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Abstract 

We find ourselves in an increasingly ageing population and this has brought about an increase 

in the prevalence of age-related diseases. Cardiovascular disease (CVD) is the deadliest age-

related disease in the world. The aorta is the largest artery in the body and carries oxygenated 

blood from the heart to the rest of the body. It changes shape in response to blood pressure 

to maintain a hydrostatic pressure reservoir and ensure there is enough pressure to move the 

blood around the entire body. This ability to change in shape is called compliance. Compliance 

is facilitated by the composition of the extracellular matrix (ECM), elastin provides the ability 

to stretch and recoil and collagen provides strength to prevent the aorta from over-stretching. 

However, as we age, the aorta undergoes ECM remodelling which increases aortic wall 

stiffness and reduces its compliance. Vascular smooth muscle cells (VSMCs) are the 

predominant cell type in the aortic wall, they sense increased aortic wall stiffness and further 

accelerate aortic dysfunction. Proteins are a critical component of all cell types, they are 

responsible for almost all cellular functions including regulating cell structure and support, 

metabolism, transport within cells and cell signalling. Proteins can be post-translationally 

modified (PTM), this is the process of chemical changes in the proteins that occur alter protein 

modification. This can result in changes to the protein structure and function. 

This study aims to identify key post-translational modifications involved in both matrix stiffness 

response and ageing. This was achieved by growing VSMCs on 2, 12 and 72 kPa hydrogels 

to model matrix stiffness and using passage 8 versus passage 16 to model ageing. 

Additionally, to mimic ageing in cells an SiRNA knockdown of FACE1, which converts pre-

lamin A into lamin A was carried out to mimic the pre-lamin A accumulation that occurs in 

ageing.  Key genes upregulated in matrix stiffness response were chosen and validated in 

VSMCs, these genes were chosen as they were upregulated by matrix stiffness in a published 

bulk mRNA dataset of human aortic VSMCs. These were NAT10, CHEK2, ANXA3 and 

PDLIM1. Western blot analysis of these genes in cultured human aortic VSMCs showed that 

there was a significant increase in NAT10 and PDLIM protein levels in response to increased 

stiffness. ANXa3 and Chk2 also trended towards upregulation in response to stiffness 

increases. NAT10 and Chk2 were also upregulated in aged VSMCs. 

Microtubules can withstand the mechanical pressures exerted on the aorta and provide 

mechanical support to VSMCs. They are post-translationally modified to increase stability 

enhancing their ability to withstand pressure changes. Microtubules are made of an alpha and 

beta heterodimer, and these can be acetylated to increase stability. Total and acetylated 

alpha-tubulin were investigated in both 12 vs 72 kPa hydrogels to observe stiffness response 

changes and ageing through passage 8 vs passage 16 cells. There was no change in 

acetylation levels in stiffness response or ageing. Additionally, the microtubule stabilising 

protein Tau was investigated in mimicked ageing and there were no observed changes in Tau 
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phosphorylation levels. Finally, modifications of H3K9 were investigated. These were 

investigated due to their involvement in regulating inflammation-specific response genes 

which respond to MMPs that are involved in the remodelling of the ECM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

 

1.1 Cardiovascular disease 

 

Cardiovascular disease (CVD) is a group of deadly and prevalent diseases, being the second 

biggest cause of death in the UK.  Due to the prevalence of CVD, it puts a strain on the health-

care systems of the world. CVD is an umbrella term and encompasses several vascular-

related diseases including coronary heart disease, peripheral arterial disease, stroke and 

vascular dementia. Coronary heart disease is the deadliest form of CVD, it is responsible for 

11% of deaths in people under 75 in the UK. Most CVDs have common risk 

factors which include age, obesity, diabetes, hypertension and a genetic 

predisposition. Furthermore, lifestyle factors such as diet, alcohol intake and smoking play 

an important role in both the prevalence and prognosis of CVD in patients. Age is often 

identified as a major risk factor for developing CVD 1. There are several treatments for 

CVD including the use of drugs including statins, beta-blockers and angiotensin-converting 

inhibitors. However, other approaches such as education on lifestyle choices and the impacts 

of smoking and dieting are often a more suitable approach to treating CVD. 
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1.2 The Aorta 

 

The aorta is a critical component of the cardiovascular system, it is responsible for carrying 

oxygenated blood from the heart into the surrounding vasculature and organs. The aorta is 

comprised of 3 layers. The outermost layer is called the tunica adventitia, the middle layer is 

the tunica media, and the inner layer is the tunica intima. The tunica adventitia and media are 

the load-bearing layers of the aorta, the adventitia consist of layered collagen fibres to provide 

strength to the aorta 2. The media is made up of vascular smooth muscle cells (VSMC), elastin, 

and collagen fibres. Finally, the tunica intima is the thinnest layer and is made of a single layer 

of endothelial cells 3. Each layer of the aorta has an elastin lamina between to provide further 

elastic properties to the aorta, as shown in (Figure 1). The aorta can dilate and constrict in 

response to changes in blood pressure, VSMCs found in the tunica media of the aortic wall 

are mechanosensitive. This change in shape is done to maintain a hydrostatic pressure 

reservoir to ensure there is enough pressure to move the blood around the entire body 4. This 

means that as blood pressure increases and the aortic wall stretches, the mechanosensitive 

VSMCs sense the increased pressure and contract to compensate 5. Extracellular matrix 

(ECM) components such as elastin and collagen play a key role in healthy aortic function. 

Elastin enables the aorta to stretch and recoil through the cardiac cycle. Blood pressure 

increases in the aorta are caused by the heart. 

 

 

 

 

 

 

 

 

 

 

Figure 1. 

The 3 main layers and components of each layer of the aortic wall. The outer tunica 

adventitia, containing the majority of the aorta’s collagen content. The middle tunica 

media is the largest layer of the aorta, it is separated from the adventitia by a layer of 

elastic lamina. The media is constituted of smooth muscle cells, elastin fibres and the 

vasa vasorum which provides blood and nutrients to the SMCs. Finally, the tunica 

intima is the inner most layer of the aorta and contains an elastic lamina and a single 

layer of endothelia cells.  

(Figure sourced from;6). 
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As the aorta dilates in response to blood pressure increase, caused by ventricular systole, this 

forces blood into the aorta and causes a temporary increase in aortic hydrostatic pressure. 

The elastin extends and the VSMCs relax to change the shape of the aorta and increase the 

size of the lumen to compensate for the pressure increase (Figure 2). Then during diastole, 

the elastin recoils and VSMCs contact to return the aorta to its resting state shape forcing the 

blood through the aorta and into the surrounding vasculature, allowing continued blood flow 

through the aorta 7. This process is a continued pulsative flow of blood as is often referred to 

as the Windkessel function.  

 

Collagen is present in the aortic wall to provide strength between cells and to allow the aorta 

to withstand pressure increases. Collagen provides mechanical strength and structure but also 

tensile strength and stiffness 8. The ability of the aorta to change shape in response to blood 

pressure is called compliance, and it is an essential process in the body. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 

Aortic compliance is the ability of the aorta to change shape in response to blood pressure 

increases caused by ventricular diastole. As the aortic valves open, blood rushes in and 

the aorta expands in diameter to allow the blood to enter, this is aortic systole. It then recoils 

forcing the blood to rush out of the aorta into the peripheral vasculature returning to its 

original shape, this is diastole. However, in a non-compliant aorta, there is no change in 

shape during systole or diastole in the aorta. 

(Figure sourced from;9). 
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Without the function to change shape and increased lumen size, the increases in pressure 

would be potentially damaging to the aortic wall and could lead to aortic dissection. However, 

due to the high levels of elastin which allow the aorta to stretch and collagen for strength, the 

aorta is able to expand to allow blood to enter the aorta and reduce the hydrostatic pressure 

and then recoil to expel the blood further through the vasculature 10. 

 

1.3 Arterial stiffening  

 

During ageing, many processes occur which affect the compliance of the aorta, this process 

is known as arterial stiffening. One of the major risk factors that arise from ageing is the 

degradation of elastin in the aortic wall. Matrix metalloprotease (MMP) expression increases 

with age. Specifically, MMP-2, MMP-3, MMP-7, MMP-9 and MMP-12 are known to degrade 

elastin and its pre-cursor tropoelastin. MMPs cleave specific sites in elastin causing the fibres 

to fragment and become non-functional (11). Expression of Tissue inhibitors of MMPs (TIMPs) 

is also reduced during ageing, this prevents them from binding to and inhibiting MMPs, thus 

aiding in elastin degradation 12. Collagen remodelling occurs during ageing, in a healthy aorta, 

collagen is thin, wavy and sporadic in arrangement. However, during ageing, the 

collagen fibres, become thick and linear in arrangement 13 . The change in collagen structure, 

in addition to increased elastin degradation, can result in the aortic wall becoming stiffer and 

less compliant 14. Collagen crosslinking increases with age, this occurs through the increased 

production of key amino acids required for crosslinking which include histidinoalanine, 

pentosidine, isodesmosine and pyridinoline 15. Crosslinking also can be caused by the 

accumulation of produced by glycation and oxidation of sugars and amino groups. Both of 

these cause bridges to form between collagen fibres and crosslinks to form 16. The increase 

in collagen content and crosslinking between fibres increases the stiffness of the aorta and 

contributes to the risk of age-related diseases. 

 

These changes often occur through post-translational modification (PTM) of key proteins and 

components of the aorta, these modifications can include acetylation, phosphorylation, 

methylation and more. Within the aorta, PTMs can occur in the microtubules, elastin, collagen 

type I and many more key components 17. Furthermore, as the aorta ages the three tunica 

layers thicken, most significantly the tunica intima thickens and becomes load-bearing. This is 

often associated with atherosclerosis. 

All of these factors contribute to the reduction in compliance of the aorta, inhibiting the ability 

to change shape as effectively in response to changes in pressure, resulting in increased 

stress on the aorta and increased risk of cardiac events 18.  
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1.4 Vascular Smooth Muscle cell function and phenotype  

 

Vascular smooth muscle cells (VSMC) are a highly contractile cell type found in a quiescent 

state in the healthy aortic wall. VSMCs are found in a healthy contractile (differentiated) or a 

diseased synthetic (dedifferentiated) phenotype 19 (Figure 3). Contractile phenotype VSMCs 

have highly contractile properties and reduced proliferative and migrative activity in these cells. 

Whereas synthetic VSMCs are hypertrophic, highly proliferative and migratory 20. VSMCs 

exhibit their highly contractile function due to the expression of key genes including calponin 

(CNN1), smooth muscle myosin heavy chain and smooth muscle actin 21. Actin and myosin in 

the VSMCs interact to generate actomyosin forces in the cells. 

 

 

 

 

VSMCs are mechanosensitive cells and can detect changes such as pressure, stretch and 

force 22. This is important for regulating the diameter of the aorta’s lumen, VSMCs can contract 

and relax to aid in the process of dilation and constriction of the lumen in direct response to 

the blood pressure changes 23. Furthermore, VSMCs can maintain the vascular tone of the 

aorta, through the generation of actomyosin-derived forces to regulate the contractile activity 

of the aorta 24. Actomyosin-derived forces are generated from the interactions of α-smooth 

muscle actin (αSMA) and smooth muscle-myosin heavy chain (SM-MyHC). These interactions 

Figure 3.  

VSMCs undergo phenotypic switching in response to various stimuli. When active 

VSMCs differentiate into a contractile phenotype and de-differentiate into a synthetic 

phenotype when inactive.  

(Figure generated in Biorender.com) 
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cause cells to contract 25. In the contractile phenotype, VSMCs have more αSMA and SM-

MyHC present, this enhances actomyosin interactions.  

 

Both contractile and synthetic VSMC phenotypes can generate actomyosin force via 

stimulating interactions between myosin II and filamentous actin. This is regulated in both 

phenotypes by factors including angiotensin II, that bind to receptors on the VSMC surface to 

induce contraction 26. Increased Matrix rigidity activates Rho/ROCK signalling inducing actin 

polymerisation and myosin light chain phosphorylation by Rho-associated coiled-coil kinase 

(ROCK). This results in increased actomyosin interaction and cell contraction resulting in 

further matrix stiffening 27. Ca2+ binds to troponin-C on the actin filaments causing a 

conformational change in troponin structure resulting in tropomyosin strands to shift revealing 

the sub-domain 1 site of actin to be exposed allowing myosin heads to bind inducing the 

contractile cycle to start 28. Ca2+ and calmodulin-dependent myosin light chain kinase 

phosphorylate myosin light chains at the myosin-binding subunit (MYPT1). MYPT1 is 

phosphorylated at several sites by ROCK which inhibits phosphatase activity, this promotes 

the contractile activity 29. 

During ageing, changes to matrix rigidity and blood pressure caused by ECM remodelling 

result in enhanced actomyosin-derived force generation and increased cell contraction, this 

contributes to a further increase in matrix rigidity 30. As the aorta ages, actomyosin force 

generation is increased and VSMCs contract which contributes to the overall reduction in 

aortic compliance and increased wall rigidity associated with age. 

PDLIM1 is a cytoskeleton-associated protein involved in regulating the organisation of the 

actin cytoskeleton through the assembly and disassembly of actin stress fibres. Stress fibres 

allow for increased contractibility in VSMCs, PDLIM1 localises to actin stress fibres and acts 

as an adaptor molecule to recruit signal molecules to the fibre. Additionally, the inhibition of 

PDLIM1 results in a reduction of the formation of stress fibres 31. 

 

VSMCs are also known to synthesize elastin, fibronectin and collagen type I, III and IV used 

to increase the elasticity, strength and compliance of the aorta 32.  Healthy VSMCs are found 

in the contractile phenotype, which means they can regulate the shape and size of the lumen 

in response to blood pressure changes. Contractile VSMCs can be identified by expression of 

the protein markers, smoothelin and smooth muscle-myosin heavy chain (SM-MHC) 33. 

Smoothelin interacts with actin filaments and SM-MHC interacts with contractile filaments to 

regulate VSMC contractility 30. However, in the synthetic phenotype, cells are unable to 

regulate lumen size and the ECM is remodelled and stiffer. This comes from an increase in 

collagen build up and a reduction in elastin (figure 3).  
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1.5 VSMC mechanotransduction 

 

Mechanotransduction is the process of VSMCs sensing and converting mechanical stimuli into 

a biochemical response resulting in contractile movement of the cells 34. Mechanical stimuli 

can include matrix stiffness, shear stress, and transmural and pulsatile pressure. VSMCs can 

mechanosense in several ways, one main way is through various ECM components 35.  

The mechanotransduction pathway, transfers mechanical stimuli from the outside of the cell 

through the ECM, to the cell nucleus eliciting gene expression. Stimuli exerted onto the ECM 

are transmitted to the cytoskeleton across the cell membrane through adhesion molecules 

including integrins, Cadherins and G-protein coupled receptors (GPCRs). Signalling pathways 

transmit the signal to the nucleus through LINC complexes where it enters the nucleus through 

nuclear pores in the nuclear lamina where it interacts with chromatin to regulate gene 

expression. 

 

Lamin A and C are proteins found in the nuclear lamina which are responsible for critical 

cellular processes including maintaining the cell’s structural stability, chromosomal 

organisation, cell motility, gene regulation, DNA damage repair, cell differentiation and 

mechanosensing 36. Lamin regulates these processes through musculoskeletal-cytoskeletal 

interactions 37, lamin A and C form a meshwork in the nucleus that regular mechanical 

properties through ECM, cytoskeleton and focal adhesion interactions 36. In response to 

increased matrix stiffness and mechanical stimuli lamin A is known to also increase, the 

increase in lamin also increases in the lamin meshwork in the nucleus which further 

contributes to increased stiffness 38. Lamin A/C are known to be mechanoresponsive proteins, 

they respond to changes in ECM stiffness. Mechanical stimuli exerted on the cell surface are 

transmitted to integrins which connect to the nuclear lamina through the LINC complex 39. The 

LINC complex links the cytoskeleton to the nucleoskeleton through nesprin and sun proteins 

(Figure 4). Lamin A in the nuclear lamina, lamin A transmits the signal to the nucleus to 

activate gene transcription. There are several ways lamin A interacts with the nucleus, it can 

directly interact with the nucleus to transmit the signal 40 or it can interact with other proteins 

which interact with the nuclear membrane like emerin, lamina associated polypeptide 2 41. 

Mutations to the gene encoding lamin A/C (LMNA) have been seen to result in the formation 

of a group of pathologies called laminopathies. These laminopathies can increase the 

development of progeria, atherosclerosis and increase the incidence of stroke and heart 

attacks 42. 
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Figure 4.  

Mechanotransduction pathway linking mechanical stimuli exerted on the ECM to the 

cytoskeleton through integrins an adhesion molecule. The cytoskeleton links to the 

nuclear envelop through LINC complexes where the signal is transmitted to the nucleus 

to regulate gene expression. 

(Figure sourced from;43). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pre-lamin A is converted to mature lamin A by the proteolytic cleavage of Pre-lamin A by one 

of two processing enzymes called farnesylated proteins-converting enzyme 1 (FACE1) or zinc 

metallo-endoprotease (Zmpste24) 44. Pre-lamin A is the precursor of Lamin A and is known to 

accumulate in ageing and prevents the conversion into Lamin A. Pre-lamin A accumulation is 

also seen in many cardiovascular diseases ranging from atherosclerosis to cardiomyopathy. 

Accumulation of pre-lamin A in proliferative VSMCs is known to reduce DNA-damage repair 

and induces DNA-damage signalling that drives VSMCs into premature senescence 45. This 

process is driven by alterations to the nuclear lamina function caused by accumulation of pre-

lamin A and reduction in mature lamin A. Rac1 is a GTPase that is known to regulate 

microtubule stability in the VSMC cytoskeleton but also regulate VSMC migration. Prelamin A 

accumulation is known to reduce Rac1 activity in cells, Rac1 increases microtubule stability in 

cells through the activation of p21-activated kinase (PAK) which phosphorylates and 

inactivates a microtubule destabilising protein called stathmin at its serine 16 residue which 

results in increased microtubule stability 46. In migration Rac1 is known to regulate and reduce 
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VMSC migration, the accumulation of prelamin A reduces Rac1 and prevents it from 

diminishing migrational activity. Therefore, a loss in mature lamin A and build-up of prelamin 

A could suggest that due to changes in cellular function, reduction in Rac1 activity and a 

reduction/loss of key functions in VSMCs including mechanosensing and signal transduction. 

 

Integrins can connect the ECM to actin filaments at the focal adhesion complex in the β-

subunit of the integrin. Integrins interact with proteins such as FAK, vinculin, paxillin and talin 

to form focal adhesion complexes. These complexes allow signalling pathways such as MAPK 

and Rho GTPase to activate starting a cascade of biochemical signalling 47. This allows for 

signal transduction in an outside-in direction.  

The FAK-PIK3 signalling pathway interacts with integrin β1 and β3 in the cell membrane to 

regulate VSMC proliferation and migration through the FAK-dependent Yes-associated 

protein 1 (YAP1) pathway 48. Integrin αvβ3 regulates phosphorylation of FAK resulting in YAP 

dephosphorylation leading to increased proliferation and migration. YAP1 is involved in actin-

cytoskeleton mechanical signalling by mechanosensing changes in ECM stiffness 49 and focal 

adhesions, this results in increased YAP localisation to the nucleus. YAP binds to transcription 

enhancer-associated domain 1–4 transcription factors (TEAD1–4) to activate downstream 

gene expression, resulting in an increase in VSMC proliferation and migration 50. Integrins can 

play a major role in the progression of many types of CVD, mainly in atherosclerosis lipid fats 

interact with integrins both in the endothelial cells in the tunica intima but also in the VSMCs 

in the tunica media 51. In endothelial cells, integrins interact with fats to promote endothelial 

inflammation through several different pathways including JNK and NF-kB signalling 52. 

Endothelial inflammation is known to result in plaque formation and intimal thickening. In 

VSMCs, integrin α5β1 interacts with Milk fat globules-epidermal growth factor 8 (MFG-E8) to 

activate TGF-β signalling and promote MMP2 expression to result in VSMC calcification 53. 

integrin α5β3 interacts with thrombin to increase VSMC proliferation and migration through 

phenotypic switching to lead to VSMC cell growth and vascular wall thickening 54. 

Another pathway of signal transduction is through cadherin and GAP junctions, these occur at 

cell-cell interaction points in the aortic wall where VSMCs adhere to one another. Cadherins 

are calcium-dependent transmembrane receptors and bind VSMCs together through catenin-

actin filament interactions 55. Cadherins transduce mechanical stimuli across the cell 

membrane and activate Wnt and β-catenin signalling to regulate gene expression in response 

(Figure 5) 56.  
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Actin, intermediate filaments, and microtubules are the 3 components of the cytoskeleton 

found in VSMCs and all play a role in signal transduction. Actin is the most abundant 

cytoskeletal in VSMCs and comes in 4 subtypes; α-smooth muscle actin (SMA), β-non-muscle 

actin, γ-SMA, and γ-cytoplasmic actin 57. It interacts with TGF-β receptors to propagate TGF-

β signalling which results in cell differentiation and proliferation 58. Intermediate filaments form 

dense bodies which have dense plaques in the cytoplasm, allowing the propagation of 

mechanical signals to pass through the cell membrane 59. Microtubules are believed to 

mediate Ca2+ signal transduction in cells, the literature surrounding this suggests microtubules 

either regulate calcium-independent or calcium-dependent contraction in cells or alternatively 

it is believed they regulate both 34. All 3 of these components are crucial to interacting with 

LINC complexes to connect the cytoskeleton to the nucleoskeleton. 

Figure 5. 

Schematic showing the major signalling pathways involved in mechanotransduction in 

cells. Membrane bound channels serve as adhesion molecules to allow signal transmission 

into the cell. Different adhesion molecules activate different signalling pathways resulting 

in gene transcription changes.   

(Figure sourced from;56) 
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Additionally, there are many mechanosensitive ion channels in VSMCs that are involved in 

mechanotransduction, Piezo1, MscS, MscL, TREK and two-pore domain K+ channels (K2P) 

are known mechanosensitive ion channels in VSMCs 60. These ion channels work via lipid 

bilayer tension in a process called the force-from-lipid (FFL) (figure 6). This process results 

from the push-pull forces created from phospholipid head and acyl tail interactions in the 

bilayer then transfers force from the lipids to the proteins in the membrane to pull the ion 

channels open 61. This allows ions to enter the channels and transfer across the membrane, 

allowing signal transduction. In response to mechanical stimuli, VSMCs are known to release 

transforming growth factor β (TGFβ) and vascular endothelial growth factor, alongside 

regulating angiotensin II receptors 62. GAP junctions are another Ca2+ membrane-spanning 

channel that allows signal transduction through Ca2+ ions and the downstream activation of 

the ERK-MAPK pathway resulting in changes to gene expression as a result 63. These 

responses allow VSMCs to respond to the stimuli in several ways including cell contraction, 

secretion, cell growth and cell division 64. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Piezo1 is a key ion channel in mechanotransduction, it is known to control Klf2 and Notch 

signalling activity and regulates YAP1 localisation. Piezo1 channel opening allows an influx of 

Ca2+ ion concentrations in VSMC cytoplasm’s which stimulates transglutaminase II (TG2) 

activity 66. TG2 is involved in ECM and cytoskeletal remodelling through protein crosslinking 

facilitated by lysine-glutamine isopeptide bonds 48. 

 

Figure 6.   

The force-from-lipid (FFL) ion channel opening model works through phospholipid 

head and acyl tail interactions creating forces within the phospholipid bilayer to pull 

the ion channel open to allow ion influx and signal transduction. 

(Figure sourced from;65). 
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Angiotensin II plays a key role in transduction pathways in VSMCs, it is a vasoconstrictor due 

to its ability to regulate the renin-angiotensin system which is responsible for regulating blood 

pressure, vascular tone and salt, ion and water balance 67. Angiotensin II binds to AT1 and 

AT2 receptors, binding to these receptors stimulates G-protein activity and activates 

downstream signalling pathways which are known to stimulate tyrosine kinases including 

Janus kinases (JAK) and focal adhesion kinases (FAK) via activation of receptor tyrosine 

kinases 68.  

 

1.6 Protein synthesis and post translational modifications  

 

Proteins are made from DNA that is transcribed into messenger RNA (mRNA) that is 

translocated to the ribosome where the nucleotide sequence is translated and peptide bonds 

form creating a polypeptide chain 69. Transfer RNAs (tRNA) are adaptor molecules that bind 

to the surface of amino acids and codons to facilitate mRNA translation, tRNAs line up amino 

acids in the correct order and peptide bonds form between amino acids forming a polypeptide 

chain. The ribosome is made of a small and large subunit, the small subunit is responsible for 

translation and tRNA binding codons in the correct order. The large subunit facilitates peptide 

bond formation between amino acids forming the polypeptide chains 70. The polypeptide chain 

is transported from the ribosome to the endoplasmic reticulum (ER) where it is folded into a 

protein. Polypeptide chains have a signal recognition particle which is recognised and binds 

to a receptor protein on the ER surface 71. Binding induces translocated on the polypeptide 

chain into the lumen of the ER through hydrophilic transmembrane protein translocators in the 

ER 72. In the ER lumen, the proteins are folded, and N-linked oligosaccharides are added. 

These oligosaccharides are added to serve as a marker for protein folding completion, ER 

chaperones bind to the N-linked oligosaccharides on incomplete folded proteins and prevent 

them from leaving the ER 73. ER glucosidases act as checkpoints in the ER and remove 

glucose units bound to the protein, if folded correctly, all three glucose units on the protein will 

dissociate and the chaperones detach from the protein allowing it to translocate out of the 

nucleus. Misfolded proteins trigger the unfolded protein response (UPR) where the proteins 

are degraded by proteasomes in the cytosol of the ER and destroyed 74. Once folded proteins 

are then modified, packaged and secreted by the Golgi apparatus. The Golgi is comprised of 

3 sections; the cis-Golgi network is responsible for receiving proteins from the ER and the cis-

medial-trans-Golgi cisternae contains glycosylation enzymes that PTMs proteins by adding 

sugars to the amino acids of the protein 75. The trans-Golgi network (TGN) is responsible for 

sorting, packaging and excreting proteins to their correct destination in the cell (Figure 8). 

The glycosylation of proteins is a key PTM in protein synthesis as it improves protein stability 

and can regulate protein solubility depending on the protein role and function, it also serves 
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as a checkpoint to ensure protein folding and aids in protein transport through the Golgi 76.  

Acetylation in the Golgi occurs through the addition of an acetyl group from acetyl coenzyme 

A which is produced in the cytosol. The acetyl group modifies the protein at the N-terminal by 

histone acetyltransferase type B protein 4 (HAT4), acetyl groups are also removed by histone 

deacetylases (HDACs) 77. Acetylation of proteins can alter the properties of proteins including 

structure through conformational changes, protein stability and localisation 78.  Methylation 

occurs on the N-terminal of arginine and lysine in the proteins and is carried out by DNA 

methyltransferases (DNMT) such as S-adenosylmethionine (SAM) 79. Methylation is involved 

in regulating gene expression, gene silencing, transcription, protein translocation and protein 

function. Methylation is strongly linked to VSMC remodelling and atherosclerosis through 

DNMT-mediated VSMC phenotypic switching to dedifferentiated synthetic phenotypes 80. 

UBE3A encodes E3 ubiquitin ligase Ube3a which binds ubiquitin to proteins to modify the 

function of the protein or ubiquitinate the protein to degrade the protein 81. Ubiquitination is 

often involved in the DNA damage response pathway as it activates NF-kB signalling which 

results in the activation of inflammation-specific response genes in VSMCs which respond to 

MMPs 82. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. 
Protein synthesis starts from mRNA transcription in the nucleus, the mRNA moves to the 

ribosome where the mRNA is translated into a polypeptide chain. The polypeptide chain 

translocates to the endoplasmic reticulum (ER) where the chain is folded into a protein. Finally, 

the protein moves to the Golgi apparatus where it is post-translationally modified and packed 

into a vesicle and is transported. 

(Figure sourced from;83). 
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Histones are key regulators in gene expression, they are modified in order to regulate whether 

a gene is activated or repressed. This is achieved through either acetylation or methylation; 

acetylation exposes transcription factor binding sites allowing genes to be activated and 

methylation represses genes. Histone acetylation is induced through histone 

acetyltransferases (HATs), these HATs catalyse the addition of an acetyl group to a conserved 

lysine residue. This acetylation causes histone affinity for DNA to reduce resulting in the 

histone unwinding which exposes the chromatin structure of the DNA allowing transcription 

factors to bind 84. H3K9 is acetylated by p300 and deacetylated by HDAC3 and SIRT1 85. The 

acetylation of H3K9 is important in the regulation of phenotypic switching in VSMCs. Histone 

methylation involves the addition of a methyl group, this usually occurs at the gene promoter 

region and results in the inhibition of gene transcription 86. Studies into H3K9 methylation 

discovered that reduced methylation promoted the binding of activation protein 1 (AP-1) and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) transcription factors 

which activate inflammation-specific response genes in VSMCs which respond to MMPs or 

IL6 that are released in VD and when VSMCs undergo cell damage. Suggesting reduced 

methylation and increased acetylation could be key to reducing MMP/IL6 expression in aged 

and diseased cells 87. 

 

1.7 VSMC microtubule structure and function 

 

Microtubules play a key role in VSMC signalling and the cytoskeleton and are a crucial 

component of the aorta. They consist of α and β heterodimers which polymerise together to 

form a protofilament 88. A microtubule consists of 13 protofilaments which form a lattice of 

tubulin filaments (Figure 7). Microtubules are in a state of dynamic instability due to the 

fact they must expand and contract in order to change size 89. In addition to this, to withstand 

the high mechanical pressure of the aorta microtubules are acetylated to reinforce themselves 

and stabilise in response 90. Stability is regulated through post-translational modifications 

(PTM) of the α and β subunits and microtubule-associated proteins (MAPS) which work to 

regulate many processes including stability, dynamics, binding affinity and more 91. PTM can 

directly modify the functionality of microtubules and these PTMs include acetylation, 

phosphorylation, ubiquitylation, methylation, polyamination and palmitoylation. Tubulin 

acetylation is thought to induce associations between tubulin monomers and results in 

increased microtubule stability 92. Previous studies have shown mixed results relating to the 

impacts of α-tubulin acetylation. However, the most commonly seen response to the 

acetylation of α-tubulin results in increased microtubule stability 93. This is achieved through 

acetylating K40 in polymerized tubulin monomers and causing a conformational change in the 

Lysine 40 binding site, this promotes lateral associations between tubulin monomers to 
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increase the stability of the microtubule 94 95. This increased stability allows the microtubules 

to be more resistant to mechanical damage and to function more effectively against increased 

stress and mechanical load in the aorta.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acetylation in microtubules occurs when there is an addition of an acetyl functional group into 

the lysine residues of α-tubulin and both histone and non-histone proteins. However, this can 

be inhibited using Histone deacetylases (HDACs). HDACS are enzymes that remove acetyl 

groups from lysine residues to deacetylate them 96. There are also HDAC inhibitors which 

prevent de-acetylation, which is important in regulating other PTMs. Acetylation prevents 

ubiquitination-dependent proteasome-mediated protein degradation from occurring and as a 

result, can improve protein stability in many proteins. HDACs can remove the acetyl group 

exposing the lysine to ubiquitin and induce protein degradation 97. In α tubulin, the most 

common acetylation is in a region known as K40, which is located between the p37 and D47 

residues of the protein 98. The acetylation of α tubulin is caused by α-tubulin acetyltransferase 

1 (αTAT1) and is deacetylated by HDAC6 99. 

 

1.8 Tau 

 

Tau is a protein that binds to and stabilises microtubules, during aging Tau is known to 

aggregate and can no longer bind to microtubules resulting in destabilisation. Tau has been 

linked between CVD and neuropathies, vascular dementia leads to reduced blood flow in the 

vasculature 100. It results in high blood pressure and reduced oxygen levels in the brain and 

can dramatically reduce life expectancy. Studies into vascular dementia (VD) have linked Tau 

Figure 7.  

Structure of a microtubule, alpha and beta tubulin heterodimers polymerase to form into a 

protofilament. Thirteen protofilaments bind together to form a single microtubule.  

(Figure generated in Biorender.com) 
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activity to increased risk of VD through Tau hyperphosphorylation 101. In aged VSMCs Tau 

accumulation and phosphorylation occur, this can be used as a marker for ageing in cells. 

When Tau undergoes phosphorylation, there is a proline to leucine substitution that occurs in 

several residues which induces a conformational change in the protein 102. The misfolding of 

Tau proteins has been strongly linked to its hyperphosphorylation which can induce further 

conformational changes. Phosphorylation of Tau at Thr231 induces conformational changes 

that cause misfolding to occur and result in additional conformational changes at subsequent 

sites 103. Additionally, due to the conformational changes to Tau, its binding affinity and ability 

to promote microtubule assembly are significantly reduced 104. Tau is phosphorylated by 

several kinases including GSK3β, c-Jun N-terminal kinase (JNK) and Cyclin-dependent 

kinase 5 (Cdk5), with GSK3β being a key mediator of TAU phosphorylation 105. Once 

phosphorylated Tau detaches from microtubules previously bound to and can no longer bind 

to microtubules, this destabilises both the microtubule and microtubule cytoskeleton. It has 

also been found Tau aggregates reduce levels of acetylated α-tubulin, which is known to 

increase microtubule stability 106. 

 

1.9 Senescence and cell death 

 

Cell senescence and apoptosis are primarily caused by DNA damage, this is often induced 

during the cell cycle at checkpoint 2 by checkpoint kinase 2 (Chk2) 107. Chk2 is an enzyme 

encoded by the CHEK2 gene which is crucial in the cell cycle as it is responsible for inducing 

cell cycle arrest and induces apoptosis in cells via DNA damage 108. DNA damage is the main 

process of cellular ageing and senescence and has been linked to the development of many 

cardiovascular diseases such as atherosclerosis 109. It involves the deletion of DNA sections, 

extrusion of micronuclei, Single and double-stranded breaks and nucleotide modifications 

which all result in cell death 107. Senescence is the process of cells becoming no longer 

proliferatively active. This means that they no longer proliferate to form new cells or replace 

damaged or dead cells. Additionally, senescent cells remain metabolically active and can 

promote inflammation through senescence-associated secretory phenotype (SASP), these 

give rise to the production of MMPs and IL6 which contribute towards cell death via apoptosis 

110. VSMC senescence can be induced by a number of factors including DNA damage, 

inflammation, oxidative stress and angiotensin II 110. DNA damage involves single and double-

stranded breaks (DSB), deletion of DNA sections and extrusion of micronuclei.  

NAT10 is heavily linked with contributing to cell senescence through micronuclei activating the 

senescence-associated secretory phenotype (SASP) in VSMCs 111. NAT10 is known to 

increase micronuclei formation in cells through DNA replication, micronuclei activate the 

cGAS-cGAMP-STING pathway. This pathway works by micronuclei or cytosolic DNA 
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combining by cGAS, catalyzing GTP and ATP to form cGAMP, which activates STING, 

enabling NFκB activity, inducing the stimulation and release of SASP’s including 

proinflammatory factors such as cytokines, proteases and chemokines 112. The 

proinflammatory factors released include MMPs and IL6 which contribute to cell senescence 

and eventually cell death. 

 

When DNA damage is induced, it activates the DNA damage response pathway (DDR), this 

pathway activates a cascade of proteins that act as sensors and effectors to induce a repair 

or death pathway. DDR sensors can dictate if the cell cycle should be stopped to allow for 

DNA repair and directly induce repair, or it can induce senescence or apoptosis if the damage 

detected is unrepairable 113. Ataxia telangiectasia–mutated protein (ATM) pathway and similar 

kinases are recruited by sensor complexes, which induce the DDR through activation of 

multiple downstream effectors. ATM pathway continuously works in the cell cycle, when DNA 

damage is detected in a break site it is recognised by the MRN sensor complex which activates 

ATM 114. ATM phosphorylates H2AX and induces downstream activation of downstream 

effectors such as P53-binding protein 1 (53BP1) which promotes checkpoint activation and 

repair. The tumour suppressor protein p53 is a key sensor of DNA damage and can induce 

cell cycle arrest or senescence and apoptosis 115. It is these effectors that determine whether 

the damage is repairable or not, and in turn they induce cycle arrest and repair or induce 

senescence and apoptosis. 

Annexin A3 (ANXa3) is a protein encoded by the ANXA3 gene and plays an important role in 

VSMCs through the regulation of the JNK pathway. Past studies have linked ANXa3 to tumour 

formation in liver cancer through JNK signalling activation 116. Additionally, wang et al., found 

that the inhibition of ANXa3 through Si-ANXA3 inhibited the phosphorylation and activation of 

the JNK signalling pathway and resulted in the promotion of VSMC cell proliferation and a 

reduction in VSMC apoptosis 117. JNK signalling is known to induce apoptosis in cells through 

multiple mechanisms; JNK phosphorylates BCL2 to inhibit its anti-apoptotic function. 

Additionally, JNK can stimulate the activation of c-JUN and other transcription factors which 

induce apoptosis 118. 

 
1.10 Experimental design 

 

My study utilised the use of polyacrylamide hydrogels to more accurately model the ECM 

environment of the aorta. By manipulating the ratio of acrylamide to bis-acrylamide the 

stiffness of the gels can be controlled. 2kPa represents a very soft aorta and is the stiffness 

cells experience during migration in atherosclerosis which results in the formation of 

atherosclerotic plaques. 12kPa represents a healthy aorta, healthy arteries are between 10-
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20kPa in stiffness, therefore 12kPa was chosen as these gels can be produced consistently 

at this stiffness and 12kPa is more representative of a younger and healthier stiffness than 

20kPa. 72kPa represents an aged or diseased aorta, between 60-200kPa is the stiffness of 

an aged or diseased aorta, 72kPa was chosen as it is closer to stiffness seen in aged aortas, 

200kPa Is more representative of severely diseased aorta rather than aged. The stiffness of 

the hydrogels was tested and confirmed using atomic force microscopy (AFM). 

Due to the fact, VSMCs are highly mechanosensitive and respond to changes in ECM 

stiffness, they need to be grown on a substrate of similar stiffness to what they experience in 

the aorta. Glass coverslips and plastic 6 well plates have a stiffness 10000x stiffer than a 

healthy aorta (Figure 9). Therefore, by controlling the stiffness of the gels, cells can be grown 

in conditions representative of young healthy aged aortas (12kPa) or aged and diseased 

aortas (72kPa). After the age of 50 in humans the aorta is known to stiffen and become aged. 

Additionally, the use of collagen type 1 as the ECM component in the hydrogels is an 

advantage as it is the most abundant protein in the ECM of VSMCs 119. Being able to use 

collagen 1 as the ECM component in hydrogels allows us to more accurately model the ECM 

environment in vitro.  

There are limitations to my study, one limitation is the use of Sulfo-SANPAH to crosslink 

proteins onto the hydrogels, it is known to have limited solubility which results in variable 

effectiveness of the crosslinking step of hydrogel fabrication and can impact how the gels work 

120. Additionally, the hydrogel model is only 2 dimensional as the cells only have lateral 

interactions, whereas within the aorta VSMCs are within a 3-dimensional environment. 

Furthermore, hydrogels only have 1 type of ECM component which is collagen 1 and whilst 

it’s the most abundant component, it is not the only one present in the ECM. Therefore, the 

hydrogel model is unable to model the full composition of the ECM and could lack interactions 

between VSMCs and ECM proteins.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. 

Stiffness comparison measured in kilopascals (kPa). Stiffness was measured using 

atomic force microscopy.  

(Figure generated in Biorender.com) 
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1.11 Hypothesis and aims 

 

Hypothesis: 

Gene expression and protein modification are known to change in response to a variety of 

extracellular and intracellular signals. Therefore, the overall hypothesis of this thesis is that; 

protein levels and protein modification levels will increase in response to matrix stiffness and 

ageing.  

 

Aims: 

To determine whether: 

1. Tubulin acetylation increases in response to matrix stiffness 

2. Tau and GSK3β phosphorylation increases in response to VSMC ageing 

3. Histone acetylation and methylation increases in response to matrix stiffness and 

ageing 

4. Protein levels of NAT10, Chk2, PDLIM1 and ANXa3 increase in response to matrix 

stiffness and ageing. 

 

VSMCs of different passage numbers were grown on hydrogels of different stiffnesses. 

Specifically, 2kPa hydrogels modelled a soft environment, 12kPa hydrogels modelled healthy 

stiffness and 72kPa hydrogels modelled aged stiffness. For ageing studies, low passage (P8) 

were compared to high passage (P16) VSMCs. Western blot analysis was formed on whole 

cell lysates. Proteins and modified forms of the proteins were detected using commercially 

available total and modification specific antibodies. 

 

2. Methods 

 

2.1 Vascular Smooth Muscle Cell Culture and SiRNA Knockdowns 

 

Human aortic VSMCs were purchased from cell applications Inc., the cells used were pooled 

from 3 different patients aged 25-60 who all had no underlying cardiovascular health 

conditions. Cells were grown in smooth muscle cell growth media (Cell Applications Inc.) with 

growth supplement (Cell Applications Inc.) at 37°C and 5% CO2 in an incubator. Cells are 

incubated for 3-5 days to reach confluence, once confluent (>80%), cells can be split. 

Confluent cells can be split by first washing using Earls Balanced Salt wash (Thermo) and 

trypsinised (Thermo) to detach cells from the flask and incubated for 3 minutes at 37°C and 

5% CO2. Once trypsinised, growth media with supplement is added to neutralise the trypsin 

and bring the volume of the flask to the correct amount for splitting, half the volume is pipetted 
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into a new flask. Once split cells are then returned to the incubator to grow.  SiRNA treatments 

required cells to be seeded onto plastic T-25 flasks 24 hours prior to SiRNA knockdown. 

VSMCs were treated using various SiFACE1 treatments (QIAGEN), a control, OLIG2 and 

OLIG4 treatments were used to knockdown FACE1. Each treatment consisted of 28µl of 

HiPerFect (QIAGEN), 2µl of either a control mix or an Oligo 2/4 primer and 430µl of basal 

media (Cell Applications Inc.). Once the treatment was mixed, it was left to incubate for 15 

minutes at room temperature before being pipetted onto each flask of cells. The treated cells 

were then incubated for 72 hours at 37°C and 5% CO2 before cell lysates were produced by 

adding 2x Laemmli loading buffer, and the cells scraped off using a cell scraper. Lysates were 

then extracted and stored at -20°C. Cells used for hydrogels and SiRNA FACE1 knockdown 

were from passages 7-12.  

 

2.2 Polyacrylamide hydrogel fabrication 

 

Standard 30mm coverslips were first activated by treating with (3-aminopropyl)triethoxysilane 

for 2 minutes and then washed 3 times with dH2O. Next, the coverslips were fixed in 0.5% 

glutaraldehyde for 40 minutes before another 3 washes with dH2O, once washed the 

coverslips were then left to air dry for a minimum of 30 minutes. Once activated the coverslips 

are then ready to have hydrogels made onto them, a hydrogel buffer mix is used to determine 

the stiffness of the gels, 2 kPa (5% acrylamide with 0.1% bis-acrylamide in water), 12 kPa 

(7.5% acrylamide with 0.15% bis-acrylamide in water) and 72 kPa (10% acrylamide with 0.5% 

bis-acrylamide in water) is mixed with 10% APS (1:100) and TEMED (1:1000) and 50µl was 

pipetted onto a clean microscopy slide and covered by an activated coverslip. The stiffness of 

the hydrogels was tested and confirmed by Minaisah et al 121. After 90 seconds the hydrogels 

were checked to see if the gel had set, if set the gels were removed from the slide and placed 

into a 6-well plate and washed 3 times with dH2O. The hydrogels were then crosslinked using 

sulfo-SANPAH (1:3000) in PBS for 5 minutes and then sterilised in a UV steriliser for 30 

minutes. Next, the gels were washed with PBS and functionalised using collagen type 1 (1:30) 

for 10 minutes. Finally, cells are seeded onto the hydrogels using standard techniques. 

 

2.3 Cell lysate preparation 

 

Cell lysate samples were obtained using a diluted 4x Laemmli’s buffer and 1x PBS made in a 

1:1 ratio. Laemmli’s buffer (4x) was comprised of SDS (8%), 2-mercaptoethanol (20%), 

glycerol (40%), Tris base (3.04%) and bromophenol blue (0.008%). Tris base was prepared 

by mixing Tris with d.H2O (20%) and pH balanced to 6.8 using hydrochloric acid (HCl). The 

diluted laemmli’s buffer was added onto the cells either in a 6 well plate (150µl of laemmli’s 
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buffer per well), a T-25 flask (300µl of laemmli’s buffer) or a T-75 flask (600µl laemmli’s buffer). 

The buffer was left for 60 seconds at room temperature, then the cells were scraped using a 

cell scraper (thermo) and pipetted into a labelled Eppendorf. When lysing from hydrogels, 

samples were sonicated for 15 seconds to break down any remaining gels in the sample. 

Before use in western blots, lysates were boiled at 90ºC for 5 minutes before being spun down 

in a centrifuge at 12,000 rpm for 45-60 seconds. 

 

 

2.4 Western blotting 

 

Lysates from aortic tissue samples were subjected to Western blotting analysis. An equal 

amount of protein for each sample was loaded into a 10% precast sodium dodecyl sulfate-

polyacrylamide denatured gels, the tank was then filled with 800ml 1x TruPAGE Tris-MOPS 

SDS Running buffer with dH2O and ran at 120v and 400mA for 70 minutes. Once the gels 

had run for the desired period, the gels were placed into a transfer pack and filled with 800ml 

Tru-PAGE transfer buffer and transferred onto a nitrocellulose polyvinylidene difluoride 

(PVDF) membrane for 2hrs at 30v and 400mA. Once transferred the nitrocellulose membrane 

was blocked with 5% Milk with Tris-Buffered Saline with 0.1% tween (TBST) (Merck) for 60 

minutes. The membranes were incubated overnight at 4°C in 5% milk with TBST and a primary 

antibody. The membranes were then washed with TBST for 30 minutes, changing the TBST 

every 3 minutes, and then incubated with 5% milk in TBST and a Horseradish peroxide (HRP) 

labelled monoclonal secondary antibody for 120 minutes at room temperature in the dark. The 

membranes were then washed 10 times for 3 minutes per wash. An ECL detection reagent 

was prepared and 500-1000µl was pipetted onto each membrane. Membranes were imaged 

using an automated imaging system (Bio-Rad) and analysed using Fiji software. 

 

2.5 Statistical analysis 

 

All statistical analysis was carried out using GraphPad Prism version 10.4.1 and confirmed 

using SPSS software. Graphs show combined data from multiple repeats, error bars show 

standard error of means. Data sets comparing 1 variable were analysed using a paired t-test 

as the data analysed is two-tailed, paired and parametric as data sets are collected in 3 

repeats. Data sets containing multiple variables were analysed using a One-way ANOVA with 

a Tukey’s post-hoc test, as the data used has 3 repeats per variable. 
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3. Results 

 

3.1 polyacrylamide hydrogel validation 

 

 

 

 

 

 

 

 

Cell imaging shows a visual increase in cell size in 72kPa compared to 12kPa (Figure 10A) 

In response to increased matrix stiffness, cell area, volume and height all increased between 

12kPa and 72kPa with the increase in cell volume significantly increasing between 12kPa and 

72kPa (Figure 10C). 

 

 

3.2 SiRNA knockdown confirmation 

 

The SiRNA knockdown of FACE1 which is responsible for the conversion of pre-lamin A into 

mature lamin A was tested to confirm whether the knockdown had been successful. Upon 

Figure 10. Representative images of isolated angiotensin II stimulated VSMCs cultured on 

12 and 72 kPa polyacrylamide hydrogels. The actin cytoskeleton (purple) and DAPI-labelled 

nuclei (green) are shown. Top panels show representative xy images of VSMC area, and 

bottom panels show representative xz images of VSMC height. Scale bars: 50 μm (top); 20 

μm (bottom). (A). Analysis was carried out to determine cell area (B), cell volume (C) and cell 

height (D). statistical analysis was carried out using an unpaired t-test.   

Figure adapted from; 122 
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probing a western blot for pre-lamin A (Figure 11), there were bands present in the control 

sample and in both the OLIG2 and OLIG4 knockdowns. Indicating the knockdown had been 

unsuccessful as the control should have lower levels of pre-lamin A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Microtubule stability 

 

In this study, polyacrylamide hydrogels were used as they allow the ability to control the 

stiffness of the gels to accurately model the stiffness of the extracellular matrix of the aorta. 

Cells were grown on both healthy pliable (12 kPa) and aged rigid (72 kPa) hydrogels and 

probed with acetylated α-tubulin and total α-tubulin to observe changes (Figure 12A). When 

investigating acetylated α-tubulin (Figure 12B) there was no significant change in levels of 

acetylated α-tubulin in the 72 kPa compared to the 12 kPa. When observing levels of total α-

tubulin (Figure 12C) there was no significant change in the levels of total α-tubulin in the 72 

kPa gels compared to the 12 kPa. Additionally, when looking at the difference between 

acetylated and total α-tubulin (Figure 12D), there appeared to be an increase in the 72 kPa 

compared to the 12 kPa hydrogels. 

 
 
 
 

Figure 11. A preliminary western blot image of cells treated with SiRNA FACE1 

knockdown and probed with pre-lamin A to confirm if FACE1 knockdown was 

successful. Pre-lamin A has a molecular weight of 72kDa. This experiment was 

carried out a single time (N=1). 
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It was investigated if there would be a change in α-tubulin levels in young and aged cells, this 

was achieved by producing cell lysates from VSMCs at different cell passages. Cells were 

lysed and collected at passage 8 (P8) and passage 16 (P16) (Figure 13A). The older P16 

cells (Figure 13B) showed slightly higher levels of acetylated α-tubulin in the younger P8 cells 

compared to the older P16, upon statistical analysis, the increase in level was found to be 

insignificant. Upon investigation of total α-tubulin levels, there was no significant change in 

levels of total α-tubulin between the P8 and P16 cells (Figure 13C). Finally, when looking at 

the difference between acetylated and total α-tubulin (Figure 13D), there appeared to be an 

Figure 12. Alpha-tubulin is a heterodimer that forms microtubules with beta-tubulin. A) 

representative western blot images of cells cultured on 12 kPa and 72 kPa hydrogels and probed 

with acetylated and total alpha-tubulin antibodies. B) Representative chart showing an average 

of the level of acetylated α-tubulin in VSMCs grown on their respective hydrogels. The dots on 

the graph represent data points for each repeat of the experiment. Acetylated α-tubulin has a 

molecular weight of 52kDa. C) Representative chart showing an average of the level of total α-

tubulin in VSMCs. Total α-tubulin has a molecular weight of 50kDa D) Representative chart 

showing an average of the level of acetylated α-tubulin divided α-tubulin by the total α-tubulin in 

VSMCs. This experiment was repeated 3 times (N=3) and the results were averaged. All 

statistical analysis was carried out using an unpaired two-tailed t-test.  

(All graphs were produced in Biorender.com) 
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increase in the P16 compared to the P8, however, this difference was not found to be 

statistically significant.  The data collected in Figures 4 and 5 was carried out in triplicate and 

averaged out, it contained outliers in the data, however, it could be seen that overall, there 

were no changes in tubulin acetylation in response to stiffness changes or cell age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. A) representative western blot images of cells from different passage points 

cultured on plastic. B) Representative chart showing an average of the level of acetylated 

α-tubulin in VSMCs at passage 8 and 16, the dots on the graph represent data points for 

each repeat of the experiment. Acetylated α-tubulin has a molecular weight of 52kDa. C) 

Representative chart showing an average of the level of total α-tubulin in VSMCs. Total α-

tubulin has a molecular weight of 50kDa. D) Representative chart showing an average of 

the level of acetylated α-tubulin divided α-tubulin by the total α-tubulin in VSMCs. This 

experiment was repeated 3 times (N=3) and the results were averaged. All statistical 

analysis was carried out on the mean data using an unpaired two-tailed t-test.  

(All graphs were produced in Biorender.com) 
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3.4 Tau phosphorylation 

 

Tau is a protein known to bind to microtubules and increase stability, in ageing Tau is known 

to both aggregate and phosphorylate. Both of these processes prevent Tau from binding to 

microtubules and result in reduced stability of microtubules and the cytoskeleton. The first 

experiment was carried out to investigate the levels of Tau phosphorylation at different sites 

and see if mimicked ageing had an impact on SiRNA FACE1 knockdown would impact 

phosphorylation levels. (Figure 14A). Upon probing for phospho-Tau 396 (Figure 14B) there 

was no significant change in levels of phospho-Tau 396 in the OLIG2 and OLIG4 cell lysates 

compared to the control. This was also found to be the same when probing for phospho-Tau 

202 (Figure 14C). Phospho-GSK3β (Figure 14D) also had no change in levels in OLIG2 or 

OLIG4. 

 

 
 
 
 
 
 

 

Figure 14.  A) Western blots of VSMCs treated with an SiFACE1 knockdown and 

probed with phospho-Tau 396, 202 and phospho-GSK3β. B) Chart showing levels of 

phospho-Tau 396 in VSMCs. Phospho-Tau 396 has a molecular weight of 78kDa. C) 

Chart showing levels of phospho-Tau 202 in VSMCs. Phospho-Tau 202 has a molecular 

weight of 79kDa. D) Chart showing levels of phospho-GSK3β in VSMCs. Phospho-

GSK3β has a molecular 46kDa. This experiment was preliminary and was not repeated 

(N=1) and therefore no statistical analysis was carried out. 

(All graphs were produced in Biorender.com) 
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3.5 H3K9 modifications 

 

 

 

 

 

 

 

 

 

 

 

It was investigated if histone modifications are impacted by matrix stiffness in VSMCs, cell 

lysates from VSMCs grown on 2, 12 and 72 kPa hydrogels were run on a western blot and 

probed with an acetylated-H3K9 and a tri-methylated-H3K9 antibody (Figure 15A). It was 

found that there was an observed change in acetylation levels between 2 and 72 kPa, 

however, this was not statistically significant (Figure 15B). However, there was a significant 

increase in tri-methyl-H3K9 levels in response to stiffness increase between 2 kPa and 12 kPa 

and a further non-significant increase of 12 kPa to 72 kPa (Figure 15C). 

 

Additionally, it was investigated if the age of VSMCs impacted histone modifications, cell 

lysates were collected from cells grown at passage 8 and passage 16 and then run on a 

western blot and probed with acetylated-H3K9 and a tri-methylated-H3K9 antibody (Figure 

16A). It was found that there was an increase in the levels of acetyl-H3K9 in the older passage 

Figure 15. A) representative western blot images of cell lysates collected from VSMCs grown 

on 2 kPa, 12 kPa and 72 kPa hydrogels and probed with acetyl-H3K9 and tri-methyl-H3K9 

antibodies. B) A representative graph showing acetyl-H3K9 levels in VSMCs on 2, 12 and 72 

kPa hydrogels, the dots on the graph represent data points for each repeat of the experiment. 

Acetyl-H3K9 has a molecular weight of 17kDa. C) A representative graph showing tri-methyl-

H3K9 levels in VSMCs on 2, 12 and 72 kPa hydrogels Tri-Methyl-H3K9 has a molecular 

weight of 17kDa. This experiment was repeated 3 times (N=3) and the results were averaged 

and normalised to the control GAPDH. All statistical analysis was carried out on the mean 

data using a one-way ANOVA test.  

All graphs were produced in Biorender.com) 
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16 cells compared to the younger passage 8 cells (Figure 16B). There was also an increase 

in the levels of tri-methyl-H3K9 in the passage 16 cells compared to the passage 8 cells 

(Figure 16C). However, both increases were not found to be statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6 Shared post-translational modification in VSMCs in matrix stiffness response and 

ageing  

 

Bulk mRNA sequencing (mRNAseq) data collected from human aortic smooth muscle cells 

grown on 2 and 25 kPa hydrogels showed a range of genes that were upregulated in response 

to increased stiffness in hASMCs, these included NAT10, PDLIM1, ANXA3 and CHEK2 

Figure 16. A) Representative western blot images of cell lysates collected from passage 

8 and 16, probed with acetyl-H3K9 and tri-methyl-H3K9 antibodies. B) A representative 

graph showing acetyl-H3K9 levels in VSMCs at passage 8 and 16, the dots on the graph 

represent data points for each repeat of the experiment. Acetyl-H3K9 has a molecular 

weight of 17kDa. C) A representative graph showing tri-methyl-H3K9 levels in VSMCs 

at passage 8 and 16. Tri-methyl-H3K9 has a molecular weight of 17kDa. This 

experiment was repeated 3 times (N=3) and the results were averaged and normalised 

to the control GAPDH. All statistical analysis was carried out on the mean data using an 

unpaired two-tailed t-test.  

(All graphs were produced in Biorender.com) 
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(Figure 17). To confirm the RNA changes, VSMCs were grown on 2, 12 and 72 kPa hydrogels 

and run on a western blot and probed with antibodies raised to the corresponding proteins 

(Figure 18A). NAT10 levels were found to increase from 2 to 12 kPa and then a further 

increase from 12 to 72 kPa, the increase in NAT10 levels between 2kPa and 12kPa and the 

further increase from 12kPa to 72kPa were both found to be statistically significant.  (Figure 

18B). Additionally, PDLIM1 levels increased between 2 to 12 kPa, however, there was no 

change between 12 and 72 kPa (Figure 18C). When ANXA3 levels were investigated, there 

was an increase between 2 and 12 kPa and another increase from 12 to 72 kPa (Figure 18D). 

Finally, Chk2 levels increased between 2 to 12 kPa and then there was no change from 12 to 

72 kPa (Figure 18E). Although there were observed changes in levels of all proteins 

investigated, none were found to be statistically significant. To investigate if these protein level 

changes were shared in both stiffness response and ageing, cell lysates collected from 

passages 8 and 16 were used to represent young and old cells (Figure 19A). It was found 

that there was no statistically significant change in NAT10 levels, however, upon visual 

western blot analysis, there is higher levels of NAT10 in the older P16 cells compared to the 

younger P8 cells (Figure 19B).  Moreover, when probing for Chk2 there was an increase in 

Chk2 levels in the aged P16 compared to the P8 (Figure 19C). Both of the antibodies 

investigated matched the results identified in the matrix stiffness response.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17. Bulk RNA sequencing (RNAseq) data collected from human aortic smooth 

muscle cells (hASMC) grown on 2 kPa and 25 kPa hydrogels. Showing a range of genes 

that were significantly upregulated in response to increased matrix stiffness. 

(Figure sourced from;123) 
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 Figure 18. A) Representative western blot of VSMCs grown on 2 kPa, 12 kPa and 72 kPa hydrogels 

and probed with various antibodies selected from a list of upregulated genes identified in the mRNAseq 

data set. B) A representative graph showing NAT10 levels in VSMCs grown on 2, 12 and 72 kPa 

hydrogels, the dots on the graph represent data points for each repeat of the experiment for all 3 

hydrogel stiffnesses. NAT10 has a known molecular weight of 116kDa C) A representative graph 

showing PDLIM1 levels in VSMCs on 2, 12 and 72 kPa hydrogels. PDLIM1 has a molecular weight of 

36kDa. D) A representative graph showing ANXa3 levels in VSMCs on 2, 12 and 72 kPa hydrogels. 

ANXa3 has a molecular weight of 36kDa. E) A representative graph showing Chk2 levels in VSMCs on 

2, 12 and 72 kPa hydrogels. Ckl2 has a molecular weight of 66kDa. All results were collected from 3 

independent repeats (N=3) and a mean was calculated from this and normalised to the control GAPDH. 

All statistical testing was carried out on the mean data and a one-way ANAOVA test was used.  

(All graphs were produced in Biorender.com) 
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Figure 19. A) Representative western blot of VSMCs collected from passage 8 and 16, 

probed with NAT10 and Chk2 selected from a list of upregulated genes identified in the 

mRNAseq data set. B) A representative graph showing NAT10 levels in VSMCs from cells 

at P8 and P16. NAT10 is known to have a molecular weight of 116kDa. C) A representative 

graph showing Chk2 levels in VSMCs from cells at P8 and P16. Chk2 has a molecular 

weight of 66kDa. All results were collected from 3 independent repeats (N=3) and a mean 

was calculated from this and normalised to the control GAPDH. All statistical testing was 

carried out on the mean data and an unpaired two-tailed t-test was used.  

(All graphs were produced in Biorender.com) 
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4. Discussion 

 

In this study, we first investigated how microtubule stability changes with ageing. This was 

carried out through 3 different experiments: firstly, through testing cells grown on hydrogels. 

Hydrogels were used to mimic the stiffness of the ECM of the aorta in both healthy cells and 

aged cells. Additionally, cells were collected at passage 8 and passage 16, this allows a direct 

comparison of cells from significantly different passage ages.  

Upon investigation of this, in the 12 kPa versus the 72 kPa hydrogels, there was no change in 

levels of acetylated α-tubulin in the aged 72 kPa gels. Moreover, there was no change in levels 

of acetylated α-tubulin between the younger P8 and the older P16 cell lysates. This suggests 

that there is no change in α-tubulin acetylation in response to matrix stiffness increases or in 

cellular ageing. Although it would have been expected for there to be an increase in tubulin 

acetylation in response to cell age and stiffness changes, the literature surrounding 

microtubule stability, and the role of tubulin acetylation is contradictory and controversial 98,124.  

It would have been expected that because of ECM remodelling induced by age, the aorta 

becomes stiffer and less pliable. Therefore, in response to increased matrix stiffness, 

acetylation of α-tubulin would increase to provide increased microtubule stability to 

compensate for the changes in stiffness. However, this was not found to be true, in response 

to changes in matrix stiffness or ageing. There was no change in the levels of alpha-tubulin 

acetylation in cells. This suggests that alpha-tubulin acetylation does not play an important 

role in cell ageing or matrix stiffness response in VSMCs. 

 

Next, we investigated changes in post-translational modifications of the microtubule stabilising 

protein Tau during ageing, Tau phosphorylation levels were observed in cells which had 

undergone a SiRNA FACE1 knockdown. It is also known that as cells age Tau aggregates 

and can no longer bind to microtubules, Tau proteins are often phosphorylated in their 

unbound state. It is believed that aggregation of Tau seen in ageing is likely to contribute to 

an increase in Tau phosphorylation due to the increase in Tau in its unbound state.  VSMC 

dysfunction is known to promote the hyperphosphorylation of Tau. This results in the self-

assembly of straight or helical filaments that are involved in Alzheimer’s and other Tauopathies 

98. Tau accumulation is also correlated with the loss of contractile phenotype in VSMCs 125. 

However, this was not found to be true in this study. Suggesting that the role of Tau is not as 

important in VSMC ageing as believed and that other factors drive VSMC phenotypic 

switching. When investigating the impacts of cellular ageing using a FACE1 knockdown, there 

was no change in Tau phosphorylation in either knockdown. 

Furthermore, we investigated changes in phospho-GSK3β levels, GSK3β is a Tau 

kinase which directly phosphorylates Tau along with a number of other kinases including JNK 
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and Cdk5. However, GSK3β is also important in regulating notch signalling in VSMCs, 

GSK3β activates Notch signalling resulting in an increase in proliferation and decrease in 

apoptosis in VSMCs 126.  Phosphorylation of GSK3β results in a switch to an inactive 

form which results in reduced Tau phosphorylation but also increased VSMC 

apoptosis. However, we found that the levels of phospho-GSK3β did not change in mimicked 

ageing using the FACE1 knockdown experiments. This suggests that the rate of GSK3β 

phosphorylation is not influenced by matrix stiffness or ageing.  

 

In this study, the Tau and GSK3β experiments were only carried out a single time due to a 

range of problems that arose during this study. Mainly time restraints and the difficulty of 

optimising working with Tau antibodies due to their notoriously tricky nature to work properly 

on western blots. This prevented me from being able to carry out investigating Tau levels on 

hydrogels for matrix stiffness.  

Additionally, the SiFACE1 knockdown proved to be inaccurate and was not working as 

expected, when probed with pre-lamin A, there was no change in levels in the control 

compared to the OLIG2 and OLIG4 knockdowns. This is because FACE1 results in an 

accumulation of pre-lamin A 44 whereas in the control pre-lamin A should be converted to lamin 

A and therefore levels of pre-lamin A are expected to be lower than in the knockdown. This 

brought into question the quality and validity of the Si knockdown and it was decided that 

moving forward in this project, the SiFACE1 would not be used again. Therefore, the results 

produced by the SiFACE1 knockdown are only preliminary and repeats using newer validated 

knockdowns would need to be carried out to confirm the results found in this study. 

 

Next, we investigated if both matrix stiffness response and ageing had shared post-

translational modifications of histone H3K9. From the surrounding literature, it is known that 

H3K9 acetylation causes the histone to unwind exposing the chromatin and DNA binding 

sites and allowing transcription factors to bind 84 inducing cellular responses, resulting in 

reduced MMP and IL6 expression which are often seen in aged and damaged cells 87.  

To investigate stiffness response cells were grown on 2 kPa, 12 kPa and 72 kPa hydrogels. 

When investigating acetylation levels of H3K9 there was a statistically significant decrease 

between 2 kPa and 12 kPa, and no change between 2 kPa and 72 kPa, which shows that 

there is a decrease in acetylation in response to stiffness. This suggests that histone 

acetylation isn’t affected by changes in matrix stiffness. However, when investigating H3K9 

acetylation in aged cells using cell lysates collected from passage 8 (young) and passage 16 

(old), there was an increase in levels of acetylation in the older passage 16 cells, although the 

increase was not found to be statistically significant. This suggests that acetylation is 

increased in response to ageing, this could be a response to cellular changes caused by age 
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such as matrix remodelling caused by MMPs which H3K9 acetylation is known to reduce. 

Additionally, levels of H3K9 methylation were also investigated. In response to matrix stiffness 

increases methylation levels of H3K9 were significantly increased between 2, 12 and 72 kPa, 

there was also an increase in methylation in the aged passaged 16 cells compared to the 

passage 8 cells. This shows that methylation is increased in both matrix stiffness response 

and ageing. We know from Harman et al., that reduction in methylation promotes AP-1 binding 

and NFκB activation, activating inflammation responses to MMPs and IL6 96. The results found 

in this study suggest that with cell age and matrix stiffness increases, the increase in H3K9 

methylation could contribute to the inhibition of AP-1 binding and nuclear factor kappa B 

(NFκB) activation, resulting in the blocking of inflammation factors, allowing MMPs and IL6 to 

continue to contribute towards matrix remodelling and vascular dysfunction. Future work could 

involve developing a way to reduce methylation and increase acetylation of H3K9 to reduce 

MMP/IL6 expression in aged and diseased cells, through therapeutic targets. 

 

Using mRNAseq data collected from hASMCs identified a host of key genes which were 

upregulated in response to increased matrix stiffness response. From this list, four genes were 

chosen and were investigated and validated using western blotting. Firstly, we found that 

levels of NAT10 increased in response to stiffness increases between 2 kPa, 12 kPa and 72 

kPa. This change in NAT10 levels was also seen in cell ageing, there were higher levels of 

NAT10 in the aged P16s compared to the P8 cells. This suggests that NAT10 levels increase 

with both cell age and matrix stiffness and is a shared modification, this is because ageing 

and matrix stiffness are linked, and both increase with time. The results found in this study 

could be explained by NAT10’s role in SASP’s 111, as NAT10 was increased in the aged cells 

and in response to matrix stiffness, which is known to increase with age, the increased NAT10 

levels could contribute to micronuclei formation and the downstream release of MMPs and IL6 

which contribute to senescence and cell death and the further cellular dysfunction and ECM 

remodelling. Additionally, Microtubule stability is regulated through tubulin acetylation caused 

by NAT10, this results in the remodelling of the microtubule network 128. NAT10 is inhibited by 

Remodulin and inhibition results in a reduction of genomic instability and delayed senescence 

in VSMCs 129. 

My study is the first to identify changes in protein levels of NAT10, Chk2, ANXa3 and PDLIM1 

in VSMCs. However, A previous study by Balmus et al., found that NAT10 levels increased 

with age induced by Hutchinson-Gilford Progeria Syndrome (HGPS) which prematurely ages 

cells 130. Their experiment used cells from mice and compared healthy cells against HGPS 

cells, they found NAT10 increased in HGPS. They also treated cells with Remodulin which 

acetylates and inhibits NAT10 function and found NAT10 levels decreased in the HGPS cells 

but remained the same in the healthy cells. Additionally, they investigated α-tubulin acetylation 
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and total α-tubulin levels and found no difference in levels between healthy and HGPS-aged 

cells in both the acetylated and total α-tubulin. However, upon the inhibition of NAT10, there 

was an increase in levels of acetylated- α-tubulin in HGPS cells.  They concluded that NAT10 

inhibition resulted in improvements to mice health span in HGPS as it improved cardiac 

function, fitness and genomic stability.  

 My study differs from Balmus et al., in that instead of using mouse-derived fibroblast cells, I 

used human aortic VSMCs and aged the cells through passaging the cells to investigate 

ageing instead of using HGPS-derived cells. In their study, they used different dilutions of the 

antibodies used in western blotting compared to my study. Balmus et al., used a 1:400 dilution 

for Nat10, 1:500 for acetyl- α-tubulin and 1:1000 for α-tubulin. Whereas in my study, I used a 

1:1000 dilution for Nat10, acetyl- α-tubulin and total α-tubulin.  Additionally, to investigate 

whether NAT10 level changes are induced by mechanoresponsive young healthy cells were 

grown on 2, 12 and 72 kPa hydrogels. The data collected in my study revealed that NAT10 

levels were significantly increased in stiffness response and in the aged cells. These findings 

haven’t been identified in human aortic VSMCs before and the upregulation of NAT10 levels 

in aged cells along with acetylated and total α-tubulin levels remaining the same in age 

correlate with the study by Balmus et al.  

 

Alongside NAT10, Chk2 and ANXa3 are both involved in the DNA damage pathway Chk2 

levels were also increased in both the aged P16 cells and in response to matrix stiffness 

increases. Chk2 is known for inducing cell cycle arrest and apoptosis via DNA damage 110, 

one method of inducing DNA damage is through the detection of single or double-stranded 

DNA breaks and through micronuclei extrusions which activate the cGAS-cGAMP-STING 

pathway stimulating the release of proinflammation factors, including MMPs and IL6 131. Due 

to NAT10’s role in increasing micronuclei formation and Chk2’s role in micronuclei detection 

to induce cell death through the cGAS-cGAMP-STING pathway, suggesting there is a link 

between NAT10 and Chk2. Additionally, ANXa3 contributes to DNA damage through the 

activation of EGFR-enhanced DNA protein kinases that induce DNA double-stranded breaks 

resulting in activation of the DDR and resulting in apoptosis 132. ANXa3 was found to increase 

with increased matrix stiffness, ANXa3 is known to phosphorylate and activate the JNK 

signalling pathway 118 resulting in the promotion of VSMC apoptosis and a reduction in 

proliferation 133. The increase in ANXa3 levels in response to ECM stiffness increase suggests 

that ANXa3 may play a role in senescence due to its activation of JNK signalling and the 

resulting apoptosis and reduction of proliferation caused by it. 

Finally, PDLIM1 was also upregulated in response to increased ECM stiffness, this 

upregulation suggests that in response to arterial stiffening, PDLIM1 promotes the formation 
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of stress fibres to increase the contractility of VSMCs to recover the loss in compliance of the 

aorta due to ECM remodelling. 

 

In conclusion, this study has shown that levels of alpha-tubulin acetylation do not change in 

response to matrix stiffness (Figure 19 and Figure 20), or in aged cells. It shows that alpha-

tubulin acetylation is not affected by age and does not play a role in contributing towards or 

mitigating ageing. It also suggests that microtubule stability is not altered in response to ageing 

Additionally, Tau phosphorylation is not changed by age. Although, this is only preliminary and 

impacted by issues with the validity of the SiRNA knockdown used which prevented repeats 

of this experiment. H3K9 acetylation and methylation were both increased in response to 

matrix stiffness increases and ageing. Whilst increased acetylation is known to reduce MMP 

and IL6 activity in cells, methylation is known is increase MMP and IL6 activity through the 

inhibition of AP-1 binding. Whilst the function of both is known, the interplay between 

acetylation and methylation and their impact on VSMCs is not yet understood. 

 

The data collected from mRNAseq revealed many genes that are crucial to many biological 

processes that were upregulated in stiffness response (Figure 20). NAT10 and Chk2 were 

proven to also be upregulated in ageing as well (Figure 21). NAT10, Chk2 and ANXa3 all 

promote apoptosis 118 and senescence 110 through MMPs, IL6 or JNK signalling and are all 

upregulated in matrix stiffness response and cellular ageing. This shows that they directly 

contribute towards senescence and cell death. PDLIM1 was also upregulated in matrix 

stiffness response, however, its relationship with VSMCs is very different, it upregulates stress 

fibre formation 31, suggesting it plays a more regenerative role, in restoring some of the 

contractile ability of VSMCs to mitigate the loss of aortic compliance in ageing. This experiment 

is not without its limitations, although western blots and densitometry analysis are good for 

identifying changes, they cannot quantify these changes. This is because there are many 

changing factors in western blotting, which can include background levels when imaging, also, 

primary antibodies can work differently each time they are used which makes western blot 

results hard to reproduce. Additionally, densitometry is not always suitable for quantifying 

changes, this is because background levels and “ghost” bands impact the densitometry 

analysis and provide unrepresentative data. In order to test if the data collected through 

western blotting is correct and quantifiable, inhibitors of each of the identified genes would 

have to be used and the effects of this on VSMC mechanoresponsive would need to be 

identified using confocal microscopy to investigate changes in stiffness response. 

 

Future work could be carried out to target these identified genes and their encoded proteins 

to inhibit or stimulate their function in cells. NAT10 and Chk2 have been strongly linked to 
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atherosclerosis, and targeting these proteins and their pathways could serve as a potential 

therapeutic target for treating atherosclerosis. Additionally, testing these same antibodies in 

senescent cells, to induce senescence in vitro, oxidative stress could be placed on cells using 

hydrogen peroxide. Senescent cells could then be lysed and ran out on western blots and 

probed with the same antibodies identified in the bulk RNA sequence data set. This could be 

invaluable research as it would allow the comparison of protein level changes between matrix 

stiffness response, cell age and then cell senescence.  

Additionally, by testing the same antibodies and ideas in vivo using animal models such as 

mice which have similar aortas to humans. Using this model, protein levels can be identified 

in young and old mice. 

Bulk RNA sequencing carried out by the Warren lab using cells grown on 12kPa and 72kPa 

hydrogels will provide a list of new genes that were upregulated in stiffness response, from 

these identified genes, related protein levels can be investigated in VSMCs to investigate if 

the target proteins are increased in stiffness response and age.  

Finally, incorporating 2-dimensional gel electrophoresis will allow the identification of the type 

of modification happening to the target proteins will allow a deeper understanding of what is 

happening. These gels, first run cell lysate samples by their electrical charge based on pH 

separating by their isoelectric points. And then a second gel run by molecular weight. This 

separates proteins out in a way which allows the identification of the type of modification based 

on the presence of bands or dots.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20.  

Overall findings of this study when investigating matrix stiffness response. Protein 

levels of all investigated proteins increased with matrix stiffness apart from acetylated 

alpha-tubulin which remained unchanged. 

(Figure generated in biorender.com) 
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Figure 21. 

Overall findings of this study when investigating ageing. Protein levels of all 

investigated proteins increased with cell age between passage 8 and 16 apart from 

acetylated alpha-tubulin which remained unchanged. 

(Figure generated in biorender.com) 
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