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ABSTRACT

Aortic stiffness underlies systolic hypertension, promotes heart failure and is associated with in-

creased cardiovascular morbidity and mortality. It is regarded as a primary driver of left ventricular

hypertrophy and aortic aneurysms and is linked to the pathogenesis of cognitive impairment, stroke

and renal failure. Like most cardiovascular traits, aortic stiffness is a complex trait and is moderately

heritable, yet the precise molecular mechanisms that underpin the stiffening process remain poorly

defined. This study aimed to employ multiple approaches to further identify the genetic basis of

aortic stiffness in a large repository of human donor aortas that had undergone ex vivo pulse wave

velocity (PWV) phenotyping.

The first part of this work sought to investigate the molecular basis of Loeys-Dietz type 4 syn-

drome in a pedigree with multiple cases of aortic aneurysms and dissections. A missense variant

p.(Arg320Cys) was identified in a highly evolutionary conserved region of TGFB2. There was strik-

ing upregulation of TGFB1, TGFB2 and pSMAD2/3 on imunocytochemical straining and western

blotting of the aortic tissue from the index case confirming the functional importance of the variant.

This case highlighted the striking paradox of predicted loss-of-function mutations in TGFB2 causing

enhanced TGFβ signalling in this emerging familial aortopathy and underscored the significance of

TGFβ signalling in aortic extracellular matrix biology.

The second part of this work attempted to characterise the biological basis for the susceptibility lo-

cus identified in the most recent genome wide analysis of carotid-femoral PWV. While the locus lies

within the 14q32.2 gene desert, it contains regulatory elements, with the transcriptional regulator

B-cell CLL/lymphoma 11B (BCL11B) and non-coding RNA DB129663 representing potential targets

for these enhancers. The association of five lead SNPs from the genome-wide association studies

(GWAS) meta-analysis was examined for ex vivo aortic stiffness and BCL11B and DB129663 aortic

mRNA expression. Three of the five SNPs associated significantly with PWV and showed allele-

specific differences in BCL11B mRNA. The risk alleles associated with lower BCL11B suggesting a

protective role for BCL11B. Despite the strong association, BCL11B protein was not detected in the

human aorta; however, qPCR for CD markers showed that BCL11B transcript correlated strongly
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with markers for activated lymphocytes. In contrast, DB129663 transcripts were detected in 55%

of the samples, and of the five SNPs only one showed allele-specific differences in aortic DB129663

transcripts. No significant differences were observed in PWV between samples expressing or lack-

ing DB129663, and therefore the implication of this lncRNA in aortic stiffness remains elusive. The

BCL11B transcript detected in the human aorta may reflect lymphocyte infiltration, suggesting that

immune mechanisms contribute to the observed association with PWV.

For the final part of this work genetic associations with aortic stiffness were explored in a candidate

gene-based study utilising tagging SNPs to effectively capture the genetic information from linkage

disequilibrium blocks. Association analyses were performed in young, healthy ENIGMA study par-

ticipants selected for high and low PWV values then validated in the remaining ENIGMA cohorts.

The association of four lead SNPs was then examined for ex vivo aortic stiffness in human donor

aortas. The tissue expression of these SNPs and their encoded proteins was also explored. Neither

the aggrecan nor the fibulin-1 SNPs showed significant associations with ex vivo PWV in the donor

aortas. The exonic aggrecan tagSNP rs2882676 displayed differential transcript abundance between

homozygous allele carriers but this did not translate at the protein level. Both aggrecan and fibulin-

1 were found in the aortic wall, but with marked differences in the distribution and glycosylation

of aggrecan, reflecting loss of chondroitin-sulphate binding domains. These differences were age-

dependent but the striking finding was the acceleration of this process in stiff versus elastic young

aortas. These findings suggest that aggrecan and fibulin-1 have critical roles in determining the

biomechanics of the aorta and their modification with age could underpin age-related aortic stiffen-

ing.
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Introduction

1.1 Background

Despite a decline in age-specific death rates in recent years, cardiovascular diseases (CVD) remain

the largest single contributor to global morbidity and mortality, with 422 million prevalent cases and

18 million deaths predicted to have occurred globally in the year 2015 alone [1,2]. Following current

trends, the number of CVD related deaths is projected to reach 25 million by 2030; this is largely

driven by population growth and ageing populations [3]. In recognition of the rising global burden

of CVD, the World Health Organisation set a target aimed at reducing 25% of premature deaths from

CVD and other noncommunicable diseases by 2025 [2]. It is estimated that at least 5.7 million deaths

can be prevented if the suggested interventional strategies aimed at targeting modifiable CVD risk

factors, as well as secondary prevention of CVD are effectively implemented [4].

Mounting evidence has shown stiffening of the large arteries to be an important determinant of

cardiovascular risk and therefore a potential target open for therapeutic intervention [5, 6]. Aortic

stiffness underlies systolic hypertension, promotes heart failure, and is associated with increased

cardiovascular morbidity and mortality [5, 7]. It is regarded as a primary driver of left ventricu-

lar hypertrophy and aortic aneurysms and is linked to the pathogenesis of cognitive impairment,

stroke, cerebral microbleeds and renal failure [8–13]. Carotid-femoral pulse wave velocity (cfPWV),

the current gold-standard measure of aortic stiffness, is a strong and independent predictor of cardio-

vascular events and all-cause mortality in both healthy individuals and high risk groups, including

those with end-stage kidney disease, hypertension and diabetes [14–16].

Like most cardiovascular traits, aortic stiffness has a multifactorial aetiology and its cellular and

molecular landscapes are complex. Evidence from family studies show aortic stiffness to be mod-

erately heritable with 38-40% of cfPWV explained by variation in genetic factors [17, 18]. Genetic
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studies of a host of monogenic aortopathies have informed our understanding of essential mecha-

nisms that regulate aortic wall function. A combination of genome-wide studies, transcriptomic pro-

filing and hypothesis-driven candidate gene studies have further provided a number of key insights

into its molecular drivers, highlighting pathways related to extracellular matrix (ECM) structure and

homeostasis, inflammation, calcification and blood pressure regulation [19]. Despite these advances,

progress has been hampered by poor reproducibility of genetic associations and difficulties in as-

signing definitive causal pathways to susceptibility loci. Dissecting the complex genetic architecture

of this trait will help identify the biological pathways that underpin the stiffening process and, even-

tually, novel drug targets and effective de-stiffening strategies. The present chapter aims to provide

an overview of aortic function and the current understanding of genes and pathways that associate

with aortic stiffness as well as summarise the evidence from the literature that supports the potential

for therapeutic intervention.

1.2 The Aortic Wall

1.2.1 Histology

Figure 1.1: Schematic overview of the aortic wall layers

The arterial wall is made of three histologically distinct layers; the intima, media and adventitia

(Figure 1.1), each comprising a unique assembly of cells and matrix. The intimal layer is composed

of a single layer of endothelial cells, connective tissue and an internal elastic lamina; the media

is made of vascular smooth muscle cells (VSMC) embedded in concentric layers of elastic fibres

forming lamellar units, collagen and proteoglycans. The adventitial layer is mostly connective tis-

sue containing nerve fibres and vasa vasorum [20]. The ECM provides mechanical structure and a

framework supporting the various components of the aortic wall and also relays the signals required
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for VSMC development, proliferation and adhesion, and regulates the bioavailability of various sig-

nalling molecules and growth factors [21].

1.2.2 Regional Heterogeneity

Properties of the aorta above and below the diaphragm differ in their embryonic origin, structural

and mechanical properties, protease profiles and in their susceptibility to aortic pathologies. Embry-

ologically, the thoracic region is derived from the neural crest while the abdominal aortic region

from the mesoderm, as a result demonstrating distinct and diverse responses to local cytokines

and growth factors [22]. Structurally, the abdominal aorta contains half the number of lamellar

units contained in the thoracic aorta, is completely devoid of a vasa vasorum network and contains

lower elastin and collagen content; the thoracic aorta therefore has greater distensibility and elastic-

ity [22,23]. The disparate proportion in elastin and collagen content contributes to a heterogeneity of

PWV along the arterial tree, with the thoracic portion being more elastic and distensible than the dis-

tal segments [22, 24]. The two aortic segments are also suggested to display marginal discrepancies

in the cellular sources and ratios of matrixmetalloproteinase (MMP)/ tissue inhibitor of metallopro-

teinase (TIMP) content [22]. Finally, thoracic and abdominal aortas vary in their predisposition to

lipid accumulation and plaque progression as well as in the pathophysiological mechanisms that

underly aneurysmal formation [22]. It stands to reason that molecular drivers of aortic stiffness may

also display regional differences and must therefore be considered in the pursuit of its molecular

basis.

1.2.3 Function

The aorta serves an important function as a conduit circulating blood to the peripheral organs from

the left ventricle. A less recognised but equally fundamental function of the aorta is to act as a

"cushioning" chamber for the heart, dampening the high-energy pulsations generated by the heart

beats and supporting the perfusion of organs. These functions have been traditionally exemplified by

the Windkessel model, which was developed by the quantitative physiologist Otto Frank in 1899 [25].

The origin of the term comes from the German word for ’air-chamber’. This was a water reservoir

half-filled with air positioned behind the pumps of old fire hoses, which transformed the pulsing

water output into a continuous stream. In a similar way, the Windkessel model of the arterial system

allows for an unremitting blood flow to the periphery by storing 50% of the stroke volume during

the systolic phase of the heart beat and propelling it to the peripheral circulation during diastole,

thus ensuring sustained perfusion of organs throughout the cardiac cycle (Figure 1.5) [25].
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The function of the aorta can further be illustrated by the aortic pressure waveform model. When the

heart contracts, the pulse of blood ejected is accompanied by a pressure wave that originates from the

ventricle walls. This pressure is transmitted in the forward direction, travelling away from the heart

in waves at a speed known as the pulse wave velocity (PWV). The journey that the forward wave

takes through the circulation is far from a straightforward one, as the propagating wave confronts

many points of "mismatch" along its path [26]. The bifurcations and taperings of the circulatory

system result in wave reflections that travel in an opposing direction to that of the forward wave,

in other words, towards the heart and against the direction of blood flow [26]. In a healthy, com-

pliant system where both cardiac and vascular events are meticulously synchronised, the reflected

wave returns to the central aorta during late systole and early diastole giving rise to a secondary

augmentation pressure at the aortic root. The precise timing of the return of the reflected wave with

respect to the cardiac cycle is critical for the efficiency of the cardiovascular system. It allows for the

augmentation of diastolic blood pressure, thereby enhancing coronary blood flow whilst ensuring

that no additional pressure is produced during systole [26].

1.2.4 Load-Bearing Elements

The capacity of the artery to contract and expand to accommodate the cardiac cycle pressure oscil-

lations is central to its function. The aortic wall is indeed viscoelastic in nature. This characteristic

is the product of an intricate interplay of two structural proteins of the extracellular matrix that are

inherently different, elastin and collagen. Elastin is 70-100% extensible, whilst collagen is only 2-4%;

the latter is 1000 times stiffer than the former when both are stretched [27]. The distinct contribution

of these proteins to the mechanical behaviour of the aortic wall was initially demonstrated in the mid

1900s by Roach and Burton who subjected human arterial samples to varying levels of pressure [28].

In their seminal work, they found that elastin fibres are load-bearing at low pressures, while collagen

fibres are predominantly load-bearing at high pressures. Thus, elastin is responsible for the compli-

ance and structural integrity of arteries at low physiological pressures, whereas collagen imparts the

tensile strength to arteries at higher physiological pressures. As such, any change in the collagen to

elastin ratio could detrimentally compromise the aorta’s ability to accommodate changes in pressure.

Indeed, this by-and-large, is the hallmark of arterial ageing.

1.2.5 Age-Related Changes

The arterial changes observed in ageing could be compared to a rubber band that has been stretched

continuously for many years. Conceptually similar to the "wear and tear" of rubber due to repetitive
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cycles of stretch and recoil, the cyclic stress and strain of arterial elastin leads to its "fracture and

fatigue". This results in the fundamental degenerative process seen in arterial ageing: thinning,

fraying and fragmentation of elastin fibres. The fracturing of rubber is estimated to occur after 1 x

109 oscillations, in cardiac time this is equivalent to 60-70 beats per minute over the course of 25-30

years in humans [29]. Theoretically, this is the age when aortic elastin fibres begin to fragment. It is

for this reason that the process of arterial degeneration has been said to commence in childhood and

to be "well developed" by early adulthood [30]. This stark difference in elastin fibre composition is

clearly seen in Figure1.2.

Figure 1.2: Verhoeff Van Gieson staining of human aortic sections showing the progressive fraying
and fragmentation of elastin with age. The young adult represents a 28 year old subject, the middle-
aged a 50 year old subject and the elderly an 81 year old subject.

In addition to the mechanical fatigue of elastin, several other factors accelerate its degradation. A

pre-requisite for the proper mechanical functioning of elastin is a specific level of covalent cross-

linkage of elastic fibres by lysyl oxidase. With age, this optimal degree of cross-linking is impacted

by nitration and formation of advanced glycation end products (AGEs) [31,32]. Furthermore, inflam-

matory processes, oxidative stress, elevated cholesterol levels and metabolic dysfunction together

enhance the precipitation of calcium apatite onto elastic fibres, giving rise to medial elastic fibre

calcification (elastocalcinosis), which disrupts the elastic fibre network even further [33].

Arterial ageing is further accelerated by a host of other structural and cellular modifications to the

aortic wall. These include an increase in the content and cross-linking of collagen, ECM accumu-

lation, increased VSCM proliferation, migration, senescence and ossification, enhanced activity of

proteolytic enzymes, reduced endothelial function and intima-medial layer thickening [34, 35]. To-

gether, these lead to the dilatation, stiffening and thickening of the aortic walls which compromise its

cushioning function and predispose aortic walls to a number of adverse effects and end-organ injury
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(Figure 1.3). The aforementioned degenerative changes are more prominent in the proximal large

central arteries (i.e., aorta and its major branches) which have a higher elastin content and receive

most of the impact of repeated cyclic strain and stress compared to the peripheral muscular arteries

(i.e., radial).

Figure 1.3: Theoretical model of arterial ageing. Age-associated mechanical stress predisposes to
elastin fragmentation, endothelial damage and a state of chronic inflammation within the aortic wall.
These factors synergistically promote further structural and cellular alterations to the aortic wall and
compromise its cushioning efficiency. Image modified from Al Ghatrif and Lakatta [35].

1.3 Aortic Stiffness

1.3.1 Biological versus Pathological Stiffness

Arteries stiffen with age; however, it is not clear why arterial ageing and its associated complica-

tions manifest in some individuals more than others. There is no straightforward answer to this

question, as the mechanisms underlying age-related arterial stiffness are complex. Records of aortic

PWV in rural versus more urbanised communities in China and Cameroon have indicated that the

physiological ageing of arteries can be aggravated by environmental, dietary and lifestyle factors
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associated with modern societies [36,37] (Figure 1.4). For example, conditions such as diabetes, obe-

sity, hypertension, high cholesterol, impaired glycaemic control, renal dysfunction and inflammation

accelerate the progression of arterial ageing, thus accounting for some of the variability [38–43]. The

pathogenesis and progression of aortic stiffness is further governed by a complex network of cellu-

lar, biochemical, enzymatic and genetic pathways which alter the capacity of the aorta to adapt and

repair in the face of the ageing process.

Figure 1.4: Graphic representation of biological versus pathological ageing. Image modified from
Wilkinson and McEniery [44].

1.3.2 Haemodynamic and Clinical Consequences

Aortic stiffness is detrimental in several ways. The fraying of elastin fibres means that the mechanical

load is now shifted to the more rigid collagen component of the aorta, compromising the cushioning

function of the aorta and causing major changes to the aortic pressure waveform [26]. When the cen-

tral arteries lose cushioning efficiency, the pressure pulsations travel further down the arterial tree

into the vessels of the microcirculation which trigger microbleeds and microinfarcts, and increase

the risk of stroke, cognitive impairment and renal failure. A rigid aorta is also inefficient at storing

the stroke volume during systole; the entire stroke volume is thus propelled to the periphery during

this phase, which disrupts the continuous perfusion of the peripheral system and reduces transit

time with the capillaries (Figure 1.5). With respect to the changes in the aortic pressure waveform,

a stiffened artery causes an early return of the reflected wave such that it falls within the systolic

phase instead of the diastolic phase. The early return of reflected wave, coupled with a stiffened

aorta, leads to a rise in systolic pressure and fall in diastolic pressure, giving rise to isolated systolic
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hypertension. The raised systolic pressure also causes an increase in left ventricular load driving left

ventricular hypertrophy and increased cardiac oxygen demand. Conversely, the reduced diastolic

blood pressure makes the heart incapable of meeting this demand due to the compromised coro-

nary perfusion, predisposing the heart to ischaemia and, ultimately to myocardial infarction or heart

disease [26].

Figure 1.5: Impact of aortic stiffness on blood flow through the peripheral circulation. Image mod-
ified from Briet et al. [45].

1.3.3 Pulse Wave Velocity: An Index of Aortic Stiffness

PWV was recognised in 1922 as a marker of arterial elasticity and a fundamental index of "circulatory

efficiency" by Bramwell and Hill [46] but the notion of arterial wave analysis and the assessment of

arterial pulse has been known since the late Han dynasty when one of the first books ’the Pulse

Classic’, was written in 220 AD [47]. Moreover, the concept of forward pulse wave transmission

was identified by Erasistratos as early as 280 BC, and he found that the pulse appeared earlier in

arteries proximal to the heart than in those distal to the heart [48]. The field has since evolved into

a quantitative discipline, particularly highlighting the haemodynamic and mechanical behaviour of

the circulation. Aortic PWV is the current gold standard measure of arterial stiffness, measured
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non-invasively between any two arterial sites (i.e. carotid and femoral arteries or carotid and radial

arteries). It increases with age: typically 5m/s in a 20 year old adult vs. 12m/s in an 80 year old.

Aortic PWV is an independent and strong predictor of cardiovascular (CV) risk and all causes of

mortality in a variety of patient groups and unselected subjects. A meta-analysis conducted by

Vlachopoulos et al. encompassing 15,500 subjects indicated that a 1m/s increase in aPWV was asso-

ciated with a 14% increase in the risk of CV events, 15% increase in CV mortality and 15% increase

in all-cause mortality, even after accounting for classical risk factors [16]. The predictive risk of aor-

tic stiffness in this meta-analysis was greater in high-risk groups, such as chronic kidney patients,

diabetics, and hypertensives, than in low-risk groups. A more recent meta-analysis by Ben-Shlomo

et al. [49] reported similar findings confirming the role of aPWV as a strong predictor of future CV

events even after adjusting for the traditional CV risk factors. The authors demonstrated that incor-

porating PWV into the conventional CV risk prediction model improved the 10-year classification by

13% and, unlike the findings of Vlachopoulos et al., the predictive value of aPWV appeared stronger

in the younger population while still predictive in the elderly.

In addition to PWV, other indexes of arterial distensibility include augmentation index (AIx), central

aortic pressure, pulse pressure and aortic pressure augmentation which are, in strict terms, indexes

of pressure waveform [50]. Pulse pressure is an important predictor of coronary heart disease and,

although an indirect measurement of stiffness, an increase in pulse pressure is widely recognised as a

surrogate marker for central artery stiffness and has been shown to be more strongly correlated with

aPWV than other BP parameters [51,52]. This was first recognised by Bramwell and Hills who noted

that "... other things being equal, [pulse pressure] will vary directly as the rigidity of the arterial

walls" [46]. It is now well recognised that the steep rise in pulse pressure observed after the age

50-60 years is mainly attributed to large artery stiffness [52].

1.4 Dissecting the Genetic Components of Aortic Stiffness

1.4.1 Lessons from Monogenic Aortopathies

Some of our current understanding of the pathophysiology of arterial stiffness and its genetic con-

tribution has stemmed from rare monogenic disorders that manifest abnormalities related to the

arterial wall. The identification of genes underlying these syndromic aortopathies have also led to

the identification of genetic predispositions to aortic stiffness in the general population.
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1.4.1.1 Marfan Syndrome

Marfan syndrome is an autosomal dominant disorder of connective tissue estimated to affect about

1 in 5,000 people worldwide [53]. The disorder is caused by mutations in the FBN1 gene, which

encodes the microfibrillar component of the ECM, fibrillin-1 [54]. Aortic root dilatation and accom-

panying aortic regurgitation, dissection, and rupture are the main clinical manifestations and drivers

of premature death in mutant carriers. Current evidence strongly supports excess TGFβ signalling,

resulting from improper matrix sequestration and trafficking of TGFβ cytokine due to fibrillin-1 de-

ficiency, in the disease pathogenesis of Marfan subjects [54]. TGFβ up-regulation is in fact a common

final process in a number of syndromic and non-syndromic large vessel diseases, including Loeys-

Dietz syndrome (LDS) and thoracic aortic aneurysm and dissection (TAAD) [55]. Associations of

FBN1 common variants with arterial stiffness in the general population have not been consistent;

significant associations are reported in middle-aged men [56] and in patients with coronary artery

disease [57] but not in apparently healthy subjects from a wide age range [58]. Similarly, functional

TGFB1 variants failed to show any significant or consistent associations with PWV nor with other

stiffness indexes [59].

1.4.1.2 William’s Syndrome

William’s syndrome affects about 1 in 7500 people and is caused by a microdeletion within chromo-

some 7 (7q11.23) harbouring the elastin gene (ELN) [60]. Subjects typically display cardiovascular

anomalies, including elastin arteriopathy, arterial wall hypertrophy, aortic stenosis and hyperten-

sion, as well as a host of other cognitive, endocrine and growth abnormalities [61]. Deletion of the

ELN gene results in an atypical assembly of elastic fibres within the media, and despite having a

thicker intima-medial layer; cases generally exhibit abnormally low stiffness measures, which is as-

sumed to be driven by the dedifferentiation of VSMCs [62]. Despite the central role of elastin in

supporting the visco-elastic properties of the arterial wall, only a handful of studies have reported

associations of ELN gene polymorphisms with arterial stiffness [63–65].

1.4.1.3 Ehlers Danlos Syndrome

Vascular Ehler Danlos syndrome (vEDS) is a rare autosomal dominant disorder caused by missense

or exon-skipping mutations in the pro α1 (III) chain of collagen type III (COL3A1) with an overall

incidence of approximately 1 in 5000 births [66]. The mutations result in a range of symptoms,

including arterial rupture and aneurysms, gastrointestinal and pulmonary complications, stroke and

sudden death [66]. Mutations in COL3A1 disrupt the triple helical structure and assembly of the α1
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chains, interrupting the synthesis and secretion of collagen fibres, therefore weakening the integrity

of connective tissues [67]. Collagen makes up between 20-50% of the dry weight of the aorta and,

in addition to imparting structural rigidity to the aortic wall, it is also involved in the anchorage of

VSMC and in promoting their contractile phenotype [27]. At least 13 of the 28 known members of

the collagen superfamily have been described in human blood vessels, with types I and III being the

isoforms most prominently found in arteries [68]. The accumulation of collagen is a hallmark of the

degenerative process of aortic stiffness, yet there has been little evidence for a substantial association

of collagen I or III SNPs with stiffness indexes [56, 69, 70]. A single SNP within COL4A1, encoding

the basal membrane constituent collagen type V, was identified by GWAS in the Sardinia founder

population but failed to replicate in the most recent GWAS meta-analysis of cfPWV [71, 72].

1.4.2 Linkage Studies

Linkage studies into cfPWV identified several susceptibility loci across multiple chromosomal re-

gions, with β-adducin, neurokinin-1 receptor, α-2B adrenergic receptor, interleukin-6 (IL-6), insulin-

like growth factor-1 receptor, myocyte-specific enhancer factor 2A, chondroitin synthase and propro-

tein convertases as candidate genes underlying the linkage peaks [17,70]. However, there have been

limited reproducibility between populations; with the exception of IL-6 [73], none of the putative

candidate genes were independently confirmed beyond the initial reports; possibly reflecting the

highly polygenic nature of aortic stiffness and highlighting the challenges in attempting to construe

biological context from suggestive loci.

1.4.3 SNP Associations and Transcriptomic Profiling

1.4.3.1 Extracellular Matrix Integrity and Homeostasis

The structural changes involved in arterial stiffness (Figure 1.6) are largely driven by cellular and

noncellular factors that dysregulate the structural organisation and homeostasis of the ECM. A mod-

erate number of SNPs and transcripts pertaining to these factors have been identified and can be

categorised into genes that encode structural components of the ECM and alter their degradation

(mainly MMPs), genes of the inflammatory pathway, and genes that promote aortic medial calcifica-

tion.

1.4.3.1.1 Structural Elements

Microarray-based gene expression profiling of human aorta by Durier and colleagues [75] identi-

fied a wide range of genes that were differentially expressed between stiff and distensible aortas.
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Figure 1.6: Morphological alterations in a stiffened artery. Image modified from Diez [74].

A significant proportion of the differentially expressed transcripts belonged to genes that regulate

signalling, communication and transcription, as well as genes that mechanically regulate vascular

function. Amongst the latter class were transcripts from the proteoglycan family (decorin, osteo-

modulin, aggrecan-1 and chondroitin sulphate proteoglycan-5) that impart structural organisation

to the ECM and also regulate cellular migration and proliferation. A recent quantitative proteomic

investigation in mammary arteries from nonatherosclerotic subjects corroborated these findings by

demonstrating a significant down-regulation in the protein levels of proteoglycans in subjects with

stiff arteries [76].

1.4.3.1.2 Matrix Metalloproteinases

MMPs are a group of proteolytic enzymes that have the capacity to catalyse the normal turnover

of the ECM and also degrade its structural components [34]. The balance between matrix protein

synthesis and degradation is tightly controlled by their endogenous inhibitors; as arteries age or

undergo pathological changes, this balance is lost and MMP enzyme activity increases. MMP ac-

tivity may also be augmented by other factors that are perturbed in a stiffened artery, including

pro-inflammatory cytokines, endothelial dysfunction and enhanced renin-angiotensin aldosterone

system (RAAS) activity [34]. Increased serum concentrations of MMP2 and MMP9 hence corre-

late strongly with arterial stiffness in healthy individuals and in isolated systolic hypertensives [77].

Several MMP3 and MMP9 functional polymorphisms have been found to associate with PWV in
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healthy individuals, and in subjects with hypertension, isolated systolic hypertension and coronary

artery disease [78–81].

1.4.3.1.3 The Inflammatory Pathway

Mechanical fatiguing of the aorta is suggested to promote a state of chronic, low profile inflamma-

tion that is characterised by a global profile of up-regulated inflammatory molecules, most notably

TNF-α, TGF-β1, NFκB and monocyte chemoattractant protein (MCP-1) [82]. This pro-inflammatory

state is initiated by a complex network of signalling cascades which is primarily driven by RAAS as

illustrated in Figure 1.7.

Figure 1.7: Cross-talk of signalling pathways involved in promoting proinflammatory arterial re-
modelling. ACE; angiotensin converting enzyme, AT1R; angiotensin II type 1 receptor, AGE; ad-
vanced glycation end products, ET-1; endothelin-1, ETA; endothelin-1 receptor A, LTBP-1; latent-
TGFβ-binding protein-1, MCP-1; monocyte chemoattractant protein-1, MFG-E8; milk fat globule
epidermal growth factor-8, MR; aldosterone/mineralocorticoid receptor, RAGE; receptor for AGE,
ROS; reactive oxygen species. Image modified from Wang et al. [83].

C-reactive protein (CRP) is an independent and important predictor of PWV and remains a strong

predictor of current PWV over a 20 year follow up, highlighting the important role of low grade
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inflammation in the pathogenesis and progression aortic stiffness [84]. Polymorphisms within CRP

itself have not been found to associate with aortic PWV [85]. However, significant associations with

PWV have been documented within several other inflammatory molecules and biomarkers, includ-

ing the vascular and intercellular adhesion molecules (VCAM1 and ICAM1, respectively), P-selectin

and TNF receptor superfamily member 6 (FAS) [86,87]. Finally, the most recent GWAS meta-analysis

in the AortaGen Consortium identified several genetic variants on chromosome 14 that strongly asso-

ciated with cfPWV [72]. The locus lies in a gene desert that contains no annotated genes but is known

to harbour gene regulatory elements and is flanked at its telomeric end by BCL11B, the most plausi-

ble candidate in the region [72, 88]. This is a transcription factor that regulates important aspects of

the development and function of T lymphocytes and other immune cells, suggesting the association

maybe driven by inflammatory mechanisms [89]. However, the biological significance of the GWAS

signal remains unexplored.

1.4.3.1.4 Calcification

Aortic medial calcification is a hallmark of age-related ECM remodelling, and correlates strongly

with PWV in the general population, in patients with end-stage renal dysfunction and indepen-

dently of markers of atherosclerosis [18, 90, 91]. Several factors are believed to promote medial

elastocalcinosis, amongst those is the transdifferentiation of VSMC into a mineralising form (chondro-

ossification) and the induction of signalling pathways that accelerate calcium accumulation and down-

regulate calcification inhibitors (e.g. osteopontin and osteonectin) [35]. Polymorphisms within sev-

eral genes involved in calcium regulation have shown significant associations with PWV; these in-

clude ATP2B1 (which encodes the calcium transporting ATPase 1), fetuin-A (an inhibitor of calcium-

phosphate precipitation) and ENPP1 (which encodes ectonucleotide pyrophosphatase / phosphodi-

esterase -1, a regulator of pyrophosphate and an inhibitor of calcification) [92–94]. Transcript abun-

dance of NPP1 in lymphoblastoid cell lines of subjects from the Twins UK Cohort was recently shown

to correlate strongly with PWV and its progression over a 4 year follow-up period [95]. The same

study identified CTNNB1 as a common transcriptional regulator of COL4A1 and ENPP1 by network

analysis, and osteopontin as a downstream effector of ENPP1. Taken together, the authors suggest

COL4A1 to act in concert with ENPP1 in promoting arterial stiffness and, in addition to its role in

calcification, propose ENPP1 to act via osteopontin in promoting further ECM remodelling by acti-

vating MMP2 and MMP9. This is supported by earlier observations of a strong correlation between

enhanced transcription and enzymatic activity of MMP2 and MMP9 and elastin calcification [96]. Fi-

nally, a SNP in the calcium and integrin-binding protein-2 (CIB2), a regulator of intracellular calcium
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levels, was identified also in the Twins UK Cohort [97]. The study utilised an integrated multi-

’omics’ approach, incorporating genomic, methylomic and transcriptomic profiling thus allowing

for a biological interpretation of the data. The SNP from this study correlated with PWV and with

increased transcription but reduced methylation of CIBT and was therefore suggested to alter the

extent of vascular calcification amongst carriers of the minor allele.

1.4.3.2 Blood Pressure Regulation

Blood pressure is widely recognised as a key contributor of PWV and arterial wall remodelling;

conversely, arterial distensibility is an early predictor of hypertension development in the general

population, and is increasingly acknowledged as a potential therapeutic target for hypertension [5,

39, 98–100]. The bidirectional relationship between arterial stiffness and blood pressure has thus

posed an ongoing debate in attempting to ascertain which of the two factors precedes the other [101].

It is therefore not surprising that genetic variants within systems that regulate blood pressure have

been found to associate with aortic stiffness.

1.4.3.2.1 The Renin-Angiotensin Aldosterone System

The RAAS is largely known for its regulation of blood pressure and electrolyte homeostasis. Mount-

ing evidence also supports its role in the functional and structural changes associated with arterial

stiffness [102]. Inappropriate activation of RAAS leads to changes in NADPH oxidase activity, nitric

oxide (NO) bioavailability and levels of reactive oxygen (ROS) species, and also activates a range

of cytokines including TNF-α and interleukins 1, 6 and 17 (Figure 1.7) [34]. Moreover, angiotensin

II is associated with increased MMP2/9 activity, it induces TGFβ signalling, enhances collagen ac-

cumulation and promotes VSMC proliferation and differentiation [103]. The stimulation of ROS by

angiotensin II, together with the initiation of an inflammatory cascade, promotes endothelial dys-

function and atherosclerosis, therefore contributing to the progression of arterial remodelling and

stiffness [104]. Aldosterone is similarly suggested to regulate the structure and function of the arte-

rial wall by altering endothelial function, VSMC proliferation and collagen turnover [105]. A mod-

erate number of functional polymorphisms within various components of the RAAS have shown

significant associations with arterial stiffness across a range of populations in both healthy and hy-

pertensive subjects. These include variants within angiotensinogen (AGT), angiotensin-converting

enzyme (ACE), angiotensin II type 1 receptor (AT1R) and aldosterone synthase (CYP11B2) [106–113].

Notwithstanding, RAAS polymorphisms associated only weakly with arterial stiffness in the Fram-

ingham Heart Study 100K Project, and none appeared in the top hits of the GWAS by Tarasov et al.
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or in the GWAS meta-analysis, nor did components of the RAAS pathway appear within linkage

peaks (with the exception of CYP11B) [70–72].

1.4.3.2.2 The Endothelium

The role of the endothelium in arterial wall mechanics is demonstrated by the observation of de-

creased index following endothelial removal [114]. Stiffening of the large artery is thus partly mod-

ulated by endothelium-derived vasoactive mediators such as NO and endothelin (ET-1) [115]. En-

dothelial NO is potent vasodilator and regulator of vascular function, and is involved in regulating

VSMC proliferation, platelet stimulation and leukocyte adhesion [116]. Arterial stiffness indexes

have been shown to decrease with local intra-arterial adiministration of NO-inducing drugs (glyc-

eryl nitrite) and increase with NO-inhibiting drugs (L-NMMA), lending evidence to a role for this

pathway in arterial stiffness mechanisms [117]. Variants within the NO synthase gene (NOS3) have

been associated with arterial stiffness measures in the general population, in hypertensives and in

diabetics [116, 118–122].

Endothelin is a potent vasoconstrictor which, together with its two VSMC receptors ETAR and ETBR,

is involved in modulating vascular tone and vascular wall remodelling [123]. Experimental evidence

supports an interaction between elements of the RAAS and ET-1 pathways [124]. In addition to

their blood pressure lowering effects, ETAR antagonists have been shown to lower PWV in animals

and in patients with chronic kidney disease presenting a potential therapeutic target for arterial

stiffness [125]. Several studies have also supported an associations of genetic variants within the

ET-1 system with arterial stiffness [123, 126].

1.4.3.2.3 The Sympathetic Nervous System

Arterial wall properties are thought to be affected by the level of sympathetic nervous activity [127].

This is supported by observations of increased radial and femoral artery distensibility following the

depletion of adrenergic tone, decreased compliance of the radial artery following short-term sym-

pathetic activation and also by evidence that tachycardia, a well-recognised sign of increased sym-

pathetic activity, is a determinant of PWV [127]. Possible mechanisms suggested to underlie these

observations include a direct effect on vasomotor tone, enhanced endothelial dysfunction, structural

changes to the arterial wall and RAAS related mechanisms [127]. Genetic variants within three beta

adrenergic receptors (ADRB1, ADRB2, ADRB3) associate with arterial stiffness independently of BP

effects [128].
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1.4.4 Potential For Therapeutic Intervention

Favourable interventional effects on arterial stiffness and wave reflection are supported by a growing

body of evidence. Pharmacological treatments that have been reported to reduce stiffness include

antihypertensive drugs (diuretics, beta blockers, ACE inhibitors, AT1 inhibitors and calcium channel

blockers), nitrates, statins, antidiabetic agents, advanced-glycation end products (AGE) breakers and

anti-inflammatory drugs [129]. While O’Rourke et al. argue that the direct pharmacological treat-

ment of arterial stiffness to restore its elasticity is "impossible" [50, 130], AGE breakers- which act by

targeting AGE cross linked elastin and collagen and represent a class of drugs with direct actions on

the arterial wall- have been shown to improve vascular compliance and reduce pulse pressure [131].

Moreover, aortic remodelling in mice models of Marfan syndrome was shown to be preventable by

the blockade of NFκB; thus Boutouyrie et al. reason that direct de-stiffening of the arterial wall can

be achieved with the identification of druggable targets and pathways [100].

Many studies have reported the effects of antihypertensive treatments on arterial stiffness, with

drugs targeting the RAAS appearing to be more effective at reducing stiffness than other classes

[132]. The reduction in arterial stiffness observed with antihypertensive treatments could, in part,

be explained by the fact that PWV and other measurements of stiffness are dependent on BP levels;

hence a decrease in BP, in theory, will associate with a decrease in PWV [133]. Assessment of arte-

rial stiffness with BP lowering drugs in the longer run can reveal whether the improved outcome

is solely due to changes occurring with decreased BP such as improved endothelial function and

reduced distension pressure, or that these drugs confer additional mechanisms involving geometric

and structural changes to the arterial wall [133]. Data from a 5.3 year follow up of antihypertensive

treatment showed that PWV reduction continued beyond the initial phase of BP control even with

the limited BP reduction, indicating that this might indeed be the case [134]; similar conclusions have

been drawn from a meta-analysis involving short and long term treatments with antihypertensive

drugs [135]. Moreover, the de-stiffening potency is not similar across antihypertensive drugs, further

suggesting that the effect of these in reducing stiffness is beyond mere control of BP [135,136]. Drugs

targeting the RAAS in particular appear to improve arterial compliance independent of BP lowering

effects, presumably by modulating arterial wall collagen content, reversing SMC hypertrophy and

reducing wall thickness [137]. This is supported by observations from animal studies of SHR rats

receiving either ACE inhibitor or AT1 receptor blocker in combination with a normal sodium diet,

where a reduction in BP was accompanied by a decrease in aortic collagen content and an improved

arterial distensibility [133].
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Therapeutic interventions targeting wave reflection by nitrates, angiotensin receptor blockers, cal-

cium channel blockers and ACE inhibitors have also been proposed and are considered to be supe-

rior to BP reducing strategies [130]. The principle behind this approach is that dilation of muscular

arteries, which make up the bulk of the arterial tree, by these agents "traps" the reflected wave in

small peripheral arteries, preventing it from returning to the heart ultimately leading to a marked

reduction in the scale of the reflected wave [130]. The long-term benefits of using nitrates for arterial

stiffness are unknown and possibly limited given the problem of nitrate tachyphylaxis [130].

In view of the role of inflammation in remodelling of the aorta, anti-inflammatory drugs have also

been suggested to improve arterial stiffness. Antibodies against TNF-α have shown improvements

in stiffness in patients with inflammatory conditions [138]. In the same context, statins have been

shown to improve stiffness measures in rheumatoid arthritis patients and prevent inflammation in-

duced aortic stiffness [132]. It is recognised that statins protective effects on the CV system is not

only accounted for by its lipid lowering effect but also by their "pleiotropic effects," including anti-

inflammation, anti-oxidative stress and enhancement of endothelial function [139] which could ac-

count for their favourable effects on the aortic wall. For example, the administration of low dose

atorvastatin appears to protect against arterial stiffness in diabetes-induced rats independently of

its lipid-lowering effects [139], and improve stiffness measures in hypertensive and hyperlipidemic

patients [140]. The exact mechanisms by which statins might confer protective effects on the arte-

rial wall are not fully understood but data from animal studies indicate that atorvastatin prevents

a number of angiotensin-II dependent modifications to the structure and function of the arterial

wall. These include the reversal of angiotensin-II induced stiffness and oxidative stress, inhibition

of angiotensin-II induced collagen accumulation and inhibition of intracellular signalling pathways

that promote vascular fibrosis [141]. The stiffness reducing effect of statins remain inconclusive,

with conflicting data suggesting increased PWV with their use and others reporting no significant

changes [140].

In summary, it is evident that arterial stiffness can be modulated pharmacologically. Better elucida-

tion of the mechanisms that drive the stiffening process will help to generate therapeutic targets that

reverse or slow the impact of ageing on aortic function.
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1.5 Aim and Objectives

Background: Aortic stiffness is an important predictor of cardiovascular endpoints. Like many

cardiovascular traits, it has a multi-factorial aetiology and is moderately heritable and genetically

complex. Despite over a decade of investigations, progress has been challenged by the lack of re-

producibility and complexities of translating genetic markers and susceptibility loci into meaningful

biological pathways. The precise genetic mechanisms that regulate the process of aortic stiffening

therefore remain largely unknown.

Aim: Expand on the existing knowledge of the genetic landscape that governs the complex trait of

large artery stiffening.

Objectives:

1. Examine the molecular basis of the hereditary large vessel disease, Loeys-Dietz type 4, in a

pedigree with multiple cases of aortic aneurysms and dissections and ascertain its downstream

effect on aortic TGFβ signalling.

2. Investigate the biological context of the GWAS signal identified in the AortaGen Consortium by

characterising the impact of the lead SNPs on the putative targets (BCL11B and DB129663) and

on ex vivo PWV in a repository of human donor aortas.

3. Validate significant SNP associations that had been previously identified in the ENIGMA co-

hort using a candidate gene approach [Publication 3] and investigate the expression patterns

of the genes containing these SNPs (ACAN and FBLN1) and their encoded proteins in human

donor aortas.
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General Experimental Methodology

2.1 Study Samples

Aortic tissue samples (n=226) were harvested from organ donors via transplant coordinators at Ad-

denbrooke’s Hospital, Cambridge, UK. Fresh thoracic, abdominal and iliac arteries were collected

and preserved in tissue medium at the time of organ donation. Tissues were cleared of blood ves-

sels, adipose tissues and other residues, and then stored at -80°C. If sufficient tissue had been col-

lected, 2 cm rings were excised for biophysical measurements and small sections were preserved

in RNAlater® stabilisation solution in preparation for RNA extraction. For a subset of the samples

collected, patches of the tissues were fixed in 4% paraformaldehyde for immunochemical analyses.

Section embedding and cutting was performed by Nickolas Figg (University of Cambridge, UK).

Demographic data, anthropometric information, biochemical and haemodynamic measurements,

medical and drug history (past and at the time of death), cause of death, and other details that may

have affected aortic stiffness were recorded. All samples and donor data were handled in accordance

with the policies and procedures of the Human Tissue Act (UK), and the study was approved by

both the local and regional ethics committees. Samples were collected by Yasmin (University of

Cambridge, UK) and Sarah Cleary (University of Cambridge, UK).

2.2 Biomechanical Measurements

The aortic ring diameter and wall thickness were measured using digital callipers and the mean

reading from three different locations was recorded. Young’s modulus (EM) was derived from stress-

strain data measured using an Instron 5542 tensile test machine (Instron Corp., USA) controlled

by Bluehill (version 2) software. Each ring was cycled five times in the range of 0-180 mmHg at

a constant rate of 10 mm/min. The EM at a load of 100 mmHg, which represents physiological

20
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pressure conditions, was used to calculate the pulse wave velocity (PWVMK) for each aorta using the

Moens-Kortweg (MK) equation:

PWV MK =

√
×EM h

2rρ
(2.1)

where h is the wall thickness, r the arterial radius and ρ is blood density, which was taken to be 1.05

g/cm3. The MK equation assumes an infinitely long and straight tube with homogenous elasticity

and geometry [142]. Given the inhomogeneous nature of the arterial wall, identifying an h mea-

sure that best represents the portion of the arterial wall which contributes most to its stiffness is an

obvious challenge. Nonetheless, the qualitative relationship between PWV derived using the MK

equation and stiffness has been shown to be valid and is widely adopted in a variety of settings for

arterial stiffness estimation [143]. Measurements were carried out by Ashraf Khir (Brunel University,

Uxbridge, UK) and Ye Li (Brunel University, Uxbridge, UK).

2.3 DNA Extraction, Quantification and Quality Control

Genomic DNA was isolated from 25 mg of thawed aortic tissue, which was mechanically disrupted

in lysis buffer using a TissueLyser LT (QIAGEN, Germany) and 30 oscillations for 2 min intervals to

avoid overheating the sample. Complete tissue lysis was achieved following overnight incubation in

proteinase K at 56°C. DNA was extracted using a QIAamp DNA Mini Kit (QIAGEN, Germany) and

DNA quantity and purity was determined using a NanoDrop spectrophotometer (ND1000, USA). A

260/280 nm absorbance ratio of 1.7-1.9 was deemed suitable for downstream applications.

2.4 Single Nucleotide Polymorphism Genotyping

SNPs were genotyped using TaqMan® SNP genotyping assays (ThermoFisher Scientific, USA). A to-

tal of 20 ng DNA was amplified in a final reaction volume of 20 µl per well containing 7.5µl TaqMan®

Genotyping Master Mix (ThermoFisher Scientific, USA), 1 µl SNP assay and 3.5 µl sterile, double fil-

tered water. The polymerase chain reaction (PCR) thermal cycling conditions involved an initial

denaturation step at 95°C for 10 min, followed by 40 cycles of 92°C for 15 s followed by 60°C for

1 min. Allelic discrimination was carried out using an ABI 7500 Detection System (ThermoFisher

Scientific, USA).
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2.5 Gene Expression Workflow

2.5.1 Reverse Transcription

Three reverse-transcription systems were compared: avian myeloblastosis virus (AMV) reverse tran-

scriptase (Promega, USA), moloney murine leukaemia virus (MMLV) reverse transcriptase GoScript™

(Promega, USA), and genetically enhanced-MMLV reverse transcriptase SuperScript®IV (ThermoFisher

Scientific, USA) as detailed below. Following cDNA synthesis, complementary RNA was removed

by incubating the samples with 2 U/µl of E. coli RNase H (ThermoFisher Scientific, USA) at 37°C for

20 min. Samples were then stored at -20°C until further analysis.

2.5.1.1 AMV Reverse Transcription

Reverse transcription reactions were performed using 1 µg of total RNA primed with 0.5 µg hex-

amer oligonucleotides and hybridised at 70°C for 5 min followed by immediately chilling on ice for

a further 5 min. The reverse transcription reaction comprised of 5 mM MgCl2, 0.5 mM dNTP mix,

1× reverse transcription buffer, 20 U recombinant RNasin® ribonuclease inhibitor, and 15 U avian

myeloblastosis virus (AMV) reverse transcriptase in a final volume of 20 µl. The PCR thermal con-

ditions consisted of an initial annealing step at 22°C for 15 min, followed by extension at 42°C for 1

h, then AMV transcriptase inactivation at 95°C for 5 min, followed by 4°C for 5 min.

2.5.1.2 GoScript™ Reverse Transcription

Reverse transcription reactions were performed using 1 µg of total RNA primed with 0.5 µg hexamer

oligonucleotides and hybridised at 70°C for 5 min following by immediately chilling on ice for a

further 5 min. The reverse transcription reaction comprised of 5 mM of MgCl2, 0.5 mM dNTP mix, 1×

GoScript™ reaction buffer, 20 U recombinant RNasin® ribonuclease inhibitor, and 160 U GoScript™

reverse transcriptase in a final volume of 20 µl. The PCR thermal conditions consisted of an initial

annealing step at 25°C for 5 min, followed by extension at 42°C for 1 h, then reverse transcriptase

inactivation at 70°C for 5 min.

2.5.1.3 SuperScript®IV Reverse Transcription

Reverse transcription reactions were performed using 1 µg of total RNA primed with 0.5 µg hexamer

oligonucleotides and denatured at 65°C for 5 min with 0.5 mM dNTP mix followed by immediately

chilling on ice for 1 min. The cDNA synthesis mix comprised of 5 mM MgCl2, 5 mM DTT, 1×

SuperScript®IV buffer, 40 U RNaseOUT™ and 200 U of SuperScript®IV reverse transcriptase in a
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final volume of 20 µl. The PCR thermal conditions consisted of an initial annealing step at 23°C for

10 min, followed by extension at 50°C for 10 min, then reverse transcriptase inactivation at 80°C for

10 min.

2.5.2 Assessment of Reverse Transcription Linearity

The efficiency of the reverse transcription step, which is significantly dependent on the choice of

reverse transcriptase and RNA concentration, is an essential prerequisite for valid and reproducible

quantitative PCR (qPCR) results [144]. In order to compare the linear range of the three reverse

transcription systems, cDNA was prepared using each of the transcriptases for serially diluted RNA

ranging from 1 µg to 10 ng, which was then used as the template in real-time PCR reactions using

TaqMan® gene expression assays and Master Mix (ThermoFisher Scientific, USA). All reactions were

performed in duplicate, and for each transcriptase the mean Ct values were plotted against the loga-

rithm of the RNA mass and the correlation coefficient (R2) of the curve was used as a measure of the

linearity of the qPCR reaction.

The AMV enzyme system was found to be the least successful of the three methods assessed, demon-

strating poor linearity of the standard curve (R2= 0.30) compared to R2= 0.98 for GoScript and R2=

0.97 for Superscript IV (Figure 2.1). As a correlation coefficient of ≥0.98 is recommended for reli-

able gene expression quantification [145], the GoScript reverse transcription system was selected for

reverse transcription of aortic RNA.

Figure 2.1: Comparison of the linearity of three reverse transcription systems. (A) AMV transcrip-
tase displayed inferior linearity (R2= 0.30) compared to the two MMLV transcriptases (B) and (C)
which displayed linearity values of 0.98 and 0.97, respectively.

2.5.3 Real-Time Quantitative Polymerase Chain Reaction

RT-qPCR reactions were performed using TaqMan® chemistry, and each qPCR reaction comprised of

1.5 µl stock cDNA, 1 × TaqMan® gene expression assay (ThermoFisher Scientific, USA), 1× TaqMan®
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Fast Advanced master mix (ThermoFisher Scientific, USA) and nuclease-free water (Promega, USA)

to make a total volume of 15 µl. The thermal cycling conditions consisted of an initial 2 min incuba-

tion step at 50°C, followed by polymerase activation at 95°C for 20 s then 40 cycles of denaturation

for 3 s at 95°C and annealing/extension for 30 s at 60°C. All samples were run in duplicate with a

negative control included for each assay. Fluorescent signals were detected using an ABI 7500 Real

Time PCR System (ThermoFisher Scientific, USA). Fold-differences in gene expression were calcu-

lated using the 2-∆Ct method [146], where:

∆Ct = target gene Ct− reference gene Ct (2.2)

and Ct is the threshold cycle generated by the ABI system.

2.5.4 Selection of a Reference Housekeeping Gene

The expression stability of six housekeeping genes (Table 2.1) was assessed using a geNorm kit

(Primer Design, UK). Genes were selected from a panel of twelve commonly used reference genes

from various functional groups. Twelve aortic tissue samples were selected for this validation pro-

cess; six from each end of the PWV spectrum. The software qBase+ was used to rank the reference

genes for stability of expression across the samples. This software assigns a stability value (M) for

each reference gene by calculating the average pairwise variation of each gene and all other reference

genes included in the test run. The software also determines the optimal number of reference genes

required for accurate normalisation based on pairwise variation (V), starting with the most stably

expressed reference gene and sequentially adding genes until a cut off geNorm V value of <0.15 is

reached [147].

Table 2.1: Selection of reference genes included in the geNorm pilot study

Gene Symbol

18S Ribosomal RNA 18S
ATP Synthase, H+ Transporting, Mitochondrial F1 Complex, Beta Polypeptide ATP5B
Beta-Actin ACTB
B-2-Microglobulin B2M
Glyceraldehyde 3-Phosphate Dehydrogenase GAPDH
Phospholipase A2 YWHAZ

As expected, transcript levels of the six reference genes varied, and the geNorm analysis identified

that GAPDH, ATP5B and ACTB were the most stable reference genes for the twelve aortic samples,
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while 18S and B2M were the least stable (Figure 2.2A). The optimal number of reference genes de-

termined by the geNorm algorithm was two, with the recommended combination being GAPDH

and ATP5B (Figure 2.2B). The successive inclusion of additional genes was not found to confer any

additional value for accurate normalisation (Figure 2.2B).

Figure 2.2: geNorm expression stability plots of six housekeeping genes. (A) Average expression
stability of six candidate reference control genes in donor aortic samples (n=12). Genes with the
lowest M values have the most stable expression. (B) Optimal number of reference genes. A V value
with the recommended cut-off of 0.15 can be attained using two reference genes.

The findings from the geNorm analysis were then validated using a larger cohort of randomly se-

lected aortic samples (n=20). The results of this validation experiment showed stable coefficient

of variation (CV) and M values for GAPDH (mean CV=0.25, mean M=0.48), whereas there were

large variations across the samples for ATP5B and ACTB (mean CV=0.76, mean M=3.2 and mean

CV=0.98, mean M=3.95, respectively). As these values were above the acceptable stability values for

heterogeneous samples (CV<0.5 and M<1), ATP5B and ACTB were excluded from the choice of valid

reference genes. GAPDH was subsequently selected as the primary housekeeping gene suitable for

qPCR normalisation for the aortic tissue samples.

2.5.5 Assessment of qPCR Amplification Efficiency

As the amplification efficiencies of the target and reference genes need to be comparable for valid

quantitation using the 2-∆Ct method [146], the efficiency of the gene expression assays was estimated

using a 6-log dilution range of cDNA from three randomly selected aortic samples. Mean Ct val-

ues were plotted against the logarithm of the cDNA dilution factor and the assay efficiency was
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determined using the equation:

E = [101/−slope − 1] × 100 (2.3)

All the assays tested exhibited comparable efficiencies (Table 2.2) and showed efficiencies within the

acceptable range of 90-110%; therefore they were deemed suitable for quantitative gene expression

analyses.

Table 2.2: Efficiency values of gene expression assays

Gene Symbol Assay ID Efficiency (%)

B-Cell Lymphoma/11B BCL11B Hs01102259_m1 105.6
Protein Tyrosine Phosphatase, Receptor Type C CD45 Hs04189704_m1 103.1
Interferon Stimulated Exonuclease Gene 20 CD25 Hs00907778_m1 104.7
CD8a Molecule CD8A Hs00233520_m1 102.5
Glycophorin A CD235A Hs01068072_m1 106.6
Aggrecan ACAN Hs00153936_m1 106.3
Fibulin 1 FBLN1 Hs00972609_m1 103.4
Glyceraldehyde 3-Phosphate Dehydrogenase GAPDH 4326317E 101.2

2.6 Protein Extraction and Quantification

Cytoplasmic and nuclear protein fractions were extracted from 10 mg thawed aortic tissue using

NE-PER™ nuclear and cytoplasmic extraction reagents (ThermoFisher Scientific, USA). Tissues were

first rinsed in cold phosphate buffered saline (PBS) then pulverised on a pre-chilled petri dish. Sam-

ples were re-suspended in 100 µl cytoplasmic extraction reagent I (CERI) containing protease and

phosphatase inhibitor cocktails (Calchem), before homogenisation using a TissueLyser LT (QIAGEN,

Germany) at 30 oscillations for 2 min intervals until complete disintegration. The homogenate was

incubated on ice for 10 min before adding 5.5 µl ice-cold cytoplasmic extraction reagent II (CERII) and

incubating on ice for a further 1 min. The homogenate was subjected to centrifugation at 16,000 × g

for 10 min and the supernatant, which contained the cytoplasmic fraction, was then stored at -80°C

for later use. The pellet, containing the nuclei, was suspended in 50 µl ice-cold nuclear extraction

reagent (NER) and vortexed every 10 min for a total of 40 min whilst being kept on ice throughout.

The lysate was then subjected to centrifugation at 16,000 × g for 15 min and the supernatant con-

taining the nuclear extract was stored at -80°C for later use. All protein extraction steps were carried

out at 4°C. Protein was quantified using a bicinchoninic acid (BCA) assay (ThermoFisher Scientific,

USA) and absorbance at 562 nm was measured using a Titertek Multiskan® Plus MKII plate reader.
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2.7 Western Blotting

Protein lysates were incubated at 70°C for 10 min in lodium dodecyl sulphate (LDS) sample load-

ing buffer (ThermoFisher Scientific, USA) and Bolt® sample reducing agent (ThermoFisher Scien-

tific, USA). All Western blots were performed under reducing conditions unless otherwise stated.

Proteins were separated by SDS-gel electrophoresis using 4-12% gradient Bis-Tris Plus Bolt® gels

(ThermoFisher Scientific, USA) at 200 V for 30 min and then transferred to a 0.22 µM nitrocellulose

membrane (ThermoFisher Scientific, USA) using an iBlot2 dry blotting system (ThermoFisher Scien-

tific, USA) at 20 V for 7 min. Prior to transfer gels were equilibrated for 5 min in NuPage® transfer

buffer (ThermoFisher Scientific, USA) containing 10% methanol. Membranes were blocked with 5%

milk in tris-buffered saline (TBS) for 1 h at room temperature then incubated with primary antibod-

ies in TBS-Tween (0.1% Tween 20) containing 5% milk for 16 h at 4°C. Membranes were washed in

3×TBS-Tween for 15 min before being incubated with secondary antibodies in TBS-Tween for 1 h at

room temperature in the dark. The wash step was then repeated before visualisation of the protein

bands which were detected using a LI-COR Odessey system and quantified using ImageStudioLite

software.

2.8 Immunohistochemical Staining

Immunohistochemical (IHC) staining was performed on formalin-fixed, paraffin-embedded samples

(FFPE). Sections (4 µm) were deparaffinised in Histo-Clear (National Diagnostics, USA) then dehy-

drated via submersion in graduated alcohols. Antigen retrieval was performed in either pH6 citrate

buffer (Vector Laboratories, UK) or R-Universal epitope recovery buffer (Aptum Biologics Ltd, UK)

using a 2100 Retriever pressure steamer (Aptum Biologics Ltd, UK). Tissue endogenous peroxidase

activity was quenched by incubating the samples in 0.3% hydrogen peroxide (Sigma-Aldrich, USA)

in 100% methanol for 15 min. A titration experiment was initially conducted to determine the op-

timal antibody concentration, and wherever possible a positive control tissue known to express the

protein of interest was used during the optimisation step. All incubation steps were carried out in

humidified chambers, and immunostaining experiments included a negative (no primary antibody)

control. Three methods of target antigen amplification were used in this study; peroxidase anti per-

oxidase (PAP), horseradish peroxidase (HRP) labelled polymer, and avidin-biotin complex (ABC)

methods (Sections 2.8.1-2.8.3).

Following chromogenic detection, sections were counterstained with Mayers haematoxylin (Sigma-
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Aldrich, USA), rehydrated via submersion in graduated alcohols, cleared in Histo-Clear (National

Diagnostics, USA) and then mounted using Histomount (National Diagnostics, USA). Fiji analysis

software was used to adjust the image brightness and contrast for enhanced visibility, and images

presented within each figure panel were processed in parallel.

2.8.1 Peroxidase Anti-Peroxidase Method

The PAP method (Figure 2.3A) utilises horseradish peroxidase and an immunological sandwich am-

plification to produce a signal. The PAP immune complex, composed of three peroxidase enzyme

molecules and two anti-peroxidase IgG molecules, binds to the secondary antibody, thus linking it

to the primary antibody which recognises the antigen of interest [148]. After quenching endogenous

peroxidase activity, sections were blocked with 5% goat serum in PBS for 2 h at room temperature

before being probed with the primary antibody for 16 h at 4°C in 3% goat serum in 0.1% Tween-20–

PBS. This was followed by three 5 min washes in 0.1% Tween-20–PBS, before incubating the sections

in the appropriate secondary antibody (goat anti-rabbit or goat anti-mouse) at a 1:100 dilution in

3% goat serum in 0.1% Tween-20–PBS for 1 h at room temperature, again followed by three 5 min

washes in 0.1% Tween-20–PBS. The sections were then incubated in rabbit or mouse PAP complex

at a 1:200 dilution in 3% goat serum in 0.1% Tween-20–PBS for 1 h at room temperature, followed

by three 5 min washes in 0.1% Tween-20–PBS. For chromogenic detection, sections were incubated

in 0.6 mg/mL of 3,3’-diaminobenzidine tetra-hydrochloride (DAB) in 0.05 M Tris-HCl buffer (pH

7.6) containing 0.03% hydrogen peroxide for 5-10 min. The reaction was quenched by immersion in

deionised water. Sections were counterstained with haematoxylin, rehydrated, cleared and mounted

as described earlier.

2.8.2 HRP Labelled Polymer Method

The HRP labelled polymer method utilises an enzyme-conjugated polymer backbone that carries

multiple secondary antibody and HRP sites (Figure 2.3B), thus allowing for enhanced signal am-

plification which is particularly advantageous for antigens with low tissue expression. Following

antigen retrieval, sections were blocked in Dual Enzyme Blocker solution (Dako, UK) for 30 min

followed by three 5 min washes in 0.1% Tween-20–TBS and then probed with the primary antibody

diluted in antibody diluent solution (Dako, UK) for 30 min at room temperature. This was followed

by three 15 min washes in 0.1% Tween-20–TBS then incubation in the labelled secondary polymer

(Dako, UK) for 30 min at room temperature. The washing step was repeated before the sections

were incubated in DAB diluted in substrate buffer (pH 7.5) containing hydrogen peroxide until the
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desired staining was achieved. The reaction was quenched in deionised water and sections were

counterstained with haematoxylin, rehydrated, cleared and mounted as described earlier.

2.8.3 Avidin-Biotin Complex Method

The ABC method (Figure 2.3C) exploits the high affinity properties of avidin and biotin to enhance

the resolution and sensitivity of chromogenic detection [149]. Using this method, biotinylated HRP

irreversibly complexes with avidin in solution to form the ABC complex, which is then introduced

to a biotinylated secondary antibody. Peroxidase activity was quenched as previously described and

the sections blocked in 5% goat serum in PBS for 30 min at room temperature before probing with

the primary antibody for 30 min at room temperature in 2.5% goat serum in 0.1% Tween-20–PBS.

This was followed by a 5 min wash in 0.1% Tween-20–PBS before sections were incubated in the

biotinylated secondary antibody (Vectastain Elite ABC Kit, Vector Laboratories, USA) diluted in PBS

containing 1.5% goat serum. Meanwhile, the ABC complex was prepared by mixing equal volumes

of avidin and biotinylated HRP solution (Vector Laboratories, USA), which was allowed to stand for

30 min. Sections were washed for 5 min in 0.1% Tween-20–PBS then incubated in the ABC complex

solution for 30 min, followed by a further 5 min wash in buffer. This was followed by chromogenic

detection with DAB and then haematoxylin counterstaining, rehydration, clearing in Histoclear and

mounting as described earlier.

2.9 Immunofluorescence Staining

2.9.1 Standard Immunofluorescence

FFPE sections were deparaffinised and antigen retrieval was performed before permeabilising the

sections with 0.05% Triton™ X-100–PBS for 5 min and blocking for 2 h at room temperature with

5% goat or donkey serum in 0.05% Triton™ X-100–PBS. Sections were probed with the primary

antibody for 16 h at 4°C in 2% goat or donkey serum in 0.05% Triton™ X-100–PBS. Sections were

rinsed in 0.05% Triton™ X-100–PBS for 5 min with agitation and then incubated in fluorochrome-

conjugated secondary antibody in 2% goat or donkey serum in 0.05% Triton™ X-100–PBS for 1 h

at room temperature in the dark. Sections were counterstained with Sytox® Orange (ThermoFisher

Scientific, USA) at a 1:10,000 dilution in deionised water for 20 min at room temperature before

mounting with ProLong® Gold Antifade Mountant (ThermoFisher Scientific, USA). Mountant was

cured overnight before visualisation.
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2.9.2 Immunofluorescence with Tyramide Signal Amplification

Standard immunofluorescence can be improved by incorporating a tyramide signal amplification

(TSA) step (Figure 2.3D), which is estimated to enhance fluorophore detection by 100-fold, there-

fore providing a powerful strategy for detecting low abundant targets. This method involves using

an HRP-conjugated secondary antibody and fluorochrome-labelled tyramide. The catalytic activ-

ity of HRP generates tyramide radicals, which bind covalently to tyrosine residues in situ, and the

fluorophore is thus deposited in the vicinity of the site of synthesis allowing for fluorescent signal

detection [150]. FFPE sections were deparaffinised and antigen retrieval performed as described ear-

lier. As TSA is catalysed by peroxidase, endogenous peroxidase activity was quenched to prevent

high background noise. This was performed using 3% hydrogen peroxide in methanol for 30 min.

Next, sections were blocked in TNB buffer (0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl and 0.5% blocking

reagent (FP1012, PerkinElmer, USA) for 1 h at room temperature followed by primary antibody in-

cubation in TNB buffer for 1 h at room temperature. Sections were washed in TNT wash buffer (0.1

M Tris-HCl, 0.15 M NaCl and 0.05% Tween-20), and then incubated in HRP-conjugated secondary

antibody (Sigma-Aldrich, USA) diluted 1:1000 in TNB buffer for 1 h at room temperature before

washing in TNT buffer. Sections were incubated in 200 µl TSA Plus Fluorescein working solution

(PerkinElmer, USA) for 5 min and then washed in TNT buffer. Sections were counterstained with

Sytox® Orange, mounted with ProLong® Gold and cured overnight before visualisation.

2.10 Confocal Microscopy

Confocal laser scanning microscopy (CLSM) images were acquired using a Leica SP8 (Leica Mi-

crosystems Heidelberg GmbH, Germany) inverted laser scanning confocal microscope using a 20 ×

1.4 N.A. objective. Acquisition parameters were as follows: 12-bit, 1024 × 1024 pixels, 1.25 × and 3 ×

digital zooms, 8000 Hz scan speed, 16-line Kalman filtering and 2 frame accumulation. Fiji analysis

software was used to adjust the image brightness and contrast for enhanced visibility. Images within

each figure were processed in parallel, and all confocal images within figure panels were obtained

using identical scan settings.
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Figure 2.3: Schematic diagrams illustrating the principle behind different immunostaining meth-
ods. (A) Peroxidase anti-peroxidase method (B) HRP labelled polymer method (C) Avidin-biotin
method, and (D) Tyramide signal amplification.

2.11 Statistical Analysis

Statistical analyses were conducted using SPSS version 23 and GraphPad Prism 7 software. Nor-

mally distributed data are presented as mean ± standard deviation (SD), while skewed data are

presented as median and inter-quartile range (IQR). Non-normally distributed variables were log-

transformed for statistical analyses. For each of the SNPs investigated, deviations from the Hardy-

Weinberg equilibrium were tested using the χ 2 test. Allelic variation in gene expression was com-

pared using the Student’s t-tests with Welch’s corrections. Associations between SNPs and PWV
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were tested assuming an additive inheritance pattern in multiple linear regression models, and ad-

justing for confounders such as age, age2, gender, height and weight, which are known to influence

aortic PWV. For Western blot quantification statistical significance between groups was determined

using the non-parametric Mann Whitney U test. In all tests, a p-value of <0.05 was considered to be

statistically significant.
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Lessons from a Monogenic Aneurysm Disorder: A

Loeys-Dietz Type 4 Case Study

3.1 Abstract

Loeys-Dietz syndrome (LDS) is an autosomal dominant connective tissue disorder with a range of

cardiovascular, skeletal, craniofacial and cutaneous manifestations. LDS type 4 is caused by muta-

tions in TGF beta ligand 2 (TGFB2), and based on family pedigrees described to date, appears to have

a milder clinical phenotype, often presenting with isolated aortic disease. Its molecular basis was in-

vestigated in a new pedigree and a missense variant p.(Arg320Cys) (NM_003238.3) was identified

within a highly evolutionary conserved region of TGFB2, representing a new LDS type 4 pedigree

with multiple cases of aortic aneurysms and dissections. There was striking up-regulation of TGFB1,

TGFB2 and the canonical signal transducer pSMAD2/3 on immunostaining and Western blotting of

aortic tissue from the subject, confirming the functional importance of this variant. This case high-

lights the striking paradox of predicted loss-of-function mutations in TGFB2 causing enhanced TGFβ

signalling in this emerging familial aortopathy.

3.2 Introduction

3.2.1 Background

The identification of molecular mechanisms operating in rare Mendelian and monogenic traits has

been pivotal in discovering novel pathways contributing to complex traits and polygenic diseases

with milder phenotypes. A classic example is the insight gained from the discovery of genes respon-

sible for monogenic forms of hypertension in recognising the primacy of kidneys and adrenal glands

in blood pressure regulation [151]. Likewise, mutations identified in rare monogenic aortopathies,

33
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such as fibrillin-1 in Marfan syndrome [152], type III procollagen in vascular Ehlers-Danlos syn-

drome [153], and transforming growth factor β (TGFβ) signalling in LDS [154], have highlighted how

the dynamic interplay of signalling molecules, extracellular matrix (ECM) composition, and vascu-

lar smooth muscle cell (VSMC) function is crucial to maintaining aortic wall function and integrity.

LDS is an inherited autosomal dominant systemic disorder with a broad phenotypic spectrum of

cardiovascular, skeletal, craniofacial, and cutaneous manifestations (OMIM 609192). Classic features

of LDS include widespread arterial tortuosity, a bicuspid aortic valve, bifid uvula/cleft palate and

hypertelorism [155]. Early and progressive aortic root dilatation is a distinct hallmark of LDS, pre-

disposing to premature death from dissection and rupture of the aorta [155] (Figure 3.1). The specific

molecular mechanisms which trigger aortic dissection are not known but is likely to be primed by

the degeneration of the medial layer due to the cumulative effect of smooth muscle cell (SMC) apop-

tosis, elastic fibre fragmentation, impaired aortic remodelling, proteoglycan and glycosaminoglycan

accumulation, enhanced inflammation, the up-regulation of matrix metalloproteinases (MMP), and

precarious angiotensin II and TGFβ signalling [156].

Figure 3.1: Aortic dissection. An intimal flap is formed when bleeding within the media drives the
intima and adventitial layers apart. Image modified from Nienaber et al. [157].

TGFB1-3 are multipotent cytokines that regulate key processes, including cell proliferation, differen-

tiation, apoptosis, angiogenesis and immune suppression, through signalling via serine/threonine

kinase receptors (TGFBRI/II) and the downstream effectors known as SMAD proteins, as well as ad-

ditional pathways collectively known as the SMAD-independent or non-canonical signalling path-
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way (Figure 3.2) [158]. These signalling cascades modulate several genes involved in ECM synthesis

and homeostasis, including fibronectin, fibrillar collagens, elastin, MMPs, proteinase inhibitors and

proteoglycans, as well as TGFβ itself, thus generating a positive feedback loop [159–165].

Figure 3.2: TGFβ activation and signal transduction. LAP is cleaved from mature TGFβ by pro-
teases but remains bound to it non-covalently, conferring latency to TGFβ. Both canonical (blue) and
non-canonical (orange) pathways influence gene expressions. CTGF; connective tissue growth factor,
ERK; extracellular signal-regulated kinase, JNK; JUN N-terminal kinase, MAPK; mitogen-activated
protein kinase, RAF; RAS-activated factor, TAK1; TGFβ-activated kinase 1

Whilst TGFβ is a crucial regulator of the ECM, its own activity and bioavailability are in turn regu-

lated by components of the ECM. TGFβ is synthesised as a precursor molecule composed of a signal-

peptide required for cell secretion, a latency-associated peptide (LAP) domain, and a C-terminal

domain that becomes the mature cytokine following cleavage from the LAP domain. LAP remains

non-covalently bound to TGFβ after proteolytic cleavage and together are secreted into the ECM

bound to one of four latent TGFβ binding proteins (LTBPs 1-4) as part of a large latent complex
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(LLC) [166]. LTBPs interact with fibrillin-1, heparin sulphate proteoglycans, and elastic microfib-

rils, serving to direct and store the latent TGFβ complex to specific sites within the ECM and to

regulate the extracellular ligand activation process [167, 168]. Active TGFβ is eventually liberated

from LAP either proteolytically by various ECM proteinases, via integrin-mediated conformational

changes which allow cell-surface receptors to recognise mature TGFβ, or by integrin-mediated MMP

cleavage of the latent complex [169].

LDS is caused by disruptions to TGFβ signalling due to loss-of-function mutations in different com-

ponents of the pathway. Mutations in genes encoding for TGFβ receptors (TGFBR1, TGFBR2), TGFβ

ligands (TGFB2, TGFB3) or the intracellular downstream effector (SMAD3), have been linked with

the disease pathogenesis [154, 170–172]. Precise genotype-phenotype correlations are still lacking,

but it is proposed that a mutation in any of these genes plus arterial aneurysm/dissection or a fam-

ily history of LDS is sufficient for diagnosis [173]. LDS type 4 (LDS4) is caused by mutations in

TGFB2 and represents a milder end of the LDS spectrum compared to those of other LDS types,

often with isolated aortic disease presenting in the mid-thirties [174]. Twenty mutations in TGFB2

have been described in the literature to date (Table 3.1), mostly in the LAP domain of the protein,

although the underlying pathogenic mechanisms remain unclear. While most of the mutations are

predicted to be loss-of-function, their downstream effect appears to be a paradoxical activation of

TGFβ signalling.

A new pedigree with LDS4 is reported here and it is confirmed that the causative variant p.(Arg320Cys)

(NM_003238.3) causes striking up-regulation of TGFβ-1/2 and pSMAD2/3 expression within the

aorta. This confirms that the variant is functional and corroborates previous reports of an enhanced

aortic TGFβ ’tissue signature’ in LDS and other TGFβ vasculopathies.
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Table 3.1: Summary of TGFB2 mutations reported in the literature

Exon c-notation p-notation Domain Reference

1 c.294_308del p.Ala100_Tyr104del LAP [171]
1 c.297C>A p.Tyr99* LAP [171]
1 c.304G>T p.Glu102 LAP [174]
3 c.475C>T p.Arg159* LAP [175]
5 c.771C>A p.Cys257 LAP [174]
6 c.839-1G>A p.Gly280Aspfs*41 LAP [176]
6 c.958C>T p.Arg320Cys LAP [177]
6 c.957_972dup p.Asn325* LAP [174]
6 c.979C>T p.Arg327Trp LAP [175, 178]
6 c.980G>A p.Arg327Gln LAP [175]
6 c.988C>T p.Arg330Cys LAP [171]
6 c.995del p.Leu332TrpfsTer27 LAP [179]
7 c.1097C>A p.Pro366His Cyt [171]
7 c.1106_1110del p.Tyr369Cysfs*26 Cyt [171, 174]
7 c.1125del p.Gly376Glufs*17 Cyt [175]
7 c.116dupA p.Ser389Lysfs*8 Cyt [180]
Entire gene Chr1.hg19: g.(215,588,712)_(222,145,072)del [171]
Entire gene Chr1.hg19: g.(215,963,393)_(220,705,991)del [181]
Entire gene Chr1.hg19: g.(216,672,181)_(220,202,575)del [171]
Entire gene Chr1.hg18: g.(212,338,589)_(217,573,448)del [182]

LAP; latency-associated peptide, Cyt; TGFB2 cytokine domain, *; translation termina-
tion codon, del; deletion, fs; frameshift.
Note: This list only includes variants identified as articles in PubMed and does not in-

clude variants from the ClinVar database since limited clinical information is available
on these cases.

3.2.2 Case Report

A 27-year-old man presented with severe pain radiating down his back after lifting a lawn mower

into a van. The family history revealed several family members with aortic aneurysms and dissec-

tions: his mother (III:6) died following an aortic dissection, a maternal uncle (III:1) had undergone

an emergency repair of an aortic aneurysm, and his maternal grandfather (II:3) had a dissection of

an abdominal aortic aneurysm and separate iliac artery aneurysms (Figure 3.3). On examination, the

only symptom was an elevated BP of 240/100 mmHg. A CT scan with contrast showed a Stanford

type-A dissection with an intimal flap extending the full length of the aorta from the aortic valve into

both iliac arteries (Figure 3.4). The patient underwent open aortic repair and a surgical specimen was

recovered for further examination. Histological examination showed fragmentation and disruption

of the aortic elastic fibres and cystic medial necrosis (Figure 3.4).
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Figure 3.3: Family pedigree with multiple cases of aneurysms and dissections. Allele segregation
suggests autosomal dominant inheritance. The variant was detected in the index case (IV:10), as well
as in III:1, IV:3 and IV:5.

Figure 3.4: Clinical and histological findings. Left panel: CT images showing an intimal flap (red
arrows) extending from the aortic valve into the thoracic aorta. Right panel: Elastin staining of IV:10
aorta showing extensive elastic fibre fragmentation at the site of dissection (scale bar = 6mm).

3.2.3 Sequencing and Variant Identification

DNA sequencing from the peripheral blood of the index case identified a missense variant (c.958C>T)

(NM_003238.3) in exon 6 of the TGFB2 gene (NG_027721.1). This variant causes a p.(Arg320Cys)

substitution in a highly-conserved region of TGFB2 (Figure 3.5). The variant was also detected in the
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uncle (III:1) and two currently asymptomatic teenage family members (IV:3) and (IV:5) (Figure 3.5).

Figure 3.5: Molecular findings. Left panel: Sequencing chromatogram showing a missense muta-
tion (c.958C>T) in exon 6 of TGFB2. Right panel: The mutation is within a region of TGFB2 that is
highly conserved across species. SP; signal peptide.

3.3 Methods

3.3.1 Data Submission

The phenotype and variant data were submitted into LOVD v.3.0 Build 16 (http://medgen.ua.

ac.be/LOVDv.3.0/individuals/00000322).

3.3.2 Control Subjects

Formalin-fixed and paraffin embedded (FFPE) aortic tissue from age and gender matched donors

(n=5) were obtained from the Transplant Service at Addenbrooke’s Hospital (Cambridge, UK). All

samples were handled in accordance with the policies and procedures of the Human Tissue Act and

had local and regional ethical approval.

3.3.3 Protein Extraction from FFPE Sections

Western blotting for TGFB1 and TGFB2 was performed using aortic homogenates extracted from

the FFPE sections of the surgical specimen and two controls. Three 15 µm FFPE sections of each

tissue sample were deparaffinised in Histo-Clear II (National Diagnostics, USA) three times, and

the procedure was serially repeated with 100%, 95% and 70% ethanol, washing twice for 10 min

each. Pellets were air dried then re-suspended in Extraction Buffer EXB Plus (QIAGEN, Germany)

containing β-mercaptoethanol, and incubated at 4°C for 5 min then at 100°C for 20 min followed by

a 2 h incubation at 80°C with agitation, and a final incubation at 4°C for 1 min. Samples were then

subjected to centrifugation at 16,000 × at 4°C for 15 min and the protein quantified using Pierce™

BCA protein assay (ThermoFisher Scientific, USA) and stored at -70°C until required.

http://medgen.ua.ac.be/LOVDv.3.0/individuals/00000322
http://medgen.ua.ac.be/LOVDv.3.0/individuals/00000322
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3.3.4 Western Blotting

Western blotting was performed as described in Chapter 2. Immunoblotting for TGFB1 was per-

formed under non-reducing conditions. Anti-TGFB2 rabbit polyclonal IgG antibody (ab66045, Ab-

cam, UK) was used at 1:500 dilution, and β Actin mouse monoclonal IgG (MA5-15739, ThermoFisher

Scientific, USA) was used as a loading control at 1:1000 dilution. Anti-TGFβ1 mouse monoclonal IgG

antibody (ab64715, Abcam, UK) was used at 1:500 dilution and β Actin rabbit polyclonal IgG (A2066,

Sigma-Aldrich, USA) was used as a loading control at 1:1000 dilution. Donkey anti-rabbit (925-32213,

LI-COR Biotechnology UK Ltd, UK) IRDye® 800CW and goat anti-mouse (A-21058, ThermoFisher

Scientific, USA) Alexa Fluor® 680 conjugated secondary antibodies were used at 1:5000 dilution.

3.3.5 Immunofluorescence and Immunohistochemical Staining

Antigen retrieval was performed in pH6 citrate buffer (Vector Laboratories Ltd, Peterborough, UK)

for TGFB2 immunostaining and R-Universal buffer (Aptum Biologics Ltd) for TGFβ1 and pSMAD2/3

immunostaining. Sections were probed with a mouse monoclonal antibody specific for TGFB2

(ab36495, Abcam, Cambridge, UK) and a mouse monoclonal antibody specific for TGFB1 (ab64715,

Abcam) for 16 h at 4°C at 1:200 dilution. Pre-absorbed goat IgG-conjugated Alexa Fluor® 633 sec-

ondary antibody (A21050, ThermoFisher Scientific, Waltham, MA, USA) was used at 1:200 dilution.

Phosphorylated SMAD2/3 was probed using a rabbit polyclonal antibody specific for pSMAD2/3

(SC11769, Santa Cruz Biotechnology, USA) at 1:500 dilution using the HRP labelled polymer method

described in Chapter 2.

3.4 Results

3.4.1 TGFB1 and TGFB2 Expression

Due to limited sample availability, transcript analysis of TGFB1 and TGFB2 was not conducted. Us-

ing the data from the Genotype-Tissue Expression (GTEx) project, both genes are shown to be ex-

pressed in the human aorta (https://www.gtexportal.org/home/gene/TGFB1 and https:

//www.gtexportal.org/home/gene/TGFB2). However, the effect of the c.958C>T mutation on

the transcript level of either genes is not known. At the protein level, immunofluorescent imaging

showed markedly enhanced TGFB2 (Figure 3.6) and TGFB1 (Figure 3.7) expression in the aorta of the

index case compared to age and gender-matched controls. This was confirmed by immunoblotting

for both proteins in the aorta of IV:10, where compared to the controls, TGFB2 was nearly two-fold

higher and TGFB1 15-fold higher (Figure 3.8).

https://www.gtexportal.org/home/gene/TGFB1
https://www.gtexportal.org/home/gene/TGFB2
https://www.gtexportal.org/home/gene/TGFB2
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Figure 3.6: Aortic expression of TGFB2. Immunofluorescence staining of TGFB2 (green) shows in-
creased expression in the aortic wall of IV:10 compared to age and gender-matched controls. Images
are representative of (n=5) controls. Elastic fibres appear as blue (autofluorescence) and nuclei are
counterstained red (scale bar = 50µM).
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Figure 3.7: Aortic expression of TGFB1. Immunofluorescence staining of TGFB1 (green) shows in-
creased expression in the aortic wall of IV:10 compared to age and gender-matched controls. Images
are representative of (n=5) controls. Elastic fibres appear as blue (autofluorescence) and nuclei are
counterstained red (scale bar = 50µM).

Figure 3.8: Western blotting of aortic TGFB2 and TGFB1 expression in IV:10 compared to age-
matched controls. Signal intensities normalised against β Actin indicates a two-fold higher expres-
sion of TGFB2 and a 15-fold higher TGFB1 expression in the IV:10 sample.
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3.4.2 Phosphorylated SMAD2/3 Expression

Immunohistochemical staining showed increased nuclear expression of pSMAD2/3 in the aorta of

the index case compared to control subjects (Figure 3.9).

Figure 3.9: Aortic expression of pSMAD2/3. Immunohistochemical staining shows increased nu-
clear accumulation of pSMAD2/3 in the aorta of IV:10 compared to age and gender-matched con-
trols. Images are representative of (n=5) controls (scale bar = 50µM).

3.5 Discussion

A new pedigree with a p.(Arg320Cys) substitution is reported here within a highly evolutionarily

conserved region of TGFB2 and a strong in silico prediction for pathogenicity [177]. Prior to this

finding there had been no evidence to confirm its functional effects. This variant has been shown to

induce significant up-regulation of TGFβ signalling, as demonstrated by increased immunostaining

of TGFB1 and TGFB2 ligands and the canonical signal transducer pSMAD2/3 in the vessel wall of

a subject with the variant. The outcomes of TGFβ signal transduction, and indeed consequences of

its perturbation, are complex, diverse and not yet fully understood; however, the pathogenic effects

of the observed TGFβ overdrive may be partly explained by the pathway’s known roles in matrix

synthesis, deposition and degradation. The TGFβ signalling pathway has been found to modulate

aldosterone levels and sodium and water retention [183] which may, at least in part, explain the

elevated BP seen in the index case. TGFβ promotes collagen synthesis and deposition [184], up-

regulates transcriptional and post-translational elastogenesis [161], and stimulates the expression of

connective tissue growth factor (CTGF), a matricellular protein with various roles in cell prolifera-
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tion, adhesion and ECM synthesis [185]. Perturbations to this pathway are thus likely to disrupt the

normal architecture of the vessel wall, predisposing to aneurysm and triggering dissection. Others

have proposed a primary role for impaired mechanosensing caused by TGFβ signalopathy in the

events leading to aortic dissection [186, 187]. This model is based on the observation that TGFβ, as

well as other genes implicated in thoracic aortic aneurysms and aortic dissections, are involved in the

regulation of microvascular tone [186, 188] and cellular mechanosensing and mechanoregulation of

the ECM [187], coupled with the role of the ECM in controlling the level of interstitial fluid pressure

on microvessels [189]. Accordingly, defective mechanoregulation caused by altered TGFβ signalling

dampens the vascular tone in the aortic vasa vasorum, causing an increase in blood flow, fluid flux

and pressure within the media, thus initiating the process of aortic dissection [186]. This process can

be further exacerbated by dysregulations of interstitial fluid caused by any associated ECM remod-

elling, thereby further promoting and maintaining intraparietal oedema [186]. In support of this,

pharmacological restoration of VSMCs contractility with rapamycin attenuates the incidence of aor-

tic dissections in Tgfbr2 mutant mice despite evidence of ECM dysregulation and VSMC explanted

from Marfan patients undergo TGFβ-dependent phenotypic modulation characterised by a rise in

their contractile machinery [190, 191].

The signature of enhanced TGFβ signalling is unexplained by the loss-of-function variant in TGFB2,

but is thought to play a central role in the aortic dilatation and aneurysms seen in LDS, Marfan syn-

drome, arterial tortuosity syndrome and other inherited aortopathies [170, 171, 174]. Indeed, most

LDS-related mutations are in evolutionarily conserved residues of the intracellular kinase domains

of TGFBR1/2, and were originally suggested to impair TGFβ signalling. However, tissues from af-

fected individuals consistently display signs of downstream pathway propagation, including in-

creased pSMAD2 nuclear accumulation and enhanced CTGF expression [154, 192]. Several lines of

evidence from experimental models also implicate high tgfβ signalling in aortic aneurysms. Tgfb2+/-

haploinsufficiency in mice mirrors the classical features of LDS, causing aortic root dilatation and

aneurysm, and triggering a higher expression of pSmad2/3 and extracellular signal-regulated ki-

nases (Erk1/2), indicating up-regulation of both canonical and non-canonical pathways [171]. In

addition, neutralisation of Tgfβ activity in Marfan and other murine models attenuates aortic wall

abnormalities, diminishes aortic dilation, slows disease progression, and significantly improves ani-

mal survival [193–195]. One proposition to resolve this TGFβ paradox posits that other TGFβ ligands

are overexpressed to compensate for the haploinsufficiency of a given TGFβ ligand. This shift in lig-

and usage is seen with higher Tgfb1 expression in Tgfb2+/- mice [171] and, indeed in the index

case described here. Impaired sequestration of the latent TGFβ complexes in the ECM has also been
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suggested [196]. Alternatively, driven by 1) the premise that aortic VSMCs originate from diverse

progenitors [197], and 2) evidence of lineage-dependent disparities within the vessel wall in SMC re-

sponses to TGFβ [198], and 3) the observation of distinct cell populations with and without signs of

TGFβ activation in aneurysmal tissue, Lindsay and Dietz [199] postulate that the TGFβ overshoot is

a compensatory mechanism by cardiac neural crest-derived VSMCs for impaired signalling in neigh-

bouring mesoderm second heart field-derived SMCs. While compelling, there is to date insufficient

evidence to support this hypothesis, and at least in the index case reported here, a dichotomous

pattern of nuclear pSMAD2/3 staining in the aorta was not observed.

Nonetheless, the longstanding view of TGFβ over-activity as the main driver of Marfan syndrome

and related aortopathies has been frequently challenged. For example, selective abrogation of Tgfbr2

in the SMCs of young wildtype and Marfan syndrome mice strains yields animals with classi-

cal features of inherited aortopathies, including elastin fragmentation, aortic dissection, dilation,

macrophage and proteoglycan accumulation, without any evidence of aberrant canonical or non-

canonical TGFβ signalling [200, 201]. Similarly, conditional disruption of the receptor in SMCs of

postnatal LDS mice strains induces severe aortic dissection, dilatation and aortic wall thickening,

together with diminished pSmad2 signalling [202]. As such, it remains debatable whether the en-

hanced TGFβ expression ’signature’ observed in LDS and related syndromes is a trigger or a conse-

quence of disease progression. Indeed, high TGFB1/2 expression may essentially reflect a repair pro-

cess by mesenchymal cells following damage to the ECM [203] that becomes manifested at advanced

stages of the disease. This view is supported by recent observations that aneurysmal progression is

exacerbated with the early systemic neutralisation of TGFβ activity in experimental models of ab-

dominal aortic aneurysms and Marfan syndrome [195,204,205]. More compelling is the finding that

increased Tgfb gene expression in animal models of LDS that express mutant forms of Tgfb recep-

tors are only detectable by 12 weeks, accentuating with the progression of vascular damage, despite

evidence of aneurysms as early as 8 weeks of age [206]. Taken together, these observations add to

the mounting evidence that TGFβ is a protective cytokine that plays a role in preserving vascular

wall integrity and suggests that its enhanced expression is likely to be a late manifestation of the

repair process and/or aneurysmal progression. Because the tissue recovered from the current study,

and indeed all cases of aneurysms and dissections, represents late-stage disease, it is not possible to

verify if the observed up-regulation is preceded by a phase of low or no TGFβ signalling.

In conclusion, the discovery of the genetic causes of aortic abnormalities found in inherited syn-

dromes has played an important role in understanding aortic wall function and dysfunction. The
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significance of TGFβ signalling in aortic ECM biology and pathophysiology has emerged via the

identification of causal mutations underlying Marfan syndrome, LDS and related aortopathies. The

finding of enhanced TGFβ signalling in the aortic wall of a case harbouring a p.(Arg320Cys) substi-

tution in a highly-conserved region of TGFB2 further corroborates the pathological implications of

the TGFβ signalling overdrive. However, whether this is a feasible therapeutic target for inherited

aortopathies remains questionable due to the contradictory outcome of neutralising Tgfβ activity

in mice, and especially with the inadequate resolution of the TGFβ paradox. Specific targeting of

the downstream effectors of the non-canonical pathway is providing promising outcomes [207,208].

Thus, future work to further investigate the exact pathogenic sequence downstream of TGFβ during

aneurysmal progression will be instrumental in yielding potential therapeutic strategies for these

TGFβ signalopathies.
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From Association to Function: Investigating the Role of

3’BCL11B Gene Desert Variants in Aortic Stiffness

4.1 Abstract

In recent years large scale association studies followed by functional characterisation have formed

a paradigm for identifying genes and pathways of complex traits and diseases. The most recent

genome wide analysis of carotid-femoral pulse wave velocity (cfPWV) identified a significant locus

within the 14q32.2 gene desert. The region contains gene regulatory elements, with the transcrip-

tional regulator B-cell CLL/lymphoma 11B (BCL11B) and long non-coding RNA (lncRNA) DB129663

representing potential targets for these enhancers. This chapter investigates the functional impact of

gene desert single nucleotide polymorphisms (SNPs) on BCL11B and DB129663 transcripts in the

human aorta in order to further characterise the role of this region in aortic stiffness.

The association of five lead SNPs from the genome-wide association studies (GWAS) meta-analysis

was examined for ex vivo aortic stiffness and BCL11B and DB129663 aortic mRNA expression. Three

of the five SNPs rs1381289, rs7152623 and rs10782490, associated significantly with PWV and showed

allele-specific differences in BCL11B mRNA. The risk alleles associated with lower BCL11B expres-

sion suggesting a protective role for BCL11B. Despite the strong association, BCL11B protein was

not detected in the human aorta; however, qPCR for CD markers showed that BCL11B transcript

correlated strongly with markers for activated lymphocytes. In contrast, DB129663 transcripts were

detected in 55% of the samples, and of the five SNPS only rs7152623 showed allele-specific differ-

ences in aortic DB129663 transcripts. No significant differences were observed in PWV between

samples expressing or lacking DB129663, and therefore the implication of this lncRNA in aortic stiff-

ness remains elusive.

47
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This data confirms the significance of the 14q32.2 region as a risk locus for aortic stiffness and an

upstream regulator of BCL11B. The BCL11B transcript detected in the human aorta may reflect lym-

phocyte infiltration, suggesting that immune mechanisms contribute to the observed association of

BCL11B with aortic stiffness.

4.2 Introduction

4.2.1 Background

The last decade has seen a sharp surge in GWAS of complex physiological traits and diseases, which

has been facilitated by the advent of high-throughput genotyping platforms. While these studies

have been largely successful in identifying thousands of gene variants associated with complex

traits, a gap remains in translating SNP associations into meaningful biological pathways. Correlat-

ing genetic variations with disease pathophysiology is particularly confounded by the observation

that nearly 90% of SNPs are present within noncoding regions of the genome [209, 210]. This was

also noted in the most recent genome wide analysis of cfPWV by the AortaGen Consortium, which

identified a significant locus on chromosome 14 [72] (Figure 4.1). The top signals from this GWAS

meta-analysis originate from a gene-poor region (14q32.2), although the region contains regulatory

elements that may influence aortic stiffness via regulation of gene expression in a trans and tissue-

specific manner. Previous studies in murine T cells suggest that the cfPWV region overlaps an en-

hancer for B-cell CLL/lymphoma 11B (Bcl11b), which resides 850kb upstream from the locus [88].

BCL11B, also known as COUP-TF interacting protein 2 (CTIP2), is a typical transcriptional regulator

with six Cys2-His2-like zinc finger domains. It is highly expressed and crucial to the function of

the cutaneous, immune and central nervous systems, and is a key regulator of odontogenesis and

adipogenesis [211–214]. BCL11B also governs important aspects of the development, differentiation,

recruitment and function of T lymphocytes and other immune cells [89]. The 14q32.2 enhancer clus-

ter further maps to the promoter of DB129663, a primate-specific lncRNA expressed in aortic smooth

muscle cells (SMCs) and cardiac fibroblasts but with a currently unidentified function [72]. In recent

years, emerging evidence has underscored the role of variants in non-coding RNA regions in con-

tributing to the risk of complex diseases [215–217]. The transcript profile of DB129663 in the human

aorta and whether it is influenced by chromosome 14 variants remains to be explored.
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Figure 4.1: The chromosome 14q32.2 cfPWV GWAS association plot and surrounding genomic
neighbourhood. Cited from Mitchell et al. [72].

To this end, the aim of this study was to examine the functional impact of the lead SNPs identified

by the AortaGen Consortium on aortic BCL11B and DB129663 transcript levels and ex vivo measure-

ments of aortic stiffness in a large sample of human aortic tissues, as well as determining the ex-

pression pattern of BCL11B in the human aorta. An understanding of how these genetic variations

influence aortic stiffness will enhance understanding of the molecular mechanisms that contribute

to alterations in PWV and may yield novel therapeutic targets. The aims of the literature review

are to provide an overview of the multifaceted biological functions of BCL11B, to review the current

knowledge on how alterations in its expression underscore a number of pathological conditions, and

to summarise the evidence that links its functions to stiffening mechanisms.

4.2.2 BCL11B: Structure and Biological Functions

The BCL11B gene is located on human chromosome 14 (q32.2), is approximately 102 Kb in length

and has a molecular weight of 95 kDa. Alternative splicing encodes two distinct but functionally

analogous isoforms, alpha and beta, which are composed of 894 and 823 amino acid residues, re-

spectively (Figure 4.2). Both isoforms contain the six C2H2 zinc finger binding domains critical to the

functioning of BCL11B as a transcriptional regulator. The corresponding murine gene is 88% homol-

ogous to human BCL11B but is located on mouse chromosome 12 [218]. Mouse Bcl11b encodes three

isoforms, alpha, beta and gamma, of which only the beta isoform resembles human BCL11B [219].

The encoded protein is largely nuclear but has also been detected in the mitochondria of mouse thy-
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mocytes and human T cell lines [219]. BCL11B is a complex, multifaceted transcriptional factor with

important roles in various cells and tissues and these will be discussed in the following sections.

Figure 4.2: Schematic model of BCL11B isoforms and protein structure. The beta isoform lacks exon
3 but is functionally similar to the alpha isoform due to the presence of exon 4, which encodes the 6
zinc finger domains of BCL11B. Zn; zinc finger domain, P rich; proline-rich. Adapted from Lennon
et al. [220].

4.2.2.1 Transcriptional Regulation

BCL11B was originally identified as a binding partner of the nuclear receptor chicken ovalbumin

upstream promoter transcription factor (COUP-TF) group of orphan nuclear receptors (COUP-TFI,

II and III) [221]. It was subsequently shown that BCL11B can regulate transcription independently

of COUP-TF by directly binding to GC-rich motifs of target genes [222]. BCL11B-mediated tran-

scriptional suppression is achieved primarily by recruiting proteins involved in chromatin modifica-

tion and epigenetic regulation to the promoter template, most notably histone deacetylases (HDAC1

and HDAC2), histone methyltransferase (SUV39H1), heterochromatin protein 1 (HP1), members of

the sirtuin family of proteins (SIRT1), transcription factor (SP1) and nucleosome remodelling and

deacetylation (NuRD) complexes [223–226]. Mechanisms of transcriptional activation by BCL11B

are only partly understood. The discovery of a small ubiquitin-like modifier (SUMO) and phospho-

rylation sites on BCL11B led to the identification of post-translational modification-driven regulation

of BCL11B transcriptional activity in thymocytes. This process is regulated by MAP kinase and in-

volves cyclical phosphorylation and sumoylation, which promotes the recruitment of p300, a histone

acetyltransferase, to BCL11B-NuRD and targets the promoter complex, eventually leading to histone

acetylation and transcriptional activation [227]. A large number of BCL11B molecular targets have

been identified in various tissues and cell lines, including interleukin-2 (IL-2) [228], HIV-1 long ter-
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minal repeats [226], and cyclin-dependent kinase inhibitors p21 and p57 [229]. Further gene targets

will be discussed within the context of their tissue-specific functions in the following sections.

4.2.2.2 T Cell Commitment, Development and Survival

Intrathymic development of mature T cells from multipotent progenitor thymocytes occurs in dis-

tinct phases which are characterised by the serial loss and gain of key cell surface markers. The pro-

cess of thymic differentiation and maturation is tightly regulated via major checkpoints involving a

complex interplay of signal transduction, transcriptional regulation, and sequential rearrangement

and assembling of the T cell receptor (TCR) from its pre-Tα and TCRβ subunits [219, 230]. BCL11B

is known to regulate at least three checkpoints of this thymic development process (Figure 4.3): 1)

T cell commitment at the double-negative DN2 stage; 2) the DN3 to DN4 transition, also known

as β selection; and 3) the positive selection step, when double-positive (DP) cells differentiate into

single-positive cells (SP).

Figure 4.3: Role of BCL11B in thymopoiesis. BCL11B plays a critical role in regulating various
stages of thymocyte development and differentiation. DN; double-negative, DP; double-positive,
SP; single-positive.

The earliest fully-committed T cells appear at the early double-negative DN2 stage, when cells shed

their alternative cellular identities [231]. It is at this stage that BCL11B expression is first induced

in both human and murine cells [232, 233] through an activation process involving a collaborative

machinery of four distinct regulatory elements: Notch signalling, GATA3, T-Cell Factor 1 (TCF1)

and Runt-related Transcription Factor 1 (RUNX1) [234]. Bcl11b deletion in progenitor cells halts T

cells multipotency and lineage commitment [231,235,236], impairs components of the TCR complex

and its downstream signalling pathways [219], and impedes the expansion of pre-TCR cells [237]
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leading to T lymphocyte development arrest. Bcl11b deletion at later stages reprograms DN2, DN3

and DP thymocytes into natural killer (NK)-like cells [238], blocks the differentiation of DP into

SP cells [230], represses transcription factors involved in CD4 and CD8 lineage commitment [239],

and yields defective DP thymocytes with increased glycolipid accumulation and enlarged lysoso-

mal compartments [240]. In mature lymphocytes, BCL11B is expressed in, and is a crucial regu-

lator of, cytotoxic, regulatory and helper T cells (CTL, Treg and Th, respectively), as well as type

2 innate lymphoid cells (ILC2) proper functioning and development [89, 240–242]. BCL11B is also

important for thymocyte survival, and its deficiency enhances thymocyte susceptibility to apop-

tosis [219, 230, 243], possibly due to uncontrolled proliferation because of cell cycle and apoptotic

pathway disturbances. For example, BCL11B depletion induces cyclin-dependent kinase 6 (CDK6),

a regulator of G1/S phase transition, minichrome maintenance proteins, which are involved in es-

tablishing replication competence, and the highly regulated Ezrin, Radikin and Moesin (ERM) pro-

teins, which crosslink the cortical actin cytoskeleton with the plasma membrane [244]. Conversely,

ectopic expression of BCL11B leads to G1 arrest and up-regulation of cyclin dependent kinase in-

hibitors, CDKN2C, CDKN1C and CDKN1B, of which CDKN2C is a selective inhibitor of CDK6 [245].

Both intrinsic (BCL-2 family mediated) and extrinsic (TNF receptor mediated) apoptotic pathway

signals are deregulated in BCL11B-deficient T cells. Most notably, the anti-apoptotic proteins BCL-2

and BCL-XL, which are required for mitochondrial integrity, are suppressed while tumour necrosis

factor-related apoptosis-reducing ligand (TRAIL) is induced [219, 246]. BCL11B is evidently critical

to thymocyte differentiation, proliferation and survival. Parallel functions have been observed in

other cell types where BCL11B is expressed as discussed below.

4.2.2.3 Organ Development

4.2.2.3.1 Central Nervous System (CNS)

Bcl11b expression pattern in the CNS is well defined from the early stages of mouse embryonic devel-

opment, and is maintained through adulthood in the cortex, hippocampus and basal ganglia [211].

Within these regions Bcl11b is highly expressed in several neuronal subtypes, including corticospinal

motor neurons (CSMNs), vomeronasal sensory neurons (VSNs), a specific subset of striatal medium

spiny neurons (MSNs), and granule neurons of the dentate gyrus, where it plays a vital role in the

differentiation, specification and structural organisation of these cells [247–250]. Bcl11b acts as a

downstream effector of the transcriptional repressor Fez Family Zinc Finer Protein 2 (FEZF2) in reg-

ulating cortical neuronal projection [251], and in its absence CSMNs fail to establish and maintain

axonal connections to the spinal cord due to inadequate neuronal outgrowth and pathfinding [247].
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Similarly, the loss of Bcl11b function impairs axonal projection of VSNs and innervation of striatal

MSNs, resulting in severe abnormalities of the vomeronasal system and defective patterning of stri-

atal compartments [248, 249]. Bcl11b also regulates the proliferation of progenitor cells in the hip-

pocampal dentate gyrus, one of only two regions in the brain that undergoes continuous neurogen-

esis throughout the lifespan of mammals [250]. Hence, the ablation of Bcl11b impedes the functional

integration of newly formed neurons into the hippocampal circuitry and diminishes progenitor cell

proliferation, leading to impaired learning and memory [250, 252]. Over 240 Bcl11b gene targets

have been identified in striatal cells, most of which encode components of the brain-derived neu-

rotrophic factor (BDNF) signalling pathway, which is essential for the differentiation and survival of

CNS cells, as well as for the development of high-order cortical functions [253]. Molecules involved

in cell adhesion, most notably desmoplakin, have also been identified as Bcl11b targets in neuronal

cells [250]. Together, these may explain the gross neurological defects elicited by Bcl11b depletion

and underscore the critical functions of Bcl11b in the CNS.

4.2.2.3.2 Skin

Bcl11b is highly expressed within murine epidermal and dermal layers during early embryonic de-

velopment, and is critical in maintaining skin homeostasis, establishing the epidermal permeabil-

ity barrier and regulating epidermal proliferation and differentiation through inducing epidermal

growth factor receptors (EGFR) and Notch1 transcription in keratinocytes [212, 254, 255]. BCL11B

expression is markedly diminished in the adult skin, and in both humans and mice is restricted to

the epidermal layer [212, 256] where its expression continues to play an important role in barrier

function and epidermal homeostasis, as well as in regulating inflammation in the skin microenvi-

ronment [257].

4.2.2.3.3 Teeth

Tooth morphogenesis requires the differentiation and organisation of enamel-producing ameloblasts

from epithelial precursor cells and dentine-producing odontoblasts from neural crest-derived mes-

enchymal cells via a series of coordinated epithelial-mesenchymal crosstalk involving multiple growth

factors and signalling molecules [258]. The growth and repair of teeth is maintained throughout

adulthood through the continuous proliferation and differentiation of epithelial and mesenchymal

cells from progenitor and stem cells [258]. Bcl11b is highly expressed in both embryonic and adult

teeth, and is a key regulator of ameloblast formation, dental epithelial differentiation and the main-

tenance of ameloblast progenitor cells [213, 259, 260]. These Bcl11b-mediated functions are under-
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pinned by a large network of genes that are targeted by Bcl11b in ameloblasts and dental epithelial

cells, including components of the TGFβ signalling pathway, fibroblast growth factors, sonic hedge-

hog, bone morphogenetic protein (BMP), matrix metallopeptidase 20, enamel-associated genes, β-

catenin, and the osteogenic transcription factor MSX2 [213, 259–261].

4.2.2.3.4 Adipose Tissue

Bcl11b has recently been identified in murine white adipose tissue (WAT), where it regulates adipocyte

differentiation by suppressing downstream targets of β-catenin/Wnt signalling pathways [214]. De-

spite a very low expression profile in WAT compared to the thymus, Bcl11b deficiency and heterozy-

gosity results in animals with substantially reduced subcutaneous WAT and lower body weights

[214, 262], suggesting profound physiological functions of Bcl11b even in tissues where it is lowly

expressed.

4.2.3 BCL11B: Pathological Roles

4.2.3.1 Haematological and Intestinal Malignancies

BCL11B has been shown to be a haploinsufficient tumour suppressor gene in both mice [263]and

humans [264]. Thus, BCL11B deficiency caused by a somatic mutation or allelic deletion is central to

a spectrum of malignant transformations. Loss of at least one allele in mice significantly enhanced

their susceptibility to thymic lymphoma [265], while in humans BCL11B mutations and deletions

have been detected in a third of colorectal cancers [266] and 9-16% of T cell-acute lymphoblastic

leukaemia (T-ALL) cases [264, 267, 268]. In addition, translocations in the chromosomal region har-

bouring BCL11B have been described in acute myeloid leukaemia (AML) [269, 270], acute mixed

lineage leukaemia (AMLL) [271], and acute non-lymphoblastic leukaemia (ANLL) [272]. Targeted

silencing of BCL11B using small interfering RNA in T cell lines suggests that perturbations of the mi-

tochondrial and death receptor pathways may partly explain the mechanisms predisposing to these

malignancies [243, 273].

4.2.3.2 Neurodegenerative Disorders

As a transcription factor that is highly enriched in regions of the brain critical to spatial learning and

memory formation, it is unsurprising that BCL11B is associated with the pathogenesis of neurode-

generative disorders such as Alzheimer’s disease and Huntington’s disease (HD). A recent GWAS

involving multiple families with hereditary late onset Alzheimer’s disease identified BCL11B as a
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novel causal gene [274], most likely attributable to its transcriptional regulation of BDNF whose lev-

els are reduced in the brains of Alzheimer’s patients [275]. In contrast, neural degeneration of the

striatum in HD has been attributed to aberrant signalling of the inositol polyphosphate pathway,

components of which are targets of BCL11B, which is depleted in HD patients, mouse models and

HD cell lines due to mutant Huntington protein expansion [276, 277].

4.2.3.3 Inflammatory and Immune Diseases

BCL11B has been implicated in the pathogenesis of several immune-related disorders. For example,

its expression is enhanced in atopic dermatitis (AD) and allergic contact dermatitis due to infiltrating

lymphocytes, and is thought to contribute to the epidermal hyperproliferation phenotype of these

inflammatory skin conditions possibly because of its role in maintaining cellular proliferation [256].

In fact, selective deletion of Bcl11b in mice keratinocytes recapitulates many of the defects observed

in human AD and suggests that it is central to the disease aetiology; thymic stromal lymphopoietin

(TSLP) is strongly induced in mutant mice which in turn enhances infiltration of chemokines and

Th2 cytokines, thereby triggering further recruitment of lymphocytes to the inflammation site [255].

This inflammatory cascade, together with defective barrier functions, are suggested to promote a

hyperproliferative response in the epidermis that is typically seen in AD [255]. Selective abroga-

tion of Bcl11b in the epidermis elicits a similar exacerbated inflammatory response, with significant

up-regulation of the inflammatory mediators IL4, IL6 and TSLP in the skin [257]. A similar mani-

festation was found in mice colons, where selective deletion of Bcl11b either at the T cell DP stage

or in mature Treg cells triggered substantial leukocyte infiltration, accompanied by colon thicken-

ing, epithelial damage and disruption of the intestinal gland architecture, recapitulating key features

of inflammatory bowel disease [241]. This phenotype appears to reflect a global alteration in the

gut inflammatory profile, marked by a reduction of FOXP3 and IL10 suppressor functions, and in-

creased proinflammatory cytokines TNF, IL17 and interferon γ (IFNγ), which together contribute to

the infiltration of Th1 and Th17-producing CD4+ T cells, as well as neutrophils, dendritic cells and

macrophages in the colons of mutant mice [241].

Finally, a heterozygous missense mutation in BCL11B yielding a dominant negative activity in the

protein was recently discovered in a case of severe combined immunodeficiency (SCID) [278]. The

mutant case displayed broad-spectrum abnormalities reflecting the multifaceted role of BCL11B in

thymopoiesis and in organ development. These included the developmental arrest of immature T

cells, severe craniofacial and dermal anomalies, an absent corpus callosum, intellectual impairment

and pulmonary artery stenosis [278], substantiating the possibility of an important vasculature role
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for BCL11B.

4.2.3.4 Potential Role in Aortic Stiffness

The multifaceted roles of BCL11B across diverse tissue types is well recognised, but its function in

the aorta remains obscure despite accumulating evidence implicating it as a candidate gene for aortic

stiffness. Indeed, BCL11B transcript levels measured in circulating leukocytes were recently corre-

lated with PWV and decreased carotid distensibility in the Twins UK Cohort [95]. In view of the

earlier described functions, the working hypothesis was that BCL11b may regulate the expression of

genes that either directly regulate the architecture of the vessel wall or promote vascular calcifica-

tion, inflammation and/or vascular SMC apoptosis. BCL11B interacts with COUP-TFII, a repressor

of the notch signalling pathway which regulates arterial-venous blood vessel identity [221, 279]. In

addition, the deletion or ectopic expression of BCL11B leads to perturbations of several genes and

signalling pathways that have recognised roles in vascular calcification and extracellular matrix syn-

thesis, deposition, turnover and assembly (Figure 4.4A and B). These include bone morphogenetic

protein 4 (BMP4), IFNγ, nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), TGFβ

signalling, heme oxygenase-1 (HMOX-1), fibronectin-1 (FN1), cadherin-10 (CDH10), collage type 1

alpha-1 (COL1A1), SMAD1, and the Wnt/β-catenin signalling pathway [214, 241, 243, 259, 280–282].

The role of BCL11B in thymopoiesis and in promoting the recruitment and infiltration of leukocytes,

which has been extensively discussed earlier, suggests a possible inflammatory-mediated mecha-

nism for BCL11B in promoting aortic stiffness (Figure 4.4C). Similar to its role in thymocyte survival,

Bcl11b has recently been found to regulate genes involved in cell-cycle progression in murine mam-

mary epithelial cells, including the cell-cycle repressors Foxo1/3&4, and cyclin-dependent kinase

inhibitors Cdkn1a and Cdkn2a [283]. This suggests that the anti-apoptotic property of BCL11B may

extend to other cell types, such as vascular SMCs, potentially contributing to the aetiology of aor-

tic stiffness through this pathway (Figure 4.4D), especially as the anti-apoptotic proteins BCL-2 and

BCL-XL, which are both effector targets of BCL11B in lymphocytes, are also key regulators of apop-

tosis within vascular SMCs [284].
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Figure 4.4: Potential pathways implicating BCL11B in aortic stiffness

4.2.4 DB129663: A Primate-Specific Long Non-Coding RNA

LncRNAs encompass a diverse group of non-protein-coding RNA species that are longer than 200

nucleotides. DB129663 (CCDS ID: AL163932.1 or RP11-6101.1) is a lncRNA lying directly within

the region which has a significant association with cfPWV in the AortaGen Consortium GWAS meta-

analysis. Specifically, the enhancer region maps to the promoter of DB129663, suggesting it may also

be a target of the 14q32.2 enhancer elements. The DB129663 transcript is 542 bp in length and con-

tains 3 non-coding exons (ENST00000555776.1). Mitchell et al. [72] reported the positive expression

of DB129663 in the kidney and various cell lines, including aortic SMCs, umbilical vein endothe-

lial cells, and cardiac fibroblasts. DB129662 is also reported to be expressed in the thymus, lung,

temporal lobe and cerebral cortex (Ensembl database, version 89); however, the functional charac-

teristics and expression patterns of DB129663 in the aorta remain undefined and therefore open to

investigation. Despite the sharp rise of annotated lncRNAs over recent years, only a few have been

functionally characterised [285], and therefore their precise role in human biology and disease risk

and progression remains speculative. Notwithstanding, it is emerging that lncRNAs are essential

actors in the transcriptional regulation of gene expression, either by recruiting various chromatin-

modifying complexes [286], directly binding to RNA, DNA and proteins [287, 288], altering mRNA
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stability [289], or altering chromatin conformation and sequestering its targets [290, 291]. LncRNAs

are thus critical to a number of biological processes, including cellular proliferation [292], mitochon-

drial function [293], mammalian embryogenesis [287] and organ development [294]. Given these

broad physiological functions, mutations in lncRNAs have been linked to a range of complex dis-

eases and heritable conditions, including Alzheimer’s disease [295], diabetes [296], HIV [297], var-

ious types of cancers [217, 298–300] and Coeliac disease [301] amongst many others. Several mech-

anisms for how lncRNAs may be impacted by genetic variants in regions involving their transcrip-

tional control (e.g. enhancers or promoters) have been proposed. These include altering lncRNA

transcript levels, inducing alternative splicing, and/or altering lncRNA function by modifying their

secondary structures [210,302]. Identifying the influence of chromosome 14 SNPs on DB129663 tran-

scripts in the aorta may provide important insights and possible therapeutic targets for aortic stiff-

ness.

4.3 Methods

4.3.1 SNP Genotyping

The five SNPs selected for genotyping in this study are rs1381289, rs7152623, rs1461587, rs10782490

and rs17773233. These were the top SNPs from the AortaGen Consortium meta-analysis and are in a

tight linkage disequilibrium (LD) block (D’=1). SNPs were genotyped by TaqMan® SNP genotyping

assays as detailed in Chapter 2. The genetic information collected for each of the polymorphisms

differed depending on gDNA quality and availability and/or genotyping assay failures.

4.3.2 Gene Expression

Gene expression levels of BCL11B, CD45, CD25, CD8A and CD235A were quantified using TaqMan®

gene expression assays as detailed in Chapter 2.

4.3.3 PBMC RNA Extraction

cDNA generated from peripheral blood mononuclear cells (PBMCs) was used as a positive control

for BCL11B and DB129663 gene expression experiments. Blood drawn from healthy donors was

stored in PAXgene Blood RNA Tubes and total RNA was extracted using a PAXgene Blood RNA

Validation Kit (PreAnalytix, Switzerland). Briefly, the PAXgene Blood RNA Tube was subjected to

centrifugation at 3000 × g for 10 min and the supernatant discarded. The pellet was dissolved in

RNase-free water by vortexing, followed by a second centrifugation step at 3000 × g for 10 min. The
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pellet was dissolved in 350 µl resuspension buffer by vortexing and then transferred to a microcen-

trifuge tube. Next, 300 µl binding buffer and 40 µl proteinase K were added and the mixture was

incubated at 55°C for 10 min in a shaking-incubator. The lysate was transferred to a PAXgene Shred-

der spin column, subjected to centrifugation at 18,000 × g for 3 min and the supernatant collected in

a new microcentrifuge tube and mixed with 350 µl of 96-100% ethanol. The sample was transferred

to a PAXgene RNA spin column, subjected to centrifugation at 18,000 × g for 1 min and the flow-

through discarded. This was followed by a series of washes with wash buffers 1 and 2, and a final

RNA elution in 40 µl nuclease-free water. On-column DNase treatment was performed prior to elu-

tion using PureLink® DNase Set (ThermoFisher Scientific, USA) to ensure digestion of all genomic

DNA.

4.3.4 Preparation of Competent Cells

E. coli strain K-12 (New England Biolabs, UK) was pre-cultured and a single colony inoculated into

100 ml of LB medium and incubated at 37°C in a shaking-incubator. The optical density at 600nm

(OD600) was monitored at regular intervals to examine culture growth, and cells were harvested

when an OD600 of 0.5-0.6 was reached. After briefly spinning, the cell pellet was re-suspended in 40

ml ice-cold 30 mM potassium acetate (pH 5.8), 50 mM MnCl2, 100 mM KCl, 10 mM CaCl2 and 15%

glycerol, and stored on ice for 10 min. After briefly spinning the cell pellet was gently re-suspended

in 4 ml ice-cold 10 mM MOPS-NaOH, 10 mM KCl, 75 mM CaCl2 and 15% glycerol. Cells were snap

frozen on dry ice and stored at -80°C. This protocol yielded a transformation efficiency of 6 × 107

colony forming units per µg of pUC19 DNA.

4.3.5 Plasmid Construct

The pcDNA3.1-FLAG-BCL11B plasmid was generated by PCR amplification using BCL11B expressed

in the vector pORF (ORF016116, Applied Biological Materials Inc., Canada) as the template, and the

following primers: 5’-CAAGGATGACGACG ATAAGGGATCCATGTCCCGCCGCAAACAG-3’ and

5’-TTTAAACGGGCCCTCTA GACTCGAGCTCCTCTCGGCCTGCTC-3’. The PCR product was gel-

purified and cloned into the BamHI/XhoI sites of pcDNA3.1(+)-FLAG mammalian expression vector

(donated by Sumedha Garg, Cambridge, UK) using a NEBuilder® HiFi DNA Assembly Master Mix

(New England BioLabs Inc., UK). Briefly, a 20 µl reaction mixture consisting of 60 fmol BCL11B insert

DNA, 30 fmol vector DNA and 10 µl HiFi Assembley Master Mix were incubated for 60 min at 50°C

then stored at 4°C.
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4.3.6 Bacterial Transformation and Plasmid Purification

For transformation, 50 µl of competent cells and 2 µl of the assembled product were mixed and kept

on ice for 30 min then heat-shocked in a 42°C water bath for 30 s before immediately chilling on

ice for 2 min. Next, 550 µl of super optimal broth with catabolite repression (SOC) medium was

added to the cells which were incubated at 37°C for 90 min with shaking at 250 rpm, before 100

µl was plated onto a LB agar plate supplemented with ampicillin and incubated at 37°C overnight.

Single transformant colonies were inoculated into 5ml LB broth supplemented with ampicillin and

incubated at 37°C overnight with shaking at 250 rpm. A High Pure Plasmid Isolation Kit (Roche,

UK) was used to purify plasmid DNA for verification by Sanger sequencing (Source Bioscience,

Cambridge, UK). A Qiagen Plasmid Plus Kit (QIAGEN, Germany) was used to purify plasmid DNA

for cell transfection.

4.3.7 HEK293 Transfection

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% foetal bovine serum and 1% penicillin and streptomycin (ThermoFisher Scientific, USA).

Cells were plated at a density of 1 × 105 per well in a 12-well plate and incubated for 24 h at 37°C in

5% CO2. Cells were transfected with either FLAG-BCL11B or empty vector using the stable cationic

polymer polyethylenimine (PEI). PEI condenses DNA into positively charged particles that bind to

anionic cell surfaces; consequently, the PEI-DNA complex is endocytosed by a cell and the DNA is

released into the cytoplasm [303]. For each well, 200 ng DNA was diluted in 100 µl of reduced serum

media Opti-MEM (ThermoFisher Scientific, USA). PEI was added to the mixture at a 3:1 ratio of

PEI (µg):DNA (µg) and incubated for 15 min, then gently added to the cells. Transfected cells were

harvested after 48 h for Western blotting analysis or RNA extraction. Transfection was confirmed

by qPCR and Western blotting analysis (Figure 4.5) using a rabbit polyclonal anti-FLAG antibody

(F7425, Sigma-Aldrich, USA) and a mouse monoclonal anti-GAPDH (Sigma-Aldrich, USA) for the

loading control.
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Figure 4.5: Confirmation of BCL11B transfection. (A) BCL11B mRNA detected in the transfected
cells but not in the empty vector or HEK293T cells; (B) Western blot showing a positive band from
BCL11B-transfected cells detected using anti-FLAG antibody

4.3.8 Antibodies

BCL11B expression in the aorta was probed using five antibodies that recognise different epitopes

on BCL11B and are detailed in Table 4.1.

Table 4.1: List of antibodies used to probe BCL11B expression

Clonality Catalog ID Epitope
Dilution

WB IHC IF

Rat monoclonal ab184565, Abcam 1-150 1:400 1:500 1:300
Rabbit monoclonal 12120, CST Signalling 300-450 1:200 1:500 1:200
Rabbit polyclonal ab70452, Abcam 500-550 1:200 1:1000 1:200
Rabbit monoclonal ab187668, Abcam 500-600 1:200 1:500 1:100
Rabbit polyclonal ab28448, Abcam 850-950 1:400 1:1000 1:200
WB; Western blotting, IHC; immunohistochemistry, IF; immunofluorescence.

CD45 expression was probed with a rabbit polyclonal anti-CD45 antibody(ab10558, Abcam, UK),

and a beta-actin rabbit polyclonal IgG (ThermoFisher Scientific, USA) antibody was used for the

Western blotting loading control at a 1:1000 dilution. Donkey anti-rabbit (925-32213, LI-COR Biotech-

nology UK Ltd, UK) IRDye® 800CW and goat anti-rat Alexa Fluor® 680 (A21096, ThermoFisher

Scientific, USA) conjugated secondary antibodies were both used at a 1:5000 dilution for Western
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blotting analysis.

4.3.9 Bcl11b Expression in Mice

Brain, thymus, spleen and whole aortic tissues were harvested from 10-week-old wild-type mice

(n=9) and preserved in either RNAlater® for gene expression and Western blotting analysis then

stored at -80°C, or in 4% (v/v) paraformaldehyde overnight for immunohistochemical staining. The

aortae were perfused 3 times with RNA-free PBS immediately after harvesting to remove blood con-

tamination. Adipose tissue was trimmed from aortic samples used for Western blotting analysis and

gene expression. RNA was extracted using a RNeasy Mini Kit (QIAGEN, Germany) and cDNA gen-

erated using GoScriptTM Reverse Transcription (Promega, USA). Bcl11b mRNA was probed using a

TaqMan® gene expression assay (Mm00480516_m1) and a Eukaryotic 18S rRNA Endogenous Con-

trol (ThermoFisher Scientific, USA) for normalisation. Protein was extracted from tissues using RIPA

buffer supplemented with Calbiochem® protease inhibitors (Merck, USA). Bcl11b was probed using

a rabbit polyclonal anti-Bcl11b (ab70452, Abcam, UK) antibody at a 1:200 dilution for Western blot-

ting analysis as described earlier. The EnVision™ + Dual Link system (Dako, UK) was used for im-

munohistochemical detection with a rabbit polyclonal anti-Bcl11b (ab70452, Abcam, UK) antibody at

a 1:1000 dilution. Bcl11b was further probed in tissues harvested from 10-week-old Bcl11b-tdTomato

reporter mice (a gift from Dr Pentao Liu, Wellcome Trust Sanger Institute, Cambridge, UK). The re-

porter mice were on a C57BL/6 background and the tdTomato cassette was targeted to the 3’UTR of

Bcl11b. To generate conditional knockouts mice were injected with tamoxifen 1 week prior to tissue

harvesting, resulting in the deletion of exon 4 of Bcl11b. A rabbit polyclonal anti-RFP (600-401-379,

Rockland Immunochemicals, USA) antibody was used at a 1:2000 dilution for Western blotting anal-

ysis. Human colorectal cells expressing tdTomato (a gift from Fatima Junaid, Cancer Research UK

Cambridge Institute) were lysed using RIPA buffer and the protein lysate used as a positive control

for RFP.

4.3.10 DB129663 Transcript Detection

4.3.10.1 Real-Time qPCR

The DB129663 transcript was examined in 50 randomly selected aortic samples using three custom

gene expression assays as detailed in Table 4.2. The assays yielded a positive signal in PBMCs but

failed to amplify DB129663 in all the aortic samples tested, potentially due to low transcript abun-

dance in these samples.
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Table 4.2: DB129663 gene expression assays

Forward Primer/ Reverse Primer (5’-3’) Probe (5’-3’)

1 CAGAGGAGCAGATAAGGAAGCAA/ ATAGCTCCCGACAAATC
TCATTTCCTTGCCATCCACAGT

2 CATTTCCTTGCCATCCACAG/ TAACCCACTCACCATCCCTGACCA
GTTTACACATGCGGACAAGC

3 information withheld by manufacturer TCACTCCAGGCTTTTAATTTCAGTC

4.3.10.2 PCR Amplification

As RT-qPCR lacked the sensitivity to detect the DB129663 transcript in the samples tested, the pres-

ence of the transcript was explored by PCR amplification using five different primer combinations,

which are listed in Table 4.3. Sequences were evaluated using the BLAST search algorithm and

primers were subsequently synthesised by Sigma-Aldrich (USA).

Table 4.3: DB129663 PCR combinations

Forward Primer (5’-3’) Reverse Primer (5’-3’) Exons

1 GCTATGACAAGTTCCACTGTGG CACTGGGTGGAGTTAGCAGGTT 1-2
2 CAACAACCTTCTTCTCCATGC AGGGTGCCTGAGGATGGTGA 1-3
3 CAACAACCTTCTTCTCCATGC CAACAACCTTCTTCTCCATGC 1-2
4 TTCAAGTCAGCAGCATAGGG TACACTGCAGCCACTTCTCA 2-3
5 CAACAACCTTCTTCTCCATGC TACACTGCAGCCACTTCTCA 1-3

The PCR reaction consisted of 2 µl stock cDNA, 1× PCR buffer (BioGene, UK), 2.5 mM MgCl2, 1 U

Taq DNA Polymerase Gold (BioGene, UK), 0.25 µM of each primer and 100 µM dNTP mix (Promega,

USA) in a final volume of 20 µl. The PCR thermal cycling conditions consisted of an initial denaturing

step at 95°C for 10 min followed by a touchdown procedure of 15 cycles of denaturing at 95°C for

30 s, annealing at 75°C for 45 s decreasing by 1°C per cycle and extension at 72°C for 60 s. The

touchdown procedure was followed by 25 cycles of denaturing at 95°C for 30 s, annealing at 60°C

for 45 s and extension at 72°C for 60 s, with a final extension of 72°C for 10 min. Amplified PCR

products were separated on a 2% (w/v) agarose gel stained with ethidium bromide at 100 V for 40

min. Products were gel purified using a Wizard SV Gel and PCR Clean Up System (Promega, USA)

and the samples verified by Sanger Sequencing (Source Bioscience, Cambridge, UK). This protocol

yielded non-specific products for primer combinations 1 and 2, and less than a 5% detection rate in

100 randomly selected aortic samples with primer combinations 3-5.

PCR amplification was further attempted with primer combinations 3-5 using a high-fidelity poly-

merase. The PCR reaction consisted of 2 µl stock cDNA, 2.5 U Q5 High-Fidelity DNA Polymerase
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(New England BioLabs, USA), 1× Q5 Reaction Buffer, 1× Q5 High GC Enhancer, 0.25 µM of each

primer and 200 µM dNTP mix (Promega, USA) in a final volume of 25 µl. The thermocycling con-

ditions consisted of an initial denaturation at 98°C for 30 s, followed by 35 cycles of denaturing at

98°C for 10 s, annealing for 20 s and extension at 72°C for 20 s, with a final extension at 72°C for 2

min. Optimal annealing temperatures for each primer combination was determined using the NEB

Tm calculator tool (New England BioLabs, USA). PCR products were separated on an agarose gel

and purified before being verified by Sanger Sequencing. While this protocol improved product

specificity, the detection rate remained below 5% in 50 randomly selected aortic samples.

4.3.10.3 ExiLERATE LNA Real-Time PCR

Locked nucleic acid (LNA™) oligonucleotides are modified nucleic acids in which the ribose sugar

is conformationally locked by connecting the 2’ oxygen to the 4’ carbon position [304]. The resul-

tant oligonucleotides have enhanced hybridisation stability to complementary nucleic acids, making

them useful for detecting low abundance transcripts. The following LNA primers were synthe-

sised by EXIQON (Denmark): 5’-GCTATGACAAGTTCCACTG-3’ and 5’-GTGCCTGAGGATGGTG-

3’. Real-time PCR was carried out using the ExiLERATE SYBRGreen Master Mix (EXIQON, Den-

mark) with a final concentration of 200 nM for each primer and 0.8 µl cDNA template in a final

reaction volume of 10 µl. The thermocycling conditions consisted of an initial denaturation at 95°C

for 10 min followed by 40 amplification cycles at 95°C for 10 s and 60°C for 1 min. Transcripts were

below detection limits for quantification and the presence or absence of DB129663 was therefore

verified by agarose gel electrophoresis.

4.3.11 Statistical Analysis

Non-normally distributed variables were log-transformed for statistical analyses. Pearson’s corre-

lation coefficients were used to determine correlations between age and aortic measurements, and

deviations from the Hardy-Weinberg equilibrium were tested using the χ 2 test. For each SNP Stu-

dent’s t-tests with Welch’s correction were used to compare BCL11B mRNA differences between

the two homozygous allele carriers. As the thoracic section of the aorta differs histologically and

embryologically from the abdominal segment, regression models were constructed using samples

from the ascending aorta, arch and thoracic aorta only (n=185). Associations between SNPs and

log normalised PWV were tested assuming an additive inheritance pattern in multiple linear regres-

sion models, and adjusting for confounders such as age, age2, gender, height and weight, which are

known to influence aortic PWV. Pearson’s correlation coefficients were used to determine bivariate
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correlations between BCL11B and CD markers. Associations between SNP genotypes and the pres-

ence or absence of DB129663 transcripts were tested using Pearson’s χ 2 test (df=2). In all statistical

tests a p-value of <0.05 was considered significant.

4.4 Results

4.4.1 Study Sample Characteristics

4.4.1.1 Clinical and Demographic

The clinical and demographic features of the donor samples are provided in Table 4.4. The major-

ity of the samples were obtained from healthy Caucasian donors, 57% of which were male. Less

than 10% had a documented history of cardiovascular disease, although nearly 30% were recorded

to be hypertensive and 17% had an inflammatory condition. In total, 87% of the specimens were

retrieved from the thoracic and ascending aorta, and nearly all had a grossly normal internal ap-

pearance except for a minority that had visible plaques or calcification. PWV derived from ex vivo

elastic modulus measurements were comparable to in vivo values in the literature for PWV [305]. No

significant differences were observed in mean PWV between genders (P=0.57, Student’s t test).

Table 4.4: Baseline characteristics of the study cohort

All Subjects Range
(n=214) (Min-Max)

Male/Female 125/89
Age (years) 57 (19) 17-83
Height (m) 1.7 (0.2) 1.45-2.0
Weight (Kg) 80 (20) 47-160
BMI (Kg/m3) 27.04 (6) 16-69
SBP (mmHg) 120 (32) 40-260
DBP (mmHg) 68±14 20-120
Elastic Modulus (MPa) 0.14 (0.09) 0.05-0.63
PWV (m/s) 3.53 (0.97) 2.4-9.49

Data are mean± SD or median (IQR)

4.4.1.2 Age and Aortic Dimensions

In agreement with the published literature [306–308], aortic wall thickness (r=0.48, P<0.0001), ra-

dius (r=0.61, P<0.0001) and stiffness measurements (r=0.39, P<0.0001 for elastic modulus and r=0.42,

P<0.0001 for PWV) correlated strongly with age (Figure 4.6) and PWV was significantly higher in

donors with a reported history of hypertension (P<0.001, Student’s t test). Age correlations across

all parameters were strong for both genders (Male vs. female: r=0.57, P<0.0001 vs. r=0.35, p=0.001
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for aortic wall thickness, r= 0.74, P<0.0001 vs. r=0.46, P<0.0001 for aortic radius, r=0.38, P<0.0001 vs.

r=0.46, P<0.0001 for elastic modulus and r=0.39, P<0.0001 vs. r=0.48, P<0.0001 for PWV).

Figure 4.6: Correlation plots of age against aortic dimensions and stiffness measures. Aortic wall
thickness, radius, elastic modulus and PWV increases with increasing age. The trend is similar be-
tween genders (Blue data points represent males and red data points represent females).

4.4.2 Association of 3’BCL11B Gene Desert SNPs with Aortic Stiffness

The association of PWV in donor aortas (n=209) was investigated against the lead SNPs from the

AortaGen Consortium meta-analysis. Details of the five SNPs, including minor allele frequency and

genotype percentages, are provided in (Table 4.5), and the Hardy-Weinberg equilibrium was found

to be satisfied for all the SNPs tested.
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Table 4.5: Chromosome 14 polymorphisms with genotype and allele frequencies

SNPs Genotypes N(%) Hardy-Weinberg Test Alleles N(%) Global MAF

rs1381289 CC 60 (29.1) χ2=0.312 C 226 (54.9) T=40.1%
CT 106 (51.5) P=0.576 T 186 (45.1)
TT 40 (19.4)

rs7152623 AA 73 (35.4) χ2=1.024 A 251 (60.9) A=28.5%
AG 105 (51.0) P=0.312 G 161 (39.1)
GG 28 (13.6)

rs1461587 GG 11 (5.3) χ2=0.495 G 88 (21.2) G=21.8%
GT 66 (31.7) P=0.482 T 328 (78.8)
TT 131 (62.9)

rs10782490 CC 49 (23.9) χ2=0.395 C 205 (50) T=48.7%
CT 107(52.2) P=0.530 T 205 (50)
TT 49 (23.9)

rs17773233 GG 138 (66.4) χ2=0.098 G 338 (81.2) T=11.6%
GT 62 (29.8) P=0.754 T 78 (18.8)
TT 8 (3.8)

Global minor allele frequency (MAF) is derived from the 1000Genome data, retrieved from dbSNP (https://www.ncbi.
nlm.nih.gov/snp/).

Allele frequencies of the 5 SNPs investigated in this aortic tissue resource were comparable to those

observed in the GWAS meta-analysis. The minor allele frequencies were 0.45 vs. 0.44 for rs1381289,

0.39 vs. 0.42 for rs7152623, 0.21 vs. 0.26 for rs1461587, 0.50 vs. 0.47 for rs10782490 and 0.19 vs. 0.19

for rs17773233; donor aortae vs. AortaGen Consortium, respectively.

All the SNPs from the GWAS meta-analysis showed an allele-dose trend with the calculated PWV

in the aortic tissue resource (Figure 4.7A). Multiple linear regression models, including traditional

confounders for PWV, such as age, age2, gender, height and weight, were constructed, and this

analysis showed that only two SNPs, rs1381289 and rs7152623, were associated significantly and

independently with PWV (Table 4.6). These two associations remained significant in the subsequent

multiple regression analysis which excluded abdominal aorta and iliac segments (n=185) although

a third SNP, rs10782490 was also found to reach statistical significance in this analysis. No evidence

of a significant PWV association was seen with rs17773233 and rs1461587 in either analyses but the

results pointed towards a protective effect for their minor alleles.

https://www.ncbi.nlm.nih.gov/snp/).
https://www.ncbi.nlm.nih.gov/snp/).
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Table 4.6: Multiple regression analysis showing parameters associated with PWV

Model Predictors
Primary Analysis* Secondary Analysis**
β P Adj R2 β P Adj R2

1 Age 2.110 <0.001 0.41 1.967 <0.001 0.45
Age2 -2.592 <0.001 -2.495 <0.001
Gender 0.008 0.913 -0.009 0.899
Height 0.063 0.395 0.063 0.441
Weight -0.079 0.184 -0.049 0.445
rs1381289 -0.136 0.015 -0.157 0.007

2 Age 2.104 <0.001 0.41 1.964 <0.001 0.44
Age2 -2.572 <0.001 -2.475 <0.001
Gender 0.015 0.832 -0.001 0.988
Height 0.067 0.368 0.069 0.393
Weight -0.075 0.213 -0.046 0.473
rs7152623 0.118 0.035 0.139 0.017

3 Age 2.063 <0.001 0.40 1.887 <0.001 0.43
Age2 -2.536 <0.001 -2.409 <0.001
Gender 0.019 0.786 0.003 0.966
Height 0.070 0.349 0.073 0.374
Weight -0.081 0.182 -0.053 0.417
rs10782490 -0.098 0.083 -0.120 0.039

4 Age 2.046 <0.001 0.40 1.900 <0.001 0.43
Age2 -2.526 <0.001 -2.428 <0.001
Gender 0.032 0.653 0.023 0.751
Height 0.073 0.330 0.079 0.333
Weight -0.076 0.204 -0.047 0.468
rs17773233 -0.095 0.087 -0.098 0.090

5 Age 2.059 <0.001 0.42 1.898 <0.001 0.43
Age2 -2.532 <0.001 -2.420 <0.001
Gender 0.032 0.648 0.024 0.738
Height 0.069 0.356 0.075 0.358
Weight -0.075 0.215 -0.046 0.475
rs1461587 -0.070 0.216 -0.080 0.171

*regression analysis for PWV, adjusted for age, age2, gender, height and weight using an additive
gene-dose model;
**regression analysis for PWV, adjusted for age, age2, gender, height and weight using an additive
gene-dose model and excluding abdominal and iliac samples ;
The parameter β is the estimated effect on PWV per minor allele in the additive model.

4.4.3 3’BCL11B Gene Desert SNPs and Aortic BCL11B Gene Expression

Because the SNPs investigated reside within a region harbouring gene regulatory elements, evidence

that these variants had distal regulatory effects on BCL11B transcript, the nearest known gene of this

locus on the minus strand was sought. Allelic effects were estimated by comparing the mean expres-
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sion of BCL11B mRNA in the two homozygote classes for each SNP (Figure 4.7B). The homozygous

risk allele (T) of the lead SNP rs1381289 showed 3-fold lower BCL11B expression compared to the ho-

mozygous C-allele (P=0.0005); heterozygous individuals displayed an intermediate phenotype. The

association was weakened but remained significant in the secondary analysis that excluded abdom-

inal and iliac aortic rings (P=0.005). Similarly, the homozygous risk (A) allele of rs7152623 showed

2.3-fold lower BCL11B expression compared to the homozygous G-allele (P=0.004) and remained

significant in the secondary analysis (P=0.040). Consistent with this, the homozygous risk (C) al-

lele of rs10782490 also showed lower BCL11B transcript expression compared to the homozygous

T-allele (1.8-fold, P=0.05); however, the association was no longer significant in the secondary anal-

ysis. BCL11B transcript levels were not influenced by the rs1461587 or rs17773233 genotypes in both

the primary and secondary analyses, although there was a trend towards lower BCL11B mRNA ex-

pression among carriers of the risk allele. Together, this data demonstrates that three of the risk SNPs

are associated with lower BCL11B expression and behave as expression-associated SNPs (e-SNPs).
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Figure 4.7: Association of 3’BCL11B gene desert SNPs with PWV and BCL11B gene expression in human aortic tissue. (A) PWV stratified by genotype,
data are mean±SEM; (B) BCL11B mRNA stratified by genotype, data are mean±SEM.
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4.4.4 BCL11B Aortic Distribution

The expression pattern of BCL11B was further examined across the length of the aorta and it was

found that BCL11B transcript was mostly abundant in the ascending aorta, followed by the thoracic,

abdominal and iliac arteries (Figure 4.8).

Figure 4.8: Expression of BCL11B mRNA in different segments of the human aorta indicating a
reduction in BCL11B moving distally along the aorta. Data are mean±SEM BCL11B transcript nor-
malised against GAPDH.

4.4.5 No Evidence of BCL11B Protein Expression in the Human Aorta

To examine the functional significance of BCL11B in the aorta, its expression was probed using anti-

bodies that target different epitopes on the protein. Samples were selected from the extreme ends of

the PWV spectrum (n=15 low PWV and n=15 high PWV), as well as an additional (n=15) samples that

exhibited the highest levels of BCL11B gene expression. BCL11B expression was detected in adult

tonsil sections, where it is highly expressed, and in adult skin, where BCL11B expression is much

lower, confirming the sensitivity of the immunohistochemical protocol (Figure 4.9). BCL11B expres-

sion was not detected in any of the aortic samples either by Western blot immunodetection of aortic

homogenates (Figure 4.10) or immunohistochemical staining of formalin-fixed paraffin-embedded

sections (Figure 4.11). Tyramide signal amplification was employed to increase the detection sen-

sitivity of the immunohistochemistry, but this still failed to identify BCL11B expression in human

aortae (Figure 4.12).
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Figure 4.9: Expression of BCL11B in the skin and tonsil. Immunohistochemical staining of adult
skin and tonsil sections showing nuclei positively stained for BCL11B expression (scale bar=50µm).

Figure 4.10: Representative Western blot of aortic BCL11B expression. Blot shows negative staining
across nuclear and cytoplasmic homogenates of (A) Low PWV samples, (B) High PWV samples
and (C) Samples with the highest BCL11B mRNA levels. The positive control is a protein lysate of
HEK293T expressing full length BCL11B and the negative control is a protein lysate of HEK293T
expressing an empty vector control.
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Figure 4.11: Expression of BCL11B in the aorta. Representative immunohistochemical staining of
aortic samples showing a lack of BCL11B expression in the aorta including those with the highest
BCL11B transcript levels (scale bar=50µm).
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Figure 4.12: Immunofluorescence with tyramide signal amplification of BCL11B in the tonsil and
aorta. The tonsil section shows nuclei (blue) positively stained for BCL11B expression (red), while
no signal is detected in the aortic section (scale bar=20µm).

This led to questioning whether BCL11B is constitutively expressed in aortic SMCs or if the levels

detected in the aortic tissue samples simply reflected underlying infiltration from circulating leuko-

cytes. Corroborating the lack of BCL11B protein detection in the aorta, BCL11B gene expression

quantified using real-time quantitative PCR in cultured primary human aortic SMCs was negligible

(2-∆Ct =0.003 ± 0.0005, n=2) compared to that in PBMCs (724.4 ± 10.09, n=2) or HEK293T cells (5.5 ±

0.16, n=2), which have been reported in the literature to lack BCL11B expression (Figure 4.13).
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Figure 4.13: Comparison of BCL11B mRNA expression across cell types. A reduction in BCL11B
mRNA expression in cultured human aortic vascular smooth muscle cells compared to PBMCs and
HEK293T cells. Data are mean±SEM BCL11B transcripts normalised against GAPDH.

4.4.6 No Evidence of Bcl11b Protein Expression in the Mouse Aorta

The expression pattern of Bcl11b was examined in wild-type 10-week-old mice, with the thymus,

spleen and brain serving as positive controls (Figure 4.14). Similar to the patterns observed in human

tissues, Bcl11b gene expression was detected in the aorta but in negligible quantities (2-∆Ct=0.0003 ±

0.00001, n=3) compared to the thymus (0.31 ± 0.006, n=3) and spleen (0.029 ± 0.002, n=3). Bcl11b ex-

pression was below detection limits in Western blot analyses of aortic homogenates and immunohis-

tochemical staining of formalin-fixed paraffin-embedded sections (n=3). Similarly, Bcl11b expression

was below detection limits in Western blot analyses of aortic homogenates from Bcl11b-tdTomato ex-

pressing reporter mice using an anti-RFP antibody (Figure 4.15).
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Figure 4.14: Expression of Bcl11b in wild-type 10-week old mice. (A) Bcl11b signal detected from
mice aorta using qPCR is small compared to that from the thymus and spleen. Data are mean±SEM
Bcl11b transcript normalised against r18S. (B) Immunoblot detection of Bcl11b shows a positive sig-
nal from the mouse thymus homogenate but not the aorta. (C) Bcl11b expression is detected in
immunohistochemical staining of the mouse brain but not the aorta. Images are representative of
(n=3) samples.

Figure 4.15: Expression of Bcl11b/TdTomato reporter construct in 10-week-old mice. The aortic and
thymus protein extracts were fractionated before immunoblotting to show the relative distribution
between the nucleus and cytosol. TdT= Bcl11b-Tdtomato reporter mice (Bcl11bTd/flox), KO= Td-
Tomato reporter mice treated with Tamoxifen (conditionally knocks out the TdTomato cassette and
exon 4 of Bcl11b). RFP+ is a protein lysate of human colorectal cancer cells expressing tdTomato.

4.4.7 BCL11B Expression in the Aorta Reflects T Cell Infiltration

Having obtained these results the possibility that aortic BCL11B gene expression is a manifestation of

leukocyte infiltration was explored. BCL11B transcript levels were examined to see if they correlated
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with those of specific lymphocyte markers in (n=85) randomly selected aortic samples (Figure 4.16A-

C). Transcript levels of the leukocyte common antigen CD45, the cytotoxic T-lymphocyte marker

CD8A, and the activated T-lymphocyte marker CD25 were all quantified. The BCL11B transcript cor-

related strongly with the detection of CD45 (r=0.90, P<0.0001), CD8α (r=0.83, P<0.0001) and CD25

(r=0.77, P<0.0001). This was further supported by immunohistochemical staining for CD45 in the

aorta (n=8), which showed higher levels of staining in aortas with high BCL11B mRNA expression

(Figure 4.17). It was also considered whether these positive associations were due to inadequate re-

moval of residual blood from the tissue samples by quantifying the expression of the specific erythro-

cyte marker CD235A. However, BCL11B gene expression was found not to correlate with CD235A

gene expression (r=-0.043, P=0.71, Figure 4.16D).

Figure 4.16: Aortic BCL11B expression correlates with the detection of leukocyte markers. Plots
of BCL11B mRNA against (A) CD45 mRNA, (B) CD25 mRNA and (C) CD8α mRNA (n=85) show
a strong positive correlation between BCL11B and these leukocyte markers but not with (D) the
erythrocyte marker CD235α mRNA. Data points are expressed on the Log2 scale.
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Figure 4.17: Aortic CD45 expression. Representative immunohistochemical staining for the antigen
CD45 on human aortic sections expressing either high (n=4) or low (n=4) levels of BCL11B mRNA.
Samples with high BCL11B mRNA showed strikingly higher CD45 staining compared to those with
low BCL11B mRNA (scale bar=20µm).

4.4.8 DB129663 Expression in the Aorta

Out of the aortic samples (n=159) that were screened for lncRNA DB129663, 55% (n=88) were positive

for the transcript. Age, gender distribution, BMI and blood pressure measurements were comparable

between samples expressing DB129663 to those that did not express the transcript (Table 4.7).

Table 4.7: Characteristics of donors expressing DB129663

DB129663
P value+ -

(n=71) (n=87)

Age (years) 57±13 56±15 0.513
Gender (% male) 52% 48% 0.336
BMI (Kg/m3) 28.2±6 27.9±6 0.703
SBP(mmHg) 125±28 128±34 0.609
DBP (mmHg) 68±15 68±13 0.842

Data are mean±SD

It was examined whether aortic expression of DB129663 was associated with increased stiffness. No
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significant differences in PWV between samples expressing or lacking DB129663 expression were

found in either the primary analysis which included all samples (n=159) (Figure 4.18A) or the sec-

ondary analysis which included only thoracic specimens (n=136) (Figure 4.18B).

Figure 4.18: Association of aortic DB129663 transcript expression with PWV. (A) Primary analysis
of all samples and (B) secondary analysis of only thoracic specimens did not show any differences in
PWV between samples expressing or lacking DB129663. P values derived using the Student’s t test.

It was then examined whether DB129663 expression in the aorta was impacted by the 3’BCL11B gene

desert SNPs. As DB129663 mRNA was not quantifiable in the aortic samples, this was accomplished

by calculating the percentage of samples positive for DB129663 within each SNP genotype (Figure

4.19). Of the five SNPs rs7152623 showed marginally-significant genotype differences in DB129663

transcript presence: 76% of the homozygous risk allele (A) carriers were DB129663 positive com-

pared to 59% of the homozygous (G) carriers (P=0.042). None of the other polymorphisms showed

a significant association with DB129663 expression.
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Figure 4.19: Association of 3’BCL11B gene desert SNPs with the presence or absence of the
DB129663 transcript in human aortic tissue. Bar charts represent the percentage of samples posi-
tive for DB129663 within each SNP genotype. P values derived using Pearson’s χ 2 test test.

Because DB129663 is known to be expressed in the thymus it was questioned whether the transcripts

detected in the aortic tissues were potentially a reflection of transcripts present in leukocytes that

have infiltrated the aorta. DB129663 mRNA in cDNA generated from aortic SMCs was compared

to that in PBMCs and two different leukocyte cell lines; Jurkat cells and the human monocytic cell

line THP1 (Figure 4.20). Similar to the aortic tissue specimens, DB129663 transcript levels in aortic

SMCs was below the quantifiable threshold but was highly expressed in PBMCs, Jurkat and THP1

cells. To probe this further, transcript levels of the leukocyte common antigen CD45 were quan-

tified in the samples that were positive or negative for DB129663 expression, with the hypothesis

that if DB129663 presence in the aorta originates from infiltrating leukocytes, then CD45 levels will

be higher in the samples expressing DB129663. However, CD45 mRNA levels did not differ sig-

nificantly between the two groups (Figure 4.21A), suggesting that DB129663 may be constitutively

expressed in the aorta, albeit at very low levels. Finally, given the role of lncRNAs in transcriptional
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regulation and also the close proximity of DB129663 to BCL11B, it was investigated whether BCL11B

mRNA expression levels in the aorta were driven by DB129663 regulatory mechanisms. Transcript

levels of BCL11B in samples expressing DB129663 were compared to those lacking DB129663, but no

statistically significant differences were found between the two groups (Figure 4.21B).

Figure 4.20: Comparison of DB129663 transcript expression across several cell lines. DB129663
is highly expressed in PBMCs and moderately expressed in Jurkat cells and the human monocytic
cell, THP1, but is below detection limits in human aortic vascular smooth muscle cells. Data are
mean±SEM DB129663 transcript normalised against GAPDH.
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Figure 4.21: Association of aortic DB129663 expression with CD45 and BCL11B mRNA levels. (A)
CD45 and (B) BCL11B transcript levels did not differ significantly between samples that expressed
or lacked DB129663. P values derived using the Student’s t test.

4.5 Discussion

The most recent GWAS meta-analysis and multi-centre study of over 20,000 individuals identified a

number of candidate functional SNPs that showed significant associations with cfPWV. As with most

complex traits, translating these variants to biological function remains a challenge, especially given

that the risk locus lies in a non-coding, gene-poor genomic region. A growing body of evidence sup-

ports tissue-specific, long-range regulatory mechanisms for GWAS-identified risk SNPs [309–311].

The GWAS region of association harbours gene enhancer elements, such as DNAse-I hypersensi-

tive sites, transcription factor binding sites, and signatures of chromatin modification and is able

to drive T cell specific Bcl11b expression in a reporter system [72, 88]. The lncRNA, DB129663, lies

in the immediate vicinity of the GWAS locus, and is therefore a putative target for these enhancer

elements. The GWAS SNPs were therefore examined to see if they drive the transcription of BCL11B

and DB129663. An understanding of how these genetic variations influence aortic stiffness is key to

a better understanding of the molecular mechanisms that modify PWV.

Using a resource of over 200 human aortic samples, it was found that rs1381289, rs7152623 and

rs10782490 are eQTL SNPs, as BCL11B mRNA levels were significantly influenced by the genotype

of these SNPs. However, as the three SNPs are in tight LD, it is difficult to ascertain which of the
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three is the causal SNP. It was also shown that at least one of the SNPs, rs7152623, potentially drives

DB129663 transcription in the aorta, thereby strengthening the evidence for the functionality of this

SNP. This finding is supported by the GTEx database (https://gtexportal.org/home/) which

shows rs7152623 to display significant trans-association with DB129663 transcript levels in the testes

(P= 9.4 × 10-10) in the same direction of effect observed in the donor aortas. Notwithstanding these

findings, the poor reproducibility of many strong eQTLs reported in the literature [312] warrant

replication of the identified eQTLs in external cohorts to ensure reproducibility and robustness of

these data.

Further evidence was provided of the biological importance of the 14q32.2 locus by demonstrating

associations for the three SNPs with PWV measured ex vivo in the proximal aorta and the results

suggest an inverse relationship between BCL11B transcript levels and PWV. As PWV varies along

the whole length of the aorta, it was important to distinguish the molecular contributors of aortic

stiffness in the elastin-rich proximal aorta from the embryologically distinct and collagen-rich distal

aorta. This is highlighted by the finding of regional differences in BCL11B expression along the

arterial tree, being more pronounced in the ascending and thoracic aorta compared to the distal

abdominal aorta and iliac arteries.

Despite strong evidence for its association with aortic stiffness, no evidence of BCL11B protein ex-

pression in the adult human aorta samples was found. Moreover, BCL11B mRNA was not detected

in aortic vascular SMCs using conventional quantitative real-time PCR. In view of this, and given

that BCL11B is highly expressed in human T lymphocytes, it was questioned whether it is con-

stitutively expressed in the aorta or whether the transcripts from infiltrating leukocytes had been

detected. BCL11B gene expression was found to strongly correlate with markers for total leuko-

cytes and both activated and cytotoxic T lymphocytes, implying that inflammatory mechanisms

may underlie the association of BCL11B with aortic stiffness. Lymphocytes have been speculated

to have an important role in hypertension and the pathophysiological changes that result in the ves-

sel wall. The role of BCL11B in determining T lymphocyte fate may involve it in these processes

as well [313], while loss of BCL11B signalling can also be a powerful proinflammatory stimulus.

The colons of mice lacking Bcl11b display significant levels of infiltrated proinflammatory Th1 and

Th17 CD4+ T cells, neutrophils and macrophages, and consequently develop inflammatory bowel

disease [241]. This has been partly attributed to a profile of enhanced proinflammatory transcripts in

Bcl11b-deficient T reg cells, including tumour necrosis factor (TNF), IFNγ and IL-17, combined with

the down-regulation of the immunosuppressive cytokine IL-10 [241]. A similar BCL11B-dependent

https://gtexportal.org/home/
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perturbation of the inflammatory system and inflammasome has been reported in other cell types.

For example, abolishing BCL11B from innate type 2 lymphoid cells (ILC2s) alters their functional

and genetic profiles, leading to GATA3 and ROR-α down-regulation and increased neutrophil infil-

tration in the airways [89]. Similarly, enhanced inflammatory cell infiltration has been reported in

the mouse epidermis, where selective silencing of Bcl11b in keratinocytes increased the infiltration

of eosinophils, monocytes, CD3+ and CD4+ T lymphocytes and CD45+ leukocytes in the skin [255].

In contrast, increased levels of BCL11B detected in the brain of patients with latent HIV infections

appears to trigger a neuroinflammatory cascade by deregulating the expression of IL-6 and TNFα

in neurons and microglial cells [314]. It is worth noting that the silencing and ectopic expression of

BCL11B does not necessarily lead to the activation and suppression of transcripts vis-à-vis. This is

highlighted by a largely diverse set of genes that are up-regulated or down-regulated in response

to BCL11B silencing and overexpression in naive T cells [282]. In these cells BCL11B regulates the

expression of several interleukins, as well as chemokine (C-X-C motif) ligands 10 and 11, which play

a role in T cell recruitment and infiltration [282]. Overall, the evidence indicates that BCL11B regu-

lates a number of elements in the inflammatory pathway and it accomplishes this in a cell-specific

manner. It can be speculated that differential expression of BCL11B amongst the SNP haplotypes

modulates the lymphocytee infiltration signal identified.

An obvious paradox stemming from these observations is how BCL11B transcript abundance can be

protective (associating inversely with PWV) if expression of BCL11B is proinflammatory. The cur-

rent data makes this difficult to determine, as it reflects a single time point in what is otherwise a

long-term and highly dynamic process. The BCL11B transcript in the aorta is a marker of a complex

interaction of circulating leukocytes, vascular endothelial cells, and the cellular and matrix compo-

nents of the vessel wall. The lack of BCL11B expression in vascular SMCs, in addition to a high

expression in PBMCs, suggests that endothelial and leukocyte cell lines may be more relevant cell

types to functionally characterise how BCL11B influences aortic stiffness.

BCL11B may not be the only effector gene controlled by the 14q32.2 locus, and this GWAS signal may

modulate aortic stiffness as part of a larger interplay of transcriptional regulation involving other tar-

gets flanking the 14q32.2 gene desert. For example, human vaccinia-related kinase 1 (VRK1) lies 1.1

Mb centromeric to the locus. This is the most prominent type of serine-threonine kinase within the

nucleus and it has been shown to complex-with and promote the stabilisation and accumulation

of p53 [315, 316]. p53 is a transcription factor that has been associated with aneurysmal vascular

SMCs, and its accumulation has been implicated in the pathogenesis of aortic cystic medial degen-
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eration [317, 318]. Importantly, p53 is tightly regulated via the TGFβ signalling cascade, a common

pathway that underlies inherited aortopathies, such as Marfan and Loeys-Dietz syndromes, and fa-

milial thoracic aortic aneurysms and dissections. Several lines of evidence indicate that p53 may

be a target of BCL11B transcriptional control [246], presenting a shared downstream target where

independent effects on VKR1 and BCL11B transcription potentially converge and potentiate aortic

stiffness.

Also within close vicinity of the locus is the primate-specific lncRNA DB129663, which was hy-

pothesised to be a target of the enhancer elements of the 14q32.2 gene desert [72]. As lncRNAs are

emerging as key players in transcriptional regulation, post-transcriptional modification and epige-

netic modulation, it was speculated that DB129663 may be central to the association of this region

with aortic stiffness. However, no indication of its association with PWV, nor with other cardiovas-

cular risk factors, such as age, blood pressure and BMI, were identified. Similarly, no suggestion

of its influence on the transcriptional regulation of its neighbouring gene, BCL11B, was found. The

small sample size and lack of a sensitive assay for quantitating DB129663 transcript is likely to have

precluded such findings. Its presence in the aortae of only half the samples thus remains obscure

and warrants further investigation.

To conclude, this study has investigated the role of 3’BCL11B gene desert SNPs on BCL11B and

DB129663 mRNA expression and PWV measured ex vivo in a large sample of human aortic tis-

sue. It has been demonstrated that rs1381289, rs7152623 and rs10782490 are significantly associated

with PWV and BCL11B expression. In addition, rs7152623 also showed allele-specific differences in

DB129663 transcript presence in the samples. However, detection of BCL11B at the protein level was

not achieved, but the results suggest that the BCL11B transcripts detected in the human aorta re-

flect lymphocyte infiltration. Therefore it is hypothesised that it is immune mechanisms that largely

govern the association of BCL11B with aortic stiffness.

4.6 Limitations and Future Work

This study has several limitations, the first being that it only utilised one approach to functionally

characterise the GWAS locus using the human aortic resource. Additional approaches could be used

to consolidate findings from this work. A combination of bioinformatics strategies, such as annotat-

ing the SNPs with ENCODE and other publically available data, in addition to genome editing of

the SNPs followed by an assessment of target gene expression, would further validate the conclu-

sions drawn. Second, the signal from the GWAS meta-analysis resides within a particularly large
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topologically associating domain (TAD) [319]. Whereas this study examined only two targets within

this region, it is conceivable that any of the other genes or non-coding RNAs residing in the cor-

responding TAD could be the actual effector target. Amongst those, in addition to the earlier men-

tioned VKR1, are histone methyltransferase SET Domain Containing 3 (SETD3), Coiled-Coil Domain

Containing 85C (CCDC85C), the cyclin transcription regulator Cyclin K (CCNK), microRNA 320, Cy-

tochrome P450 Subfamily 46 (CYP46A1), Echinoderm Microtubule Associated Protein Like 1 (EML1),

and Y RNA. Future work should incorporate these putative targets to delineate the precise molecu-

lar mechanisms through which this locus underlies aortic stiffness. A third limitation of this work

pertains to the inadequate exploitation of the Bcl11b-TdTomato reporter mice in answering some of

the fundamental questions of this work. Proper in vivo cardiovascular phenotyping of the condi-

tional knockouts combined with a histological examination of the aortic rings for signs of leukocyte

infiltration may have provided additional support for the postulation of an inflammatory-mediated

role of BCL11B in promoting aortic stiffness.

Despite its lack of association with PWV, the exact function of DB129663 in the human aorta and why

it is expressed in approximately half of the samples remains vague and open to further investiga-

tion. This study could have been expanded by incorporating RNA fluorescence in situ hybridisation

(RNA-FISH) experiments to identify the specific localisation and distribution of DB129663 within the

aortic wall. Unquestionably, attempting to identify some of its functions by comparing BCL11B and

CD45 in a small set of heterogeneous samples is rather rudimentary. Gain and loss of function exper-

iments followed by global gene expression analysis would provide a more comprehensive overview

of its targets and effector pathways. In addition, a variety of pull-down experiments [320, 321] to

identify interacting RNA, DNA and protein could provide further mechanistic insights into its pre-

cise functions. With the increasing biological roles and pathophysiological implications being as-

signed to lncRNAs, functional characterisation of DB129663 and further investigation into its role in

the aorta may be worthwhile.
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Candidate Gene Study: The Matrix Proteins Aggrecan and

Fibulin-1 are Key Players in Aortic Stiffness

5.1 Abstract

A candidate-gene based association study using tagging single nucleotide polymorphisms (tagSNPs)

was performed on young healthy ENIGMA study participants selected for high and low aortic pulse

wave velocity (aPWV) values. Significantly associated tagSNPs in the genes coding for the ECM

proteins aggrecan and fibulin-1 were subsequently validated in the remaining ENIGMA individuals.

The association of four lead SNPs was then examined for ex vivo aortic stiffness in human donor

aortas, and tissue expression of these SNPs and their encoded proteins was also explored .

Neither the aggrecan nor the fibulin-1 SNPs showed any significant associations with ex vivo PWV in

the study cohort. While the aggrecan tagSNP rs2882676 displayed differential transcript abundance

between homozygous allele carriers, this did not translate at the protein level. Both aggrecan and

fibulin-1 were found to be present in the aortic wall, but with marked differences in the distribution

and glycation of aggrecan, reflecting the loss of chondroitin-sulphate binding domains. Although

these differences were age-dependent, the striking finding was the acceleration of this process in

stiff versus elastic young aortas. These findings suggest that aggrecan and fibulin-1 play critical

roles in determining the biomechanics of the aorta, and their modification with age could underpin

age-related aortic stiffening.

87
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5.2 Introduction

5.2.1 Background

The pursuit of aortic stiffness susceptibility genes has relied on several approaches, including Mendelian

forms of aortic pathologies, genome-wide association studies (GWAS), linkage mapping, gene ex-

pression profiling and candidate gene studies. Mendelian aortopathies have been instrumental in

recognising the impact of TGFβ signalling dysregulation on aortic wall integrity, which predis-

poses mutation carriers to aortic dilatation and rupture. This was highlighted in Chapter 3 with

the functional validation of a novel missense variant within TGFB2 in a Loeys-Dietz pedigree. A

meta-analysis of GWAS from the AortaGen Consortium cohorts identified multiple SNPs that were

strongly associated with cfPWV, which map to the 3’BCL11B gene desert. While the GWAS approach

affords an unbiased method for examining the association of a large array of SNPs with aortic stiff-

ness, as shown in the previous chapter, extracting biologically relevant information from these sig-

nal loci remains a challenge, and the mechanism underlying the association of the gene desert locus

with PWV points towards immune-mediated mechanisms although this remains speculative. Link-

age mapping and candidate gene based studies have identified a number of susceptibility genes

for aortic stiffness, which can be broadly categorised into three main themes: genes involved in

blood pressure regulation; genes modulating signalling pathways; and genes regulating the ECM

and structural integrity of the aortic wall (as reviewed in Chapter 1). The significance of ECM reg-

ulation in the genomic landscape of arterial stiffness was corroborated in Durier and colleague’s

transcriptomic profiling of human aortas, which identified integrins and proteoglycans amongst the

transcripts that were differentially expressed between distensible and stiff aortas [75]. However, the

precise mechanisms by which these proteoglycans promote arterial stiffness remains to date unex-

plained.

Most genetic studies conducted to date have been based on older cohorts (>45 years ) [72], with

environmental exposures, such as smoking, hypertensive burden, and atherosclerosis potentially

confounding the observed associations. Arterial stiffness is also impacted by age-related alterations

to the arterial wall, including ECM remodelling, elastin fragmentation, vascular smooth muscle cell

apoptosis, inflammation and oxidative stress [322]. One way to overcome these issues is to investi-

gate younger subjects in order to minimise the confounding influence of cardiovascular burden and

hence identify the ’pure’ genetic contribution [77]. To this end, a candidate-gene based association

study was conducted using the phenotypic extremes from a cohort of young healthy adults (the
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ENIGMA cohort) with a low cardiovascular risk. Subjects were chosen from the opposite ends of the

PWV spectrum and compared using tagSNPs to capture genetic information from the linkage dise-

quilibrium (LD) blocks of the genes of interest [323]. Significantly associated tagSNPs in the genes

encoding ECM proteoglycans, aggrecan and fibulin-1, were subsequently validated in the remaining

ENIGMA individuals [Publication 3].

The aim of this study was to examine the functional impact of the validated SNPs from the ENIGMA

cohort against ex vivo aortic stiffness in donor aortic tissues and to determine the expression patterns

of their encoded proteins, aggrecan and fibulin-1, within the vasculature. A better characterisation of

the expression profiles of these proteoglycans in the human aorta would provide mechanistic insight

into their association with aortic stiffness, and may facilitate the goal of pharmacologically reversing

the process. The aim of the review of the literature is to provide context for understanding the

potential roles of aggrecan and fibulin-1 in the stiffening process by underscoring their key molecular

features and their currently known biological and pathological functions.

5.2.2 Aggrecan: Structure, Domains and Degradation

Aggrecan is a 250 kDa extracellular chondroitin sulphate proteoglycan (CSPG) encoded by the ACAN

gene on chromosome 15q (26.1). As suggested by its name, aggrecan has a tendency to form large

supramolecular complexes with hyaluronan and the link protein which are in excess of 200 MDa

in size [324], thereby supporting its retention and assembly within the ECM [325, 326]. The pro-

tein itself is composed of three functionally distinct globular domains; the N terminus G1 and G2

domains, and a C terminus G3 domain, each of which are encoded by different exons (Figure 5.1).

The largest component of aggrecan is its central glycosaminoglycan (GAG) attachment region which

carries keratin sulphate (KS) and chondroitin sulphate (CS) chains, and is encoded by a single large

large exon (12) [327]. Aggrecan is highly expressed in the cartilage, and is also present in significant

amounts in minisci, tendons, muscles and brain tissue [328]. It has also been described in the aorta

of the chicken embryo [329], but its distribution and expression patterns in the human aorta have

not yet been explored.
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Figure 5.1: Schematic model of ACAN exon and their corresponding protein domains. Solid shaded
boxed denote the coding regions. G1, globular domain 1; IGD, interglobular domain; G2, globular
domain 2; KS, keratin sulphate chains; CS, chondroitin sulphate chains; G3 globular domain 3.

5.2.2.1 The Globular Domains

The G1 domain is composed of an immunoglobulin-like repeat (A subdomain) and two proteoglycan

tandem repeats (B and B’ subdomains). These latter subdomains jointly mediate the the interaction

of the G1 domain with hyaluronan, while the A motif enhances this binding interaction and also

mediates the interaction of the G1 domain with the link protein [330, 331]. Thus, the G1 domain is

critical for anchoring aggrecan to the ECM. In contrast, no biological functions have been assigned

to the G2 domain, despite its relative structural similarity to the G1 domain. Although lacking an

immunoglobulin-like repeat, it consists of similar B-B’ motifs but these do not appear to have similar

interaction properties with hyaluronan [330] nor with any other molecules reported to date. This

domain is unique to aggrecan compared to other CSPG and is highly conserved between species,

leading to the suggestion that it is involved in the secretion of aggrecan following its biosynthesis

[332].

The C-terminus G3 domain is structurally different to the N-terminus G1 and G2 domains and is

composed of four distinct motifs: an EGF module (EGF1), a calcium-binding EGF module (EGF2),

a C-type lectin domain (CLD) and a complement regulatory protein (CRP) domain. The specific

functions of these motifs in aggrecan have primarily been derived from functional work in lecticans

and vesrican which express similar motifs. The CLD motif mediates calcium-dependent interactions



5.2. INTRODUCTION 91

with other ECM proteins including tensican-R [333], fibulin-1 [334], fibulin-2 [335], fibrillin-1 [336] as

well with carbohydrates [337] and cell surface sulphated glycolipids [338]. Less is known about the

functions of the other G3 subdomains, but unlike CLD which is constitutively expressed in humans,

the EGFs and CRP are subject to alternative splicing [339, 340]. Different splice variants modify

the binding affinities of the G3 domain with its ligands, suggesting their importance in regulating

aggrecan’s interactions with the structural proteins of the ECM [340]. The G3 domain has also been

shown to promote GAG chain attachment, an essential component of the structural and functional

properties of aggrecan [332]. Taken together, the C-terminal G3 domain bridges components of the

cell surface with various proteins of the ECM, thus mediating the structural organisation of aggrecan

within the matrix, as well as the overall assembly and organisation of the ECM.

5.2.2.2 The Interglobular Domain

The interglobular domain (IGD) is a rod-shaped structure which is flanked by the G1 and G2 do-

mains of aggrecan. To date, no biological functions have been ascribed to the IGD but it is highly

susceptibile to proteolytic degradation by a number of proteases such as MMPs, plasmin and leuko-

cyte elastases and cathepsin B (Figure 5.3) [341, 342]. This degradation is detrimental to the tissues

within which aggrecan is expressed, and compared to the other aggrecan cleavage sites which are

present, cleavage of the IGD is the most detrimental as it releases the entire GAG-containing segment

of aggrecan [343].

5.2.2.3 The Glycosaminoglycan Side Chains

A mature aggrecan molecule possesses 30 KS and 100 CS chains covalently attached to its central

core, together resulting in the largest domain of aggrecan [344]. CS is a linear polysaccharide com-

posed of alternating chains of glucuronic acid and N-acetyl galactosamine, with sulphated groups

being present on the galactosamine moiety (Figure 5.2) [345]. In contrast, KS is composed of alter-

nating disaccharide units of galactose and N-acetyl glucosamine. Sulphation commonly occurs at

the N-acetyl glucosamine moiety but galactose can also be sulphated (Figure 5.2) [345] .
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Figure 5.2: Structure of the chondroitin sulphate and keratin sulphate chains. A representative
disaccharide sequence is indicated along with the common sulphation position and typical num-
ber of disaccharide units per chain. GalNAc; N-acetyl galactosamine, GlcA; glucuronic acid, Gal;
galactosamine, GlcNAc; N-acetyl glucosamine. Figure modified from Roughley and Lee [345].

The sulphation patterns of the chains play an essential role in the stability of aggrecan and protec-

tion against enzymatic degradation [346]. Together, these GAG chains make up 80% of the molecular

mass of aggrecan and endow the molecule with one of its most important functional features, a high

concentration of anionic charge, and there are estimated to be 80,000 to 10,000 negatively charged

groups per molecule thus creating an osmotic pressure that draws water into the ECM [328, 345].

Along with the structural and spacial organisation of aggrecan as an aggregating molecule, this dis-

tinctive osmotic activity of aggrecan accords compressive resilience to the tissues within which it

is expressed and is a major contributor to their load-bearing and viscoelastic properties [328, 345].

In addition, KS chains associate weakly with collagen fibrils in the cornea [347] and in cartilage

[348], which has been suggested to help maintain the spatial organisation and structural integrity

of the proteoglycan aggregates [347, 348]. Both CS and KS chains are subject to continuous changes

throughout life, with changes to the structure, length and sulphation patterns of CS chains commenc-

ing during the foetal stage and continuing through young adulthood [349]. With increasing age,

these chains, along with the main core and globular domains of the protein, also undergo degrada-

tive changes.

5.2.2.4 Degradation and Age-Related Modifications

An intact aggrecan monomer is estimated to have a half-life of 3.5 - 5.5 years in human articular

cartilage and intervertebral disks but 21.5 - 23.5 years for its G1 domain within the same tissues [350,

351]. This contrast in residence time reflects age-related alterations in the synthesis and enzymatic

and non-enzymatic degradation of aggrecan. Increasing age is associated with a significant decline in
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aggrecan transcript abundance, biosynthesis and the capacity to form large molecular size aggregates

in the ECM [352–354], resulting in a 50% drop in synthesis by the fourth decade compared to the

second decade [353]. This regression has partly been accounted for by the accumulation of advanced

glycation end-products (AGEs) in the ECM, which inhibit aggrecan synthesis at the transcriptional

and post-translational levels [355]. Glycation end-products also induce changes to lysine residues in

the G1 domain, preventing the assembly of aggrecan aggregates and facilitating their dissociation

from hyaluronan [356]. However, the most notable age-related changes pertain to the predisposition

of aggrecan to considerable proteolytic degradation at a number of sites along its length, resulting in

the detachment of heterogenous fragments from the assembled aggregate (Figure 5.3).

Figure 5.3: Currently identified sites of aggrecan core protein cleavage by tissue proteinases

Matrix metalloproteinases (MMP-1,2,3,7,8,9 and 13) have been traditionally recognised as the pri-

mary drivers of aggrecan degradation [357–361], but a crucial role for disintegrin and metallopro-

teinase with thrombospondin motifs (ADAMTS-1,8,9,15,16,18 and in particular ADAMTS-4 and 5),

also known as aggrecanases, was later established [362–365]. Cleavage by leukocyte elastase, cys-

teine and serine proteases has also been described at various sites within the protein [342, 366, 367].

These cleavage events separate the GAG-rich region from the G1 domain, which is then termed

’free G1’ and remains affixed to the hyaluronan filament via the link protein, thus explaining its

longer residence time and its accumulation in the ECM with increasing age [350, 368, 369]. In con-

trast, the fragmented peptides lose their binding affinity for hyaluronan and face two outcomes;

small fragments rapidly diffuse out of a tissue [369,370], while larger fragments are usually retained

but may undergo further degradation by lysosomal exocytosis [369–371]. Enzymatic degradation
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is a dynamic process that is subject to large inter-individual variability with regards to the extent

of degradation, as well as in the combination of enzymes that generate the pool of fragments [372].

Work in mice resistant to aggrecan proteolysis suggests that aggrecan loss from the tissue can also

occur independently of proteolytic degradation via unidentified mechanisms [373].

In addition to the the degradative changes, aggrecan undergoes age-dependent stoichiometric mod-

ifications, most notably the elongation of KS chains and a concomitant shortening of CS chains

[374, 375]. Collectively, these alterations compromise the functional properties of aggrecan and the

stability of the aggregate assembly, predisposing to ECM degeneration, loss of viscoelasticity and

therefore the ability of the tissue to withstand compressive loads [328]. In contrast to these ob-

servations, aggrecan shows a significant increase in transcript and protein abundance with age in

the meniscus [376], indicating that the age-dependent modifications described are site and tissue-

dependent.

5.2.3 Aggrecan: Biological Functions

5.2.3.1 Cartilaginous Tissue Viscoelasticity

The function of aggrecan is best understood from its role in cartilaginous tissues, mainly articu-

lar cartilage, intervertebral disk and meniscus, where it has been extensively characterised across

several species. Aggrecan is a key structural component of the articular cartilage ECM, where it im-

parts structural and mechanical stability to the tissue [345], as well as the narrow pericellular matrix

(PCM) surrounding chondrocytes, where it is thought to regulate biomechanical and biochemical

signal transduction to this population of cells [377]. The load-bearing capacity of cartilage is at-

tained through a fine balance of hydration imparted which is due to the polyanionic nature of GAG

chains which imbibe water into the matrix, and resistance is imparted by the tensile forces of colla-

gen fibrils within which the aggrecan assembly is enmeshed [378]; a high aggrecan concentration is

required to achieve this equilibrium for proper cartilage functioning [378]. Because of the avascular

nature of cartilage, the absorption of water into the the cartilage is also believed to aid nutrient de-

livery and waste dispersion between the synovial fluid and chondrocytes [328,378]. Recent evidence

from ACAN knockout cell lines further suggests a role for aggrecan in a range of cellular functions.

ACAN depletion in chondrocytes triggers changes to the expression of genes that are involved in

mineralisation, apoptosis, mitosis, cell membrane transportation, transcriptional regulation and cell

matrix interactions, potentially as a compensatory mechanism for the changes in the local cellular

milieu [379]. In a similar fashion, the intervertebral disc and knee joint meniscus are required to
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withstand compressive forces, which is made possible as a result of a swelling equilibrium due to a

high content of aggrecan in their inner zones which is resisted by collagen fibrils in the surrounding

outer compartment [380]. In addition to these functions, aggrecan has inhibitory functions in en-

dothelial cell adhesion, migration and nerve growth and is suggested to underlie the avascular and

aneural nature of cartilaginous tissues [381–383].

5.2.3.2 Bone Formation and Skeletal Development

Most mammalian bones develop from chondrocyte precursors in a complex and tightly regulated

process known as endochondral ossification [384]. During this process chondrocytes undergo sev-

eral cycles of differentiation, proliferation, maturation and spatial organisation in order to establish

a cartilage model, the mechanical template from which bone is ultimately made. Mature chondro-

cytes subsequently become enclosed in the ECM and ultimately stop dividing, are subject to hy-

pertrophy and are apoptosised. At this stage the constructed cartilage is invaded by blood vessels,

osteoclasts and osteoblasts, and bone mineralisation commences [384]. Amongst the many growth

regulators, transcription factors and signalling pathways involved in regulating this process, ECM

components, including aggrecan, are elemental in providing chondrocytes with structural support

and the means necessary for the transmission of growth factors and signalling molecules [384–386].

Aggrecan is highly expressed during the early stages of bone formation and the abundance and sul-

phation patterns of its GAG chains change to accommodate the various requirements of each phase.

Importantly, aggrecan and other proteoglycans inhibit the formation of calcium phosphate and hy-

droxyapatite crystals, and it is only following the cessation of ACAN mRNA and alterations to its

structure that the mineralisation step proceeds [385, 386].

5.2.3.3 Pleiotropic Actions in the Brain

Aggrecan is an important constituent of the ECM of the central nervous system (CNS) where it is

predominantly found in the perineuronal net (PNN) surrounding specific subpopulations of neu-

rons [387], including the dentate gyrus, brainstem nuclei, hippocampus, cerebellum, reticular nu-

cleus of the thalamus, optic nerve and at lower levels in the frontal lobe [388,389]. ACAN transcripts

and protein expression in the brain are undetectable during early embryonic development, become

more prominent postnatally, and are maintained throughout adulthood [390, 391]. Despite being

encoded by the same gene, aggrecan in the brain lacks KS chains, has fewer CS chains and exhibits

different sulphation patterns compared to the homologue found in cartilage [392], suggesting sub-

stantial tissue-specific post-translational modifications, which may yield diverse functions across
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tissues. The biological significance of aggrecan in the brain is not well defined, but may involve pro-

tection against neurodegeneration [393, 394], reducing oxidative stress by scavenging redox-active

iron ions [395], regulating activity-dependent cortical plasticity and neuronal migration [396, 397],

sustaining the activity of fast-firing neurons by acting as a buffering system for cations in the mi-

croenvironment of PN-associated neurons [398], and supporting glial cell maturation by regulating

genes involved in astrocyte differentiation potentially through ECM signalling mechanisms [399].

5.2.4 Aggrecan: Pathological Roles

5.2.4.1 Arthritis and Disc Degeneration

Aggrecan degradation is a leading cause of degenerative diseases of cartilaginous tissues, most no-

tably osteoarthritis (OA), rheumatoid arthritis (RA) and intervertebral disc degeneration (IVDD)

[378, 380]. As has been described, the structural organisation of aggrecan with ECM components,

together with the high degree of sulphated GAG chain substitution in its core protein, provides car-

tilage tissues with the ability to withstand compressive loads. The proteolytic cleavage of aggrecan

decreases the distinctive anionic charge of the molecule, compromising its ability to resist compres-

sion, thereby predisposing cartilaginous tissues to erosion and weakening [378]. While the gradual

proteolytic cleavage of aggrecan occurs as part of the normal ageing process, the rate of tissue ero-

sion is accelerated in OA, RA and IVDD [378, 380, 400]. Subjects demonstrate atypical and enhanced

enzyme-generated neopeptides within damaged regions of the cartilage, as well as in the synovial

fluid, signifying extensive proteolytic degradation; some neopeptides are retained, while others are

lost from the tissue [370,401]. The accumulated aggrecan fragments have a slow turnover rate within

the matrix, which is thought to hinder the regeneration of aggrecan molecules and to impede the re-

pair process [378, 380]. The molecular mechanisms driving the accelerated degradation of aggrecan

are complex, involving a complex cross-talk of pathways that regulate the transcription of aggre-

can, MMPs and aggrecanases in chondrocytes (Figure 5.4) [402, 403]. Accumulating evidence also

implicates epitopes on aggrecan moieties in the initiation of an inflammatory cascade, further exac-

erbating cartilage degeneration [404, 405]. Both T cell and B cell epitopes have been described, the

former mostly being present on the G1 domain, while the latter are on the CS attachment region;

however, initial exposure to the immune system is believed to involve a G3 epitope that is released

upon proteolytic cleavage [405–407]. The inflammatory response is sustained by further degradation

of the aggrecan molecule, which exposes additional epitopes within the CS attachment region and

releases G3 fragments, and the CLD motif is a potent activator of the classical and alternative com-

plement pathways [407, 408]. In concert, these observations provide clues to possible pathological
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implications for aggrecan in the aortic wall, as the signalling pathways implicated in accelerating

aggrecan degradation in the cartilage are those that are also intimately involved in maintaining vas-

cular ECM homeostasis.

Figure 5.4: Schematic overview of signalling cross-talk between pathways involved in regulat-
ing the expression of aggrecan and its proteolytic enzymes in chondrocytes. ALK; activin-like ki-
nase, BMP; bone morphogenic proteins, HIF; hypoxia-related factors, NF-κB; nuclear factor kappa
B; TGFβ; transforming growth factor β. Image modified from Mariani et al. [403].

5.2.4.2 Cerebral Vascular Pathology

Hereditary Cystatin C Amyloid Angiopathy (HCCAA) is an autosomal dominant disorder caused

by a mutation in the cystatin C gene and is characterised by amyloid accumulation in small and

medium-sized arteries of the CNS and lethal intracerebral haemorrhages in young adults [409]. The

leptomeningeal arteries in patients with HCCAA typically display extensive elastin fragmentation,

endothelial degeneration, progressive loss of VSMCs, the thickening of basement membranes, and

enhanced ECM matrix deposition [409, 410]. The arteries further show striking accumulation of

collagen IV and aggrecan, a finding which is suggested to be the primary driver of aortic amyloid

deposition and the arterial manifestation in these patients [409]. The overlapping features with aortic

stiffness (e.g. elastin fragmentation, collagen accumulation and ECM deposition), justifies exploring

the role of this proteoglycan in the stiffening of large vessels.
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5.2.4.3 Aortic Stiffness and Atherosclerosis

Aggrecan is detected within all aortic layers during early and late embryonic development of the

chick and mouse, and persists into adulthood but decreases with increasing age [329, 411]. Whilst

its physiological and pathological roles are yet to be clarified, the distribution of proteoglycans is

believed to contribute to the residual stress of a healthy aorta [412]. The specific role of aggrecan in

aortic stiffness was first highlighted by Durier et al., who reported its transcript to be up-regulated in

subjects with stiff aortas [75]. Other proteoglycans, such as small leucine-rich repeat proteoglycans,

were subsequently found to correlate with aortic stiffness but their protein levels were mostly down-

regulated in subjects with stiff aortas [76]. In contrast, elastin haploinsufficient mice, which display

phenotypic features that mirror human thoracic aortic aneurysms, show extensive aggrecan depo-

sition in the aorto-pulmonary septum (APS) region of the proximal aorta [413]; crucially, the APS

region also show substantial VSMC hyperplasia and are stiffer than the non-APS region [413]. The

mechanisms underlying these associations are unclear, but a degenerative impact of GAG accumu-

lation within the aortic media has been evoked. Aneurysmal aortas typically show extensive elastin

fragmentation with parallel collagen accumulation and GAG deposition [414]. The pool of nega-

tively charged GAGs have been demonstrated to increase Donnan swelling pressures within aortic

media predisposing to intra-lamellar delamination which, together with the loss of tensile strength

due to elastin fragmentation, renders the aortic wall susceptible to dissection [415].

Aggrecan and other proteoglycans are enriched at sites of intimal hyperplasia and have been impli-

cated in the progression of atherosclerosis and formation of atherosclerotic plaques [416, 417]. The

negatively charged KS and CS display a high affinity for lipoproteins, potentially instigating athero-

genesis by stimulating the uptake and retention of low-density and other atherogenic lipoproteins

in the vascular intima [416]. In contrast, ACAN transcript in VSMCs has recently been shown to be

stimulated by apatite crystals and alkaline phosphatase, indicating that aggrecan accumulation dur-

ing atherogenesis may be an adaptive response to the presence of calcific deposits in plaques [417].

Aggrecan may also be involved in the transdifferentiation of VSMC into chondrocytes, further ex-

acerbating the calcification of intimal plaques and promoting medial calcification [417, 418]. Taken

together, it appears that an even distribution of aggrecan is elemental to vascular integrity and that

its dysregulation may impact the biochemical and mechanical properties of the aorta. Hence, a com-

prehensive characterisation of its expression and functions in the vasculature is vital to appreciating

its involvement in these and other aortic pathologies.



5.2. INTRODUCTION 99

5.2.4.4 Phenotypes Linked to ACAN Mutations and Common Polymorphisms

At least 25 different pathological ACAN mutations have been described to date, predominantly mis-

sense or nonsense mutations within the three globular domains resulting in ACAN haploinsuffi-

ciency [419–426]. Mutated molecules appear to impair ECM assembly, function and interaction with

other matrix proteins, giving rise to a wide phenotypic spectrum [420]. Although there are no clear

genotype-phenotype correlations the most common feature is short stature, while other anatomical

abnormalities, such as early onset osteoarthritis, advanced bone maturation, osteochondritis disse-

cans, degenerative disk disease, and craniofacial abnormalities are also noted.

A variable number of tandem repeat (VNTR) polymorphism occurring within a highly conserved

region of CS1 has been linked with an increased risk of osteoarthritis and premature lumbar disk

degeneration [427, 428]. It is suggested that the VNTR results in variation in the length of the core

protein and the degree of CS attachment, impacting the water-reserving function of aggrecan and

thus enhancing susceptibility to tissue degeneration [428–430]. A number of common SNPs within

ACAN have similarly been associated with lumbar disc degeneration and herniation [431–433].

Similar to ACAN pathological mutations, homozygous cartilage matrix deficiency (cmd) mice har-

bouring a 7-bp deletion in exon 5 of the Acan gene present with dwarfism, a cleft palate and succumb

immediately after birth due to respiratory failure [434]. In contrast, heterozygous animals appear

normal at birth but develop slight dwarfism and age-associated spinal misalignment with abnormal

collagen fibril morphology within cartilage [435].

5.2.5 Fibulin-1: Structure, Domains and Binding Partners

The fibulins are ubiquitously expressed ECM glycoproteins, and there are currently eight identified

family members based on homologies at the gene and protein level. Fibulins range in size between

50-600 KDa and are characterised by a modular structure containing an epidermal growth factor

(EGF)-like motif, followed by a series of calcium-binding (cb)-EGF-like motifs, and a C-terminal

fibulin (FC) domain. Fibulin-1 is a 90 KDa protein encoded by the FBLN1 gene which maps to

chromosome 22(q13.3) [436]. Alternative splicing yields four variants: fibulin-1A-D, which differ in

amino acid sequence, length of the FC domain, and binding partners (Figure 5.5) [437]. Fibulin-1 is

detected during early embryonic stages and plays an important role in organogenesis [438, 439]. It

predominantly localises to basement membranes, microfibrils and elastic fibres of the skin, kidney,

lung, liver and cardiovascular tissues, where it interacts with several structural proteins and growth

factors, and is also found in association with coagulation factors in the blood [334, 438–442].
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Figure 5.5: Schematic model of FBLN1 exons and their corresponding protein domains and splice
variants. Exons colours reflect those of the protein motifs that they encode. Exon 1 is the translation
start and signal peptide, exon 5 encodes the short junctional segment between the AT and EGF-like
module, and exon 15 starts with a stop codon and therefore doesn’t encode an extra domain for
variant A. AT; anaphylatoxin-like domain. Image modified from Timpl et al. [443].

5.2.5.1 Anaphylatoxin-like Domain

All four fibulin-1 isoforms contain three anaphylatoxin-like (AT) repeats at the N-terminal, which

are rich in cysteine and disulphide groups [444]. These motifs are unique to fibulin-1 and fibulin-2

amongst all fibulins, and do not appear to impact on ligand affinity, however their specific contribu-

tion to the functions of these fibulins is not well defined [444].

5.2.5.2 Calcium Binding Domains

Many ECM proteins, including fibulin-1, contain moieties that are capable of binding calcium with

various degrees of affinities [443, 445]. Calcium ions confer important properties to the proteins

with which they are bound, such as enhancing their thermal stability, protecting against proteolytic

degradation, and providing structural stabilisation to the protein [445]. Calcium ions ligate to fibulin-

1 through its cbEGF-like motifs, which have been shown to protect fibulin-1 against MMP, plasmin

and thrombin degradation [446], and mediate the interaction of fibulin-1 with self-association sites

present on fibulin-1 molecules to form dimers and with other basement membrane ligands [447–449].
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5.2.5.3 C-terminal Fibulin Domain

The fibulin family of proteins are defined by the presence of the carboxy-terminal FC globular do-

main. Variations in the amino acid sequence and length of the FC domain results in the four distinct

isoforms of fibulin-1. While the precise function of this domain is not clear, it is potentially impor-

tant in conferring functional specificity to the different fibulin-1 isoforms. The splice variants display

differential tissue expression and affinities to their binding partners, and have distinct roles in health

and diseases [437, 450, 451]. For example, fibulin-1C binds nidogen at a 30-fold higher affinity than

fibulin-1D [444], and in nematodes the former is required for organ morphology while the latter is

required for the assembly of hemicentin polymers [450]. Fibulin-1A and fibubulin-1B, are expressed

predominantly during development and not in adult tissues [452].

5.2.5.4 Binding Partners

Much of the understanding of fibulin-1 functions originates from its tissue localisation and from

the identification of the proteins that it interacts with. A list of currently known fibulin-1 binding

partners and their functions are summarised in Table 5.1.

Table 5.1: Molecular interactions of fibulin-1

Interacting Protein Summary of Functions References
ADAMTS-1/5 Aggrecanase with anti-angiogenic activity; associ-

ated with several inflammatory processes.
[453, 454]

Aggrecan Imparts viscoelasticity to tissues. [334]
Angiogenin Mediates new blood vessel formation. [455]
β-amyloid precursor
protein

Cell surface receptor, cleaved into peptides that pro-
mote transcription. May form amyloid plaques asso-
ciated with Alzheimer’s disease

[456]

ECMI Ossification, skin hoemostasis, angiogenesis and tu-
mour biology.

[457]

Fibrinogen Blood coagulation, cell adhesion and chemotaxis. [458]
Fibronectin Blood coagulation, cell adhesion and chemotaxis. [459]
Fibulin-7 Unknown [460]
HB-EGF Cell adhesion and migration; involved in cardiac

valve development, atherogenesis and intimal hyper-
plasia.

[461]

Laminin Associate with structural proteins of the ECM; in-
volved in cell attachment and differentiation.

[462]

Nidogen Organogenesis and embryonic development. [447]
SHBG Androgen and oestrogen transport in the blood. [463]
Tropoelastin Elastin precursor. [441]
Versican Chondroitin sulphate proteoglycan; involved in cell

adhesion, proliferation, migration and angiogenesis.
[334]

ECMI; Extracellular matrix protein 1, HB-EGF; Heparin binding-EGF, SHBG; sex-hormone binding globulin.
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Fibulin-1 appears to serve different functions contingent on the tissue-specific interactions with its

binding partner. Its interaction with ADAMTS-1 and 5 mediates the cleavage of aggrecan and

versican, while its interaction with β-amyloid precursor protein blocks neural stem cell prolifera-

tion [454,456,464]. Although the biological significance of these interactions are not clear, they point

towards important functions for fibulin-1 in matrix assembly and remodelling, cell adhesion and

mobility and blood coagulation.

5.2.6 Fibulin-1: Biological Functions

5.2.6.1 Organ and Vessel Wall Development

Fibulin-1 expression is detected during early human and mouse embryonic development, and is

notably prominent in the heart valve, in the aorta preceding elastin fibre formation, and in zones un-

dergoing epithelial-mesenchymal conversion, including neural crest cells and the developing tooth

and hair follicles [438, 439, 465]. In the aortas of human embryos of gestational weeks (gw) 4-10,

fibulin-1 is detected as early as gw4 in the endothelial basement membrane and perivascular mes-

enchyme, in the tunica adventitia by gw6, and is completely absent from the endothelium and tunica

media [438]. Fibulin-1 expression persists into adulthood in most tissues, and its aortic distribution

patterns are most visible in association with the internal elastic membrane and the adventitia, and

mildly present in the medial layer surrounding VSMC [456, 466]. Fibulin-1 null animals generally

succumb by the second day postpartum due to a combination of haemorrhage and significant res-

piratory, cranial nerve, renal, cardiac, microvessel and aortic arch malformations [465, 467]. Haem-

orrhage occurs mostly in skin, muscle and perineurial tissues, and is presumed to be due to the

abnormal endothelial lining of microvessels which results in disrupted vessel walls. Moreover, the

capillaries of the heart, lungs, kidneys and abdominal cavity organs appear widened and irregular,

supporting a specific role for fibulin-1 in angiogenesis [465]. Its specific localisation within the amor-

phous core of elastin fibres also suggests its contribution to the elasticity of the tissues within which it

is expressed [440]. The mechanisms underlying fibulin-1 mediated heart development have partially

been elucidated, and appear to involve the suppression of ventricular cardiomyocyte proliferation

by mediating ADAMTS-1 cleavage of versican [464].

5.2.6.2 Circulating Fibulin-1

Fibulin-1 is present in the circulation at concentrations (30-50µg) exceeding those of other ECM pro-

teins commonly found in the blood, including laminin and type IV collagen [458]. In addition to

its association with the blood coagulation factors fibronectin and fibrinogen, fibulin-1 is also found
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incorporated into in vivo and in vitro formed fibrin clots, as it promotes platelet adhesion by bridging

fibrinogen to the platelet integrin αIIbβ3, and is heavily present in human coronary artery atheroscle-

rotic lesions [458, 468, 469]. Previous studies have strongly supported a role for circulating fibulin-1

in haemostasis and thrombogenesis but these are challenged by the observation that fibulin-1 knock-

out mice do not display abnormal coagulation [465]. The function of circulating fibulin-1 in plasma

is thus not conclusive, but a crucial observation is that it fluctuates in association with several condi-

tions indicating a pleiotropy of important physiological and pathological functions. For example, it’s

levels correlate with markers of renal and kidney function, diabetes, atrial fibrillation, aortic valve

stenosis, as well as with PWV and Augmentation Index [470–474].

5.2.7 Fibulin-1: Pathological Roles

5.2.7.1 Aortic Stiffness and Dissections

The strong overlap of fibulin-1 expression with elastic fibres support its role in imparting elasticity

to the tissues within which it is present. It is therefore not surprising that it has been implicated

in aortic stiffness and dissections. Durier et al. first identified its transcript to be up-regulated in

subjects with increased arterial stiffness, and it was subsequently found to be up-regulated in non-

atherosclerotic aortic specimens of type 2 diabetic subjects [75,466]. The differential transcript expres-

sion in this group was also evident at the protein level, where fibulin-1 expression in external elastin

membranes was more pronounced in diabetic subjects compared to non-diabetic subjects [466]. Con-

sequently, fibulin-1 was suggested to be involved in diabetes-associated arterial stiffness and ECM

alterations. Fibulin-1 is also differentially expressed in mineralising compared to non-mineralising

VSMC, further supporting its pathological role in altering normal arterial wall architecture by pro-

moting vascular calcification [475]. Moreover, the association of fibulin-1 with atherosclerotic lesions

is specifically pronounced in regions rich in macrophages [469], suggesting inflammatory-mediated

mechanisms are associated with arterial stiffness. The strong correlation of circulating fibulin-1 lev-

els with stiffness indexes further substantiates these observations, and further characterisation of

fibulin-1 in the vasculature may aid in understanding the mechanisms that drive its association with

arterial stiffness.

In contrast to these findings aortic tissues recovered from Stanford type A dissections display a sig-

nificant down-regulation of fibulin-1 transcript and protein abundance, despite overlapping aetiolo-

gies with arterial stiffness [476,477]. Importantly, concomitant with the down-regulation of fibulin-1

is the profile of increased MMPs and diminished elastin and collagen IV, both at the transcript and
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protein levels. The altered expression of fibulin-1 in these patients may be a consequence of elastin

loss from the aorta triggered by the increased expression of elastinolytic MMPs. Alternatively, given

the association of fibulin-1 with structural components of the ECM and the role of the ECM in cel-

lular signal transduction, its loss from the aorta may compromise the structural framework of the

aortic wall and modulate its signalling activities, collectively impairing aortic connective tissue and

predisposing to dissection. Fibulin-1 expression is altered in other connective tissues of the cardio-

vascular system in association with disease status; it is down-regulated in atrial tissues of patients

with atrial fibrillation and in the mitral valve of animal models with mitral regurgitation, but is up-

regulated in myocardial tissues from patients with coronary artery disease and those with dilated

cardiomyopathy [478–480].

5.2.7.2 Respiratory Diseases

Fibulin-1 is a major contributor of several respiratory conditions, and is upregulated in primary

bronchoepithelial cells and the sera of patients with chronic obstructive pulmonary disease (COPD)

[452], in the sera and airway smooth muscle cells of asthamtic patients [481], and in the sera and

lungs of subjects with idiopathic pulmonary fibrosis [482]. In accordance with these findings, Fbln-

1c deletion in mice protects against COPD progression, diminishes airway collagen deposition and

promotes the infiltration of pro-inflammatory cytokines Tnf-α, IL-33, Tgf-β and the chemokine Cxcl1

in lung tissues [452]. These effects are potentially mediated by a specific bioactive peptide within the

FC module of fibulin-1C, which was shown to enhance fibroblast proliferation and attachment, and

the deposition of several glycoproteins in COPD derived fibroblasts [483]. These findings support a

strong role for fibulin-1 in collagen assembly, ECM remodelling and inflammation.

5.2.7.3 Phenotypes Linked to FBLN1 Mutations

Mutations within FBLN1 have not been widely identified in association with human genetic dis-

eases. A chromosomal translocation occurring in intron 19 of FBLN1 has been reported in a pedigree

with complex synplydactyly [484], where the phenotypic manifestation of the mutations carriers,

mainly limb deformations, was attributed to haploinsufficiency of the FBLN-1D isoform caused by

the translocation. This interpretation is in agreement with the role of fibulin-1 in organogenesis

described earlier. More recently, a missense mutation p.(Cys397Phe) corresponding to the cbEGF

domain has been described in a family displaying similar symptoms of digit fusion, in addition to

brain atrophy and mental retardation [485]. To date, no other pathogenic mutations or common

variants in FBLN1 have been reported.
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5.3 Methods

5.3.1 Study Design and Phenotype Definitions

A multi-stage candidate gene-based design was adopted for this study (Figure 5.6), and the data

reported in this chapter reflects the work executed for stages III and IV of the study.

Figure 5.6: Study design. During stage I genotyping of 384 tagSNPs was performed on 240 samples
from each extreme of PWV in the ENIGMA cohort. In stage II, 5 SNPs were replicated in the remain-
der of the ENIGMA participants with mid-range PWV values (n=1520), and then the SNPs that were
associated most significantly with PWV were validated in the donor aortic samples (stage III) and
further correlated with transcript levels of their respective genes. During stage IV the transcript and
protein expression patterns of aggrecan and fibulin-1 were investigated in samples from the extreme
ends of the ex vivo PWV distribution.

Briefly, in the first stage of the study (Stage I, Figure 5.6), a total of 384 tagSNPs were selected on

the basis of gene expression profiling work undertaken by Durier et al. [75], in addition to other

genes known to be associated with PWV or arterial wall properties [486]. The SNPs were generated

from either the International HapMap project, SeattleSNPs database or intronic/exonic or promoter

SNPs from previously published association studies. SNPs were genotyped in 240 samples below

the age of 25 from each extreme of PWV within the ENIGMA cohort [487], adjusting for mean arterial

pressure as a confounder. Highly significant SNPs (P<0.00013) which were related to the ECM were

selected for replication in the remaining participants of the ENIGMA cohort with mid-range PWV

values (Stage II). In total, five SNPs were validated in this stage, three in ACAN (rs3743399, rs2882676

and rs2293087) and two in FBLN1 (rs2018279, rs2238823). The P-values of the five tag-SNPs with

PWV and further details on SNP selection and gene assignment to these SNPs are described by

Yasmin et al. [Publication 3]. Because significant associations were observed between PWV and

ACAN and FBLN1 in the primary and replication studies [Publication 3], the actual role of these

proteins was investigated in human donor aortic tissues in stages III and IV of the study. SNPs that

associated significantly in the ENIGMA replication cohort were tested for their association with ex
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vivo aortic stiffness in the tissue samples (n=226), as well as with ACAN and FBLN1 mRNA and

protein levels. To further define a functional role for aggrecan and fibulin-1, transcript abundance

and protein distribution were examined in the extremes of the ex vivo PWV distribution (Stage IV,

Figure 5.6). This ’extreme selection’ strategy [488] allows for the greatest phenotypic separation

between ’cases’ ( i.e. high PWV) and ’controls’ (i.e. low PWV), thus maximising the power to detect

possible differential expression of these genes and their respective protein distribution in the aorta.

Age-associated changes to the expression patterns of aggrecan and fibulin-1 were also examined,

with individuals <32 years (n=10) being classified as ’young’ and those >60 years (n=10) as ’old’.

5.3.2 SNP Genotyping

Two exonic tagSNPs in ACAN (rs2293087 and rs2882676) located within exons 3 and 13, respectively,

and two intronic tagSNPs in FBLN1 (rs2018279 and rs2238823) were genotyped using TaqMan® SNP

Genotyping assays (ThermoFisher Scientific, USA) as described in Chapter 2. The genetic informa-

tion collected for each of the polymorphisms differed depending on DNA quality and availability,

and/or genotyping assay failures. SNP genotyping was carried out by Sarah Cleary (Cambridge

University, UK).

5.3.3 ACAN and FBLN1 Gene Expression

ACAN and FBLN1 gene expression was quantified using TaqMan® gene expression assays as de-

tailed in Chapter 2. The ACAN assay overlaps exon boundaries 11-12, which code for KS and CS

regions of human aggrecan core protein (NP_001126.3). The fold difference in ACAN and FBLN1

gene expression between low and high EM samples was calculated using the 2-∆Ct method (Eq. 2.2).

5.3.4 Antibodies

The aggrecan G1 domain was probed with an anti-aggrecan (ab36861, Abcam, UK) rabbit polyclonal

IgG antibody that recognises residues 50-150 of aggrecan, which was used at a 1:200 dilution. The

CS region was probed with an anti-aggrecan antibody (MCA145T, Bio-Rad, USA) that recognises

an epitope within the N-terminal CS-binding region at a 1:400 dilution, while the aggrecan G3 do-

main was probed with an anti-aggrecan antibody H-300 (sc25674, Santa Cruz Biotechnology, USA)

that recognises residues 1911-1962 of aggrecan corresponding to the G3 domain at a 1:100 dilution.

Anti fibulin-1 (sc20818, Santa Cruz Biotechnology, USA) rabbit polyclonal IgG antibody was used at

1:200 dilution, while an anti-β Actin mouse monoclonal IgG (MA5-15739, ThermoFisher Scientific,

USA) was used at 1:1000 dilution. Donkey anti-rabbit (925-32213, LI-COR, USA) IRDye® 800CW and
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goat anti-mouse (A-21058, ThermoFisher Scientific, USA) Alexa Fluor® 680 conjugated secondary

antibodies were used for Western blots at 1:5000 dilution. Pre-absorbed goat IgG-conjugated Alexa

Fluor® 633 secondary antibody (A21050, ThermoFisher Scientific, USA) was used for immunofluo-

rescent staining at 1:200 dilution.

5.3.5 Statistical Analysis

Deviations from the Hardy-Weinberg equilibrium were tested using the χ2 test, and skewed data

were log-transformed for statistical analyses. To assess the independent contribution of the tagSNP

genotypes on PWV, multiple regression analysis was performed adjusting for known determinants

of PWV (age, age2, gender, height and weight) and following an additive model of inheritance. A

secondary multiple regression analysis excluding all abdominal and iliac specimen was also per-

formed adjusting for the same factors. An unpaired Student’s t test with Welch’s correction was

used to compare differences between the two homozygous allele carriers of tagSNPs and their tran-

script levels. Statistical significance between low PWV and high PWV samples was determined

using a two-tailed Student’s t-test. A post hoc ANCOVA analysis was performed to account for the

confounding effect of age between the two groups. For Western blot quantification statistical signif-

icance between groups was determined using the non-parametric Mann Whitney U test. In all tests

a P value of <0.05 was considered significant.

5.4 Results

5.4.1 Study Sample Characteristics

The clinical and demographic features of the entire study cohort are provided in Table 4.4 (Chapter

4). The baseline characteristics of the samples with the lowest and highest ex vivo PWV values are

described in Table 5.2; donors in the stiffer, high PWV group were older and had higher systolic

blood pressure compared to the low PWV group.
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Table 5.2: Baseline characteristics of the study cohort

Low PWV High PWV P value
(n=28) (n=25)

Male/Female 19/9 15/10 0.502
Age (years) 48±10 71±9 <0.001
PWV (m/s) 2.95±0.16 5.99±1.32 <0.001
BMI (Kg/m3) 27.6±3.1 28.1±5.6 0.699
SBP (mmHg) 125±29 131±25 0.388
DBP (mmHg) 70±16 65±14 0.210

Data are mean±SD

5.4.2 Genetic Association Analysis

The two ACAN SNPs (rs2882676 and rs2293087) were found to significantly deviate from the Hardy-

Weinberg equilibrium (P<0.001 and P=0.006, respectively; Table 5.3). However, visual inspection of

the genotyping data did not indicate genotyping errors or signs of sub-optimal separation, and both

SNPs were therefore retained in the analysis. Hardy-Weinberg equilibrium was satisfied for the two

FBLN1 SNPs, rs2018279 and rs2238823 (Table 5.3).

Table 5.3: ACAN and FBLN1 polymorphisms with genotype and allele frequencies

SNPs Genotypes N(%) Hardy-Weinberg Test Alleles N(%) Global MAF

rs2882676 AA 30 (13.9) χ2=18.39 A 122 (27.7) C=42.4%
AC 62 (28.7) P<0.001 C 310 (72.3)
CC 124 (57.4)

rs2293087 GG 72 (39.3) χ2=7.29 G 215 (58.7) G=44.5%
GT 71 (38.8) P=0.006 T 151 (41.3)
TT 40 (21.9)

rs2018279 AA 66 (30.3) χ2=0.018 A 239 (54.8) T=47.5%
AT 107 (49.1) P=0.893 T 197 (45.2)
TT 45 (20.6)

rs2238823 AA 126 (57.5) χ2=0.776 A 329 (75.1) G=19.2%
AG 77(35.2) P=0.378 G 109 (24.9)
GG 16 (7.3)

Global minor allele frequency (MAF) is derived from the 1000Genome data, retrieved from dbSNP (https://www.ncbi.
nlm.nih.gov/snp/).

5.4.2.1 ACAN tagSNPs

No significant differences were observed in PWV among either rs2882676 or rs2293087 genotypes

(Figures 5.7A and 5.8A). Multiple regression analyses correcting for known confounders of PWV

further did not show a significant association with PWV for these SNPs, both in the primary analysis

https://www.ncbi.nlm.nih.gov/snp/).
https://www.ncbi.nlm.nih.gov/snp/).


5.4. RESULTS 109

including all samples and the secondary analysis that excluded all abdominal and iliac specimens

(Table 5.4). Next, it was investigated if the variants modulated the expression of aggrecan in the

donor aorta. Donors homozygous for the rs2882676/A allele were found to have significantly higher

ACAN mRNA expression compared to those who were homozygous for the A allele (P=0.04; Figure

5.7B), with the difference remaining significant even after correcting for age as a confounder (P=0.05,

ANCOVA). This was further examined at the protein level in donor aortic homogenates. Because

of the age-associated changes in aggrecan, only subjects below the age of 45 from each genotype

were selected for the analysis. Despite the correlation with ACAN mRNA, genotypes for rs2882676

did not show any correlations with aggrecan protein expression (Figure 5.7C-D). In contrast, donors

with rs2293087 genotypes did not show any significant correlation with ACAN transcript levels (Fig-

ure 5.8B) and the difference remained below the significance threshold after correcting for age as a

confounder (P=0.130, ANCOVA). Protein expression was therefore not explored further for this SNP.

Table 5.4: Multiple regression analyses of the ACAN tagSNPs

Model Predictors
Primary Analysis* Secondary Analysis**
β P Adj R2 β P Adj R2

1 Age -2.305 <0.001 0.43 -2.065 <0.001 0.46
Age2 2.782 <0.001 2.591 <0.001
Gender -0.003 0.967 0.037 0.610
Height -0.088 0.228 -0.069 0.391
Weight 0.097 0.102 0.095 0.140
rs2882676 -0.016 0.776 -0.001 0.989

2 Age -2.467 <0.001 0.47 -2.191 <0.001 0.50
Age2 2.956 <0.001 2.745 <0.001
Gender -0.082 0.258 -0.038 0.619
Height -0.104 0.168 -0.071 0.398
Weight 0.029 0.630 0.012 0.849
rs2293087 0.051 0.376 0.051 0.399

*regression analysis for PWV, adjusted for age, age2, gender, height and weight using an additive
gene-dose model;
**regression analysis for PWV, adjusted for age, age2, gender, height and weight using an additive
gene-dose model and excluding abdominal and iliac samples ;
The parameter β is the estimated effect on PWV per minor allele in the additive model.
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Figure 5.7: rs2882676 polymorphism correlations with PWV, ACAN transcript and protein ex-
pression. (A) PWV stratified by genotype. (B) Transcript expression pattern of ACAN in the three
genotypes; bars represent the mean±SEM of ACAN transcript, normalised against GAPDH. P value
derived using the Student’s t test. (C) Western blot of the CS region in the two homozygous al-
lele donors (n=18). The control sample is a homogenate of all samples used in the experiment to
normalise between blots. (D) quantification of aggrecan Western blot signal intensities normalised
against β Actin. Horizontal line indicates mean signal intensity.
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Figure 5.8: rs2293087 polymorphism correlations with PWV and ACAN transcript (A) PWV strati-
fied by genotype. (B) Transcript expression pattern of ACAN in the three genotypes; bars represent
the mean±SEM of ACAN transcript, normalised against GAPDH. P value derived using the Stu-
dent’s t test.

5.4.2.2 FBLN1 tagSNPs

Similar to the ACAN tagSNPs, no differences were observed in PWV among genotypes of the FBLN1

SNPs, rs2018279 or rs223823 (Figures 5.9A and 5.10A). The lack of association persisted in both the

primary and secondary multiple regression analyses accounting for the known confounders (Table

5.5). These SNPs were further tested for their association with aortic FBLN1 transcripts, but no

association between the SNPs respective genotypes and FBLN1 mRNA were identified (Figures 5.9B

and 5.10B). The protein level was further explored for rs2018279 but the Western blot quantitation

did not indicate any differences between its genotypes (Figure 5.9C-D).
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Figure 5.9: PWV and FBLN1 mRNA and protein stratified by rs2018279. (A) PWV stratified by
genotype; data points are mean±SEM of PWV. (B) Transcript expression levels of FBLN1 across the
three genotypes; bars represent the mean±SEM of FBLN1 transcript, normalised against GAPDH.
P value derived using the Student’s t test. (C) Protein expression levels of fibulin-1 between the
two homozygous allele donors, showing no genotype differences in aortic fibulin-1 content. (D)
Quantification of fibulin-1 signal intensities normalised against β Actin of the Western blot in panel
(C).



5.4. RESULTS 113

Figure 5.10: PWV and FBLN1 mRNA stratified by rs2238823 genotypes. (A) PWV stratified by
genotypes; data points are mean±SEM of PWV. (B) Transcript expression levels of FBLN1 in the
three genotypes; bars represent the mean±SEM of FBLN1 mRNA, normalised against GAPDH. P
value derived using the Student’s t test.

Table 5.5: Multiple regression analyses of the FBLN1 tagSNPs

Model Predictors
Primary Analysis* Secondary Analysis**
β P Adj R2 β P Adj R2

1 Age -1.974 <0.001 0.37 -1.888 <0.001 0.40
Age2 2.438 <0.001 2.397 <0.001
Gender -0.038 0.606 0.002 0.982
Height -0.074 0.337 -0.080 0.336
Weight 0.087 0.159 0.067 0.316
rs2018279 -0.039 0.505 -0.051 0.402

2 Age -1.994 <0.001 0.35 -1.892 <0.001 0.40
Age2 2.445 <0.001 2.402 <0.001
Gender -0.035 0.632 -0.013 0.864
Height -0.082 0.289 -0.090 0.227
Weight 0.090 0.149 0.074 0.270
rs2238823 0.008 0.891 -0.005 0.937

*regression analysis for PWV, adjusted for age, age2, gender, heigh and weight using an additive
gene-dose model;
**regression analysis for PWV, adjusted for age, age2, gender, heigh and weight using an additive
gene-dose model and excluding abdominal and iliac samples;
The parameter β is the estimated effect on PWV per minor allele in the additive model.

5.4.3 Patterns of Aggrecan and Fibulin-1 Aortic Expression

To further define the functional role of aggrecan and fibulin-1 in the vasculature, their transcript

and protein expression patterns were examined in subjects from the extreme ends of the PWV dis-
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tribution (respectively low PWV and high PWV). Because many ECM proteins are altered or de-

graded with age, the expression patterns were further compared between young (<32 years) and old

(>60years) subjects. Data from the GTEx Consortium [489] was used to compare the gene expression

of ACAN and FBLN1 in the aorta relative to other tissue types. The GTEx Project provides whole

transcriptome RNA-sequencing profiles of over 40 tissues (e.g aorta, skin, brain, skeletal muscle,

whole blood) from hundreds of human donors of various ages.

5.4.3.1 ACAN Expression Across Tissue Types

Data obtained from the GTEx portal (GTEx Analysis Release V7) shows a striking difference in the

tissue-specific expression profile of ACAN, being most highly expressed in the tibial (n=441), aorta

(n=299) and coronary (n=173) arteries compared to other tissue types (Figure 5.11).

Figure 5.11: Expression pattern of ACAN across tissue types (https://gtexportal.org/home/
gene/ACAN). TPM; transcripts per million reads.

5.4.3.2 Transcript and Protein Distribution of Aggrecan with Age and PWV

Aggrecan protein expression patterns in the aortic wall were investigated using antibodies that

recognise epitopes on the three main domains of the protein; the N-terminal G1-G2 domain, the

CS middle region and the C-terminal G3 domain. Aggrecan G1-G2 and G3 domains were found

to be present throughout the vessel wall layers of young subjects (Figure 5.12A and C). However,

in older subjects a striking deposition of G1-G2 domain staining was seen across the medial layer

with a marked loss of immunofluorescent intensity for G3 domain staining (Figure 5.12C). This in-

https://gtexportal.org/home/gene/ACAN
https://gtexportal.org/home/gene/ACAN
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dicates an age-dependent loss of the C-terminal and accumulation of N-terminal fragments in the

aortic wall. CS fragments are necessary for viscoelasticity and their loss was confirmed by Western

blotting aortic wall homogenates, which confirmed a 3.5-fold reduction (Figure 5.12B and D) in CS

detected by immunoblotting in the older group (n=5) compared to the younger group (n=5). To ex-

amine if this loss in CS from the aortas of older donors was driven by changes to transcription levels,

ACAN transcript abundance in aortic tissue was measured and the levels stratified by age decade

(Figure 5.12F), which showed an incremental decline in ACAN transcript after the fifth decade.

Aggrecan protein expression patterns were then compared in young and old donor aortas based on

their ex vivo elasticity (extreme ends of PWV values). Strikingly, it was found that young subjects

with stiff aortas had a G1-G2 staining pattern that was more typical of the older aortas (P<0.05,

Figure 5.13A). Conversely, young subjects with more distensible aortas expressed strikingly higher

G3 compared to both older subjects and subjects with stiffer aortas (high PWV) (Figure 5.13B). It was

also found that aggrecan expression of the CS attachment region was significantly compromised in

both young and old aortas with high PWV compared to the low PWV counterparts (Figure5.13C-

D). At the transcript level, high PWV donors had a significantly lower expression of ACAN mRNA

(2.5-fold) compared to the low PWV group (Figure 5.13 D), which was measured using an assay for

the overlapping exon boundaries 11-12, which encode the CS region. The difference persisted after

correcting for age as a confounder (ANCOVA, P<0.05).
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Figure 5.12: Age-associated changes in aggrecan expression patterns. (A) Representative sections
showing immunohistochemical staining for the G1-G2 domain of aggrecan in the medial layer (Scale
bar, 50µm). (B) Western blots showing the expression of the CS attachment region in young vs.
older donors. (C) Representative immunofluorescence staining showing the uniform expression of
aggrecan G3 domain (green) across the vessel wall of younger donors that is largely absent from
older donors; elastic fibres are blue (autofluorescence) and nuclei are counterstained red (Scale bar,
50µm). (D) Quantification of aggrecan-CS signal intensities in young vs. older subjects, showing
a significant difference in protein abundance between the two groups. P value derived using the
Mann Whitney U test. (E) Schematic diagram of the degradation of C-terminal aggrecan fragments
and their diffusion out of the vessel wall with increasing age, accompanied by an accumulation
of G1 fragments. (F) ACAN transcript expression across age decades; bars represent mean±SEM
normalised against GAPDH.
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Figure 5.13: Aggrecan protein and transcript distribution in donors with low and high PWV. (A)
Representative immunohistochemical staining comparing young and old samples with low PWV
and high PWV. Young samples with high PWV show higher G1 deposits compared to young sam-
ples with low PWV (Scale bar 50µm). (B) Representative immunofluorescence staining of G3 domain
showing higher G3 expression in young aortas with low PWV compared to high PWV samples (Scale
bar 50µm). (C) Representative Western blot of aggrecan-CS region showing markedly higher levels
in the aortas of low PWV subjects compared to high PWV subjects in both age groups. (D) Quantita-
tion of aggrecan-CS signal intensities, normalised against β Actin; scatter plot represents individual
values on the blot with the mean signal intensity and statistical significance determined by the Mann
Whitney U test. (E) Transcript levels of ACAN showing lower levels of the transcript in high PWV
samples compared to low PWV samples; bars represent mean±SEM ACAN transcript normalised
against GAPDH. P value derived using the Student’s t test.

5.4.3.3 FBLN1 Expression Across Tissue Types

While not markedly high, the GTEx portal (GTEx Analysis Release V7) shows FBLN1 transcript to be

present across the tibial, coronary and aorta arteries (Figure 5.14). FBLN1 transcript abundance in the

aorta is comparable to that in the lung where fibulin-1 is a major contributor of several respiratory

diseases (Section 5.2.7) and much higher than in whole blood where fibulin-1 is known to circulate
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in high concentrations (Section 5.2.6).

Figure 5.14: Expression pattern of FBLN1 across tissue types (https://gtexportal.org/home/
gene/FBLN1). TPM; transcripts per million reads.

5.4.3.4 Transcript and Protein Distribution of Fibulin-1 with Age and PWV

Fibulin-1 protein expression patterns were similarly examined in tissues from younger and older

donor aortas. This protein was evident across all layers of the vessel wall in both age groups (Figure

5.15A) but was more prominent in the tunica intima and adventitia of the younger donors. Im-

munoblotting of whole aortic lysates also showed that total fibulin-1 was actually higher in the

younger subjects compared to the older donors (P=0.008, Figure 5.15B-C), indicating age-related

changes. FBLN1 transcript was measured across the whole cohort and stratified by age decades to

examine if the decrease in fibulin-1 content in the older subjects was a reflection of a decrease in

FBLN1 transcript abundance; however, no indication of age-associated changes to FBLN1 transcript

was observed (Figure 5.15D). The difference in fibulin-1 protein and transcript abundance between

low and high PWV samples was also assessed, and the high PWV group showed a trend towards

lower fibulin-1 expression compared to the low PWV group both at both the protein and transcript

levels (Figure 5.16). The difference in FBLN1 transcript levels between the groups persisted even

after adjusting for age (P=0.01, ANCOVA).

https://gtexportal.org/home/gene/FBLN1
https://gtexportal.org/home/gene/FBLN1
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Figure 5.15: Fibulin-1 aortic distribution and gene expression levels in young and old subjects.
(A) Representative immunohistochemical staining showing the pattern of fibulin-1 distribution in
aortic sections from a young vs. an old donor; fibulin-1 is expressed throughout the vessel wall
but appears denser in the intima and medial layers of young subjects compared to the more even
distribution in the older aorta (scale bar, 50µm); IEL, internal elastic lamina. (B) Representative
Western blot comparing fibulin-1 protein expression in young and old subjects. (C) Quantitative
analysis of fibulin-1 signal intensities, normalised against β Actin in young (n=6) vs. old donor
tissues (n=7); solid bar is the mean intensity and the P value is derived using a Mann Whitney U test.
(D) FBLN1 transcript levels stratified by age decade; bars represent mean±SEM, FBLN1 transcript
normalised against GAPDH.
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Figure 5.16: Fibulin-1 protein and transcript levels in donors with high and low PWV. (A) Repre-
sentative Western blot of fibulin-1 in subjects with high and low PWV. (B) Quantification plot shows
fibulin-1 protein levels are lower in the high PWV group compared to the low PWV donors (P=0.094);
bars represent the mean signal intensity normalised against β Actin. P value derived using a Mann
Whitney U test. (C) Transcript levels of FBLN1 in donor aortas are significantly lower in high PWV
samples compared to low PWV samples; bars represent mean±SEM FBLN1 transcript normalised
against GAPDH. P value derived using a Student’s t test.

5.5 Discussion

The extracellular matrix (ECM) is a key player in age-related remodelling of the aortic wall and its

response to hypertension or injury. Proteoglycans are key components of the ECM and are strongly

correlated with PWV [75, 76], yet the underlying mechanisms by which they impact aortic stiffness

remain poorly defined. This candidate-gene based study utilised tagging SNPs to capture the genetic

information from linkage disequilibrium and haplotype blocks of the ECM proteoglycans, aggrecan

and fibulin-1. The exonic (rs2882676/C) and intronic (rs2293087/G) ACAN tagSNPs were found to

be significantly associated with higher PWV values in the discovery (extreme ends of PWV) and

replication (mid-range PWV) ENIGMA cohorts [Publication 3]. A similar association was not found

with ex vivo PWV in human donor aortic tissues which may reflect an underpowered study arising

from the modest sample size compared to the ENIGMA cohort. However, the significant devia-

tion of these SNPs from the Hardy-Weinberg equilibrium may itself be an indicator of a disease-

susceptibility locus [490], suggesting that these SNPs may still be relevant markers for aortic stiff-

ness. The ACAN rs2882676 SNP alters a codon at amino acid position 1508, resulting in amino acid
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substitution from glutamine to alanine at position 1508 (E1508A), possibly altering the expression

of ACAN. Non-synonymous SNPs are often assumed to be functional especially in cases where the

substitution changes resides in an important domain or motif in a protein. This may be the case for

the rs2882676 on exon 13 encoding the EGF-like motif of the G3 domain. The pathogenicity of this

SNP is supported by its association with late-onset Alzheimer’s disease [491], and more recently,

with lumbar disk herniation [433]. It is shown here that while this SNP does alter ACAN transcript

in the aorta protein levels are not altered. Notwithstanding, the latter was probed using an antibody

that targeted the CS-attachment region, presenting a flawed experimental design for this arm of the

study and warranting further investigations of its specific effect on the G3 domain. The E1508A

substitution potentially alters not only the aggrecan content in the tissue but also aspects of its func-

tionality. A missense mutation in the CLD motif of the G3 domain yielding a V2303M amino acid

substitution, for instance, has been shown to disrupt ECM interactions, with the mutated protein

showing a loss of interactions with fibulin-1, fibulin-2 and tenascin-R [420]. The E1508A substitution

is in the EGF motif which has no definitive function in aggrecan but has been suggested to alter

its binding affinities with ECM proteins [340]. In versican the EGF motif has been shown to pro-

mote cell proliferation [492], inhibit mesenchymal cell differentiation [493], mediate actin-filament

assembly, and regulate aggrecan and collagen expression [494]. Of note, aggrecan protein levels

were highly variable between the different genotype carriers of rs2882676 which may be explained

by genotype variations within aggrecan-degrading enzymes that were not investigated in this work.

Genes encoding MMPs, for instance, have been shown to harbour SNPs which alter their enzymatic

activity [495, 496]. Hence, individuals carrying either of the rs2882676 genotypes may also be car-

riers of diverse MMP SNP genotypes with either increased or decreased proteolytic activity thus

ultimately influencing the levels of aggrecan detected in the samples.

The precise role of the various domains of aggrecan in the vasculature is not known, but evidence is

provided here that the protein abundance of the CS-region and the G3 domain is diminished in sub-

jects with stiffer aortas. This reduced expression is potentially a reflection of compromised aggrecan

synthesis, as indicated by the lower ACAN transcript levels in subjects with stiff aortas. As ACAN

transcription is regulated by several pathways (Figure 5.4), reduced ACAN levels in stiff aortas may

be the final outcome of a combination of perturbations to the upstream elements of these pathways.

The enhanced accumulation of G1 fragments in both young and old subjects with stiff aortas also

suggests contemporaneous degradation of aggrecan domains. The N terminal G1 domain of aggre-

can interacts with hyaluronan and a link protein, forming a stable complex which anchors the ag-

grecan molecule to the tissue. However, the proteolytic degradation of aggrecan core protein yields
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high concentrations of G1 fragments, which are retained in tissues because of their attachment to

hyaluronan [497], impacting the stabilising capacity of the link protein in forming this proteoglycan

complex and impeding the regeneration of aggrecan molecules [369]. The large central domain of

aggrecan typically carries >100 KS and CS chains per molecule, and the negative charges provided

by these sulphate groups attracts counter ions and draws water into the ECM; aggrecan thus im-

parts viscoelasticity and loadbearing properties to tissues in which it is expressed. Consequently,

the heterogeneous distribution of aggrecan across the aortic wall is probably crucial in regulating

the residual stress of the aorta and its loss therefore mitigates the biomechanical properties of the

aorta [412].

Aggrecan expression and structure does not remain constant at other sites throughout life. For in-

stance, transcript abundance of aggrecan and other related proteoglycans is significantly diminished

in articular chondrocytes isolated from adult cartilage compared to those extracted from neonatal

donors [498]. In addition, in human articular cartilage, intervertebral disc and sclera, aggrecan un-

dergoes age-dependent proteolysis resulting in the progressive loss of its C-terminal and the accu-

mulation of N-terminal G1 fragments [380, 499–501]. For the first time, it has been shown here that

a similar age-dependent process of aggrecan degradation occurs in the human aortic vessel wall,

together with ACAN transcript abundance declining with age. In line with these findings, transcript

and protein abundance of aggrecan and other proteoglycan core proteins falls in the aortas of adult

mice compared to late stage embryos [413,502]. The total GAG content in human thoracic aorta also

decreases after the age of 40 [503], and is lower in non-atherosclerotic ascending aortas of old sub-

jects compared to younger ones [504]. Intriguingly, Manley et al. [504] observed a higher number

of amino acids associated with CS chains in old aortic samples compared to younger one; approxi-

mately 2 serine molecules per GAG chain in older subjects and 1 serine molecule per GAG chain in

younger subjects. It is suspected that the fragmentation of aortic aggrecan exposes additional sites

on CS chains for attachment with serine residues. Conversely, the data from this study is in conflict

with previous findings by Durier et al. [75], who reported increased ACAN transcript abundance in

association with increased aortic PWV, although this discrepancy may reflect their small sample size

(n=9) and heterogeneity of the sample taken from coronary artery bypass grafting patients (>50yrs).

The age-dependent loss of aortic aggrecan may partly be explained by reduced synthesis of the pro-

tein from reduced transcript levels, as suggested by a notable decline in transcript levels after the

fifth decade. However, the accumulation of G1 fragments in the medial layer of older subjects im-

plicates post-translational modifications of ECM components. Aggrecan is degraded by a number of

proteases, including ADAMTS-4,5, MMP-1,2,3,8,9,13, cathepsins and calpains [505], and the CS and
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IGD regions are particularly susceptible to proteolytic cleavage [380]. In the aorta, aggrecan degra-

dation is likely to be due to an increase in the activity and expression of aortic MMP-2, MMP-9 and

calpain-1 with advancing age [506–509].

The proteolytic degradation of aggrecan and reduced ACAN expression could contribute to the stiff-

ening of aorta in several ways. Firstly, GAGs such as aggrecan, are involved in the load-bearing

properties of tissues, and to achieve this aggrecan forms large complexes with other matrix proteins

such as fibulin, tenascin and lumican, which are restrained in the tissue by a scaffold of collagen

fibrils that contributes to the ECM organisation [501, 510, 511]. Loss of aggrecan functionality could

therefore impact on viscoelasticity, medial ECM disorganisation, and collagen fibril redistribution,

all leading to increased stiffness. Secondly, the concomitant accumulation of G1 fragments in the me-

dial layer may further promote its degeneration and pathological ECM remodelling. In addition, the

degradation of aggrecan weakens its intrinsic ability to suppress calcium phosphate formation [512],

and it is highly likely that aortic wall mineralisation, a strong determinant of aortic stiffness, is fa-

cilitated by aggrecan fragmentation. Furthermore, the gradual cleavage of aggrecan exposes highly

immunogenic epitopes of the protein [407], thus potentially inducing an inflammatory cascade in the

aortic wall and exacerbating the stiffening process. ACAN gene depletion in cells has been shown

to trigger transcriptional changes to a number of genes with possible implications to aortic stiffness.

Amongst those are a number of leucine-rich proteoglycans (SLRP) known to regulate collagen fibril-

logenesis [379,513], in addition to several genes involved in vascular calcification, most prominently

alkaline phosphatase and carbonic anhydrase [379, 514, 515]. Given the association of aggrecan with

amyloid deposition described in HHCAA, it is further possible that the changes to aggrecan com-

position in the aortic wall underpin senile aortic amyloid accumulation, which is estimated to be

present in 97-100% of subjects > 55 years old [516]. PWV strongly associates with β amyloid plaque

deposition in the brain [517], but a similar association in the aorta is yet to be established. Taken

together, the loss of aggrecan from the vessel wall and the concurrent accumulation of N terminus

fragments is likely to induce extracellular matrix perturbations, trigger vascular inflammation and

promote calcification, thereby creating a milieu that is conducive to aortic wall stiffening.

The fate of cleaved G3 and CS fragments in the aorta is yet to be established but is potentially im-

portant. These may be released into the circulation, where they could provide a novel biomarker for

aortic stiffness, although this signal may be difficult to distinguish from that caused by fragments

exiting joint cartilage with age. This hypothesis is supported by the presence of GAGs in old aortas

that have been proteolytically digested ex vivo [504]. A better understanding of the precise mech-
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anisms regulating aggrecan decline could also identify novel therapeutic targets, which could be

aimed at either restoring aortic aggrecan content or preventing its proteolytic degradation. Aggre-

can analogues resistant to proteolysis have been tested in articular cartilage repair [518, 519], pre-

senting a potentially attractive therapeutic option for aortic stiffness. Mutant mice strains resistant

to aggrecanolysis display a high level of aggrecan preservation in the cartilage, are protected against

cartilage erosion, and have accelerated cartilage repair following inflammation [343]. Thus, thera-

pies targeting aggrecanases, of which there are currently at least 36 patented compounds specific

for ADAMTS-4 and -5 [520], may be viable therapeutic options in the future. A selective mono-

clonal antibody to ADAMS-5 has recently been shown to suppress the release of aggrecan fragments

from human knee cartilage explants, justifying its clinical development as a disease-modifying os-

teoarthritis drug [521].

Fibulin-1 is an ECM protein which is present throughout the arterial wall, but its expression is highest

in the outermost layer of the tunica media in association with external elastic lamina [440]. However,

the clinical significance of fibulin-1 in the vasculature remains unclear and there are no definite asso-

ciations of fibulin-1 with human disease. Besides being an ECM protein, fibulin-1 circulates in high

concentrations in plasma and is a cardiovascular disease biomarker reflecting elastolysis [466, 471].

It is also associated with heart failure [522], severe aortic valve stenosis [470], vascular calcifica-

tion [475], is up-regulated in non-atherosclerotic diabetic tissues [466], and is affected by arterial

wall mechanics [75]. Moreover, fibulin-1 up-regulation is linked with increased stiffness [474, 523]

and kidney disease [471], whilst its down-regulation is related to aortic dissection [476,477]. Fibulin-

1 levels are also affected by interventions, so patients treated with spironolactone show reduced

levels in parallel with regression of vascular remodelling [524].

Given the relation of fibulin-1 with elastic fibres in the vessel wall, it is perhaps not surprising that

aPWV associated with the intronic FBLN1 polymorphisms (rs2018279, rs2238823) in the ENIGMA

cohorts [Publication 3]. However, these SNPs showed no significant association with ex vivo PWV in

the human donor tissues and showed no significant effects on FBLN1 transcript or fibulin-1 protein

levels in the aorta. These SNPs potentially regulate the expression of neighbouring genes in trans or

are in LD with other functional SNPs.

The expression of fibulin-1 transcript and protein was down-regulated in donors with stiff aortas and

aortas from older donors had significantly lower fibulin-1 protein expression compared to younger

ones. This is the same pattern observed with aggrecan, but may not be coincidental. Fibulin-1 is a

high affinity ligand for the G3 domain of aggrecan [334], so a reduction in fibulin-1 expression may
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be explained by the loss of aggrecan from the vessel walls. Of crucial note, fibulin-1 transcript and

protein levels have been shown to be regulated by TGFβ in the airway smooth muscle cells [481].

Conversely, fibulin-1 is a potent suppressor TGFβ2 in the cardiac outflow tract of mice embryos [525],

suggesting a possible role for fibulin-1 in the feedback loop regulating TGFβ latency and sequestra-

tion in the ECM. In view of these observations, the differential abundance of fibulin-1 may either be

secondary to or may be a primary driver of perturbations to the TGFβ signalling pathway, which in

return contributes to the disruption the aortic wall and the progression of aortic stiffness. The data

presented here are in accord with the observations found in tissues recovered from acute aortic and

Stanford type A dissections, where fibulin-1 is down-regulated [476, 477]. Age-related elastin frag-

mentation and medial degeneration are the hallmarks of aortic stiffness leading to aortic dissection,

which presumably explains the parallel loss of fibulin-1. Fibulin-1 is thought to interact with elastin

and microfibrils, and therefore plays a role in elastic fibrogenesis and contributes to the visco-elastic

nature of the vessel wall [440]. Currently, it is not clear whether the observed decline in fibulin-1 ex-

pression contributes to the age-related fraying and fragmentation of elastin fibres or is a consequence

of it. The expression patterns of fibulin-1 in the young and old from the extreme ends of PWV was

not examined, and further studies are needed to address these important points.

To conclude, the ACAN and FBLN1 tagSNPs did not associate with ex vivo PWV in human donor

aortic samples. However, the assessment of the expression patterns of aggrecan and fibulin-1 in

the aortic walls of young and old donors from the extreme ends of the PWV spectrum suggests a

significant role for these ECM proteins within the vasculature. It has been shown that young donors

with stiff aortas exhibit distribution patterns of these proteins that are more typical of the old donors

with stiff aortas; hence, age-related degradation of aggrecan and loss of fibulin-1 in the human aorta

may be key early events predisposing to age-related aortic stiffening. These findings challenge the

prevailing view that stiffness simply reflects age-related calcification and elastin fibre fragmentation,

and this work may facilitate the development of novel biomarkers for aortic stiffness, as well as

generate pharmacological therapies that halt or reverse the stiffening process.

5.6 Limitations and Future Work

This is the first study that has examined the transcript and protein expression patterns of the three

main domains of aggrecan in the aortic wall in association with age and aortic stiffness, but it is not

without its limitations. First, the downstream effect of the variants was merely investigated quanti-

tatively, in terms of their effect on total fibulin-1 and aggrecan transcript and protein content in the
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aortic wall. Particularly with the missense mutation in ACAN, alterations in transcript or protein

abundance may not be the only manifestation of the rs2882676 SNP yielding the E1508A amino acid

substitution, and further qualitative examination of specimens harbouring this substitution may pro-

vide additional evidence on the pathological impact of this SNP. Because of the suggested role of the

EGF motif in regulating the binding affinities of aggrecan with fibulin-1, fibulin-2 and tenisecan-R,

and the prominent role of these proteins in preserving the structural integrity of the aortic wall, it is

worth investigating the effect of the E1508A substitution on the histological expression patterns of

these proteins in the aortas of individuals carrying the missense variant. This may be supplemented

with quantitative analysis of their total content amongst different allele carriers. Furthermore, the al-

terations in aggrecan content between the SNPs respective genotypes were probed using an antibody

that targeted the CS-attachment region and this therefore needs to be examined using an antibody

targeting the G3 domain.

Aggrecan undergoes heavy tissue-specific, post-translational modifications and it is not clear whether

similar to the form found in the brain, the protein expressed in the aorta contains KS chains. The

ACAN gene also has eight known protein coding splice variants (Ensembl database, version 89),

some of which entirely lack the EGF and CRP motifs. It is not known if the transcript is alternatively

spliced in the aorta, or which of the splice variants is the prevalent form. It is therefore imperative to

identify the specific enzymes responsible for the degradation of aggrecan in the aorta and to identify

the the fate of the cleaved products; whether they remain or are released from the aortic wall. Prob-

ing aortic specimen from healthy, young and old donors with antibodies targeted against specific

enzyme- generated cleavage products (e.g. MMP generated cleavage fragments and aggrecanase

generated cleavage fragments [526]) will be the first step towards answering these questions. Impor-

tantly, it will be crucial to ascertain the localisation of these neopeptides within the aortic wall and to

determine whether their expression co-localises with histological manifestations of aortic stiffness,

such as elastin fragmentation, collagen accumulation, and medial calcification, and whether this dif-

fers in individuals with stiffer aortas. In addition, a few hypotheses were generated regarding the

mechanisms linking the degradation of aggrecan with aortic stiffness which could be examined in

donor samples. This includes co-staining aggrecan with calcium, β-ameyloid and markers of inflam-

mation. In concert, addressing these fundamental aspects of aggrecan expression and degradation

in the human aortic wall will be crucial in determining its tissue-specific functions, providing further

mechanistic insights, and formulating further inferences concerning its role in the aetiology of aortic

stiffness.
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With regards to fibulin-1, its expression patterns in the aortas of young and old individuals from the

extremes of PWV was not explored, presenting a major caveat of the current work. Investigating

the expression patterns in these subjects will provide vital clues as to whether the observed changes

in distribution patterns with age are secondary to increased stiffness or a cause of it. It will also

be crucial to establish which of the four isoforms is the most relevant to the vascular wall, as this

will have implications on its tissue-specific functions and binding partners. Finally, when selecting

the subjects for the high and low PWV categories, the high abundance of fibulin-1 in atherosclerotic

lesions and its up-regulation in aortas of diabetic subjects was not taken into consideration, which

may have confounded the conclusions drawn from this work. Subjects with visible lesions and those

reported to have diabetes need to be excluded to ensure that the observed patterns reflect changes to

fibulin-1 independently of these factors.
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Conclusion and Future Directions

Aortic stiffness has emerged over the last decade as an important predictor of cardiovascular end-

points. As with most cardiovascular traits, aortic stiffness has a multi-factorial aetiology, is moder-

ately heritable, and its genetic architecture is diverse, including many common variants with subtle

effects. However, unlike many cardiovascular conditions there are currently no direct therapeutic

treatments specifically aimed at arresting or reversing this trait, despite evidence to support the po-

tential for its pharmacological modulation.

In recent years a combination of genomic and transcriptomic investigations have laid the founda-

tions for elucidating some of the key molecular determinants that underlie aortic stiffness. Most of

the genetic associations, which were reviewed in Chapter 1, can be assigned to one of three broad

categories: blood pressure regulation, signalling pathways and aortic wall structural integrity/ECM

homeostasis. Inconsistencies in replication across populations, coupled with the failure of the largest

published GWAS meta-analysis to confirm the associations for variants identified from earlier stud-

ies, has emphasised the need to further investigate the molecular underpinnings of this trait.

The aim of this thesis was to expand the existing knowledge of the genetic landscape that gov-

erns aortic stiffness. The study employed multiple approaches to identify the genetic basis of the

stiffening mechanism in a large repository of human aortas that had undergone biomechanical phe-

notyping, permitting the genetic, transcript and protein associations to be interrogated within the

tissue most relevant to the trait. It was hoped that would result in a clearer understanding of the

molecular pathways that underpin the stiffening mechanisms and help uncover novel targets that

may be amenable to pharmacological interventions.

The first part of the study examined the molecular basis of Loeys-Dietz type 4 in a pedigree with

multiple cases of aortic aneurysms and dissections, and the identified mutation p.(Arg320Cys) was

128
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found to be within a highly evolutionary conserved consensus of the TGFB2 cytokine domain. De-

spite the missense nature of this mutation, immunocytochemical analyses demonstrated a striking

and paradoxical up-regulation of TGFB1/2 ligands, as well as the canonical signal transducer pS-

MAD2/3 in the mutant case compared to age and gender-matched controls. This was in keeping

with the enhanced TGBβ "tissue signature" typically observed in aortic tissues recovered from Loeys-

Dietz and other Marfan-related cases. This case study underscores the pathological implications of

TGFβ signalling overdrive in the disruption of the normal architecture of the vessel wall.

The second part of the study attempted to provide a biological basis for the genetic GWAS signal

identified by Mitchell and colleagues in 2012 [72]. This is the largest GWAS meta-analysis of cfPWV

yet reported and constituted a consortium of 11 cohorts with over 20,000 participants. The locus lies

within a 2 Mb region that contains no known genes but is known to harbour gene enhancer elements

and is flanked at its telomeric end by BCL11B; the hypothesised target for the enhancer cluster. This

is a nuclear transcription factor which controls the embryologic fate of blood vessels, is a potent reg-

ulator of T cell fate and identity, and has been shown to modulate the expression of genes relevant

to aortic function, including those that promote vascular calcification, ECM remodelling and VSMC

apoptosis. The current work confirmed the association of three SNPs from the GWAS meta-analysis

with PWV predicted from ex vivo aortic stiffness and with mRNA levels of BCL11B. Despite the ex-

pression of BCL11B transcript within the aortas, the protein was not found to be present in the vessel

itself. Instead, strong correlations with leukocyte markers suggest that the mRNA signals originate

from infiltrating leukocytes in the aortic wall; hence the expression of protein levels is below the de-

tection sensitivities for Western blotting and immunocytochemical methods. These findings indicate

that the effects of BCL11B on aortic stiffness in the adult aorta are mediated via inflammatory mech-

anisms, which is supported by evidence from the literature illustrating that the loss of BCL11B is a

powerful proinflammatory stimulus. The expression of DB129663, a long non-coding RNA in close

vicinity to the GWAS locus, was also investigated in the aortas but was not found to correlate with

ex vivo PWV. The negative findings of this work emphasise the need to investigate other targets in

the topologically association domain (TAD) within which the GWAS locus resides, and to define the

functions of DB129663 which was detected in nearly 50% of the aortas but has currently no known

functions. Indeed, until other genes in the TAD are explored for their association with the GWAS

SNPs, the conclusions drawn from these results cannot be fully substantiated.

In the final part of the study genetic associations with aortic stiffness were explored from a candidate-

gene perspective utilising tagSNPs that effectively capture the genetic information from linkage dis-
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equilibrium blocks. SNPs in the ECM genes, ACAN and FBLN1, were found to modulate cfPWV in

young, healthy adults from the ENIGMA cohort. Although the SNPs failed to associate with ex vivo

PWV measurements in the donor aortas, a comprehensive assessment of the transcript abundance

and protein expression patterns of aggrecan and fibulin-1 in young and old subjects from extreme

ends of the ex vivo PWV spectrum shed important light on their role in the stiffening process. The

most novel aspect of this work was the discovery that aggrecan undergoes the same process in the

aorta that occurs in cartilaginous tissues, where there is a decline in synthesis coupled with a pro-

gressive loss of the C-terminal and binding sites for GAG side chains due to proteolytic degradation.

The resulting alteration in the biomechanical properties of the aorta can therefore be explained by

the ageing of aggrecan, as not only are the GAG chains, which are responsible for imparting vis-

coelasticity by imbibing water into the ECM, lost from the tissue, but the concomitant accumulation

of N-terminal G1 domain impedes the regeneration of new aggrecan molecules and contributes to

further degeneration of the tissue. The degradation of aggrecan from the vessel wall provides a

compelling interpretation for many of the age-related changes observed in the arterial wall matrix.

For example, the loss of affinity with other structural elements of the ECM leads to medial disor-

ganisation, as well as the exposure of highly immunogenic epitopes along its length thereby con-

tributing to a proinflammatory profile. Furthermore, the ablation of its intrinsic capacity to suppress

calcium phosphate formation and its role in chondro-osseous VSMC programming potentially trig-

gers and/or promotes the process of medial calcification. Fibulin-1 similarly showed changes in its

transcript abundance, protein levels and expression patterns which were associated with age. How-

ever, it is difficult to ascertain whether these changes to fibulin-1 expression are primary drivers of

the age-related structural changes to the aortic wall or a secondary effect due to elastin fraying and

fragmentation given its specific localisation within the amorphous core of elastin fibres.

A central theme emerging from this work is the role of TGFβ signalling in the regulation of vari-

ous components of the ECM, and its deregulation is potentially at the root of the pathophysiological

manifestations of aortic stiffness. Indeed, this was first highlighted with the overshoot in signalling

reported in the Loeys-Dietz case study. While its downstream effectors regulate genes involved

ECM synthesis and homeostasis, in contrast its own activity and bioavailability are regulated by

components of the ECM. It later became apparent that components of the TGFβ pathway are tar-

gets of BCL11B transcription and that its downstream effectors not only regulate the expression of

aggrecan, but also the major proteolytic enzymes, MMPs and aggrecanases, responsible for its degra-

dation. TGFβ was yet again seen to be intertwined with fibulin-1, which is a potent suppressor of

TGFβ while its own transcription and protein expression are regulated by TGFβ. These observations



131

underscore the complexity of factors regulating aortic function and cautions against the inclination

to presume that its molecular determinants act autonomously. The polygenicity of aortic stiffness is

indeed incontrovertible, and one parsimonious model is that at least one or more biological path-

ways unite many of the empirical findings for aortic stiffness, and there is compelling evidence that

in this case it is the TGFβ signalling pathway. Thus, a major task in future investigations would

be to determine this ’chicken-or-egg’ conundrum: which comes first, ECM remodelling or TGFβ

signalling perturbation?

To conclude, the work detailed in this thesis reinforces the difficulties of defining a biological con-

text for susceptibility loci identified in GWAS. The identification of aggrecan as an important player

in the aortic wall matrix may pave the way for the development of pharmacological agents that

can restore its content in the vessel wall or arrest its degradation, thereby preserving its viscoelastic

properties. However, the current findings reflect only a proportion of what is otherwise a complex

interaction between multiple genes, signalling pathways and environmental factors that simultane-

ously impact aortic function. While this work attempted to investigate the molecular basis of aortic

stiffness from different angles, it was conducted with a rudimentary approach, testing the associ-

ation of one polymorphism independently of the other. The mechanism of susceptibility to aortic

stiffening is complex and is more realistically impacted by a cumulative effect of these variations. In-

deed, an often-cited basis for the failure to detect significant associations in complex diseases is the

presence of epistasis between loci [527]. Furthermore, it is becoming evident that polymorphisms

could exert their function by regulating gene expression in unsuspected cell types or under spe-

cific environmental conditions [528]. Thus, discerning the biologically and pathogenically relevant

cell type underlying the genetic association signal remains a major challenge for GWAS follow-up

studies. Taken together, future work should aim to explore this trait at the "systems biology" level

by integrating gene-gene interactions, genomic, metabolomic, transcriptomic, epigenomic and pro-

teomic analyses to comprehensively capture the complex mechanisms and pathways that underpin

the stiffening process.
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