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Chapter 1: Introduction
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1.1 Background to the Project

Cardiovascular disease (CVD) represents the most significant cause of mortality and
reduced quality-adjusted life years in the developed world. The global prevalence of CVD
has roughly doubled over the last 30 years to an estimated 523 million cases in 2019,
with approximately 18.6 million deaths recorded in the same year'. In addition to the
human cost, endemic CVD is a significant contributor to the economic burden of global
health, with the cost of CVD treatment predicted to exceed $250 billion in the US alone
by 2030%. CVD is an all-encompassing term for disease of the cardiovascular system and
includes coronary heart disease, cerebrovascular disease (including stroke), peripheral
arterial disease and aortic disease. Almost all CVDs have common risk factors, including
hypertension, obesity, age, and diabetes, which are provoked by lifestyle factors such as
diet, smoking and inactivity. Genetic factors such as race and gender can also play arole
in both prevalence and outcomes of CVD. Treatment of CVD primarily involves
prophylactic measures such as education and promotion of healthy lifestyle choices in
addition to the pharmacological use of aspirin, beta-blockers, statins and angiotensin-
converting enzyme inhibitors®. While these pharmaceutical compounds are effective in
preventing CVD onset, we currently have very few compounds to effectively target and

treat pathophysiological conditions in established CVD.

One of the least understood elements of CVDs is arterial stiffening. Stiffening plays arole
in a range of cardiovascular diseases and is one of the primary drivers of hypertension.
Blood vessel stiffening is primarily driven by remodelling of the extracellular matrix
(ECM). Specifically, the increased synthesis of rigid structural proteins such as collagen
and increased breakdown of flexible and stretch resistant proteins such as elastin. These
ECM changes are mediated by the cell populations that reside within blood vessels. In
the muscular arteries, such as the aorta, these cells include endothelial cells, and a large
population of vascular smooth muscle cells (VSMCs). Recent work has shown that
changes in VSMC phenotype, contractility and biomechanics play a vital role in
pathological stiffening of the arteries. This project aims to further elucidate the role

VSMCs play in arterial stiffening in the context of ageing and disease.
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1.2 The Cardiovascular System

The cardiovascular system is a complex organ system that consists of the heart, blood
vessels, and blood. Its primary function is to deliver oxygen and nutrients to the body’s
tissues and facilitate the removal of waste products. This function is achieved through
the circulation of blood within the blood vessels, in a process driven by the cyclical

contraction and relaxation of the ventricles®.

1.2.1 The Heart and the Cardiac Cycle

The heart is the pump that drives blood around the body; to facilitate this function, it is
split vertically into the left and right atria and ventricles. At the beginning of the cardiac
cycle, deoxygenated blood is received into the right atrium from the vena cava and then
forced into the right ventricle during atrial systole. This process is regulated by the
sinoatrial node (SAN), a specialised myocardial structure that generates the electrical
impulses required for depolarisation and contraction of cardiomyocytes in the atria®.
Following this, blood is pumped into the pulmonary artery during ventricular systole;
much like atrial systole, this process is controlled by a specialised structure similar to
the SAN called the atrio-ventricular node (AVN). Once blood is in the pulmonary artery, it
is pumped to the lungs, where gaseous exchange takes place before returning to the

heart as oxygenated blood®.

Oxygenated blood enters the left atria through the pulmonary vein. Once in the heart, the
previously described cycle of atrial and ventricular systole pumps the blood into the
aorta and then around the body via a network of progressively smaller arteries, arterioles,
and capillaries that eventually reconverge into the venules and veins, which return
deoxygenated blood to the heart®. Each of these blood vessels possess unique structural

specialisation depending on their function.

1.2.2 Aortic Structure in Health and Disease

The aorta is the largest blood vessel in the body. During ventricular systole, blood is
pumped into the aorta. This sudden influx of blood creates a significant spike in

hydrostatic pressure. The requirement to modulate this spike in pressure is the
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predominant function of arterial wall structure. Like all arteries, the aortic wall is split
into three distinct layers: the tunica intima, tunica media, and tunica adventitia (Figure
1). The tunica intima is the inner most layer, which consists of an endothelial monolayer
and its supporting basement membrane. Acting as an interface between the vessel wall
and the lumen, the tunica intima plays important roles in cell signalling, cell migration

(e.g. immune cell transmigration), and angiogenesis’.

The middle layer is the tunica media. This layer is by far the largest and consists of
vascular smooth muscle cells (VSMCs) and their supporting elastic and structural
tissues. The tunica media is involved in the most important element of aortic wall
physiology: its ability to act as an elastic buffering chamber. This unique biomechanical
function derives from the elastic tissues in the tunica media and involves the cyclical
stretching and recoiling of the arterial wall to modulate the pressures generated by
ventricular systole. During peak systolic pressure, the aortic wall stretches to
approximately half the total stroke volume before recoiling during ventricular diastole.
This process is known as the Windkessel function and prevents damage to the aortic wall

while contributing to efficient circulation®.
The outer most layer is the tunica adventitia which is comprised entirely of connective

tissues such as collagen®. This layer is important in preventing overexpansion of the aorta

as well as anchoring the blood vessel to the surrounding tissue (Figure 1.1).
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Figure 1.1. Cross-sectional structure of an arterial wall. The arterial wall consists of three distinct layers.
The tunica adventitia is the outermost layer and consists primarily of connective tissues. The tunica media
is the middle and largest layer and consists of the VSMCs and elastic tissues. The inner layer is the tunica
intima and is made up of endothelial cells and their supporting basement membrane. (Figure generated
using biorender: https://biorender.com)

The large smooth muscle layer and the balance between structural and elastic ECM
components confer arteries with their specialised ability to withstand substantial
hydrostatic pressures. However, during ageing and cardiovascular disease, this balance
can become disrupted, resulting in the loss of aortic compliance (Figure 1.2). Reduced
arterial pliability — the loss of the artery’s ability to stretch and recoil - has a significant
impact on pulse wave velocity and is associated with hypertension, increased shear
stress, and organ damage, all key predictors of cardiovascular events'. Historically,
aortic stiffening has been attributed to ECM remodelling, specifically the aberrant
degradation of elastic ECM components such as elastin and increased deposition of
structurally rigid elements such as collagen and fibronectin'. A key driver of ECM
remodelling is the balance between ECM degrading enzymes such as matrix
metalloproteases (MMPs) and their inhibitors™. In the vasculature, the collagenase
MMP-2 has been found to be constitutively expressed by both endothelial and smooth
muscle cells and is understood to play an important physiological role in ECM turnover's.
In healthy aortae, the activity of MMP-2 is tightly regulated by the inhibitory action of

TIMP-1 and -2%. In diseased conditions, however, the activity of MMP-2 is significantly
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increased, as is the activity of elastase MMP-9'4'°, This ultimately leads to increased

degradation of elastin and reduced arterial compliance.

The dysregulation of this protease network is primarily driven by changes in gene

expression and increased enzymatic activation through MMP-MMP interactions.

Additional remodelling of the ECM is mediated through low-level inflammatory
responses induced by chronic hypertension and activation of the renin-angiotensin
pathway. These processes induce endothelial and smooth muscle dysfunction, which
further promote collagen deposition, elastin degradation, increased levels of glycation
end-products, and increased production of reactive oxygen species'. The renin-

angiotensin pathway has also been shown to induce VSMC proliferation™".
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Figure 1.2. A schematic representation of a compliant vs non-compliant aorta. In the healthy,
compliant aorta, the vessel walls stretch to modulate the increased hydrostatic pressure, preventing
damage to the blood vessel and smoothening out blood flow. In the diseased, non-compliant aorta the
vessel walls are unable to stretch, leading to hypertension and increased risk of cardiovascular events
such as stroke or aortic aneurism. (Figure generated using biorender: https://biorender.com)

The described mechanism of arterial stiffening and its relationship to CVDs is well
understood. However, over the last decade in vitro studies have revealed the significant
role of the cellular component in arterial stiffening. Specifically, attention has now turned

towards the mechanosensitive and contractile activity of VSMCs.

1.2.3 Disease of the Arteries

Cardiovascular disease is a broad term that covers a range of pathological conditions.

These conditions are often multifactorial and include both acquired and congenital
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diseases. The most common form of CVD is atherosclerosis, an acquired disease where
the main pathology is inflammation of the large arteries and lipid accumulation.
Atherosclerosis is known to be slow progressing and is associated with a range of serious
clinical events such as stroke and myocardial infarction'. It occurs primarily in older
individuals and those who maintain a sedentary lifestyle. Atherosclerosis is
characterised by the presence of atherosclerotic lesions - areas of abnormal material
accumulation within the intimal and medial layers of the arterial wall. These lesions
consist of large aggregations of low-density lipoproteins, immune cells (such as
leukocytes and macrophages), smooth muscle cells, and cell debris. Over time, these
lesions can grow to obscure >50% of the arterial lumen, leading to angina and
hypertension and substantially reducing the flow of oxygenated blood to tissues of the
body. In advanced atherosclerosis, lesions can rupture, resulting in clot formation that
can completely obstruct the coronary arteries, leading to myocardial infarction, or travel

to the brain, where the subsequent risk of stroke is high'’.

Another common cardiovascular pathology is aortic aneurism. An aortic aneurism is a
dilation of the aorta where the normal vessel diameter is exceeded by 50%. The four
classifications of aortic aneurysm are aortic root, thoracic aortic, abdominal aortic, and
thoracoabdominal aortic aneurisms, with abdominal aortic aneurisms being by far the
most common'®. The aetiology of aortic aneurisms is still unclear. However, it is
understood that they represent a distinct, degenerative pathology of the aortic wall
characterised by remodelling of the vascular ECM, infiltration by immune cells, and
thinning of the tunica media'™. Aortic aneurisms are often asymptomatic until they

rupture, a usually lethal event with a mortality rate of 85-90%.

It is important to consider the multifactorial nature of cardiovascular disease when
discussing its aetiology and placing it within the context of ageing and lifestyle. For
example, hypertension has been shown to be the most significantrisk factor for coronary
heart disease and stroke?, but is itself a symptom of arterial stiffening and vascular wall
remodelling. This demonstrates the complex interplay between the structure and

function of the vascular ECM, the cell component (smooth muscle, endothelial, and
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immune cells), blood pressure, and inflammation, which are kept in homeostatic

balance in health, but which become dysfunctional in disease.

1.3 The Vascular Smooth Muscle Cell in Health & Disease

1.3.1 Smooth Muscle & Molecular Regulators of Vascular Tone

Smooth muscle is non-striated, involuntary muscle tissue found in the walls of the
hollow organs. In the arteries, smooth muscle is found in the tunica media where it acts
as a coordinated syncytia to regulate vascular tone and resistance. Vascular tone refers
to the extent to which blood vessels are dilated or constricted and is essential to the
healthy functioning of the vasculature and the regulation of haemodynamics. This
process is regulated by both endogenous and exogenous factors which work

synergistically to maintain homeostasis.

Endogenous regulation of vascular tone is primarily driven by the endothelium, which
produces various vasoactive factors in response to mechanical stimuli such as blood
pressure and shear stress. These factors can be vasodilatory, such as nitric oxide (NO),
or vasoconstrictive, such as endothelin-1. Nitric oxide is a gaseous signalling molecule
produced by endothelial cells in response to increased shear stress. Under high shear
stress conditions, Ca?* diffuses across the endothelial cell membrane through
specialised Ca?* activated K* channels. Increased intracellular Ca?* causes the enzyme
nitric oxide synthase (NOS) to detach from caveolin, its membrane-bound scaffold
protein, and become activated?'. Activated NOS subsequently converts the amino acid
c-arginine into NO. Once synthesised, NO diffuses out of the endothelium and into the
adjacent smooth muscle where it binds to cytosolic guanylyl cyclase, causing it to
become activated, and increasing the production of cGMP from GTP. cGMP inhibits the
release of Ca?' from the sarcoplasmic reticulum, reducing the rate of actomyosin cross-
bridge cycling and preventing contraction??. NO is also a key regulator of vasoconstrictive

Endothelin-1 expression.

Endothelin-1 is the primary vasoconstrictive factor released by the endothelium. Levels

of endothelin-1 are regulated primarily at the level of transcription, with endothelin
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precursor peptide, preproendothelin, expression modulated by several transcription
factors, including AP-1, NF-KB and FOXO1. This precursor protein is then cleaved by furin
and ECE proteases to generate functional endothelin-1%%. The endothelin peptide is
released from the endothelium through exocytosis and binds to the ubiquitously
expressed ET, and ETs GPCRs. In smooth muscle cells, the binding of endothelin to ETa
induces contraction through Gagqq1 activation of phospholipase C (PLC) and the
subsequent inositol triphosphate (IP3) mediated release of Ca?" from intracellular

stores?.

Exogenous regulation of vascular tone involves systemic changes to vascular
homeostasis driven by circulating hormones and innervation of the vasculature by the
autonomic nervous system. Many of the neurohormonal factors involved in regulating
vascular tone can be both vasoconstrictive and vasodilatory. For example, the
catecholamine neurotransmitters (norepinephrine and epinephrine) have been shown to
be vasoconstrictive in the arteries but vasodilatory in the liver and skeletal muscle due
to the differential expression of adrenergic receptors®. In the vascular smooth muscle,
norepinephrine binding to al-adrenergic receptors induces contraction through

downstream activation of PLC and its secondary messenger [P35,

One of the most important molecules involved in regulating vascular tone is angiotensin
Il (Ang Il). Ang Il is a vasoactive hormone produced primarily by the renin-angiotensin
system in the kidneys. More recently, it has been shown that Ang Il is also produced in
local renin-angiotensin systems, including in the vasculature?. Ang Il is a potent
vasopressor that acts on smooth muscle cells via the AT:R and AT:R GPCRs?. These
receptors have antagonistic effects, with AT:R activation associated with the classical
Gg11/PLC/IP-3/Ca*/calmodulin/MLCK contractile response, and AT.R activation
associated with antiproliferative, pro-apoptotic, and vasodilatory signalling pathways?:.
In addition to these core pathways, Ang Il signalling has also been shown to induce
downstream activation of several protein kinases including Wnk kinases, ALK1/2/4, and
AMPK, as well as the transcription factors TGF, EGF, and VEGF. Importantly, chronic

exposure to Ang Il and subsequent activation of the AT:R receptor has been associated
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with VSMC proliferation and structural remodelling of the vasculature, as well as the

activation of pro-inflammatory transcription factors®.

1.3.2 VSMC Origin & Phenotype: Built to Contract, Born to Adapt

VSMCs are highly contractile cells that regulate vascular tone and provide structural
support in the large arteries. In the mature vessel, VSMCs are quiescent and express a
range of contractile proteins, including a-SMA (alpha-smooth muscle actin), SM22q,
calponin, smoothelin, and SM-MHC (smooth muscle myosin heavy chain). Fate mapping
studies have shown that VSMCs represent a highly heterologous cell population with
diverse developmental origins®. It is now understood that different vessels, and even
different segments of the same vessel, are composed of VSMC populations with distinct
progenitors. Within the aorta, distinct populations of VSMCs with developmental origins
in the cardiac neural crest, paraxial mesoderm-derived sclerotome, and the lateral plate
mesoderm-derived second heart field have been observed. Interestingly, these cell
populations have defined boundaries, with little intermixing of VSMCs of different
lineages®'. The heterologous nature of VSMC developmental origin provides some insight

into the remarkable ability of VSMCs to modulate their phenotype.

Phenotypic switching refers to the ability of differentiated, contractile VSMCs to
dedifferentiate into a proliferative, migratory, and secretory phenotype. This synthetic
phenotype is associated with reduced expression of traditional contractile markers such
as a-SMA, SM-MHC, and smoothelin and upregulated expression of markers associated
with osteoblast, fibroblast, macrophage, and mesenchymal cells®’. These
dedifferentiated VSMCs have significantly increased proliferative capacity alongside
upregulated expression of matrix metalloproteases (MMPs) and ECM components,
which, in the healthy vessel, facilitate vascular remodelling and repair after injury. The
synthetic phenotype is also associated with substantial morphogenic change from the
defined, fibroblast-like spindle shape of differentiated SMCs to a more irregular
epithelioid morphology®. Furthermore, the extensive intracellular network of contractile
filaments found in differentiated SMCs is largely replaced by organelles associated with

the synthesis and secretion of ECM and ECM-associated proteins in synthetic VSMCs®3,
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Figure 1.3. Diagrammatic representation of VSMC transdifferentiation into distinct cell types. VSMCs
retain the ability to transdifferentiate into several distinct cell types, including osteoblast-like cells,
macrophage-like cells, mesenchymal-like cells and fibroblasts. (Figure generated using biorender:
https://biorender.com)

In addition to the contractile and synthetic phenotypes, recent studies have identified a
number of other VSMC phenotypes with unique expression patterns®*. This diverse group
of phenotypes includes osteoblast, macrophage, mesenchymal, and fibroblast-like
VSMCs (Figure 1.3). It is now understood that these phenotypes play diverse roles in
vascular pathologies. For example, vascular calcification has been identified as a major
contributor to vascular remodelling and is especially prevalent in diseases such as
atherosclerosis. Work in mouse models has shown that transdifferentiation of VSMCs
into osteochondrogenic precursor cells is a key driver of vascular calcification in
disease®. These cells are associated with the presence of calcifying vesicles and the
reduced expression of mineralisation inhibitory molecules, alongside upregulated
expression of chondrocyte/osteoblast-like markers such as alkaline phosphatase®.
Work by Giachelli et al has shown that knockout of the RUNX2 transcription factor

prevents VSMCs transdifferentiation into osteoblast-like cells and prevents calcification

35



of atherosclerotic lesions in mouse®’. Additionally, macrophage-like VSMCs have been
observed under conditions of sustained vascular inflammation and atherosclerosis and
have been linked to neointimal hyperplasia in mice®®. These cells have reduced
expression of contractile genes and upregulated expression of macrophage markers
such as CD68 and Lgals3%*. Work has shown that ~50% of foam cells found in
atherosclerotic plagues are VSMC-derived macrophage-like cells®. It is understood that
phagocytosis of low-density lipoprotein (LDL) and cholesterol are the primary metabolic
drivers of VSMC transdifferentiation into macrophage-like cells. Additional pro-
macrophage transdifferentiation factors include inflammatory chemokines, such as
interleukin-1p, oxidative stress, and vasoactive molecules, such as Ang I1*°. Further work
is required to fully elucidate the role of these VSMC-derived cells in disease. However, it

is clear they contribute to arterial stiffening and chronic inflammation in atherosclerosis.

1.4 Determinants of VSMC Phenotypic Plasticity

The phenotypic plasticity of VSMCs is regulated through the integration of molecular and
biomechanical signals from the extracellular environment. These signals include
circulating factors in the blood, transcription factors, growth factors, inflammatory
molecules, integrin signalling, non-coding RNAs, the Notch-pathway signalling pathway,
and shear stress (Figure 1.4)%. Understanding these pathways in vital to understanding

the behaviour of VSMC populations in cardiovascular disease.

1.4.1 Molecular Determinants of VSMC Phenotype

The transcription factor TGF-[3 appears to be essential for the induction and maintenance
of the VSMC contractile phenotype*'. TGF-f induces expression of serum response
factor (SRF), which promotes contractile gene expression through its association with
myocardin and its subsequent binding to CArG regulatory motifs*>. SRF-Myocardin
regulation of the contractile phenotype is complemented by TGF-3 mediated activation
of SMADZ2/3/4 transcriptional complexes and their downstream regulation of contractile
gene expression®®. The activity of TGF-f is directly opposed by PDGF, which is released
following vascular injury and promotes the rapid and sustained downregulation of

contractile genes. PDGF activates KLF4, a transcription factor that blocks SRF-
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Myocardin interaction*t, and can directly regulate the expression of contractile genes by
binding to G/C repressor elements*. TGF- has been shown to inhibit KLF4-mediated
phenotypic switching through activation of microRNA143/145, which post-
translationally inhibit KLF4 activity*®. Additional growth factors involved in phenotypic
regulation include FGF, which has been shown to induce the synthetic phenotype and
promote the expression of inflammatory factors in atherosclerosis*’. Other studies have
found that the extent of VSMC dedifferentiation is proportional to the intensity of FGF

signalling®.

Inflammation, Growth factors, Injury,
Mechanical force, ECM remodelling

CONTRACTILE /_\ SYNTHETIC
VSMC VSMC

\/

Expression Markers: Expression Markers:

;' g'ahm_ic Cell-Cell adhesion, Cell-ECM ; &ﬂgﬂem
3. Smoothelin adhesion, Growth factors 3. PDGF

Figure 1.4. Schematic diagram showing VSMC dedifferentiation into the synthetic phenotype.
Dedifferentiation is driven by the integration of extracellular signalling pathways such as growth factors,
inflammatory cytokines, mechanical forces and ECM remodelling. VSMC dedifferentiation results in the
downregulation of contractile genes such as a-SMA, SM-MHC and smoothelin and the upregulation of
synthetic genes such as collagen-l, MMPs and PDGF. (Figure generated using biorender:
https://biorender.com)

Other molecular regulators of the VSMC phenotypic switch include inflammatory
cytokines. The binding of TNFs to the CD137 receptor is associated with phenotypic
switching through downstream activation of the NFATc1 transcription factor and the
subsequent inhibition of contractile gene expression®2. Additionally, recent studies have
identified products of endothelial exocytosis, such as NLRP3 inflammasome component
IL-1pB, as promoters of synthetic phenotype transition in VSMCs*. Work has shown that
IL-1B induces the synthetic phenotype in a manner distinct from PDGF stimulation and

that it promotes the expression of a discrete set of inflammatory genes. Additional
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studies demonstrated that this IL-13 mediated phenotypic switch is mediated by NF-kB

and leads to a primarily inflammatory phenotype“®.

1.4.2 Cell-Cell Interactions in Phenotype Regulation

Cell-cell interactions, particularly through Notch signalling, also play a role in VSMC
phenotypic plasticity. The Notch-3 receptor is highly expressed in differentiated VSMCs
and is associated with arange of cell processes. In canonical Notch signalling, activation
of the Notch receptor by membrane-bound DLL or Jagged proteins results in downstream
gene regulation through cleavage of the Notch intracellular domain (NICD). The NICD
localises to the nucleus where it interacts with RBP-Jk and MAML to promote
transcription of the HES and HEY transcription factors*. These transcription factors act
as suppressors of transcription, therefore influencing the expression of a range of
downstream genes. In vivo studies have shown that Notch3™”~ mice have a significantly
thinner arterial medial layer and reduced expression of the VSMC marker protein
smoothelin®. Additional studies have shown that Notch3™mice have pulmonary VSMCs
with significantly reduced expression of contractile genes such as a-SMA, smoothelin,
calponin, and SM-MHC compared to controls®'. These studies suggest that Notch3
signalling is vital in the development and maintenance of the VSMC contractile
phenotype. Conversely, overexpression of constitutively active NICD1 and NICDS3
alongside activation of Notch3 has been shown to downregulate the expression of
contractile markers in VSMCs, suggesting that dysregulated Notch signalling promotes
the synthetic phenotype®. The mechanisms behind Notch-mediated phenotypic
switching have yet to be fully elucidated. However, work has shown that several
pathways underlie Notch3 activity, including KLF transcription factors, HES1
transcription factor, activation of p27Kip1, decreased activity of apoptotic promoters

such as caspase-3, and upregulated MAPK signalling®4,

1.4.3 Epigenetic Determinants of VSMC Phenotype

VSMC phenotype is also modulated by epigenetic regulation of the transcriptome. DNA
methylation is a vital component of the gene regulatory network and is mediated
primarily through the activity of DNA methyltransferases. DNA methylation has been

found to regulate several genes associated with VSMC phenotypic plasticity including
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SRF, PDGF and TAGLN®. Recent work has shown that knockdown of the TET2
demethylating enzyme inhibits the expression of SRF and myocardin in VSMCs®*. The
authors additionally reported that TET2 knockdown induced upregulation of KLF4,
promoting the synthetic phenotype®®. Furthermore, hypermethylation has been

associated with cardiovascular diseases such as atherosclerosis®.

Additional epigenetic regulators of VSMC phenotype include histone modification
through acetylation, methylation, and ubiquitinylation. These post-translational
modifications often occur in combination. Acetylation typically promotes gene
expression, whereas methylation and ubiquitylation have diverse transcriptional effects.
In VSMCs, decreased methylation and increased acetylation of H3K9 and H3K27 has
been observed in cells of advanced atherosclerotic plaques®’. Additionally, work has
shown that reduced methylation of H3K9 in VSMCs of arteries undergoing vascular
remodelling and atherosclerotic plague formation is associated with the upregulated
expression of inflammatory cytokines such as IL-6 and matrix proteases MMP3/9/125,
Other groups have observed that methylation marker H3K4me2, found on genes specific
to smooth muscle, is essential in maintaining VSMC contractile phenotype and that
removal of methylation by the demethylase LSD1 leads to the loss of VSMC
contractility®®. Histone deacetylase 6 (HDACS6) is another important component in the
epigenetic regulation of VSMC phenotype. As a histone deacetylase, HDACG6 is primarily
involved in inhibiting gene expression by removing acetyl groups from histone proteins.
However, HDACSG6 is also found outside the nuclear envelope, where it deacetylates
cytosolic proteins. Recent reports suggest that HDACG6 inhibition with Tubastatin A
prevents PDGF-induced downregulation of the contractile genes a-SMA and SM-MHC*°,
Furthermore, the authors also found that HDACG6 inhibition result in increased
transcriptional activity of SRF, alongside increased total protein level of the
transcriptional regulator MRTF-A®%°, MRTF-A is a known regulator of contractile gene
expression due to its role as a coactivator of SRF®'. These results suggest that HDAC6
plays a crucialrole in regulating the master contractile gene regulator, SRF, and therefore

induces the VSMC synthetic phenotype.
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1.4.4 ECM Determinants of VSMC Phenotype

ECM composition and organisation are also involved in the regulation of VSMC
phenotype. The established dogma states that this interaction is mediated primarily
through integrin receptors and their downstream signalling pathways. For example,
previous work has shown that fibrillar collagen | binding to its avp3 integrin receptor
promotes the contractile phenotype, whereas binding of monomeric collagen | is pro-
synthetic and migratory®2. Additionally, matricellular protein interactions with integrin
receptors have also been shown to play a role in regulating VSMC phenotype. For
example, Cartilage Oligomeric Matrix Protein (COMP), which binds directly to integrin
a7B1, has been shown to be degraded by ADAMTS-7 in response to vascular injury. This
decrease in COMP is associated with decreased expression of contractile markers such
as a-SMA, SM22q, and calponin®, Interestingly, in vitro treatment of VSMCs with PDGF
results in greatly inhibited COMP protein expression, whereas treatment with TGF-3 was
shown to significantly increase COMP expression®:. This suggests an important link
between growth factor signalling and ECM composition in the regulation of VSMC
phenotype. Further evidence of this was reported by a group who found that the
proteoglycan perlecan inhibits VSMC proliferation by sequestering FGF in its heparan
sulphate side chains®, and separate work found that different isoforms of collagen |
regulate VSMC response to PDGF®5. Another proteoglycan involved in the regulation of
VSMC phenotype is heparin, which has been associated with the induction and
maintenance of the contractile phenotype via activation of the heparin receptor protein

and downstream activation of PKG?®®.

More recently, the role of fibronectin in the VSMC phenotypic switch has been
elucidated. Chauhan and colleagues report that Fibronectin extra domain A (Fn-EDA)
drives phenotypic switching and promotes increased proliferation and migration of
VSMCs in neointimal hyperplasia. They report that VSMC-specific Fn-EDA” mouse
models show significantly reduced neointimal hyperplasia and reduced PDGF-induced
phenotypic switching. The authors demonstrated that this Fn-EDA mediated VSMC
migration and proliferation switch is regulated by both integrin and TLR4 signalling
pathways®’. Another recent finding is the role of the matricellular adhesion protein FBLN7

in VSMC phenotypic regulation. Work has shown that knockdown of FBLN7 ameliorates
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AT:R-induced vascular remodelling in vivo and that expression of VSMC contractile
markers a-SMA and SM22a was elevated in FBLN7 knockout cells®®. The authors
identified FBLN7 binding to the syndecan-4 receptor and subsequent activation of the

ROCK/MRTF-A signalling pathway as key to the VSMC phenotypic switch®.

1.4.5 Mechanical Determinants of VSMC Phenotype

Finally, mechanical forces, such as stretch and shear stress, are key determinants of
VSMC phenotype. These physical forces are transmitted through cell-cell and cell-ECM
interactions. Shear stress is generated by blood flow and, therefore, exacts force on the
longitudinal axis of the vesselwall. This force is primarily received by the endothelial cells
of the tunica intima and transduced to VSMCs via cell-cell interactions. Studies in vitro
have shown that endothelial cells co-cultured with VSMCs have increased expression of
the E-selectin cell adhesion protein and that this increased expression is reversed by the
application of shear stress®. This finding highlights the dynamic interaction between
endothelial and smooth muscle cell populations in response to mechanical forces.
Studies in vitro have shown that shear stress significantly reduces VSMC expression of
contractile genes while increasing expression of matrix metalloproteases and
inflammatory cytokines’. Wu et al linked this shear stress-induced phenotypic switch to
an AMPK/mTOR/ULK1-mediated autophagy pathway’®. Additional work in endothelial-
VSMC co-culture has shown that when dysregulated low-flow is applied to endothelial
cells, a concomitant increase in VSMC expression of PDGF and TGF- occurs’.
Furthermore, studies have shown that shear stress causes increased VSMC proliferation
in vitro”. The authors demonstrated that the Pl 3-kinase/Akt signalling pathway with
downstream activation of p21 drives this response’?. Interestingly, some groups have
found contradictory evidence that rat aortic VSMCs exposed to varying amounts of shear
stress show reduced proliferative and migratory activity compared to controls’®. This
result was repeated by Dardik and colleagues, who observed a similar reduction in
proliferative activity in bovine aortic SMCs exposed to flow in vitro. However, the authors
did observe anincrease in SMC apoptosis, highlighting the role of shear stress in vascular

remodelling*.
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Stretch is generated by hydrostatic pressure that opposes the intraluminal pressure
produced by VSMCs in the vessel wall. Hydrostatic pressure within the lumen is
increased under hypertensive conditions such as during atherosclerosis and stenosis.
Studies in animal models of aortic coarctation have shown that arterial thickening
occurs in a manner that is directly proportional to the extent of tensile wall stress’. In
VSMCs, work has shown that MMP-27® and MMP-9”7 expression is upregulated in
response to high intraluminal pressure, demonstrating the role of stretch in vascular
remodelling. Stretch-induced MMP expression is understood to be regulated by PDGFR
signalling and downstream activation of PI3K/Akt’®. Interestingly, in vitro studies in
animal-derived VSMCs have shown that low levels of cyclic stretch increase the
expression of VSMC contractile markers. Counterintuitively, these studies also show
that proliferative and migratory capacity is increased in both aberrantly low and
aberrantly high stretch conditions’®. In human VSMCs, high stretch simulation has been
shown to induce reduced the expression of contractile markers and upregulation of the
phenotypic master regulator KLF4%. This reduced contractile marker expression has
been associated with the upregulation of inflammatory genes such as IL-8, IL-6 and, IL13
when exposed to high stretch®'. Together, these findings highlight stretch as a critical

biomechanical cue that modulates phenotypic plasticity and vascular remodelling.

1.5 VSMC Adhesion and Mechanotransduction

VSMCs are highly integrated into their extracellular environment. This integration
facilitates VSMC phenotypic modulation in response to ECM composition and
mechanical force transduction and enables the transfer of actomyosin derived
contractile forces into the surrounding tissue. The multifaceted integration between
VSMCs and their extracellular environment is mediated through a complex network of

cell-ECM and cell-cell interactions.

1.5.1 Integrin-Mediated Mechanotransduction & Focal Adhesion Signalling in
VSMCs

The primary mechanism through which VSMCs interact with the ECM is through integrin
receptors. Integrins are heterodimeric, trans-membrane receptor proteins which link the

extracellular ECM with the intracellular cytoskeleton. They consist of o and 3 subunits,
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with ligand specificity primarily determined by specific subunit isoforms. There are 24
known integrins, consisting of 18 a subunits and 8 3 subunits®. In VSMCs, 1 integrins
are amongst the most abundantly expressed, and pair with several a subunits to provide
binding specificity for ECM proteins such as collagen, fibronectin and laminin®. In
particular, a1p1 and a2p31 integrins serve as the primary collagen receptors in VSMCs®.
Also, expressed in VSMCs is the fibronectin binding a5B1 integrin, the laminin binding
a7B1 integrin and the a8B1 integrin which has a wide range of ligands including

fibronectin and vitronectin®.

On binding of an integrin to its ECM substrate, the intracellular B domain recruits a range
of adaptor and signalling proteins resulting in the formation of a focal adhesion®. These
focal adhesions act as nucleation points for further protein-protein interactions and
downstream signalling cascades. For example, the intracellular domain of the B subunit
interacts with the actin cytoskeleton via the adaptor proteins talin, filamin, tensin and o.-
actinin; thus, enabling transmission of actomyosin generated forces into the
extracellular environment®. The mechanistic phenomena of intracellular actomyosin
derived forces imparting tension on the surrounding substrate is referred to as the
molecular clutch, which can be dynamically engaged and disengaged depending on
cellular requirements. Clutch proteins such as talin and vinculin are readily exchanged
between their integrin-actomyosin associated state and their cytosolic pools, enabling
the rapid formation and disassembly of actin associated integrin-ECM complexes®’. The
molecular clutch is highly sensitive to substrate stiffness. On stiff substrates talin has
been shown to increase vinculin recruitment in a mechanism that reinforces the clutch
and increases actomyosin force transduction. Studies utilising talin tension sensors
have demonstrated the effects of different talin isoforms on ECM rigidity sensing and
shown that differential expression of talin isoforms is essential in cell adaptation to

extracellular stiffness®.

Focal adhesion signalling is vital in mechanosensitive VSMC responses (Figure 1.5).
There are two primary signalling axes in which focal adhesions play a role. The first is
inside-out signalling or signalling involved in transduction of messages from the

intracellular environment to the extracellular environment. The second is outside-in

43



signalling which involves the transduction of signals from the extracellular environment
to the intracellular compartment®. Inside-out signalling is primarily involved in the
formation of the focal adhesion complex. This process is commonly activated via the
binding of ligand to GPCRs®. Outside-in signalling utilises the extensive signalling
scaffold recruited during focal adhesion formation. One of the key components of focal
adhesion signalling is focal adhesion kinase (FAK). FAK is a cytosolic tyrosine kinase that
becomes phosphorylated upon integrin activation. It is involved in a range of cellular
processes including proliferation, migration and differentiation. Its interactions with the
actin cytoskeleton and membrane associated proteins such as PIP2 suggest it plays
mechanosensitive roles with several studies linking it to force guided migration®'. In
VSMCs work has shown that increased fibronectin deposition in the ECM, a key ligand of
integrin a5B1, induces enhanced FAK activation and induces VSMC proliferation and
migration®2. Additionally, VSMCs plated on stiff hydrogels have been shown to have
elevated FAK activation and increased expression of cell cycle associated genes when

compared to those plated on soft hydrogels®.

1.5.2 The Dystrophin-Glycoprotein Complex in VSMCs: A Mechanical Stabiliser?

The dystrophin—glycoprotein complex (DGPC) is expressed in all types of muscle and is
essentialin the adhesion of myocytes to their basement membrane. In SMCs, the DGPC
consists of a and B dystroglycans, B, 8, and e-sarcoglycans, sarcospan, and dystrophin
proteins (Figure 1.5)%. The DGPC is essential in preventing contraction-induced damage
by providing mechanical stability to the plasma membrane and by distributing
mechanical stress. This is achieved by linking the actin cytoskeleton with laminin and
perlecan in the basal lamina. The exact role of the DGPC in VSMC adhesion and
mechanotransduction is not fully understood. Currently, most studies utilise animal
models of muscular dystrophy - an inherited neuromuscular disease characterised by
mutations in DGPC components - to study the role of DGPC in the vasculature. For
example, Humphrey et al found that arteries in mdx mice, which don’t express the
dystrophin gene, have structural abnormalities, distend less, and exhibit higher
circumferential stresses when compared to controls®. This finding built on earlier work
by Henrion and colleagues, who demonstrated that shear stress-induced dilation of

arteries was reduced by 50-60% in mdx mice®. Further work is required to fully
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understand the role of the DGPC in VSMCs; however, these studies suggest the DGPC

plays a vital role in VSMC adhesion and mechanotransduction.
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Figure 1.5. Schematic diagram showing the DGPC, focal adhesion and adherens junctions of VSMCs.
VSMCs possess a range of cell-cell and cell-ECM adhesion molecules. These adhesion molecules are
vitally important in VSMC mechanotransduction and contractility. The DGPC is a vital cell-ECM adhesion
complex that plays an important role in preventing contraction-induced cell damage by stabilising the
plasma membrane. The DGPC consists of a and 8 dystroglycans, 3, 4, and e-sarcoglycans, sarcospan, and
dystrophin proteins and adheres extracellular laminin proteins with the actin cytoskeleton. Focal
adhesions are complex cell-ECM adhesion complexes mediated by integrin binding to diverse extracellular
matrix ligands, and intracellular binding to the actin cytoskeleton via the talin-vinculin-aactinin scaffold.
Focal adhesions also possess intrinsic signalling capability through recruitment and activation of focal
adhesion kinase (FAK) and downstream promotion of Ca** signalling pathways. Adherens junctions are
cell-cell adhesion complexes mediated by the formation of cadherin trans-dimers across the extracellular
space. Adherens junctions also adhere the actin cytoskeleton via the support proteins a-actinin and
vinculin. Adherens junctions also facilitate intracellular signalling through interaction with the Whnt
signalling pathway and the translocation of [-catenin-TCF transcriptional complexes to the nucleus.
(Figure generated using biorender: https://biorender.com)

1.56.3 Cadherin-Mediated Adhesion & B-Catenin Signalling in VSMC
Mechanotransduction

Cadherins are a diverse class of ubiquitous transmembrane, Ca* dependent cell-
adhesion molecules vital in the formation of cell-cell adherens junctions. SMCs express
several cadherin proteins, including the type | E-, N-, and R-cadherins, type |l cadherin-
6B and cadherin-11, and the atypical cadherins T-cadherin and cadherin-related FAT1%.
The functionality of cadherins relies on their ability to form cadherin homodimers. These

homodimers can then form cell-cell adhesions with cadherins present on neighbouring
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cells through conformational change from cis- to trans-dimers®. The extracellular
binding of neighbouring cadherins induces the recruitment of a range of cytosolic
support and scaffold proteins, including a-, B-, and y-catenins. This cadherin-catenin
complex can then interact with actin via binding of support proteins a-actinin and

vinculin (Figure 1.5)%.

In addition to cell-cell adhesion, adherens junctions can also modulate a number of
intracellular signalling pathways. The best characterised is the B-catenin/wnt pathway,
which is involved in regulating a range of cell processes, including proliferation and
migration. In canonical wnt signalling, the wnt ligand binds to the frizzled GPCR receptor.
This prevents degradation of cytosolic B-catenin by initiating translocation of the
negative wnt regulator, axin, to the plasma membrane. Free cytosolic f-catenin can then
translocate into the nucleus, where it binds to and activates the transcription factor TCF,
which regulates several downstream genes®. The role B-catenin/wnt signalling plays in
cellular response to mechanical force is not well understood. However, work in
endothelial cells has shown that the B-catenin/wnt signalling pathway is activated in
cells exposed to aberrant hemodynamic flow states'. Additionally, Tzima et al
previously identified an E-cadherin-VEGFR adhesion complex that appears to modulate
endothelial cell response to shear stress™'. The authors found that the interaction
between E-cadherin and VEGFR is mediated by B-catenin. Furthermore, they found that
knockout of B-catenin blocked integrin activation, preventing focal adhesion formation
and inhibiting downstream signalling. Taken together, these results suggest that
cadherins and B-catenin/wnt signalling play an important role in mechanotransduction
in the vasculature. However, further work is required to fully elucidate their role in VSMC

mechanotransduction.

1.5.4 Mechanosensitive lon Channels in VSMC Signalling: Focus on Piezo1

Mechanosensitive ion channels are widely expressed membrane proteins. They are
found in most cell types and can be grouped into three main categories: cation-selective
channels, anion channels, and non-selective ion channels. Amongst the best
characterized are the non-selective cation piezo family channels, consisting of piezo1

and 2. The piezo channels are large mechanosensitive ion channels that facilitate the
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cross-membrane influx of Na*, K*, and Ca?" ions. They have been implicated in a range of
critical processes, including touch sensation, balance, and cardiovascular regulation'?,
Unlike most ion channels, piezo channels have been shown to possess intrinsic
mechanosensitivity, where their primary gating modality is mechanical force. In the
vasculature, early work in endothelial cells demonstrated that piezo1 is activated by
shear stress (Figure 1.6)'%. More recently, Zhang et al have shown that piezo1 is vital in
endothelial cell response to shear stress through Ca?* mediated PLC-B signalling and
downstream activation of a5-integrin'®. The role of piezo ion channels in VSMC
mechanotransduction is not well understood. Work in vivo has focused on piezo-
mediated VSMC response to intraluminal pressure with often contradictory results.
Honoré and colleagues demonstrated that smooth muscle piezo1 knockout mice show
no significant defects in vascular tone regulation or response to vasoactive
compounds'®. However, the authors also found that piezo1 deletion significantly
reduced remodelling of caudal arteries in hypertensive mice'®. Additionally, Watt et al
report that the contractile properties of isolated rat arteries were not significantly altered

by treatment with piezo1-modulating drugs'°®.
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Figure 1.6. Diagrammatic representation of shear stress-induced activation of piezo1 channels.
Under low shear stress conditions, Piezo1 channels are closed preventing influx of Ca*" ions. When
mechanical stress is high, Piezo1 channels are opened, facilitating the influx of Ca®" ions and initiating
downstream calcium signalling. (Figure generated using biorender: https://biorender.com)

Several other ion channels have been posited as having mechanosensitive roles in
VSMCs, including TRPC6, TRPM4, TRPP1, TRPV4 and, P2X channels. These channels,
while lacking intrinsic mechanosensitivity, play vital roles in integrating other
mechanosensitive signalling pathways. For example, TRPC6 has been shown to play an

important role in downstream signalling from mechanosensitive GPCRs such as the
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angiotensin Il receptor, AT;R'". Additionally, due to the multimodal nature of ion channel
gating, itis likely that many ion channels not currently associated with mechanosensing
possess mechanical stimuli as a secondary or tertiary gating modality. Further work is
needed to complete our understanding of ion-channel mediated mechanosensing in

VSMCs.

1.6 Mechanisms of VSMC Contractility

The ability to contract is an essential element of the VSMC phenotype. As discussed,
vascular smooth muscle contraction is regulated by both exogenous and endogenous
factors. Exogenous factors include those found in the circulation, such as angiotensin,
and factors released by the sympathetic nervous system, such as norepinephrine. These
factors are usually associated with systemic vasoconstriction. Endogenous factors,
including nitric oxide and endothelin, are released in response to localized stimuli and

typically induce vasoconstriction within a specific organ or tissue®.

Two primary mechanisms of VSMC contraction act synergistically to regulate vascular
tone (Figure 1.7). The calcium-dependant pathway involves the binding of extracellular
agonists to membrane-bound GPCRs. This interaction induces a conformational change
in the receptor, enabling GDP-GTP exchange and the subsequent activation of the Ggq
subunit. The activated G4 subunit then disassociates from the G-protein complex and
activates phospholipase C (PLCB)'°8. Activated PLCPB can then bind to and hydrolyse the
membrane component phosphatidylinositol 4,5-bisphosphate (PIP2) into two secondary
messenger molecules: diacylglycerol (DAG) and inositol (1,4,5) trisphosphate (IP3).
Cytosolic IP3 induces calcium release from the sarcoplasmic reticulum through the IP;R
receptor'®. Levels of cytosolic Ca?* can be further augmented through depolarisation of
the plasma membrane and influx of extracellular Ca? through voltage-gated ion
channels, transient receptor channels, and receptor-operated channels'°. Free
cytosolic Ca?" binds to calmodulin, a calcium-binding protein involved in a range of
signalling pathways. The calmodulin-Ca?* complex subsequently activates myosin light
chain kinase (MLCK), which phosphorylates serine-19 of the regulatory light chain MLC-
20'%°, Phosphorylation of MLC-20 induces enhanced cross-bridge cycling, allowing the

myosin-actin machinery to generate contractile force.
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The calcium-dependent pathway is augmented by a separate, calcium-independent
Rho/ROCK signalling cascade. RhoA, a member of the small GTPase family, is activated
by guanine nucleotide exchange factor (GEF)-mediated exchange of GDP and GTP. The
activity of GEFs is mediated by the activity of G115 coupled GPCRs. In its GTP-bound
state, RhoA binds to Rho-associated protein kinase (ROCK), which results in its
autophosphorylation and activation. ROCK phosphorylates and inhibits myosin light
chain phosphatase (MLCP). Inhibition of MLCP prevents it from dephosphorylating MLC-

20 and, therefore, promotes the cross-bridge cycle'®.
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Figure 1.7. Schematic illustration of the calcium-dependent and the calcium-independent
mechanisms of VSMC contraction. The calcium dependent mechanism is activated by GPCR mediated
activation of phospholipase C (PLC). Activated PLC hydrolyses phosphatidylinositol 4,5-bisphosphate
(PIP;) to inositol 1,4,5-trisphosphate (IPs) which induces Ca?" release from the sarcoplasmic reticulum
through inositol trisphosphate receptor (IPsR). Cytosolic Ca®**binds to calmodulin which activates myosin
light chain kinase (MLCK). MLCK phosphorylates MLC-20 inducing the cross-bridge cycle. The calcium-
independent pathway is also activated by GPCR activation which leads to downstream activation of RhoA
through GTP binding. Activated RhoA induces the autophosphorylation of Rho-associated protein kinase
(ROCK) and the subsequent inhibition of myosin light chain phosphatase (MLCP), preventing the
dephosphorylation of MLC-20, and promoting the cross-bridge cycle. (Figure generated using biorender:
https://biorender.com)

Both pathways promote greater cross-bridge cycling. Atthe beginning of the cross-bridge

cycle, myosin hydrolyses ATP to ADP; this allows myosin to loosely associate with actin
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filaments. The subsequent phosphorylation of myosin allows it to enter a pre-power
stroke state where myosin and actin are strongly associated. Isomerisation of myosin
into its force-generating state results in the sliding of actin microfilaments towards each
other. This causes load to be exerted on the dense bodies, plastic structures analogous
to the Z-disc in striated muscle, which act as anchoring points for the actin
cytoskeleton', leading to contraction of the VSMC and transmission of tension into the
surrounding substrate. Myosin then returns to its unbound state following exchange of

ADP for ATP'°.

1.7 Extracellular Matrix in the Vasculature

As discussed, the composition and organisation of the ECM is a key element of the
mature, mechanically appropriate blood vessel. In the aorta, this requires the
coordinated expression of structural proteins, such as collagen (types |, lll and, IV) and
elastin, glycoproteins such as fibronectin and laminin, and proteoglycans such as
versican and decorin. Combined, these macromolecules provide structural integrity,

regulate cell behaviour, and enable adaption to mechanical stress.

Within the tunica intima, the ECM is predominantly comprised of the basement
membrane, a specialised network of laminin, collagen |V, fibronectin, perlecan, and
heparan-sulphate proteoglycans, which anchor the vascular endothelial cells'. The
basement membrane plays a vital role in the cell signalling events that mediate
endothelial cell migration, proliferation and, invasion'3. The intimal basement
membrane is separated from the tunica media by the internal elastic lamina (IEL). The
IEL is a highly fenestrated sheet of elastic fibres that facilitates the diffusion of signalling
molecules from the intima into the medial layer. Work has shown that endothelial cells
are primarily responsible for the synthesis and secretion of elastin in the IEL and that

knockdown of elastin in SMCs does not significantly affect IEL morphology'™.

The tunica mediais rich in ECM proteins, including collagen I/lll, elastin, proteoglycans,

glycoproteins, and glycosaminoglycans, oriented in concentric elastic lamellae to

support the circumferentially oriented VSMCs''. The structural proteins collagen and
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elastin are the most abundantly expressed in the medial ECM, making up ~50% of the dry
weight of large arteries. The elastin protein is initially synthesised by VSMCs and
fibroblasts as tropoelastin monomers. During the formation of elastic fibres,
tropoelastin monomers associate with fibrillin microfibers in the ECM. Fibrillin is a
glycoprotein that is synthesised by fibroblasts, and which polymerises to form a scaffold
for tropoelastin'®. The tropoelastin monomers are then cross-linked by lysyl oxidase
enzymes to form cross-linked elastin polymers. These highly cross-linked polymers form
elastic fibres, which confer arteries with their compliance and recoil properties. Mature
elastin contains approximately 15-20 cross-links per unit, which is essential to both the
elastic properties of the protein and its substantial longevity. Work has shown that <1%
of total body elastin is turned over within a year, with most elastin synthesis taking place
mid-gestation and through the post-natal period, and only limited production occurring

in adulthood™"”.

Collagen is the main structural component of the vascular ECM and is responsible for
imparting strength to the vessel wall. Collagen fibrils consist of a triple helix of three
polypeptide chains. Each chain consists of a series of Gly-X-Y repeats where X is usually
a proline residue, and Y is a 4-hydroxyproline residue’®. This amino acid structure allows
for tight packing of the chains into the triple helix structure, with the X and Y sidechains
on the exterior of the procollagen molecule. Once secreted, the sidechains are
enzymatically cleaved, allowing for the formation of large collagen fibrils'®. In the tunica
media, collagens associate with a range of glycoproteins such as fibrilin-1 and
proteoglycans such as collagen-associated dermatan-sulfate proteoglycans and cell-
associated heparin-sulfate proteoglycans which contribute to vessel elasticity’.
Together, these structural interactions enable collagen to provide both mechanical
strength and elastic support to be aortic wall. This finely tuned ECM architecture is vital
to maintaining blood vessel homeostasis, and its remodelling underlies many forms of

vascular pathology.
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1.8 Extracellular Matrix Remodelling: The Primary Driver of Arterial
Stiffening

Arterial stiffening is a multifactorial process that results in the loss of arterial
compliance. A hallmark of vascular ageing and cardiovascular disease, arterial stiffening
is associated with hypertension and increased shear stress and is a major risk factor for
arange of cardiovascular eventsincluding aortic aneurism and stroke. The loss of arterial
compliance also has systemic implications, with increased strain on the heart leading to

heart failure and organ damage.

The best-characterised aspect of arterial stiffening is the remodelling of the medial ECM
via enzymatic degradation of elastin and increased deposition and posttranslational
modification of collagen. As discussed, elastin has a very low turnover rate in the mature
artery; this allows for the accumulation of age-related changes such as MMP-mediated
degradation, fragmentation, and calcification'®. Work has shown that pulsatile wall
stress causes fragmentation of elastin fibres over the life course'®, alongside the
accumulation of Ca?* on uncharged glycine residues’'. As elastin fibres decay, they lose
their elasticity, and mechanical load bearing is shifted to the stiffer collagen fibres.
Enzyme-mediated degradation of elastin is driven primarily by the elastases MT1-MMP
and MMP-2/7/9/12, as well as serine and cysteine proteases. Protease activity in the
vasculature is regulated by the presence of inhibitors such as TIMPs; however, during
ageing the balance between protease activity and their inhibitors becomes dysregulated,
leading to increased elastolysis'®. Combined, these factors result in increasingly
disorganised, fragmented, and stiffer elastic fibres in the aged vasculature and result in
reduced arterial compliance. The concurrent increase in collagen deposition further
contributes to vascular stiffening. Increased collagen concentrations are observed in all
three layers of the vessel wall during vascular ageing. This results in reduced compliance
as the vessel wall gains tensile strength and loses the ability to deform under pressure.
In addition to increased collagen concentrations, increased collaged glycation has been
shown to increase arterial stiffening with age''®. This non-enzymatic process involves the
covalent binding of reducing sugars, such as glucose, to lysine residues on collagen'?.

As advanced glycation end products accumulate, they form crosslinks, further
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contributing to vessel stiffening’?*. These structural changes in elastin and collagen not
only stiffen the arterial wall but also create a microenvironment where the behaviour of
vascular cells, such as VSMCs, is modulated, leading to the progression of disease and

further stiffening.

Enhanced blood vessel rigidity and ECM remodelling directly alters the behaviour of
medial VSMCs through the mechanosensitive machinery described above. As previously
discussed, VSMC primarily sense changes in ECM stiffness via integrin-based
adhesions, which attach the actin cytoskeleton to ECM components such as collagen
and fibronectin. Work has shown that differential organisation of focal adhesions is a key
mechanism by which mechanical signals are transmitted into VSMCs'®. As focal
adhesion organisation is partially determined by ECM composition'?, this signalling axis
is vital in the VSMC response to matrix remodelling. These mechanically transduced
signals regulate many processes within VSMC, including calcium signalling, cytoskeletal
organisation, contraction, phenotypic state, and migration, thus linking ECM remodelling

and stiffening in the vessel wall to functional changes in VSMCs'?’.

1.9 Smooth Muscle Cell Stiffness Syndrome: A New Perspective in
Vascular Stiffening

The role of ECM remodelling during arterial stiffening is well-established. However, a
growing body of evidence now suggests that alterations in VSMC biomechanics are
crucial contributors to the pathophysiological mechanisms underlying age- and disease-
related arterial stiffening. This phenomenon has been tentatively described as Smooth
Muscle Cell Stiffness Syndrome (SMCSS)'?8. The established dogma states that there are
two primary mechanisms by which intrinsic VSMC stiffening contributes to arterial
stiffening. The first, as outlined previously, is the transdifferentiation of contractile
VSMCs to stiffer osteoblast-like and macrophage-like cells. The second is the extent of

active tone generated by actomyosin-derived contractile forces within VSMCs.
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1.9.1 The Actin Cytoskeleton in Arterial Stiffening

The actin cytoskeleton is a highly dynamic network that plays vital roles in actomyosin
force generation via its interaction with myosin, cell adhesion, and cell signalling
complexes’®. Comprised of globular G-actin monomers which assemble to form F-actin
microfilaments, the actin cytoskeleton exists in a state of flux and can rapidly assemble
and disassemble in response to cell requirements. The extent to which actomyosin-
generated forces contribute to vessel stiffening remains unknown. However, work in
animal models has demonstrated that aortic VSMCs extracted from old monkeys have
significantly higher elastic moduli - the unit of measurement applied to a material’s
resistance to being permanently deformed under stress - compared to younger monkeys
when assessed using atomic force microscopy. The authors demonstrated that this
increased stiffness is correlated with increased expression of genes associated with
contractility, such as a-smooth muscle actin, and adhesion genes, such as integrin f1'3°,
Similar findings have been observed in mouse models where ageing and hypertension
were shown to have an additive effect on VSMC stiffness. In this study, VSMCs extracted
from young hypertensive mice demonstrate a 2-fold increase in relative stiffness when
compared to non-hypertensive controls. However, this effect was even greater in aged
hypertensive mice, where VSMC stiffness underwent a 4-fold increase compared to
young normotensive controls’’. Work in vitro has shown that the actin cytoskeleton is
remodelled in VSMCs exposed to cyclic stretch and that these cells are stiffer when
assessed using AFM'2, Similar findings have shown that cyclic stretching results in
increased protein-protein interactions between focal adhesion-associated proteins
vinculin and paxillin'3, Taken together, these results suggest that the intrinsic
contraction of VSMCs, driven by actomyosin activity and remodelling of the actin

cytoskeleton, plays an important role in arterial stiffening.

1.9.2 The Microtubule Cytoskeleton in Arterial Stiffening

The microtubules are a key component of the cytoskeleton and play roles in a range of
cellular processes, including intracellular transport, cell cycle, migration, maintenance
of cell morphology, and cell contractility’®. They are assembled from a/B-tubulin

heterodimers, which polymerize, in a GTP dependent reaction, to form proto-filaments.
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Approximately 13 proto-filaments combine to form the hollow microtubule structure.
When B-tubulin is in its GTP-bound state, it possesses very high binding affinity for
adjacent tubulin molecules. Shortly after polymerization, GTP is hydrolysed to GDP,
which significantly reduces tubulin binding affinity and promotes depolymerization of the
proto-filament™. This phenomenon is referred to as dynamic instability, whereby
microtubules are always in a state of growth or shrinkage'*. The ability to near-instantly
polymerize and depolymerize allows the microtubule network to constantly remodel in

response to intracellular and extracellular cues.

Microtubules are vital in resisting the contractile forces generated by actomyosin
activity. This phenomenon is described by the tensegrity model of cell dynamics where
microtubules act as compression-bearing struts to exert a protective force'®. This
protective force helps to oppose contraction, maintain cell shape, and protect organelle
integrity'’. Early research demonstrated that pharmacological inhibition of microtubule
polymerization with vinblastine significantly increased Ca? dependant contraction of
vascular smooth muscle in vivo®. Additionally, work conducted using isolated rat aortas
demonstrated that treatment with microtubule destabilisers colcemid and vinblastine
induced greater smooth muscle contractility in a Rho-kinase dependant fashion'®,
Previous work by the Warren lab has shown that pre-treatment with colchicine, a
microtubule destabiliser, induces VSMCs to generate greater traction stress when
treated with Angiotensin Il in vitro. Importantly, total traction stress could be reduced by
treating with paclitaxel, a microtubule stabiliser'*®. These studies suggest that

microtubule stability is a key regulator of VSMC contractility.

Microtubule stability is regulated primarily through post-translation modifications. One
such modification is a-tubulin acetylation, which is associated with enhanced proto-
filament stabilisation™. Microtubule acetylation involves the transfer of an acetyl-
moiety from the acetyl-coenzyme A to lysine 40 of the a-tubulin side chain. This process
is mediated by the activity of acetyltransferase and deacetylase enzymes. One of the first
mammalian acetyltransferases to be identified was ATAT1'%2, Studies in mouse have
shown that knockout of the ATAT1 gene leads to an almost complete loss of embryonic

tubulin acetylation™3. The histone deacetylases (HDACs) are a large family of enzymes
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involved in deacetylation of a range of nuclear and cytosolic proteins. HDACSG, in
particular, has been identified as a cytosolic HDAC that deacetylases a-tubulin and
causes microtubule destabilisation'*. Previous work by the Warren lab has highlighted
the role of HDACG6 activity in the regulation of VSMC contractility. Work in human
fibroblasts has demonstrated that cells expressing acetyl-mimetic a-tubulin mutants
have reduced cellular contractility compared to acetyl-null tubulin mutant cells. The
authors confirmed this finding by treating cells with inhibitors of the actomyosin
machinery, such as blebbistatin. They found that treated cells had increased
microtubule acetylation. Importantly, they also observed that treatment with contractile
promoters resulted in reduced microtubule acetylation™®. The role of microtubule
acetylation in CVDs is yet to be fully elucidated. However, it is clear that enzymes
involved in regulating the acetylation of microtubules play vital roles in the control of
dynamic instability. These enzymes, therefore, represent exciting novel targets for the

treatment of CVD and CVD-related pathophysiologies such as arterial stiffening.

The microtubule cytoskeleton is also involved in regulating, and is regulated by, a range
of intracellular signalling mechanisms. For example, early work found that increased
intracellular Ca?" induces microtubule depolymerisation™®. Subsequent work
demonstrated that this activity is driven by calmodulin and its downstream signalling
pathways'’. Conversely, porcine coronary VSMCs have been shown to have increased
intracellular Ca?* levels in response to treatment with the microtubule destabilising
agent nocodazole'®, These findings suggest that microtubule integration with signalling
networks, such as the Ca?" signalling pathway, is bidirectional and interdependent.
Furthering our understanding of how microtubules contribute to vascular stiffening
through their opposing interactions with actomyosin and interaction with intracellular

signalling pathways will be key in understanding and treating SMCSS.

1.9.3 Aquaporins & VSMC Hypertrophy in Arterial Stiffening

VSMCs regulate their cell volume to maintain their physiological function and
cardiovascular homeostasis. This process occurs in the context of fluctuating

mechanical and osmotic stresses within the blood vessel wall. The two primary
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mechanisms by which VSMC volume is modulated are regulatory volume decrease (RVD)
and regulatory volume increase (RVI). RVD involves the release of osmolytes such as K*
and CLl ions from the cell into the extracellular environment. This is mediated by the
activation of voltage-gated and Ca?*-activated channels as well as volume-regulated
anion channels (VRACs)'. Water then follows the osmolyte gradient out of the cell,
reducing cell volume. On the other hand, RVI is mediated by the activity of co-
transporters such as the Na+/K+/2Cl- cotransporter (NKCC) and the Na+/Cl- symporter
which increase the level of intracellular osmolytes, driving water down the osmotic
gradient into the cell’°. Both processes rely on aquaporins to facilitate transport of water

across the cell membrane.

Aquaporins are ubiquitous transmembrane channels that facilitate osmotic water
transport across membranes™'. The ubiquitous nature of aquaporin expression
highlights the diverse requirements for osmoregulation across all tissues and organ
systems'®?, Aquaporins have been shown to play roles in the regulation of cell volume in
a range of tissues in both health and disease. For example, aquaporin dysregulation in
diseases such as cancer has been shown to contribute to aberrant regulation of cell
volume'®3, Work has also shown that osmotic pressure plays a role in controlling cancer
cell migration via an actomyosin independent mechanism™*. In the vasculature,
endothelial stiffening during inflammation has been associated with swelling of cells in
a mechanism driven by aldosterone signalling and Na* influx's®. The Warren lab has
shown that VSMCs grown on stiff hydrogels have greater volume compared to cells
grown on pliable hydrogels. One possible explanation for this phenomenon is the
increased activity or expression of aquaporin channels in response to enhanced matrix
stiffness. This would facilitate osmotic flow of water into the cells resulting in greater

internal hydrostatic pressure and increased volume.

Aquaporins 1 and 4 are both widely expressed in cells of the cardiovascular system
including VSMCs. Interestingly aquaporin 4 is also highly expressed in skeletal muscle,
suggesting a possible role in contraction®. Investigating the role of aquaporins in this
system, as well as the activity of ion channels such as NKCC, will help elucidate the

wider role of VSMC volume regulation in vascular stiffening.
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1.9.4 DNA Damage in Arterial Stiffening

DNA damage occurs in many forms including single strand breaks, base oxidation and
telomere shortening. In the vasculature, DNA damage and has been identified as a key
causative factor in vessel ageing. As DNA damage accumulates cells become
increasingly senescent, undergo metabolic and signalling changes, and experience
aberrant transcription™’. Interestingly, VSMC senescence is associated with increased
expression and secretion of pro-inflammatory factors’®. Indeed, failure to repair VSMC
DNA damage is associated with atherosclerotic lesion formation'™°. VSMCs from
atherosclerotic plaques have considerably increased activation of DNA repair pathways
alongside increased DNA damage'®. Furthermore, work in vivo has shown that VSMC
specific knockout of the DNA repair endonuclease ERCC1 results in progressive ageing
of the vasculature'’. These findings suggest that DNA damage plays an importantrole in

vascular ageing and the occurrence of CVDs.

As VSMC contractility has been shown to increases on stiffer matrices'’, it is possible
that enhanced ECM stiffness induces DNA damage through increased actomyosin
activity. However, further work is needed to fully understand the causes and implications

of age- and disease-induced DNA damage accumulation in VSMCs.

1.9.5 SMCSS: A New Target for Pharmacological Treatment of CVD?

The concept of cell stiffness syndrome was initially posited to describe stiffening of
endothelial cells in response to vascular inflammation and aberrant mineralocorticoid
signalling’. More recently this disease axis has been expanded to the VSMC to define
the contributions of intrinsic VSMC stiffening to wholesale stiffening of the
vasculature'®. This new paradigm provides a range of novel investigative possibilities.
Deepening our understanding of cytoskeletal and cell-adhesion dynamics will drastically
enhance our overall understanding of how cell contraction contributes to VSMC
stiffening. Of particular interest is the complex interplay between microtubule dynamics
and intracellular signalling pathways such as Ca?* flux. Additionally, elucidating the link

between these axes and the regulation of VSMC volume and DNA damage in cell stiffness
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will facilitate a more comprehensive understanding of SMCSS and contribute to our

understanding of vascular stiffening.

SMCSS is an important concept as it raises the possibility of uncovering novel targets for
pharmacological treatment of CVDs. Microtubules, with their central role in VSMC
stiffening, represent a particularly exciting target for pharmacological intervention. As
essential components of the cell division machinery, microtubules have already been
extensively studied as targets for anti-cancer therapies. Several chemotherapy drugs
which target microtubule dynamics have been approved for use in the clinic. One such
drugis paclitaxel, a microtubule stabiliser which binds tubulin and prevents microtubule
depolymerisation'3. More recently, paclitaxel has been investigated for use in CVDs.
Studies have demonstrated that paclitaxel is protective against ischemia-, stretch- and
cholinergic-induced atrial fibrillation™*. Other microtubule targeting drugs include
Colchicine, a microtubule destabiliser used in the treatment of gout and to reduce the
risk of myocardial infarction'®4. Additional strategies for targeting microtubules in VSMC
stiffening involve targeting post-translational modifications such as acetylation and
tyrosination'*. For example, HDAC inhibitors have been examined in vitro and in vivo as
anti-neoplastic drugs'®. These studies have concentrated on the canonical HDAC
regulation of histone deacetylation. Further work is required to understand the
interaction between HDAC activity and microtubule dynamics in the context of VSMC

stiffening.

In summation, deepening our understanding of SMCSS will enable us to identify the key
molecular mechanisms that drive cell stiffening. By elucidating how cytoskeletal and
adhesome remodelling intersects with signalling pathways, DNA damage and volume
regulation to promote VSMC stiffening, we will be better equipped to develop

pharmacological treatments that address the cell component of vascular stiffening.
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1.10 VSMCs in the Lab

1.10.1 Current Limitations

There are several limitations to current assays used for growing and studying VSMCs in
vitro. Firstly, as discussed, VSMCs are highly mechanosensitive cells, therefore, plating
them on plastic, which is roughly 1000 times stiffer than the healthy aorta, is likely to
substantially alter VSMC behaviour. Previous work has demonstrated that VSMCs
maintained on plastic or glass substrates undergo transition to the synthetic
phenotype'®®. This supports in vivo findings in terms of VSMC response to ECM
remodelling. Additionally, growing VSMCs on rigid substrates precludes any
representative investigation into the role of substrate stiffness on VSMC stiffness and
contractility. Therefore, any study aiming to investigate mechanosensitive pathways in
VSMCs must utilise a system where extracellular substrate stiffness can by modulated

to physiological, or even pathophysiological stiffnesses.

1.10.2 The Polyacrylamide Hydrogel System

This project utilises polyacrylamide hydrogels to study VSMCs (Figure 1.8). This system
is useful as it allows substrate stiffness to be tuned to represent physiological conditions
and therefore more accurately represent the extracellular environment of the VSMC in
vitro. Additionally, hydrogels can be fabricated which replicate the stiffer extracellular
environment observed in aged and diseased blood vessels. This system is therefore
unique in enabling easy comparison between cells grown on healthy and aged/diseased
substrates. Use of the polyacrylamide system confers two distinct advantages. Firstly, it
is relatively cheap and requires little in terms of specialist equipment or training.
Secondly, it allows for the use of common laboratory techniques such as drug screening,

cell staining and confocal microscopy.
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Figure 1.8. The polyacrylamide hydrogel system. This study uses a polyacrylamide hydrogel system.
Cells are seeded onto hydrogels that represent extracellular matrix of either healthy (12 kPa - represented
here as a green hydrogel) or aged/diseased (72 kPa - represented here as a red hydrogel) stiffness. (Figure
generated using biorender: https://biorender.com)

The use of this system also allows for the use of other common molecular biology
techniques. For example, in this study | utilise pharmacological inhibitors of known
mechanosensory pathways, to unpick the signalling pathways involved in VSMC
response to matrix rigidity. This is easy to do using this system as cells are cultured on
hydrogels as normal without any additional steps that would otherwise complicate this
process. The use of hydrogels also allows for relatively easy assessment of cell
parameters through confocal and live cell timelapse microscopy, both of which | utilise

extensively in my investigation.

1.10.3 Overview of Pharmacological Agents Used

The primary methodology used in this project is the targeted inhibition and activation of
intracellular signalling pathways using pharmacological agents. These agents were
chosen due to their ability to perturb key signalling pathways involved in the VSMC

response to matrix rigidity.
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Table 1.1. List of pharmacological compounds used in this study. Shows their molecular target, and

the assay they're used in.

Compound Target Assay
TCAQP1 Aquaporin 1 Cell area/TFM
TGNO020 Aquaporin 4 Cell area
Furosemide NKCC Cell area
STOCK2S 26 Whnk Cell area
Go6983 PKC Cell area
Xestospongin C IPsR Cell area
Dantrolene RyR Cell area
Epothilone B Microtubules (Stabilises) Cell area
Nocodazole Microtubules (Destabilises) | Cell area
A1070722 GSK3 Cell area/TFM
AZD7762 Chk2 Cell area
Ku5933 ATM Cell area
EB47 PARP-1 Cell area
Colchicine Microtubules (Destabilises) | Ca?* flux
Paclitaxel Microtubules (Stabilises) Ca?" flux
MS275 HDAC1 Ca? flux/TFM
Santacruzamate A | HDAC2 Ca? flux
RGFP966 HDAC3 Ca? flux
Tubastatin HDAC6 Ca* flux
GsMTx-4 SACs (piezo, TRP families) Ca?" flux
Yoda1 Piezo1 (Activates) Ca? flux /TFM
Jedi1 Piezo1 (Activates) TFM

Vas 2870 NAPDH-oxidase TFM

These pharmacological agents can be broadly categorised into groups, such as water
transport regulators, cytoskeletal organisers, calcium signalling, and ion transport,

depending on their target.

1.10.3.1lon and Water Transport Regulators

Water and ion transport regulators were used to unpick the effects of matrix rigidity on
VSMC volume response. Volume response is a key element of cell homeostasis and has
been shown to be dysregulated by enhanced matrix rigidity in unpublished work by the

Warren lab.

The water transport regulating compounds used in this study include TCAQP1 and

TGNO020 which blockade the AQP1 and AQP4 channels respectively. The inhibitory
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mechanism of these compounds not fully understood. However, it is believed that direct
blockade of the water channel is a key mechanism. Furthermore, it has been suggested
that TGN020 may induce ubiquitin-proteasome mediated alterations to AQP4 trafficking

and degradation, thus reducing the prevalence of AQP4 at the cell membrane™”.

The NKCC inhibitor, Furosemide was used due to NKCCs role in driving increased
osmolarity through chloride ion flux. Furosemide is known to inhibit the activity of NKCC

by binding to and occluding the Cl binding site'c®.

1.10.3.2 Cytoskeletal Modulators

Cytoskeletal modulators were used due to the role the cytoskeleton plays in both sensing
matrix rigidity and in the mechanical response to changes in matrix stiffness. In this
study, cytoskeletal modulators were used to assess how changes in microtubule
stability altered the cell area and intracellular signalling response to altered matrix

rigidity.

The key cytoskeletal stabilisers used in this study include epothilone B and paclitaxel
which promote microtubule polymerisation through binding to the taxane site on [3-
tubulin. Binding of these compounds causes a conformational change in the M-loop of

B-tubulin which promotes proto-filament formation and inhibits depolymerisation™®.

The microtubule destabilising compounds nocodazole and colchicine were also used.
Colchicine promotes destabilisation of microtubules by binding to the colchicine binding
site of B-tubulin, inducing a conformational change that prevents inclusion of the tubulin
heterodimer into microtubule filaments'®. Similarly, nocodazole promotes
destabilisation of microtubules by binding to B-tubulin and preventing formation of
microtubule protofilaments. Nocodazole has additionally been shown to increase

activity of tubulin GTPase, increasing the rate of microtubule depolymerisation'".

1.10.3.3 Calcium Signalling Modulators
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Several pharmacological modulators of calcium signalling were used. Ca?* signalling
was investigated due its involvement in regulating diverse processes associated with

volume control, matrix rigidity response and microtubule dynamics.

The intracellular Ca?* store release channels, IP;sR and the ryanodine receptor, were
inhibited by treatment with xestospongin C and dantrolene respectively. Xestospongin C
is believed to bind to IP;R, however, the exact mechanisms by which it inhibits IP3
induced Ca? release is not known. The ryanodine receptor inhibitor dantrolene
selectively binds to the RyR1/3 isoforms and inhibits Ca?* release. Dantrolene’s inhibitory
action is believed to involve the activity of the calcium binding protein calmodulin and
favourable Mg?* and ATP conditions, however the exact mechanism in which Ca? release

is prevented has yet to be fully elucidated'”.

Targeted modulation of mechanosensitive cell-surface channels was also conducted
using pharmacological compounds. The piezo1 ion channel was activated using the
small molecule activators jedi1 and yoda1. Yoda1 acts as a molecular wedge, causing a
decoupling of the piezo arm domain from the rest of the channel and promoting
activation in response to sub-threshold stimuli'’®. Jedi1 is an allosteric activator of
piezo1. It binds to extracellular blade-like domains, causing them to become sensitised
to mechanical stimuli and lowering the threshold for channel activation'“. Finally, the
non-specific cation channelinhibitor GSMTx4 was used to inhibit piezo1 activity. GSMTx4
is a compound extracted from the Chilean rose tarantula, it inhibits piezo1 by inducing a
decoupling of the lipid bilayer and the piezo1 channel. This decoupling is believed to be
driven by GSMTx4 binding to the bilayer and the subsequent alteration of the

membrane’s mechanical properties’’>.

1.10.3.4 Kinase Signalling Modulators

Key intracellular kinases were also targeted for pharmacological inhibition. These
kinases were targeted due to their broad roles in downstream signalling from Ca?

machinery and their integration into cytoskeletal processes and mechanotransduction.
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Figure 5.7. Q-Q plot showing distribution of maximum and total traction stress generation from TFM
datasets on pliable hydrogels. Plot shows observed vs predicted distribution with red line representing
1:1 perfect normality. Each point represents an observed value plotted against the expected value in a
normal distribution. Data lying close to the red line is approximately normal whereas deviation from the
line indicates non-normal distribution.
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Figure 5.8. Q-Q plot showing distribution of maximum and total traction stress generation from TFM
datasets on rigid hydrogels. Plot shows observed vs predicted distribution with red line representing 1:1
perfect normality. Each point represents an observed value plotted against the expected value in a normal
distribution. Data lying close to the red line is approximately normal whereas deviation from the line
indicates non-normal distribution.

Visual inspection of these plots suggests that most data sets in these experiments are

normally distributed, but that a small number appearto follow a non-normal distribution.

To statistically confirm this, | conducted a formal assessment of normality for each

experiment, using the Shapiro-Wilk test for normality (Table 5.1).

163



Table 5.2. Normality testing of TFM datasets across A1070722 and MS275 experimental conditions.
Table shows results of normality assessment for maximum and total traction stress in VSMC seeded on 12
and 72 kPa hydrogels, with or without inhibition of GSK3 (A1070722) or HDAC1 (MS275). Normality was
assessed using the Shapiro-Wilk test. “Yes” indicates that the experiment did not significantly deviate from
normality. “No” indicates deviation from normal distribution.

Experiment 1 Experiment 2 Experiment 2
Condition Normally Distributed? | Normally Distributed? | Normally Distributed?

12 kPa Control Max Yes Yes Yes
12 kPa A1070722 Max No Yes Yes
12 kPa MS275 Max Yes Yes Yes
12 kPa Control Total Yes Yes Yes
12 kPa A1070722 Total | No Yes Yes
12 kPa MS275 Total Yes Yes Yes
72 kPa Control Max No Yes Yes
72 kPa A1070722 Max Yes Yes Yes
72 kPa MS275 Max Yes No No

72 kPa Control Total No Yes Yes
72 kPa A1070722 Total | Yes Yes Yes
72 kPa MS275 Total Yes No Yes

5.5.5 Outlier Removal with ROUT

The normality assessments conducted above found that most data sets were normally
distributed but that a small number had non-normal distribution, suggesting the
presence of outliers (Figure 5.7/8, Table 5.1). As outliers can significantly skew mean
values and statistical assessment, | conducted a systematic outlier removal step using
the “robustregression and outlier removal” (ROUT) method available in GraphPad Prism.
The ROUT method works by first calculating a curve which is less influenced by extreme
values. This curve acts as a best fit and the distance of each data point from this robust
curve is calculated. Data points that deviate more than expected are flagged as outliers.
During this step a false discovery rate control (Q) is used to reduce the number of false
positives. Here, | utilised the ROUT method (Q = 1%) to reduce the influence of extreme

values while limiting the probability of incorrectly labelling a data point as an outlier.
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As an example, data points identified as outliers from one A1070722 vs MS275

experiment are plotted below (Figure 5.9).
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Figure 5.9. Data points removed from Ang Il vs A1070722 vs MS275 in TFM experiment 1 by ROUT. Data
points from (A) Maximum traction stress and, (B) Total traction stress. Graphs show all data points from N
= 1. Data points in red were identified as outliers by ROUT method (Q = 1%). (C). Tukey box and whisker plot
showing max traction stress and, (D) total traction stress before outlier removal. (E) Tukey box and whisker
plot showing max traction stress and, (F) total traction stress after outlier removal. Box and whisker graphs
show distribution of values, boxes represent interquartile range, whiskers show 1.5 x |QR.
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Table 5.3. Statistical summary of Ang Il vs A1070722 vs MS275 TFM experiment 1 before and after
outlierremoval. Lists n (no. cells), mean and SEM for each condition and repeat (N = 3). Values highlighted
in red are conditions with at least one outlier.

Condition

Experiment 1

Experiment 2

Experiment 3

12 kPa Ang ll
Max

12 kPa Max
Ang Il
Cleaned

12 kPa Ang
Total

12 kPa Ang ll
Total
Cleaned

72 kPa Ang Il
Max

72 kPa Ang Il
Max Cleaned

72 kPa Ang Il
Total

72 kPa Ang Il
Total
Cleaned

12 kPa
A1070722
Max

12 kPa
A1070722
Max Cleaned

12 kPa
A1070722
Total

12 kPa
A1070722
Total
Cleaned

72 kPa
A1070722
Max

72 kPa
A1070722
Max Cleaned

72 kPa
A1070722
Total

72 kPa
A1070722
Total
Cleaned

Mean
6132

6132

83444419

83444419

15079

1184

82893554

33444244

35768

7995

640582140

127856083

1656

1656

42967154

42967154

SEM
1436

1436

12022408

12022408

11090

361.1

50219360

10365805

27773

66.81

512737110

4761099

179.1

179.1

4885269

4885269

Mean
341.6

341.6

10322736

10322736

1851

1851

36491088

36491088

11515

11515

92557621

92557621

2696

2696

49076705

49076705

SEM
86.25

86.25

2125463

2125463

427.0

427.0

9056426

9056426

2865

2865

29049493

29049493

645.0

645.0

14152877

14152877

Mean
11516

11516

106044070

106044070

2007

2007

53649736

53649736

7657

7657

46963288

46963288

3028

3028

77178466

77178466

SEM
2992

2992

32008030

32008030

295.5

295.5

10663656

10663656

2367

2367

12436878

12436878

1060

1060

37412301

37412301
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12 kPa 5 72359 23950 5 5780 3098 5 5936 2648
MS275 Max
12 kPa 5 72359 23950 5 5780 3098 5 5936 2648
MS275 Max
Cleaned

12 kPa 5 655451759 251750909 | 5 46038446 21493730 |5 80716965 26714137
MS275 Total
12 kPa 5 655451759 251750909 | 5 46038446 21493730 | 5 80716965 26714137
MS275 Total
Cleaned

72 kPa 4 754.9 136.6 4 17967 15762 4 1234 560.4
MS275 Max
72 kPa 4 754.9 136.6 3 2205 44.38 4 1234 560.4
MS275 Max
Cleaned

72 kPa 4 31884979 3805318 4 737374576 664434466 | 4 35964777 4981026
MS275 Total
72 kPa 4 31884979 3805318 3 73098621 20523832 | 4 35964777 4981026
MS275 Total
Cleaned

I then plotted the results of the previous experiment again using the cleaned data sets.
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Figure 5.10. A1070722 and MS275 treatment has no effect on VSMC traction force generation on
pliable hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction stress
generation for Ang Il controls vs MS275 vs A1070722 treated cells on 12 kPa hydrogels. Mean and SEM
displayed. Black dots show means of N = 3 individual experiments. Statistical significance determined with
unpaired T-test.

On 12 kPa hydrogels, | again found that there was no statistically significant difference in
traction stress generation between VSMCs treated with A1070722 or MS275 and co-

treated with Ang Il compared to the Ang Il control when outliers were removed (Figure
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5.10). It appears that MS275 treatment increased the mean maximum and total traction
force generation, however, this finding was driven primarily by a single experiment where

very high values were observed, and the difference was not significant.

| also plotted the experiment on 72 kPa hydrogels with outliers removed.

(A) (B)
ns ns
© © |
- 8
a 4000 Be e o 1%10 ns ns
" i " . 10 |
% 3000 . @ 610 . .
= K3 =
0n iR . 0 6x107 T
C 2000 S hd _i_ T
-% o| T 3 4x107 _‘_
@ i 2 ©
|: 1000 = ': 2%x107 -
x ©
g 0- T T '.6 0- T T
Q> > Q> = S > Q>
& & & & & &
L SR L S
& & @
& ) RN N
v v

Figure 5.11. A1070722 and MS275 treatment have no effect on VSMC traction force generation on rigid
hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction stress generation
forAngll controls vs MS275vs A1070722 treated cells on 72 kPa hydrogels. Mean and SEM displayed. Black
dots show means of N = 3 individual experiments. Statistical significance determined with unpaired T-test.

Onrigid hydrogels, there was a slight increase in traction force generation by cells treated
with A1070722, however, this result was not significant. Likewise, MS275 treatment had
no significant effect on either maximum or total traction force generation compared to

Ang Il control on rigid hydrogels (Figure 5.11).
Following these findings | also reanalysed the results of the original pliable vs rigid

hydrogel experiment, applying the same process of normality checking and outlier

removal as described above.
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Figure 5.12. Reanalysis of the pliable vs rigid TFM experiment with outliers removed. Graphs show (A)
maximum traction stress generation and, (B) total traction stress generation for cells on 12 vs 72 kPa
hydrogels. Mean and SEM displayed. Black dots show means of N = 3 individual experiments. Statistical
significance determined with unpaired T-test.

This reanalysis suggested that maximum and total traction stress generation was
reduced on rigid hydrogels compared to 12 kPa substrates (Figure 5.12). However,
statistical analysis revealed that these results were not significant. Notably, even after
outlier removal, the range of values for the 12 kPa condition remained very broad,
indicating significant variability within the dataset and suggesting that there may be

technical issues with this experiment.

Having established that outliers were present in some data sets, | applied the ROUT
method (Q = 1%) to all subsequent analyses. Unless otherwise stated, the results
presented in the remainder of this chapter reflect data sets with outliers removed.
Additionally, due to the high variability of some data sets, homogeneity of variances was
assessed for each data set using the Brown-Forsythe test. Where variance was found to

be unequal, Welch’s correction was applied to T-tests.

5.5.6 AQP1 blockade has no impact on VSMC traction stress generation

Inthe first chapter | demonstrated that AQP1 blockade with TCAQP1 induces areduction
in VSMC area in a concentration dependent fashion. To determine whether this result
was driven by increased traction force generation | performed TFM on VSMCs treated

with TCAQP1.
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Cells were first seeded on 12 kPa hydrogels and treated with TCAQP1 (100 nM). TFM was

conducted as previously described.
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Figure 5.13. AQP1 blockade has no effect on VSMC traction force generation on pliable hydrogels.
Graphs show (A) maximum traction stress generation and, (B) total traction stress generation for Ang Il
controls vs TCAQP1 treated cells on 12 kPa hydrogels. Mean and SEM displayed. Black dots show means
of N = 3 individual experiments. Statistical significance determined with unpaired T-test.

Analysis of these data provided contradictory results. TCAQP1 appeared to decrease
maximum VSMC traction stress generation, while total traction stress appeared to be
slightly increased compared to the Ang Il control (Figure 5.13). However, statistical
analysis showed that neither of these results were significant. Again, substantial
variation was observed in both conditions, highlighting the possibility of technicalissues

with this experiment.

Next, this experiment was repeated on rigid hydrogels.

171



(A) (B)

© _ ns ©
&80000 g_, 8x%108 - s
2 y 2
@ 60000 - @O 6x108-
& &
c 40000 - C 4x108
.
© 20000 - © 2x108-
= = T
S |—$—| S ¢
0- -+ 0-
= o !
N S = N Q2
v h v R
N N
V'OQ VOQ
N\ <L

Figure 5.14. AQP1 blockade has no effect on VSMC traction force generation on rigid hydrogels.
Graphs show (A) maximum traction stress generation and, (B) total traction stress generation for Ang Il
controls vs TCAQP1 treated cells on 72 kPa hydrogels. Mean and SEM displayed. Black dots show means
of N = 3 individual experiments. Statistical significance determined with unpaired T-test.

On rigid hydrogels blockade of AQP1 appeared to substantially reduce both maximum
and total traction stress generation compared to Ang Il controls (Figure 5.14). However,
analysis revealed that these results were not statistically significant. Notably, the Ang Il
control condition had a broad range of data, indicating underlying variability, and

suggesting a more general issue with the dataset.

5.5.7 Activation of piezo 1 appears to have diverse effects of VSMC traction stress
generation

In the previous chapters | demonstrated that activation of piezo1 increases Ca?" flux in
VSMCs on both pliable and rigid substrates. To assess whether this increased Ca?* flux
has downstream effects on traction force generation | conducted TFM with the Piezo1

activators yoda1l and jedi1.

VSMCs were first seeded on 12 kPa hydrogels and treated with yoda1 (1 uM) and jedi1 (1

MM). TFM was carried out as previously described.
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Figure 5.15. Piezo1 activation with Yoda1 or Piezo1 appears to reduce traction stress generation on
pliable hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction stress
generation for Ang Il controls vs jedi1 vs yoda1 treated cells on 12 kPa hydrogels. Mean and SEM displayed.
Black dots show individual cells (n) from N = 1 experiments. No statistical analysis performed.

Analysis of this data suggested that activation of piezo1 channels with either yoda1 or
jedi1 resulted in reduced traction stress generation by VSMCs seeded on pliable
hydrogels. Yoda1 induced the greatest reduction in both maximum and total traction

stress generation (Figure 5.15).

Next, this experiment was repeated on rigid hydrogels.
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Figure 5.16. Piezo1 activation with Yoda1 or Piezo1 appears to have diverse effects on traction stress
generation onrigid hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction
stress generation for Ang Il controls vs jedi1 vs yodal treated cells on 72 kPa hydrogels. Mean and SEM
displayed. Black dots show individual cells (n) from N = 1 experiments. No statistical analysis performed.

On rigid hydrogels, jedi1 treatment appeared to induce a slight increase in maximum
traction stress generation compared to the Ang Il control, whereas yodal treatment
induced no noticeable change. However, total traction stress generation was notably
increased by yoda1 treatment compared to Ang Il controls but remained unchanged by
jedi1 treatment (Figure 5.16). No statistical analysis was carried out on this N = 1

experiment. Further repeats will be required to confirm these preliminary findings.

5.5.8 NAPDH-oxidase (NOX) inhibition has no effect on VSMC traction stress
generation

I next investigated the effect of inhibiting NAPDH-oxidase (NOX) on VSMC traction stress
generation. NOX is an important multi-subunit enzyme complex that generates ROS
such as superoxide anion (Oy). In combination with NAPDH, NOX maintains the redox
balance within cells, regulating processes such as inflammation and cell signalling. In
the vasculature, NOX and ROS-mediated processes have been associated with Ca**
signalling regulation, myogenic tone regulation and expression of genes such as a-SMA
and E-cadherin?®®, To assess whether NOX plays a role in VSMC traction force generation

| conducted TFM on cells treated with the NAPDH-oxidase inhibitor Vas 2870.
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VSMCs were first seeded on 12 kPa hydrogels and treated with Vas 2870 (100 uM). TFM

was conducted as previously described.
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Figure 5.17. NOX inhibition with Vas 2970 has no effect on VSMC traction stress generation on pliable
hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction stress generation
for Angll controls vs Vas 2870 treated cells on 12 kPa hydrogels. Mean and SEM displayed. Black dots show
means of N = 3 individual experiments. Statistical significance determined with unpaired T-test.

Analysis of these data suggest that Vas 2870 treatment notably reduced maximum and
total traction stress generation by VSMCs on pliable hydrogels. However, these results

were found to be non-significant (Figure 5.17).

Next, this experiment was repeated on rigid hydrogels.
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Figure 5.18. NOX inhibition with Vas 2970 has no effect on VSMC traction stress generation on rigid
hydrogels. Graphs show (A) maximum traction stress generation and, (B) total traction stress generation
for Angll controls vs Vas 2870 treated cells on 72 kPa hydrogels. Mean and SEM displayed. Black dots show
means of N = 3 individual experiments. Statistical significance determined with unpaired T-test.

Analysis of these results revealed a similar trend, where treatment with Vas 2870
appeared to reduce maximum and total traction stress generation by VSMCs, however,

this result was again found to be non-significant (Figure 5.18).

5.5.9 Confinement in vitro appears to influence VSMC area and volume

I next examined the effect of confinement on VSMC area and volume when treated with
Ang Il. This experiment allows for examination of VSMC behaviour while mimicking the
restricted microenvironment of VSMCs in vivo. This is particularly interesting in the
context of vascular stiffening in disease, where the mechanical forces exerted on

VSMCs, such as confinement, are dysregulated.

Here, VSMCs were treated with either TCAQP1, an AQP1 inhibitor, or A1070722, a GSK3

inhibitor, and co-treated with Ang Il. These compounds were picked due to their

previously demonstrated role in regulating cell area in chapter 3.
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To conduct this assay, VSMCs were seeded onto glass-bottomed 6-well plates. Cells
were confined with the CSOW 620 static confiner as previously described and treated

with TCAQP1 (100 nM) or A1070722 (1 nM) before co-treatment with Ang Il (10 uM).
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Figure 5.19. Confinement appears to have diverse effects on VSMC area/volume response. Graphs
show (A) cell area and, (B) cell volume of VSMCs treated with Ang Il vs TCAQP1 vs A1070722 and confined
with 5 nm and 20 nm confinement slides. Mean and SEM displayed. Black dots show individual cells (n)
from N = 1 experiments. No statistical analysis performed.

Analysis of these results appeared to suggest that cell area is slightly decreased under
high confinement (5 nm) conditions compared to under less confined (20 nm) conditions.
There appeared to be very little difference in cell area of VSMCs treated with TCAQP1 or
A1070722 when compared to the Ang Il control for either high or low confinement
conditions (Figure 5.19A). A similar trend was observed in cell volume. VSMC volume
appeared to be slightly decreased under high confinement conditions compared to low
confinement conditions (Figure 5.19B). Under high confinement conditions, TCAQP1
treated cells appeared to have a larger volume compared to the Ang Il control and
A1070722 treated cells. However, no statistical analysis was carried out on this N = 1

experiment. Further repeats are required to validate these preliminary findings.

5.6 Discussion

In this chapter | have examined the downstream effects of VSMC response to enhanced
matrix rigidity. | first examined whether the pro-stiffening pathways observed in the
previous chapters (eg. AQP1, GSK3, HDAC1, Piezo1 and NOX) effect traction stress

generation in VSMCs seeded on both pliable and rigid matrices. | then briefly examined
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the effects of mechanical confinement on VSMC area and volume. These data suggest
that matrix rigidity alone had no significant effect on traction force generation.
Additionally, inhibition of AQP1, GSK3, HDAC1 and NOX produced no significant change
intraction stress generation. However, these results appeared highly variable, even after
outlier removal, indicating potential technical issues with these experiments. Piezo1
activation appeared to produce variable responses depending on the drug treatment,
with some indication of increased traction stress generation in some conditions.
Confinement data indicted a trend towards reduced cell area and volume in high
confinement conditions. However, these results were only pilot data (N = 1) and will

require further repeats to validate the findings.

The finding that matrix rigidity alone did not affect VSMC traction stress generation is
surprising. It is especially surprising that the data appeared to trend towards decreased
traction stress generation on rigid hydrogels despite the lack of statistical significance. |
have previously shown that matrix rigidity modulates VSMC area response and Ca?" flux
in a stiffness dependent fashion. Previous work in endothelial cells has shown that
traction force, as assessed by TFM, and cell area are increased with enhanced substrate
stiffness?®. Furthermore, work in fibroblasts has shown that peak and total traction force
is increased by increased matrix stiffness?'. Both groups linked these observations to
increased contractility of their cells in vitro. The Warren lab has previously linked
increased VSMC contractility to the dysfunctional hypertrophy-like response observedin
cells seeded on rigid hydrogels. This finding therefore appears to refute the established
literature, and our own previous findings. Firstly, assuming the results of this experiment
are accurate, itis possible that VSMCs are able to maintain their contractile homeostasis
under conditions of enhanced matrix rigidity. Furthermore, it is possible that enhanced
matrix rigidity, such as that simulated by our 72 kPa hydrogel, causes usually contractile
VSMCs to dedifferentiate into a less contractile phenotype. As outlined in the
introduction to this thesis, the phenotypic plasticity of VSMCs in response to
extracellular cues is well-established?®2. Additionally, it is possible that TFM may not
capture the subtler aspects of tone regulation in VSMCs. VSMC contraction drives subtle
changes in isometric tone, in contrast to the wholescale isotonic contraction of skeletal

muscle cells. Itis possible that the experiments conducted here were not of high enough
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resolution to measure subtle differences in VSMC contraction on rigid compared to

pliable hydrogels.

It is also surprising that targeted inhibition of previously identified VSMC stiffening
pathway components didn’t translate into measurable changes in traction stress
generation. Of these inhibitors, | have directly linked TCAQP1 (AQP1) and A1070722
(GSK3) to VSMC area control. The results presented here suggest that this area controlis
not directly linked to changes in traction force generation. We know that VSMCs have
multiple overlapping signalling pathways that regulate smooth muscle contractility?®. It
is possible therefore that VSMCs possess compensatory signalling pathways that help
to maintain contractile homeostasis when key sighalling pathways are inhibited. This
redundancy may enable VSMCs to maintain continuous levels of contractile activity
when core signalling pathways are inhibited and between pliable and rigid substrates.
This may explain why inhibiting these signalling pathways didn’t induce statistically

significant changes in traction stress generation.

Activation of piezo1 appeared to induce a notable, but not statistically significant,
reductionin traction stress generation on pliable hydrogels. | have previously shown that
activation of piezo1 induces a significant increase in intracellular Ca?" levelsin VSMCs
seeded on both pliable and rigid hydrogels. The contractile machinery of VSMCs is
intrinsically linked to Ca?* flux, it is therefore surprising that influx of Ca?" appeared to
reduce traction stress generation in this experiment. Additionally, on rigid substrate, the
finding thatyoda1 increased total traction stress, and Jedi1 increased maximum traction
stress, further highlights the role of piezo1 in stiffness-dependent contractile response.
Further repeats of this experiment will need to be carried out before any firm conclusions
can be drawn from these data. However, the literature, and my findings, support a highly
dynamic role for piezo1 in VSMC contractility. Work has shown that traction forces drive
piezo1 localisation to focal adhesions and induces localised Ca?*" flickers?®.
Furthermore, a group working with macrophages has shown that piezo1 activation is
modulated by matrix stiffness?®. Together, these results suggest that piezo1 acts as
stiffness-dependent mechanosensorin VSMCs, however, additional experiments will be

required to determine the significance of this response.
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Having examined the effects of matrix rigidity on traction force generation, | next
examined the impact of physical confinement on VSMC morphology. My key finding that
confinement at 5 nm (high confinement) appeared to induce a slight reduction in both
cell area and volume is as expected. Previous work has shown that VSMCs seeded in
tightly confined microchannels exhibit a highly contractile phenotype with increased
expression of SMC specific genes?®’. | have previously shown that AQP1 blockade
reduces VSMC area on both pliable and rigid substrates. Therefore, the finding that AQP1
blockade appeared to slightly increase cell area in high confinement conditions
compared to Ang Il controls is interesting. Previous work by the Warren lab has shown
that AQP1 regulation is closely linked to extracellular cues. For example, we have
previously shown that enhanced matrix rigidity causes AQP localisation to the plasma
membrane. It is possible that under high-confinement conditions normal osmotic
regulation becomes uncoupled from AQP1 activity, leading to impaired osmotic balance.
However, we cannot draw firm conclusions from the N = 1 data, and further work is
required to fully understand the effects of spatial confinement on VSMC area/volume

response.

Itis clear from the data presented here that several of the TFM datasets have significant
limitations. Firstly, the spread of data appears to be very broad in most data sets. This is
especially prevalent in 12 kPa conditions. Attempts to limit the statistical impact of this
variance through application of outlier removal with the ROUT method, while justifiable
from a data hygiene perspective, do not remove underlying noise in the datasets.
Furthermore, the nature of these experiments mean that the number of cells (n) for each
condition is relatively low, limiting statistical power. Furthermore, as previously
discussed, the application of TFM in this context may not allow for sufficiently high
resolution to observe the micro-adjustments of VSMC contractility. This phenomenon
has been previously reported on?. It may therefore be useful to design an experiment
with higher resolution. For example, atomic force microscopy (AFM) could be used to
examine local tension at the membrane in VSMCs on substrates of different stiffnesses.
Finally, it is worth noting the heterogenous nature of primary cell cultures such as the

VSMCs used here. As these experiments were carried out over a relatively short time
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span, utilising the same cell lines, it is possible that these cells were in some way
abnormal (differences in phenotype, passage history, proliferative state etc). These so
called ‘batch effects’ may have contributed to the unexpected and highly noisy results

presented here.

As discussed above, the data presented in this chapter are highly variable, limiting the
strength of any conclusions. However, if taken at face value, these results suggest that
VSMC contractility, as measured by traction stress, may not be a key contributor to
VSMCSS and vascular stiffening. Taken together, the Warren lab’s previous findings, and
the results | have presented in this thesis, suggest that this non-hypercontraction driven
model involves remodelling of signalling pathways such as Ca?*, and structural
reorganisation of cytoskeletal networks, and aquaporin expression and localisation
dynamics. This model repositions VSMC stiffening as a disorder involving intrinsic

stiffening driven by cytoskeletal remodelling, phenotypic plasticity and osmotic balance.

5.6.1 Summary and Limitations

In conclusion, this chapter has examined downstream effects of VSMC response to
enhanced matrix rigidity. Overall, TFM experiments showed no significant difference
between pliable and rigid matrix or between control and inhibitor-treated cells on
traction stress generation, although preliminary trends were observed for piezo1
activation and confinement experiments. These data sets were highly variable, and
despite the application of rigorous normality testing and outlier removal steps, remained
highly limited. However, despite limited statistical power, these results suggest that
VSMC contraction is not the main driver of VSMC stiffening and that changes in cell
signalling, phenotypic plasticity and cell morphology drive this dysfunction. Going
forward, refined experimental approaches and new models will be needed to validate

these findings.
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Chapter 6: Discussion and
Conclusion
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Overall, this thesis has examined the signalling pathways and mechanisms by which
VSMCs respond to enhanced matrix rigidity. This is a significant field of research as
stiffening of the major arteries, such as the aorta, is a major component of
cardiovascular disease such as atherosclerosis, and is an important risk factor for
cardiovascular events such as stroke and aneurism. My main aim therefore was to
identify the key signalling pathways and mechanisms by which VSMCs contribute to
arterial stiffening. To do this, | have investigated VSMC response to enhanced matrix
rigidity through the lens of “smooth muscle cell stiffness syndrome”. This syndrome
posits that the SMC contribution to tissue stiffening results from altered mechanical and
adhesive properties of SMCs. In VSMCs these properties include increased stiffening of
the cortical cytoskeleton and increased adhesion to ECM proteins such as fibronectin'?®,
To achieve this aim, | utilised a hydrogel-based assay previously developed by the Warren
group?’. This assay utilises hydrogels of tuneable stiffnesses, which can be adhered to
30 mm coverslips and used in conjunction with 6-well plates for cell culture. We use
hydrogels of 12 kPa, which possess a stiffness equivalent to a healthy blood vessel, and
72 kPa, which are roughly equivalent to the stiffness of an aged or early-stage diseased

blood vessel.

In chapter 3, | used this assay in conjunction with immunofluorescence microscopy to
conduct concentration response screens on several inhibitors of key VSMC signalling
pathways. Previous work by the Warren lab has found that VSMCs seeded on rigid
hydrogels undergo a dysfunctional hypertrophy-like response. | therefore conducted
targeted screens focused on inhibiting pathways involved in volume regulation, calcium
handling, microtubule dynamics and key cell-signalling protein kinases. By assessing
cell area, | identified key pathways involved in VSMC response to enhanced matrix
stiffening. My key findings from this chapter are that aquaporins, Ca®" handling and
microtubules all play important roles in the VSMC response to enhanced matrix rigidity.
Specifically, | found that inhibition of aquaporins induced a reduction in cell area onrigid
matrix, as did inhibition of calcium store channels IP;R and RyR. Interestingly, | found
that microtubule stabilising agent epothilone B induced a reduction in cell area on rigid
matrix, and that microtubule destabilising agent nocodazole caused a contrasting

increase in VSMC area on pliable matrix.
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In chapter 4, | developed the findings of the first chapter by examining changes in Ca*
flux in response to co-treatment of VSMCs with Ang Il and compounds that target Ca®*
handling pathways. This allowed me to identify pathways involved in stiffness-dependent
regulation of Ca?" handling in VSMCs. To achieve this, | used Fluo-4, a cell-permeable
calcium indicator which can be used to measure Ca?* concentrations inside living cells.
My key findings from this chapter are that enhanced matrix rigidity induces a wholescale
remodelling of calcium dynamics in VSMC treated with Ang IlI, with significantly
increased cytosolic Ca?* concentrations observed on 72 kPa hydrogels. Furthermore, |
found that microtubule stabilisation with paclitaxel caused a significant increase in Ca**
flux in VSMCs on pliable hydrogels, and a significant reduction in Ca?* fluxin cells onrigid
hydrogels. Importantly, | found that inhibition of mechanosensitive ion channels such as
piezo 1 prevented the increase of intracellular Ca?* concentration in VSMCs on rigid
hydrogels. Additionally, | found that activation of piezo1 induced significantly increased

Ca?* flux on both pliable and rigid hydrogels.

In the final results chapter, | examined the downstream effects of the VSMC response to
matrix rigidity such as contractility. To achieve this, | used TFM in conjunction with our
polyacrylamide hydrogel assay. TFM is a microscopy technique used to examine the
traction forces exerted by cells on their extracellular matrix. TFM works by inserting
fluorescently labelled beads into the extracellular substrate. When cells contract, they
exert deformational forces on the matrix which causes the embedded beads to move.
This bead movement can be tracked to generate a displacement field. The TFM results
presented in this thesis are highly variable, which, despite the application of rigorous
data quality control steps, precludes drawing any firm conclusions. However, taken at
face value, the key finding of this chapter is that vascular stiffening is not primarily driven
by VSMC hyper-contractility. | additionally conducted preliminary work utilising a cell-
confinement device to examine the effect of restricted microenvironments on VSMC
behaviour. My main finding here is that VSMCs under high confinement conditions
appear to have reduced area and volume compared to cells under moderate

confinement conditions.
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Overall, the main findings from this work are that VSMC response to enhanced matrix

rigidity involves several complementary pathways, that calcium flux drives this matrix

dependent response, and that SMCSS is not a dysfunction of hyper-contractility.

6.1 VSMC response to enhanced matrix rigidity involves several
complementary pathways

One of the key takeaways from my first chapter is the diversity of pathways involved in

regulation of VSMC area response to enhanced matrix rigidity (Table 6.1).

Table 6.1. Table showing compounds used in chapter 3. Shows their molecular target, their effect on
VSMC area on pliable and rigid hydrogels, and their cell area range at lowest and highest concentration.

Area Response Cell Area Range (um?)
Drug Target 12 kPa 72 kPa 12kPa 72kPa
TCAQP1 Aquaporin 1 Reduced Reduced | 2907-1220 2761-1188
TGNO020 Aquaporin 4 No Reduced | 1756-1506 2182-1369
change
Furosemide NKCC N/A No N/A 6021-5633
change
STOCK2S 26 Wnk N/A No N/A 6762-5719
Change
Go06983 PKC N/A Reduced N/A 6957-4668
Xestospongin C | IP;R Increased Reduced | 2970-4612 4658-2727
Dantrolene RyR Increased Reduced | 1966-5126 5010-1864
Epothilone B MTs No Reduced | 2742-2963 5089-2753
(Stabilises) change
Nocodazole MTs Increased No 2820-4430 4271-4409
(Destabilises) change
A1070722 GSK3 No Reduced | 4186-3362 5708-3873
change
AZD7762 Chk2 No Reduced | 3274-3012 5232-3275
change
Ku55933 ATM No Reduced | 3347-3571 5189-3868
change
EB47 PARP-1 No Reduced | 3693-3133 6528-3557
change

The table above shows that many of the pathways involved in VSMC response to
enhanced matrix rigidity are membrane channels and cytoskeletal regulators. One of the
key findings of this chapter is the role of aquaporin water channels in VSMC
morphological response. As the primary facilitators of osmosis across the plasma

membrane, aquaporins are key regulators of cell area/volume in many cell types. Here, |
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