R-Ras KO mice. This 

is discussed in more detail in Chapter 7.3.  

The ‘Chemokine signalling’ KEGG pathway is downregulated in the R-Ras KO mouse aorta. 

This is in line with the literature indicating R-Ras is activated by chemokines to stimulate T cell 

trafficking in the adaptive immune response [253]. Inflammation and the immune system 

contribute to the pathogenesis of hypertension, and with age-related hypertension. Perhaps 

R-Ras also interacts with the immune system with age to regulate these changes leading to 

hypertension. An investigation into inflammatory profiles of young and aged R-Ras KO mouse 

aortas may further support this finding. For example, performing flow cytometry using specific 

cell markers (such as CD4 for T cells) on digested mouse aortas may reveal differences in 

leukocyte cell populations. Furthermore, as discussed above, scRNA-seq can provide a more 

detailed analysis of changes in expression of inflammatory genes in individual cells. 

Other enriched pathways are related to endocrine disorders, namely ‘Cushing syndrome’, 

‘Endocrine resistance’, and ‘Parathyroid hormone synthesis, secretion and action’, which often 

have hypertension as a co-morbidity [410]. Hypertension results from endocrine orders via a 
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multitude of pathways, including endothelial dysfunction, enhanced vasoconstriction to 

pressor hormones including ANGII and norepinephrine, and effects on the RAAS system 

[411,412]. The involvement of R-Ras in this pathway is unclear, but the dysregulation of KEGG 

pathways in the GSEA may support a role for R-Ras in endocrine BP control. Further, the 

‘Gastric acid secretion’ pathway is downregulated pathway with R-Ras KO in the mouse aorta. 

R-Ras has recently been shown to regulate gastric acid production downstream of plexin-

semaphorin signalling and regulated by the RasGAP Rasal1 in vivo and in human organoids 

[413]. It is important to note this study was carried out in mouse aortas, so the findings are not 

confidently translatable to other organ systems. 

 

6.3.2.5. R-Ras and Hippo signalling  

The phosphoproteomics analysis suggested Hippo signalling pathway is upregulated in the R-

Ras KO mouse aorta. However, this only reached in GSEA with multiplicate phosphoproteins 

included, and significance was lost when multiplicated proteins were excluded. Nonetheless, 

given the time frame and the resources at hand, I chose to follow up the potential role of R-

Ras in this pathway to regulate myogenic tone.  

The Hippo pathway is a highly conserved pathway associated with organ development and 

tumorigenesis [362], and cardiovascular processes including angiogenesis and smooth 

muscle restenosis [360–362]; pathways R-Ras also plays a role in. YAP (Yes-associated 

protein 1) and TAZ (Transcriptional coactivator with PDZ-binding motif) are the key members 

of the Hippo pathway, and in the vasculature act as mechanosensitive transcriptional 

coactivators that respond to stiffness, cell density and shear stress [362]. YAP/TAZ binds 

TEAD (Transcriptional enhanced associate domain) in the nucleus and influences gene 

expression to regulate cell proliferation, differentiation, and apoptosis. When the inhibitor 

kinases LATS1/2 of the Hippo pathway are activated, YAP/TAZ is phosphorylated and 

sequesters in the cytoplasm, and cannot enter the nucleus [414]. YAP/TAZ can also be 

activated by Rho GTPases and actin polymerisation [415]. YAP/TAZ is additionally implicated 

in vascular control of BP. YAP/TAZ KO mice exhibit attenuated acute and chronic adaption of 

the VSM to mechanical forces, an inhibited contractile response of tail arteries, including to 

the TxA2 receptor agonist U46619 [359]. Interestingly, these mice exhibit normal MAP, at 

baseline and with ANGII-challenging, like the R-Ras KO mice. The authors suggest this is due 

to ANGII-induced hypertension primarily resulting from mechanisms distinct from VSM, 

including renal fluid retention; as discussed in section 4.3.1 [359]. In  R-Ras KO mouse aortas, 

the phosphoproteomics data indicates upregulation of this LATS1/2 phosphorylation of 
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YAP/TAZ, suggesting entry of YAP/TAZ into the nucleus in inhibited. This is concurrent with 

the downregulation of ‘Vascular smooth muscle contraction’ pathway in the KEGG GSEA 

analyses. RhoA-ROCK also regulates YAP/TAZ activity to promote endothelial cell sprouting, 

VSMC migration and proliferation; Rho/ROCK suppresses LATS1/2 induced phosphorylation 

of YAP/TAZ pathway, and stimulates YAP/TAZ activity independent of LATS/2 by stabilising 

F-actin and myosin [361]. Previous research demonstrates R-Ras activates Rho-ROCK 

signalling [279], further evidenced by the phosphoproteomic data. This suggests R-

Ras/ROCK/YAP signalling could be involved in VSM remodelling, extending to regulation of 

VSM contraction. I hypothesised R-Ras will promote YAP/TAZ localisation to the nuclear in 

VSMCs, thus regulating VSM contraction. However, immunofluorescence staining of young 

adult mouse aortas yielded inconclusive results. Quantifying cytoplasmic and nuclear YAP 

with fractionation and subsequent western blotting of the aorta will provide a more accurate 

measure of R-Ras KO impact on YAP activity. Furthermore, repeating immunofluorescence 

staining in vitro in a VSMC line will provide a clearer picture of events.  

 

6.3.2.6. Limitations of phosphoproteomics  

There are limitations to the phosphoproteomics analysis that must be considered. Firstly, as 

aforementioned, multiple post translational modifications can occur at different phosphosites 

on the same protein, with opposing directional fold change. In  GSEA, the phosphosite 

information is disregarded and only the corresponding gene name and Log2FC and p values 

are inputted. Therefore, to prevent bias resulting from one protein entered multiple times in 

GSEA, multiplicate genes were filtered from the phosphoproteomics gene list, and only the 

gene with the highest Log2FC included in the main body of text. This could lead to uneven 

weighting, therefore the GSEA was repeated with the phosphoproteomics gene list filtered 

based on p value, and with the unfiltered phosphoproteomics gene list. Results were 

comparable, indicating the results were reliable. This filtered analysis can be interpreted for 

overall changes in KEGG genesets/pathways with R-Ras KO in the mouse aorta, but to 

understand the exact down- and upregulation of individual phosphosites and proteins it is 

essential to refer to the unfiltered raw phosphoproteomics dataset. Notably, R-Ras is a known 

activator of ROCK and therefore phosphorylation of ROCK would be expected to be 

downregulated in the R-Ras KO mouse aorta. Yet in the raw phosphoproteomics dataset R-

Ras KO results in both up- and downregulation of Rock1 phosphorylation at different 

phosphosites. This result illustrates the importance of interpreting the raw phosphoproteomics 

dataset and the KEGG GSEA in tandem to gain an understanding of changes in protein 
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phosphorylation status with R-Ras KO. Nonetheless, this does not explain the unexpected 

upregulation of Akt1 phosphorylation with R-Ras KO, discussed in section 6.3.2.2. Secondly, 

the database used for phosphosite identification, PhosphoSitePlus, includes PTMs beyond 

phosphorylation of serine (S), threonine (T) and tyrosine (Y), namely methylation of arginine 

(R), and acetylation and ubiquitination on lysine (K), oxidation of methionine (M), or no 

modification (no_mod). The functional relevance of a majority of the PTMs identified in the 

phosphoproteomics dataset are unclear, and therefore interpretation of these data as an 

indication of a relationship between R-Ras and the indicated protein must be carried out with 

caution, rather than concluding that R-Ras activity results in PTMs at those residues. This was 

overcome to an extent with KSEA and KEGG GSEA. Yet it is imperative to confirm 

observations from these analyses in vitro using phosphosite-specific western blotting of 

endothelial and smooth muscle cells lines, and protein extracted from aortas. Finally, R-Ras 

is an established cell signalling molecule and has been shown to regulate phosphorylation of 

various kinases and proteins, some of which did not appear in this dataset at all, most notably 

PI3K. This may reflect the difficult nature of working with phosphosites. Proteins are easily 

denatured and phosphorylation status can change in sample preparation. Measures to 

maintain cold temperatures and inclusion of protease inhibitor cocktails prevents this only 

somewhat. Increasing sample number may also improve this.  

Overall, this hypothesis-free multi-omic approach to investigating the role of R-Ras in the 

vasculature has suggested a role of R-Ras in vascular mechanisms of blood pressure control, 

and in the pathogenesis of hypertension. In  the R-Ras KO mouse aorta, there was no 

detectable change in gene expression measured with RNA-seq, however phosphoproteomic 

analysis suggested changes in phosphosignalling, notably in regulation of VSM contraction, 

via mediation of Rho/ROCK signalling, cAMP/Epac-induced vasodilation, and/or YAP/TAZ 

signalling. However, this rich phosphoprotoeomic dataset generates more questions than 

answers. Finally, as discussed in chapter 4, BP is largely controlled by smaller resistance 

arteries, whilst the aorta is responsible for transport of blood. These multi-omic analyses were 

performed in the aorta as it is very difficult to extract appropriate volumes of genetic material 

and protein from resistance arteries, such as the mesenteric artery, and large numbers of mice 

would be required. Therefore, these findings are not directly translatable to BP control 

mechanisms. Further work is necessary to confirm these observations, create more succinct 

hypotheses, and contextualise these changes in in vitro and in vivo, beyond pathway analysis.   
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7.1. Motivation  

Primary hypertension is a complex polygenic disorder with an estimated heritability of 30 – 

50%. Researchers have employed genetic studies to identify gene variants associated with 

BP in a bid to better understand the pathophysiology of hypertension, discover new drug 

targets, and facilitate personalised treatment.  

Since the sequencing of the human genome in 2003, genome- and exome-wide association 

analyses have identified over 1,200 variants associated with BP traits, explaining an estimated 

6% heritability. Despite these genetic advances, unexpectedly few novel mechanisms have 

been uncovered. Partly, because most variants identified are common with small effect sizes 

reflecting the polygenic nature of hypertension. Identification of rare variants with large effect 

sizes is favoured as these genes are more likely to have a greater impact on BP. Candidate 

genes must be validated in vivo to understand their contribution to BP control and 

hypertension. One such rare variant with a large effect size is the rs61760904 variant, 

functionally mapped to the RRAS gene and encoding the small GTPase R-Ras. This SBP-

associated variant provided the motivation behind this project; to functionally validate and 

investigate the potential role of R-Ras in BP control. 

 

7.2. Summary of key findings  

The SBP-associated variant was predicted damaging in silico in the original discovery meta-

analysis [11]. This missense variant encodes a cytosine to thymine (T>C) nucleotide 

substitution, translating to an aspartate (D) to asparagine (N) amino acid change (D133N) in 

the R-Ras protein. Using a combination of in silico tools and in vitro western blotting of the R-

Ras mutant, the work in my thesis suggested the impact of the missense variant may be on 

R-Ras function, and not structure or protein expression. However, this remains inconclusive, 

and future work is necessary to understand whether this variant impacts R-Ras structure 

and/or function. 

The Rras-DEL415 KO mouse was specifically generated for this project via CRISPR-Cas9-

mediated deletion of critical exons 3 and 4 with a C57BL/6N genetic background, in 

conjunction with IMPC (MRC Harwell, UK). As this was the first study to use this mouse model, 

I aimed to establish the overall phenotype. Rras gene KO was validated by IMPC using a WT 

loss of allele assay, and in this thesis using qPCR in the mouse kidneys. However, it must be 

noted that R-Ras protein levels have not been measured, and therefore R-Ras protein KO 

cannot be confirmed. Nevertheless, published research in other R-Ras KO mouse models 
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report a pro-angiogenic phenotype with Rras KO [208]. This phenotype was replicated in the 

R-Ras KO mouse model using the aortic ring assay, instilling confidence in the mouse model. 

I observed normal body, heart, kidney, spleen, and lung weight, comparable to in-house 

phenotyping data reported by the IMPC. Basic histology of the heart and aorta did not identify 

major morphological differences with R-Ras KO in the young mouse.  

R-Ras is highly expressed in endothelial cells, and is reported to potentiate the PI3K/Akt axis 

in several cell lines [217,224,230,231,234–239]. The PI3K/Akt pathway potentiates NO 

formation in the EC monolayer lining the lumen of blood vessels to promote vasodilation [27–

29]. I hypothesised R-Ras could promote vasodilation via activation of the PI3K/Akt axis, 

subsequently phosphorylating and activating eNOS to trigger NO formation. In  human 

umbilical vein endothelial cells, I observed upregulation of eNOS phosphorylation as an 

indication of activity with transfection of the constitutively active form of R-Ras, supporting this 

hypothesis. I thus hypothesised this in vitro observation would translate to inhibited 

vasodilation in the R-Ras KO mouse vasculature. This was not observed; the aorta from young 

adult mice had normal vasodilatory and vasocontractile responses in organ bath studies.   

This study is the first to explore the BP phenotype resulting from R-Ras KO in the mouse. 

Given the exonic RRAS variant is associated with an elevated systolic BP in humans, I 

hypothesised the R-Ras KO mouse would have an elevated BP. However, radiotelemetric 

recordings of diurnal BP in the young adult mouse did not detect differences in BP or heart 

rate at baseline, contrary to the hypothesis. To explore whether the impact of R-Ras KO may 

become apparent in hypertensive conditions, I induced hypertension with ANGII challenge – 

a gold-standard technique. The efficacy of this model was confirmed with observed cardiac 

fibrosis and aortic wall thickening, inhibited vasodilatory response of the mouse aorta, and 

progressive increases in BP. Yet again, there was no difference between WT and R-Ras KO 

mice. 

Pilot data in the aged R-Ras KO mouse showed elevations in SBP, and this remained true 

when the dataset was supplemented in this project. This led us to question why there was no 

BP phenotype in the young adult mouse. To address this, I employed a hypothesis-free 

approach using RNA-seq to measure gene expression and phosphoproteomics to investigate 

cell signalling in the mouse aorta. The RNA-seq of the mouse aorta did not detect changes in 

gene expression with Rras gene deletion; this may be due to study underpowering. 

Phosphoproteomics provided more robust data. Significant changes in the phosphosignalling 

profile of the young mouse aorta were observed with R-Ras KO, indicating a role of R-Ras in 

vascular signalling. Importantly, gene set enrichment analysis revealed alterations in signalling 

pathways directly related to BP control. These data support a role of R-Ras in BP signalling at 
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a post-transcriptional level in the mouse aorta. Altogether, the data in the R-Ras KO mouse 

suggests that R-Ras does play a role in BP control, however its role is masked by 

compensatory mechanisms in the young mouse which become dysregulated with age to 

reveal the BP phenotype. 

Finally, the age-related association of R-Ras in BP observed in the mouse model was explored 

in humans. An age-stratified association analysis in UK Biobank data was performed to assess 

whether the impact of the SBP-associated exonic T>C RRAS variant, rs61760904, differed 

across age groups. This analysis confirmed the association of the RRAS variant with SBP in 

a larger cohort than the discovery analyses [11], and importantly, found an age-related trend 

with the RRAS variant.  

 

7.3. R-Ras and age-related mechanisms of hypertension 

Together, the observations in the R-Ras KO mouse model and human genetic data support a 

role of the R-Ras protein in age-related mechanisms of BP control. Age is a major contributing 

factor to the pathogenesis of hypertension. In  the vasculature, age-related progression of BP 

is associated with increased arterial stiffness [142–144], vascular dysfunction [143], and 

inflammation [143,145].  

Arterial stiffness is characterised by increased collagen deposition and elastin degradation in 

the ECM, reorganisation of the actin cytoskeleton in VSMCs, and decreased VSM contractility 

[142]; these processes are regulated by integrins. Seawright and colleagues demonstrated 

aged VSMCs from the rat soleus muscle feed arteries present increased α5β1 integrin 

adhesion to fibronectin and concomitant decreased focal adhesion kinase (FAK) activation, 

contributing to both arterial stiffness and decreased contractility [416]. α5β1 activation also 

mediates force generation in VSMCs by increasing myosin II activity via RhoA/ROCK 

signalling [417]. R-Ras is proposed to modulate both α5β1 activity [259,418], and focal 

adhesion formation via FAK [262] in vitro. In  this thesis, phosphoproteomics analysis of the 

R-Ras KO mouse aorta revealed downregulation of the pathway related to reorganisation of 

the actin cytoskeleton, specifically in Rho/ROCK signalling. R-Ras signalling mediates actin 

cytoskeleton organisation in cellular processes including cell shape spreading and adhesion 

[214,231,232,235,237,247], migration [256,261,262], and proliferation, and is evidenced to 

influence collagen via integrin signalling [256,261,262]. These findings support a potential role 

of R-Ras in the progressive stiffening of aged arteries and decreased VSM contractility 

associated with ageing, warranting further study.  
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Endothelial dysfunction is also a contributing factor in vascular ageing [145]. In  this thesis, in 

vitro western blotting data demonstrated that active R-Ras can potentiate eNOS activation, 

and thus NO production. Phosphoproteomic analysis in the young adult mouse aorta 

demonstrated decreased phospho-eNOS expression with R-Ras KO, however this failed to 

reach significance. NO availability has been shown to be decreased in small arteries of older 

individuals [143]. Organ bath data in the young R-Ras KO mouse aorta did not show change 

in vasodilatory response observed with diminished NO signalling. This suggests R-Ras may 

potentiate NO signalling but is not essential in the young mouse. Further explorations, 

particularly in mesenteric arteries and in aged arteries, are essential to investigate this 

potential relationship.  

 

7.4. BP-related phenotypes in the Rras-DEL415 mouse model – 

insights from IMPC 

Beyond this study, the IMPC has reported significant phenotypes in the Rras-DEL415 mouse 

[338]. First, Rras-DEL415 mice have normal vascular blood vessel morphology. This is 

concurrent with observations in the global R-Ras KO mouse model generated by Komatsu 

and colleagues [297]. R-Ras was shown to be essential for retinal angiogenesis in pathological 

conditions, namely hypoxia, but not in neonatal development of retinal blood vessels [320]. 

Interestingly, in a pericyte-targeted conditional R-Ras KO model, neonatal mice had abnormal 

retinal vasculature development and morphology [269]. However, the authors speculate that 

this difference is explained by other genes compensating for the loss of Rras in the global KO, 

whereas in the conditional model Rras KO is induced at a later stage [269]. Second, decreased 

circulating calcium levels are reported in early adult female Rras-DEL415 mice, although this 

was not significant in males. Calcium signalling plays important roles in mechanisms of blood 

pressure control, notably in vasodilation via activation of eNOS and increases in calcium influx 

in VSMCs promoting contraction [419]. Furthermore, calcium intake is inversely associated 

with BP in humans [420] and animals [421]. A direct connection between R-Ras and calcium 

signalling has not been previously established, however R-Ras potentiates calcium signalling 

pathways, including intracellular PI3K/Akt and PLCϵ/IP3/DAG signalling axes. Could the 

potential modulation of calcium signalling by R-Ras contribute to vascular control of blood 

pressure? This is yet to be explored. Fourth, the Rras-DEL415 mouse model is reported to 

exhibit elevated triglyceride levels, significant in males only. Elevated triglyceride levels are 

often co-expressed with CVD, and have been demonstrated as predictors of hypertension in 

humans [422,423]. Yet, there is a lack of strong supporting evidence for a direct relationship 
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between triglycerides and BP. Fourth, elevated serum albumin levels in Rras-DEL415 reach 

significance in male mice. In  human studies, serum albumin is positively associated with BP 

[424,425], but this is contradictory to the cardioprotective effects associated with low serum 

albumin [424]. Elevated BP is hypothesised to cause vascular leakage of albumin, resulting in 

increased serum albumin levels [426]. These are observational studies and a causal 

relationship has not been explored, although authors hypothesise albumin contributes to BP 

via serotonergic influence [424]. Again, a link between R-Ras and albumin is yet to be 

explored. Fifth, male mice have low fasting circulating glucose levels. A link between low 

fasting blood glucose and CVD is again under debate, with research suggesting BP and low 

fasting circulating glucose levels may be interacting factors leading to CVD, and not causal 

[427,428]. Finally, male and female young adult and late adult mice have increased ‘Grip 

strength’. Overall, these significant phenotypic differences observed by IMPC in the Rras-

DEL415 mouse model suggest some pathways for exploration, including calcium signalling, 

however more evidence in mouse models is required to establish any confident links. 

 

7.5. Future work  

The work presented in this thesis suggests that R-Ras contributes to age-related hypertension, 

yet the question remains – what are the exact mechanisms behind this? To address this, there 

are multiple avenues of future study.  

1) Confirmation of the absence of R-Ras protein in the Rras-DEL415 model   

Firstly, the absence of R-Ras protein in the Rras-DEL415 mouse model must be confirmed. 

Absence of the Rras WT allele was validated by the IMPC using the WT loss of allele assay, 

and in this thesis using qPCR in mouse kidneys, however, it is possible R-Ras protein was 

still generated from the CRISPR-Cas9 edited allele. Therefore, confirmation of R-Ras protein 

KO must be carried out, for example by performing western blotting on multiple tissues, 

including the mouse aorta in the context of this thesis, before conclusions can be drawn from 

this study. 

2) Validation of phosphoproteomic data  

Phosphoproteomics identified hundreds of differentially phosphorylated phosphoproteins in 

the young mouse aorta. In published literature, it is imperative to confirm observations of 

relevance in vitro using western blotting. In  this study, I was particularly interested in changes 

in Rho/ROCK signalling resulting from R-Ras KO, as this pathway is heavily involved in VSM 
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contraction. Due to time-constraints, I could not explore ROCK phosphorylation in the young 

mouse aorta using western blotting. If these observations are confirmed with western blotting, 

this would support the contribution of R-Ras to VSM contraction via ROCK/Rho signalling I 

proposed in Chapter 6.   

3) Assessment of the aged-mouse vasculature  

The main hypothesis generated from this thesis is that R-Ras contributes to progressive BP 

increase with age via mechanisms of arterial stiffening. Given the age-related phenotype, 

repeating the phosphoproteomic analysis in the aged R-Ras KO mouse aorta and comparing 

to the young adult mouse data may highlight changes in BP control mechanisms with age and 

with R-Ras KO. This hypothesis can further be explored using pressure myography of the age 

mouse aorta to measure aortic stiffness and compliance. Histological analysis of the aged 

mouse aorta can visualise changes in ECM composition, notably elevated collagen deposition 

or elastin degradation, characteristic of aortic ageing. I hypothesise these changes will be 

pronounced in the R-Ras KO mouse aorta. Finally, organ bath experiments in the aged mouse 

aorta may also reveal a change in vasodilation and vasocontraction response that were not 

observed in the young mouse aorta, in line with the progressive BP phenotype. 

4) Assessment of small resistance vasculature  

This thesis focused on the mouse aorta, however, in vivo small resistance vessels are 

responsible BP control, whereas the primary function of the aorta is to transport blood around 

the body. Therefore, future experiments should explore the characteristics of the small 

resistance vessels of these mice, such as small vessel myography of mesenteric arteries, in 

both young adult and aged mice. Similarly, multi-omic analyses, including RNAseq and 

phosphoproteomics, were performed on the mouse aorta. While phosphoproteomics of 

resistance vessels is impractical due to protein volume constraints, scRNA-seq on individual 

vascular endothelial cells and smooth muscle cells from the small resistance vessels may 

provide greater insight into genetic changes consequent from R-Ras KO.  

5) Understanding the impact of the rs61760904 RRAS variant on BP  

Finally, the mechanisms responsible for the impact of the rs61760904 variant on SBP in 

humans remain unknown. The effect of the RRAS variant on protein structure, expression, 

and function was not concretely determined in this thesis. R-Ras activity can be assessed in 

vitro using GTP-loading assays, and interactions with GAPs and GEFs using fluorescence 

resonance energy transfer and Ras effector binding assays. R-Ras function resulting from its 

activity, notably cell polarity and migration, can also be assessed visually in vitro, by 



208 

generating a mutant containing both the exonic variant mutation (D133N) and the constitutively 

activating mutation, 38V. Most crucially, however, generation of a mouse model carrying the 

rs61760904 variant, with the D133N missense mutation, may provide translatable insights on 

the mechanisms behind the impact on SBP in vivo.  

 

7.6. Concluding remarks 

In this thesis, the potential role of R-Ras in blood pressure control was explored using a 

combination of in vitro, ex vivo, and in vivo techniques. Radiotelemetry in the R-Ras KO mouse 

model demonstrated an elevated SBP phenotype in the aged mouse. In  contrast, the young 

R-Ras KO mouse exhibited normal BP and vascular reactivity. Interrogation of the 

phosphoproteome of the young mouse aorta revealed significant alterations in cell signalling 

pathways related to BP control, including vascular smooth muscle contraction and 

reorganisation of the actin cytoskeleton. I therefore propose R-Ras contributes to BP control 

mechanisms in the young adult mouse, but the impact of R-Ras KO is masked by 

compensatory mechanisms which become dysregulated with age. Finally, returning to human 

data, a similar trend of SBP is observed with age in patients homozygous for the exonic RRAS 

variant identified in the original meta-analysis. The work presented here is a step towards 

validating the genetic discovery of R-Ras association with SBP, and supports a potential role 

of R-Ras in the age-related pathogenesis of hypertension. Importantly, it has opened several 

avenues of future work necessary to delineate the exact mechanisms behind this.  
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