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Abstract 

 

Investigating acto-myosin mediated nuclear force coupling in Hutchinson Gilford 

Progeria Syndrome 

 

Thomas Waring 

 

Mechanotransduction is the process whereby a cell converts mechanical stimuli into a 

biological response. This process allows cells that are subject to mechanical stresses 

to adapt and thereby avoid damage, as well as initiate force-sensitive responses such 

as differentiation, cell polarisation, and cell cycle activation. Mechanotransduction can 

be facilitated by the channelling of external forces from the extracellular environment 

to the nuclear interior, which can activate biochemical signalling pathways, trigger the 

import of transcription factors, and alter gene expression by modifying chromatin 

structure. The structures through which these forces are transmitted include focal 

adhesions, actin stress fibres, the LINC complex, and the nuclear lamina. HGPS is a 

premature ageing disease, caused by a point mutation in LMNA, where the primary 

cause of death is cardiovascular disease, and there is mounting evidence to suggest 

that this vascular deterioration is due to cells affected by HGPS being unable to 

adequately adapt to force stresses. This study therefore aimed to assess the structures 

involved in mechanotransduction in the context of HGPS to identify any changes in 

these structures that would explain the inability to adapt to force stresses. 

 

To investigate force transmission at key junctions of the pathway, FRET-based tension 

biosensors were employed to observe the tensile force applied to talin (located in focal 

adhesions) and nesprin-2 (located in the LINC complex). Whilst tensile forces across 

talin were elevated in HGPS cell lines, tension across nesprin-2 was reduced. A 

morphological assessment of the focal adhesions revealed that they were enlarged in 

HGPS cells. Atomic force microscopy was used to investigate cytoskeletal stiffness, 

as an indirect measure of stress fibre tension, and it was found that the fibres running 

over the nucleus had higher stiffness values in HGPS cell lines, suggesting increased 

fibre tension. Immunofluorescence of YAP, a transcription factor that typically 

localises to the nucleus in response to force stimuli, revealed that on 15kPa and 1.5kPa 

2-D substrates, the nuclear localisation of YAP was reduced in the majority of HGPS 

cell lines. An assessment of RhoA activity, a small GTPase that can regulate adhesion 

maturation and acto-myosin contractility, using a FRET-based activity sensor showed 

elevated RhoA activity in the HGPS cell line assessed. 

 

From these observations, a model for force sensitivity in HGPS cell lines is proposed. 

In this model, elevated RhoA activity leads to the reinforcement of focal adhesions 

and increased acto-myosin contractility, which in turn leads to increased force 

transmission into the cell. These increased forces are not however felt at the nuclear 

envelope, and thus cannot influence nuclear import/export. This prevents the dynamic 

regulation of RhoA, which maintains an elevated activity level, as well as preventing 

the proper regulation of mechanically sensitive genes. This results in cell damage, 

death and ultimately the breakdown of the arterial walls. 
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1. Introduction 

 

1.1. Mechanotransduction 

 

Cells embedded within the body’s tissues are subjected to a variety of external forces. 

Smooth and skeletal muscle cells will be stretched, osteoblasts will be compressed, 

and endothelial cells will be sheared by the flowing of blood. These cells will also be 

surrounded by environments with different mechanical properties; bone will be stiffer 

than muscle, which in turn will be stiffer than brain (Guimarães et al., 2020). The cell 

must be able to sense these environmental cues and respond accordingly. This process 

of converting a mechanical stimulus into a biological response is referred to as 

mechanotransduction. Mechanotransduction lies at the heart of many cellular 

processes, including control of the cell cycle (Huang and Ingber, 1999), cell 

differentiation (Engler et al., 2006; Le et al., 2016,), tissue development (Wozniak and 

Chen, 2009), and migration (Lo et al., 2000). The ability of mesenchymal stem cells 

to sense the stiffness of their surrounding matrix, for example, informs them whether 

to undergo osteogenesis, myogenesis or neurogenesis; with stiff matrix inducing 

osteogenesis, intermediate stiffness inducing myogenesis and low stiffness inducing 

neurogenesis (Engler et al., 2006). Bovine aortic endothelial cell (BAEC) monolayers 

subject to shear stresses will align their long axis and actin stress fibres in the direction 

of the flow (Galbraith et al., 1998). Quiescent kidney epithelial (MDCK) cells can be 

stimulated to enter the cell cycle by the application of a persistent stretching force 

(Benham-Pyle et al., 2015). In each of these cases, mechanotransduction allows the 

cells to sense mechanical cues and coordinate an appropriate response. Given the 

variety of processes that mechanotransduction plays a part in, it is no surprise that the 

loss or subversion of this ability leads to a wide range of diseases including muscular 

dystrophies, premature ageing diseases, and cancer (Jaalouk and Lammerding, 2009). 

 

There are several different mechanisms via which mechanotransduction can occur. Ion 

channels within the plasma membrane can act as force sensors by undergoing 

conformational changes in response to tensile forces along the plasma membrane, 

opening their channels and allowing the entry of ions into the cytoplasm (Jin et al., 

2020; Martinac, 2004); though the exact mechanism via which these conformational 

changes are facilitated remains unknown (Jin et al., 2020). These mechanosensitive 
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ion channels play a role in a diverse range of processes including hearing, touch, and 

flow sensing (Jin et al., 2020).  

 

There are another group of structures within the cell that can facilitate 

mechanotransduction. These structures, through a continuous connection to each 

other, allow external forces to be transmitted from the extracellular matrix (ECM) to 

the nuclear interior. The structures involved in this connection are the focal adhesions, 

actin stress fibres, the linker of nucleoskeleton and cytoskeleton (LINC) complex and 

the nuclear lamina (Fig 1.1). The focal adhesions bridge the plasma membrane via 

proteins called integrins, which connect the ECM to actin stress fibres through actin-

binding adapter proteins. These actin stress fibres, via the perinuclear actin cap (or an 

unknown actin structure in 3-D), then link to the nucleus by interacting with another 

trans-membrane protein complex known as the LINC complex (Fig 1.1). This complex 

spans the nuclear envelope (NE) and links the actin cytoskeleton to the nuclear lamina 

via the outer nuclear membrane (ONM) spanning nesprins and the inner nuclear 

membrane (INM) spanning SUN proteins. Within the nuclear interior, proteins within 

the INM that bind to both lamins and chromatin then act to link the LINC complex 

directly to the chromatin, in regions known as lamina associated domains (LADs). 

This pathway of structures can channel forces directly into the nuclear interior, where 

it can influence global gene expression via effects upon chromatin organisation 

(Gauthier et al., 2012; Heo et al., 2015; 2016; Iyer et al., 2012; Poh et al., 2012). It 

can also facilitate the localisation of transcription factors into the nucleus in response 

to force application (Elosegui-Artola et al., 2017).   
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Fig 1.1. Summary of connection between the extracellular environment and the 

nuclear interior that facilitates mechanotransduction. Forces from the extracellular 

environment can be channelled to the nuclear interior through a series of physical 

connections involving focal adhesion complexes, acto-myosin stress fibres, LINC 

complexes and LADs. 

 

1.1.1. The Extracellular Matrix 

 

The ECM is a fundamental part of the form and function of soft connective tissues. 

There are approximately 300 proteins, 200 glycoproteins and 20 proteoglycans that 

constitute the ECM (Hynes and Naba, 2012). Despite this large number of different 

constituents, one of the features that they share is that they typically contain repeats of 

a select number of domains (Hynes and Naba, 2012), and these domains can be used 

to characterise the different components of the ECM into broad groups. One such 

group is the collagens. Collagens are typified by the presence of a repeating Gly-X-Y 

domain, where X is frequently proline and Y is frequently 4-hydroxyproline (Hynes 

and Naba, 2012). There are a total of 28 members of the collagen superfamily in 

vertebrates, which are denoted by Roman numerals (Ricard-Blum, 2011). The 

collagens commonly form homotrimer α chains, or less commonly heterotrimers, 

which comprise of the Gly-X-Y repeat domains (Ricard-Blum, 2011). These trimeric 
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collagens can then form supramolecular structures, which can be divided into different 

groups: fibrils, beaded filaments, anchoring fibrils, and networks (Ricard-Blum, 

2011). Collagen fibrils, which are then further assembled into collagen fibres, provide 

the ECM with its mechanical stiffness and strength (Humphrey et al., 2014). 

 

Fibronectin is a glycoprotein found within the ECM that forms a meshwork between 

neighbouring cells (Singh et al., 2010). It consists of numerous repeating modules, 

which can be divided into three types (I, II, and III) (Singh et al., 2010). Two 

intramolecular disulphide bonds form within each type I and II module, stabilising 

fibronectin’s folded structure (Singh et al., 2010). Type III modules are seven-stranded 

β-barrel structures which lack disulphides. Further disulphide bonds between the C-

termini of two fibronectin molecules brings them together into a dimer (Singh et al., 

2010). Numerous cell surface integrins can bind to the modules within fibronectin 

(including module III10, which contains the well-studied RGD sequence), which 

mediates cellular control of fibronectin filament assembly (Pankov and Yamada, 2002; 

Singh et al., 2010). As part of this process, the binding of fibronectin to integrins 

promotes integrin clustering, which brings numerous fibronectin molecules together 

to form intermolecular connections (Singh et al., 2010). Fibronectin is also able to bind 

a variety of other ECM components, including collagen, heparin, and fibrillin (Pankov 

and Yamada, 2002; Singh et al., 2010), and the fibronectin matrix is known to play a 

role in the matrix assembly of a range of these ECM components (Singh et al., 2010). 

 

The ECM can take on a variety of different structures, which are influenced by the 

proteins that compose it (Theocharis et al., 2016). One of these structures, known as a 

basement membrane, takes the form of a 40–120nm sheet that acts to separate cells 

from the surrounding connective tissue, as well as acting as a scaffold on which 

epithelial and endothelial can grow (Paulsson et al., 1992). Collagen IV is a major 

component of the basement membrane and provides a scaffold for the assembly of the 

other structural components (Paulsson et al., 1992). Among these other components 

are the laminins. These laminins exist as heterotrimers, consisting of one α chain, one 

β chain and one γ chain (Shaw et al., 2021). There are five α chains, four β chains and 

three γ chains, which can combine into 16 known heterotrimers (Aumailley et al., 

2005; Shaw et al., 2021). The α chains have a large C-terminal globular G domain, a 

coiled-coil domain, and an N-terminal short arm (whose length varies between α 
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chains) with a number of laminin-type epidermal growth factor-like repeats located 

between globular L domains (Domogatskaya et al., 2012). The β and γ chains share 

the coiled-coil domain, as well as the N-terminal short arm domain, with the α chains 

(Domogatskaya et al., 2012). It is the coiled-coil domains that interact to facilitate 

trimerization of the chains, whilst the N-terminal domains allow the polymerisation of 

heterotrimers into higher order networks (Shaw et al., 2021). Laminins can interact 

with a range of different cell surface receptors, including integrins (Domogatskaya et 

al., 2012) and mutations in the laminins has been linked to a range of diseases with 

distinct pathologies (Shaw et al., 2021). 

 

Another ECM constituent that can define the mechanical properties of the ECM is the 

glycoprotein elastin. It is first produced as a precursor protein called tropoelastin, 

which is then assembled and crosslinked to form an insoluble polymer (Arribas et al., 

2006). This assembly is guided by microfibrils produced at the cell surface, which 

themselves are composed of numerous glycoproteins, such as fibrillin-1 and fibrillin-

2, microfibril-associated glycoproteins (MAGP1 and MAGP2) and the latent 

transforming growth factor β (TGF-β)-binding proteins (Arribas et al., 2006). These 

elastic fibres bestow the ECM with its extensibility (elastic fibres can extend up to 

150% without failure) and resilience (the ability to recoil upon unloading) (Humphrey 

et al., 2014). 

 

The regulation of the ECM constituents, and the mechanical properties that they impart 

to the ECM, is important for the maintenance of tissue homeostasis. As such, cells 

possess an array of negative feedback loops that allow them to sense changes in the 

mechanical properties of the ECM and return them to desired levels (Humphrey et al., 

2014). The loss of these feedback loops, or their reversal into a positive feedback loop, 

can cause tissue homeostasis to be lost and thereby result in pathology. Fibrosis, for 

example, is caused by the excessive production and deposition of collagen into the 

ECM by fibroblasts. This then leads to a stiffening of the ECM, which in turn promotes 

the production of more collagen in a positive feedback loop that ultimately leads to 

tissue pathology (Henderson et al., 2020). The proteoglycan decorin, important for 

collagen fibrillogenesis (Reed and Iozzo, 2002), acts at various stages in the 

progression of atherosclerosis to attenuate its progression, and lower levels of this 

ECM component correspond to increased rates of atherosclerosis progression (Singla 
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et al., 2011), highlighting the importance of ECM composition in tissue homeostasis 

and disease progression. The loss of ECM mechanical homeostasis also plays an 

important role in ageing, with tissues such as the skin and arterial walls displaying 

increased stiffness with advanced age due to progressive degradation of the ECM 

(Birch, 2018). The cell’s ability to sense and properly adjust the composition and 

mechanical properties of the ECM is therefore vitally important to maintaining a 

healthy tissue state.  

 

1.1.2. The Focal Adhesion Complex 

 

The focal adhesion complex acts as both a platform for mechanically activated 

biochemical signalling pathways and as a relay for force transmission between the 

ECM and the nuclear interior. The complex itself consists of a wide variety of proteins, 

which associate with the adhesion at varying stages of its life cycle. The use of 

proximity labelling probes, combined with mass spectroscopy, has allowed for the 

identification of proteins associated with focal adhesions. Horton et al. (2015) used 

data from seven such datasets, based upon fibronectin induced adhesions, to build a 

picture of which proteins are universally identified across differing cell lines and 

methodologies. This study identified 60 proteins that were termed the ‘consensus 

integrin adhesome’; proteins that were enriched in at least five of the datasets. 

Amongst these were proteins that are known to play an important role in transmitting 

mechanical forces, as well as in mechanically induced biochemical signalling.  

 

1.1.2.1. Integrins 

 

Integrins form the bedrock of the focal adhesions and are the component of the 

complex that spans the plasma membrane and engages with components of the ECM. 

Integrins exist as non-covalent heterodimers, which consist of a single α subunit and a 

single β subunit. There are a total of 18 α and 8 β subunits, which can combine into 24 

different integrins (Hynes, 2002). The component α and β subunit of the heterodimer 

determine the ligand specificity of the integrin, and each combination of subunits has 

its own specific, non-redundant function (Hynes, 2002). The α and β subunits have 

different molecular structures. The α subunit consists of a β-propeller head domain 

connected to a thigh, calf-1, and calf-2 domain, which collectively form the leg 

structure (Barczyk et al., 2010). 9 of the α subunits also have an αI domain, inserted 
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into the β-propeller (Larson et al., 1989). The β subunit consists of a plexin-

sempahorin-integrin (PSI) domain, a hybrid domain, a βI domain and four cysteine-

rich epidermal growth factor (EGF) repeats (Barczyk et al., 2010). Both subunits also 

contain a single membrane-spanning helix and a short cytoplasmic tail (Campbell and 

Humphries, 2011). 

 

Integrins can exist in three conformational states: “bent closed”, “extended closed” 

and “extended open” (Luo et al., 2007). The “bent closed” state has a low ligand 

affinity, and thus represents an inactive conformation; with integrin activation being 

the transition of integrin into its “extended open” conformation (Luo et al., 2007; Sun 

et al., 2019). Activated integrins that are bound to their ligands will cluster together, 

leading to the formation of focal adhesions. Mechanical force is an important factor in 

integrin activation, with low level tensile forces being needed to stabilise the “extended 

open” conformation (Sun et al., 2019). Intermediate tensile forces promote the 

clustering of integrins and the strengthening of the attachment between the ECM and 

integrins into mature focal adhesions (Humphrey et al., 2014; Sun et al., 2019). The 

activation and clustering of integrins can also be promoted by the binding of proteins 

to their cytoplasmic tails, namely talin and kindlin (Sun et al, 2019). Ligand binding 

that promotes integrin clustering is often referred to as “outside-in” signalling, as it is 

the ECM outside the cell that triggers the clustering of integrins and the subsequent 

recruitment of focal adhesion proteins inside the cell. In the reverse, the binding of 

proteins such as talin to integrin is referred to as “inside-out” signalling, as it is the 

binding of these proteins inside the cell that promotes integrin clustering and the 

subsequent recruitment of ECM components outside the cell.  

 

1.1.2.2. Talin 

 

Talin is a large (270kDa) multidomain protein that acts as a bridge between integrins 

and the actin cytoskeleton. It binds to the cytoplasmic tail of integrins via an N-

terminal FERM domain, and to actin filaments via two actin binding sites (ABS) 

within its C-terminal rod domain (Goult et al., 2018). The FERM domain consists of 

four globular segments (F0-F3), whilst the rod domain consists of 13 helical bundles 

(R1-13) terminated by a single α-helix that mediates homodimerization; the two 

domains are connected by a disordered linker segment (Goult et al., 2018). Talin 

natively exists in an autoinhibitory state, with the rod domain binding to the FERM 
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domain at a position overlapping the site of integrin binding, thus preventing talin’s 

binding to the cytoplasmic tail of integrin (Goksoy et al., 2008). Talin binding to 

phosphatidylinositol 4,5-bisphosphate (PIP2) disrupts the interaction between the 

FERM and rod domains, unveiling the integrin binding site (Goksoy et al., 2008). 

Talin is recruited to the plasma membrane via its interaction with Rap1/RIAM, which 

is required for its activation and binding to integrin (Lee et al., 2009).  

 

Talin has been shown to be subject to tensile forces whilst within the adhesion (Kumar 

et al., 2016), and plays a role in propagating forces from the adhesions to the actin 

cytoskeleton (Elosegui-Artola et al., 2016). Talin has also been shown to play a role 

in orchestrating adhesion formation and maturation via its interaction with vinculin 

(Humphries et al., 2007), and in defining the structure of the adhesion (Liu et al., 

2015). These roles of talin have been directly linked to its ability to transmit forces; 

indeed, force application across talin is required for its functions in regulating focal 

adhesions (Rahikainen et al., 2019). Some of these functions, including the recruitment 

of vinculin to the adhesion, are accomplished by force-induced unfolding of the helical 

bundles within talin’s rod domain, which reveals previously inaccessible binding sites 

and allows vinculin to bind (del Rio et al., 2009; Rahikainen et al., 2019). This 

mechanical unfolding of domains can itself act as a signalling method, with each of 

the helical bundles within the rod domain having unique force-extension profiles that 

can facilitate differing combinations of ligand binding at different tensile force 

thresholds (Goult et al., 2018). Vinculin has also been shown to be subject to tensile 

forces within the adhesion, and this tension promotes focal adhesion assembly and 

maturation (Grashoff et al., 2010). Together, talin and vinculin thereby act as the 

principal mechanism via which forces from the extracellular environment are 

transmitted to the actin cytoskeleton, and in so doing also act to activate mechanically 

induced signalling pathways.  

 

1.1.2.3. Focal Adhesion Kinase 

 

One of the main signalling proteins within the adhesion is focal adhesion kinase 

(FAK). FAK consists of an N-terminal FERM domain, followed by a ∼40 residue 

linker region, a central kinase domain, a ∼220 residue proline rich low complexity 

region and a C-terminal focal adhesion targeting (FAT) domain (Lietha et al., 2007). 

The FERM domain shares a similar structure to that of talin, kindlin, and a range of 
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other proteins (Frame et al., 2010). In a similar manner to talin, FAK natively exists 

in an autoinhibitory conformation with the FERM domain binding to the kinase 

domain, which blocks the autophosphorylation of Tyr397 in FAK (Cooper et al., 2003; 

Lietha et al., 2007); the first step in FAK activation. Integrin binding activates FAK 

by releasing FERM domain binding, revealing autophosphorylation sites (including 

Tyr397) and binding sites for SH-2 domain containing proteins, allowing for activation 

of FAK via tyrosine phosphorylation (Chen et al., 1996; Han and Guan, 1999; Schaller 

et al., 1994; Xing et al., 1994). The FAT domain of FAK localises it to the focal 

adhesions via interaction with various adhesion proteins, including talin and paxillin 

(Chen et al., 1995; Hildebrand et al., 1993, 1995).  

 

FAK is activated in response to a variety of force stresses and plays a role in mediating 

an array of force-sensitive cellular behaviours, including cell spreading and cell 

migration (Zebda et al., 2012). Src, specifically, forms a complex with FAK, activating 

both proteins via phosphorylation of FAK and a conformational change that relieves 

its own auto-inhibition (Calalb et al., 1995; Matsui et al., 2012). Src activity can be 

activated in response to direct mechanical stimulation, even at sites distal to the 

application point (Wang et al., 2005).  FAK/Src activate a wide range of biochemical 

signalling pathways in response to integrin engagement with the extracellular 

environment, which coordinate to regulate processes such as cellular migration, cell 

spreading, focal adhesion turnover and formation (Boutahar et al., 2004; Mitra et al., 

2005; Stutchbury et al., 2017; Webb et al., 2004; Zhao et al., 2011). FAK activity can 

also control the expression level of lamin A/C, a function that controls the progression 

of cellular senescence and is co-opted in cancer to promote tumour growth (Chuang et 

al., 2019). 

 

1.1.2.4. Paxillin 

 

A key protein within the adhesion that is phosphorylated by FAK is paxillin (Bellis et 

al., 1995). Paxillin’s structure consists of five repetitive leucine-rich LD (Leu-Asp) 

motifs located at the N-terminus (LD1 to LD5) and four cysteine-histidine-enriched 

LIM domains at the C-terminus. Additionally, it contains a proline-rich sequence that 

anchors SH-3 domain-containing proteins, located within the N-terminus, as well as 

numerous serine and tyrosine residues throughout the protein which bind to SH-2 
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domains (López-Colomé et al., 2017). The LIM2 and 3 domains are required to 

localise paxillin to the focal adhesions (Brown et al., 1996). The LD domains of 

paxillin facilitate binding with a wide variety of proteins associated with focal 

adhesions, including FAK and vinculin (Brown  et al., 1996; Hildebrand et al., 1995; 

López-Colomé et al., 2017; Wood et al., 1994). The proline rich region also facilitates 

binding to the tyrosine kinase Src (Weng et al., 1993). Through these numerous 

interactions, paxillin plays a pivotal role within the adhesion as a central hub for the 

coordination of focal adhesion-based signalling.  

 

Multiple tyrosine, serine and threonine phosphorylation sites exist throughout paxillin 

(Webb et al., 2005), which are targeted for phosphorylation by a wide variety of 

kinases, including FAK/Src (Deakin et al., 2008; López-Colomé et al., 2017). 

Stimulation with growth factors, neuropeptides, ligands for G-protein coupled 

receptors and physical stress all trigger the phosphorylation of paxillin (Schaller, 

2001), giving it an important role in coordinating the signalling pathways necessary 

for controlling cell migration and adhesion dynamics (Brown and Turner, 2004; 

Deakin et al., 2008; Schaller, 2001). Indeed, paxillin is among the first proteins to be 

recruited to forming adhesions (termed nascent adhesions) (Zaidel-Bar et al., 2003) 

and remains present throughout the life cycle of the adhesion, controlling their growth 

and ultimate disassembly (Webb et al., 2004).  

 

1.1.3. The Actin Cytoskeleton  

 

1.1.3.1. Actin Filament Assembly 

 

Actin is a monomeric globular protein (G-actin) that can be polymerised into a 

filamentous polymer (F-actin). Monomeric actin has two major α/β-domains, which 

are divided into four subdomains (Dominguez and Holmes, 2011). There are two clefts 

between these two domains; the smaller of these binds ATP, while the larger cleft is 

the primary binding site for most actin binding proteins (Dominguez and Holmes, 

2011), as well as coordinating the binding between actin monomers within the 

filamentous polymer (Oda et al., 2009). Actin polymerisation itself is not an 

energetically favoured process, with the limiting step in fibre assembly being the 

formation of an initial actin dimer (Sept and McCammon, 2001). As such, actin 

nucleating factors, such as the Arp2/3 complex, are used to facilitate the formation of 
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an actin trimer, which can then act as a base for further polymerisation (Dominguez, 

2009). Due to the nature of the interaction between the actin monomers, each of the 

monomers adopts the same orientation within the filamentous polymer and as a result 

actin filaments are polarised. The ends of the polarised filament are referred to as the 

barbed (+) end and the pointed (-) end. Actin monomers in an ATP-bound state 

associate more readily with the barbed end of the filament than the pointed end 

(Wegner and Isenberg, 1983), resulting in assembly generally occurring at the barbed 

end and disassembly occurring at the pointed end. The hydrolysis of ATP within the 

actin filament also results in the loss of actin monomers from the filament at the 

pointed end, as ADP-bound actin has a much higher dissociation rate than ATP-bound 

actin (Pollard, 1986). The rates of assembly/disassembly of the filaments can also be 

controlled by the binding of various actin binding proteins (ABPs), which can either 

promote or prevent actin filament polymerisation (Pollard, 2016).  

 

1.1.3.2. Actin Binding Proteins and Actin Nucleation/Bundling 

 

These ABPs are vitally important for the regulation of actin assembly/disassembly in 

cells. Actin concentration in cells ranges from ∼25–100µM, which lies well beyond 

the critical concentration for actin polymerisation; and yet half of the total actin in cells 

is unpolymerized (Pollard, 2016). This is due to the regulation of actin dynamics by 

ABPs, which can control nearly every aspect of actin assembly; they can sequester and 

store actin monomers, nucleate actin filament polymerisation, promote filament 

elongation, cap actin filaments to prevent assembly/disassembly, sever actin filaments 

and bundle filaments (Pollard, 2016).  

 

Profilin is an actin monomer binding protein that inhibits the nucleation and 

polymerisation of actin at the pointed ends of actin filaments, though not the barbed 

end (Pollard, 2016). Actin-profilin complexes can assemble at the barbed end of the 

filament, where profilin is then released due to its low affinity for ATP-bound actin 

filaments (Courtemanche and Pollard, 2013). Profilin also acts as a nucleotide 

exchange factor, promoting the exchange of ADP for ATP in the nucleotide binding 

site (Mockrin and Korn, 1980). Profilin can be recruited to the barbed ends of actin 

filaments by its interaction with polyproline sequences in various elongation mediating 

proteins (Ferron et al., 2007). Through these various functions, profilin acts to store 
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and recycle actin monomers and facilitate their incorporation into growing actin 

filaments.  

 

Formins are one group of proteins that can bind to the barbed end of actin filaments 

and control filament elongation. Formins typically have two formin homology 

domains, FH1 and FH2, which bind to profilin (via a varying number of polyproline 

sequences) and the barbed end of actin filaments respectively (Paul and Pollard, 2009). 

Formin FH2 domains will dimerise and bind to the actin filament barbed end, and then 

control the addition of actin monomers by switching between an “open” and “closed” 

conformation (Paul and Pollard, 2009 Vavylonis et al., 2006). mDia1 is one example 

of a FH2 domain containing formin, which can promote rapid actin polymerisation at 

the barbed end of filaments (Kovar et al., 2006). The activity of mDia1 can be 

controlled by the binding of the small GTPase RhoA, which binds at a site at the N-

terminal end of mDia1 and thereby relieves mDia1 autoinhibition (Li and Higgs, 2005; 

Otomo et al., 2005). 

 

The Arp2/3 complex can act as a nucleator of actin filaments that branch from an 

existing actin filament. The binding of the Arp2/3 complex to an existing actin filament 

causes a conformational change in the complex, which allows the Arp2 and Arp3 

subunits of the complex to act as the initial dimer for actin polymerisation (Rouiller et 

al., 2008). The nucleating activity of the Arp2/3 complex requires the binding of a 

nucleation promoting factor (NPF), a group of proteins that includes WASP family 

verprolin-homologous protein (WAVE), Wiskott–Aldrich syndrome protein (WASP), 

neural WASP (NWASP), WASP and SCAR homologue (WASH), and junction-

mediating and regulatory protein (JMY) (Rotty et al., 2013). The activity of these 

NPFs, and by extension the Arp2/3 complex, can be controlled by small GTPases; 

WASP can be activated by Cdc42 binding (Kim et al., 2000) and WAVE can be 

activated by Rac1 (Eden et al., 2002). 

 

α-actinin is an ABP that acts to bundle actin filaments by cross-linking the individual 

actin filaments and thereby keep them in proximity with one another (Sjöblom et al., 

2008). There are six isoforms of α-actinin in mammalian cells, which can be split into 

two groups; those expressed in muscle tissue and those expressed in non-muscle cells 

(Sjöblom et al., 2008). Isoform 1 is the isoform that distributes along actin stress fibres 

in motile non-muscle cells (Sjöblom et al., 2008). α-actinin consists of an N-terminal 
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actin binding domain (ABD), a central rod region of four spectrin repeats, and a C-

terminal calmodulin (CaM) like domain (Sjöblom et al., 2008). Two α-actinin 

molecules form a functional dimer via interaction between their spectrin repeats, and 

the two molecules are oriented in the opposite direction so that each end of the 

homodimer has one ABD and one CaM-like domain (Sjöblom et al., 2008). This 

allows each end of the dimer to bind to an actin filament, and thus facilitates its ability 

to cross-link actin filaments. 

 

1.1.3.3. Actin Stress Fibres 

 

Stress fibres are bundles of filamentous actin, with alternating polarity, which are 

associated with bi-polar arrays of non-muscle myosin II (NMII) and bound by α-

actinin (Langanger et al., 1986). The stress fibres are not universal in their 

morphology, however, and can be divided into three groups (found in 2-D): dorsal and 

ventral stress fibres, and transverse arcs. Transverse arcs are curved filaments which 

are not associated with focal adhesions and span the apical surface of the cell. In 

migrating cells, these arcs flow backward from the lamellipodia towards the cell centre 

(Heath, 1983), a process that is dependent upon contraction within the arcs (Zhang et 

al., 2003). This contractility can be transmitted to the focal adhesions, and thus the 

extracellular environment, via the dorsal stress fibres. These fibres are associated with 

focal adhesions at one end, whilst the other end is attached to transverse arcs. Unlike 

other stress fibres, dorsal fibres do not contain NMII and thus are not contractile 

(Tojkander et al., 2011). Ventral stress fibres are attached to focal adhesions at both 

ends and constitute the main contractile force generating component within the cell. 

The mechanism via which stress fibres are formed differs between the different types 

of fibre (Pellegrin and Mellor, 2007). Dorsal stress fibres elongate from focal 

adhesions to form short filaments containing α-actinin. Clusters of myosin are then 

woven into these structures, displacing α-actinin. Transverse arcs form by end-to-end 

joining of short bundles of actin to bundles of myosin. Ventral stress fibres form by 

the end-to-end joining of two dorsal stress fibres to form a structure that is anchored 

at both ends by a focal adhesion (Pellegrin and Mellor, 2007). 
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1.1.3.4. Non-Muscle Myosin II 

 

The ability of actin stress fibres to contract, and thus exert force, is imparted by the 

incorporation of NMII isoforms. The myosins are a superfamily of proteins, which 

typically contain three domains: a motor domain, a neck domain, and a tail domain 

(Sellers, 2000). The motor domains are relatively well conserved and are the domain 

that interacts with the actin filament and possess an ATP binding site. The neck 

incorporates a conserved IQ motif that binds to light chains, whilst the tail domain can 

vary widely between the different myosins; a range of different binding domains, 

including SH-3 domains, GAP domains, FERM domains, and pleckstrin homology 

(PH) domains can be found within the tail domain of myosins (Sellers, 2000). There 

are 25-30 different myosins in mammals, split between 9 of the 15 different classes of 

myosin; the classes generally being unified by phylogenetic analysis of the motor 

domains (Sellers, 2000). The myosins of class II constitute the major contractile 

myosin found in skeletal and smooth muscle, as well as being present in all non-muscle 

eukaryotic cells (Vicente-Manzanares et al., 2009). NMII is constructed from three 

peptides: a non-muscle myosin II heavy chain (NMIIHC), a regulatory light chain 

(RLC), and an essential light chain (ELC). The RLC and ELC bind to the heavy chain 

via the IQ motifs in the neck domain of the heavy chain. The tail domain of NMIIHC 

forms an α-helical coiled-coil with another heavy chain, creating a homodimer. The 

fully formed NMII therefore consists of 2 heavy chains, 2 RLC and 2 ELC, with the 

two head domains of NMIIHC at one end of the molecule (Vicente-Manzanares et al., 

2009). These NMII molecules can then associate with one another via their coiled-

coils, forming bipolar filaments, though this assembly is reliant on RLC 

phosphorylation (Vicente-Manzanares et al., 2009). These bipolar filaments, 

associated with anti-parallel actin filaments, form the basis of contractile actin stress 

fibres. There are three isoforms of NMIIHC in mammals, encoded by three genes; 

myosin heavy chain 9 (MYH9), MYH10 and MYH14 encode the heavy chains NMHC 

IIA, NMHC IIB and NMHC IIC, respectively (Vicente-Manzanares et al., 2009). 

 

The activity of NMII isoforms is controlled by the phosphorylation of the RLC. 

Phosphorylation at ser19 greatly increases the ATPase activity of the myosin head 

domain in the presence of actin, which stimulates head domain movement and thus 

pulling on the actin filament (Vicente-Manzanares et al., 2009). This activity can be 
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further stimulated by the additional phosphorylation of Thr18 (Vicente-Manzanares et 

al., 2009). The phosphorylation of these two sites is controlled by a variety of different 

kinases, namely myosin light chain kinase (MLCK), Rho-associated, coiled-coil 

containing kinase (ROCK), citron kinase, leucine zipper interacting kinase (ZIPK) and 

myotonic dystrophy kinase-related CDC42-binding kinase (MRCK) (Vicente-

Manzanares et al., 2009). The activity and assembly of NMII isoforms can also be 

controlled by phosphorylation at several sites within both the light chains and the 

heavy chains. (Pecci et al., 2018; Vicente-Manzanares et al., 2009). 

1.1.3.5. Acto-Myosin Contractility 

 

The contractility of the stress fibres plays a pivotal role in the regulation of the focal 

adhesions, with inhibition of NMII activity leading to focal adhesion disassembly and 

a blocking of focal adhesion maturation (Chrzanowska-Wodnicka and Burridge, 1996; 

Helfman et al., 1999). NMII activity has also been shown to play a role in recruiting 

FAK and vinculin to adhesions, as well as promote FAK mediated phosphorylation of 

paxillin, facilitating adhesion maturation (Pasapera et al., 2010). Contractility is also 

important for the maintenance of the stress fibres themselves, as NMII inhibition leads 

to their disassembly (Chrzanowska-Wodnicka and Burridge, 1996; Helfman et al., 

1999). Focal adhesion maturation can however be triggered in the absence of NMII 

contractility if external forces are present (Bershadsky et al., 2005; Riveline et al., 

2001). Actin stress fibre contractility is also important for the stress fibre’s role in 

propagating forces from the extracellular environment. The actin cytoskeleton is 

maintained under a constant state of contraction and stretching, which is generated by 

NMII activity within the stress fibres (Guolla et al., 2012). This places the cytoskeleton 

under tension, or pre-stress, which facilitates force propagation by making the cell 

more sensitive to applied forces (Hu et al., 2005), as well as allowing the propagation 

of locally applied forces over greater distances within the cell (Hu et al., 2003). This 

long-distance force propagation allows for forces exerted locally at the focal adhesions 

to be transmitted all the way to the nuclear interior, where it can directly regulate 

protein interactions within nuclear structures (Poh et al., 2012) as well as alter 

chromatin structure and regulate gene transcription (Tajik et al., 2016). This 

cytoskeletal tension can be related to cellular stiffness, with increased contractility 

correlating with increased cellular stiffness (Wang et al., 2002). As such, one can gain 

insight into the underlying tension state of a cell by assessing its overall cytoskeletal 
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stiffness and draw conclusions about the ability of that cell to propagate external forces 

exerted at the focal adhesions. 

 

While stress fibre organisation and formation been studied extensively in cells grown 

upon a 2-D substrate, the question has been raised as to whether actin structures such 

as stress fibres even exist within cells grown in 3-D matrices (Burridge and Wittchen, 

2013). Whilst cells within most tissues may never develop actin stress fibres, it has 

been demonstrated that those cells that experience high mechanical forces do 

undertake stress fibre formation (Burridge and Wittchen, 2013), making observations 

of stress fibre mediated force propagation in 2-D physiologically relevant. Indeed, 

stress fibre contractility, and resulting transmission of forces across focal adhesions to 

the ECM, has been demonstrated in fibroblasts migrating through a 3-D fibrin matrix, 

with the mechanism for this force transmission having many characteristics in 

common with that observed for 2-D migration (Owen et al., 2017). 

 

1.1.3.6. Perinuclear Actin Cap 

 

The perinuclear actin cap is a name given to a subset of actin stress fibres that run 

along the top of the nucleus and are directly linked to the NE via their interaction with 

nesprin-2 (Khatau et al., 2009). Like ventral stress fibres, they are anchored at both 

ends by focal adhesions, though these adhesions differ from typical focal adhesions in 

their morphology and function (Kim et al., 2012). The perinuclear actin cap helps 

define the shape of the nucleus, a process that is important for persistent migration 

(Razafsky et al., 2014), as well as control the movement of the nucleus during cell 

polarisation (Maninová and Vomastek, 2016). How the perinuclear actin cap is formed 

is currently not fully understood, however the work of Maninová and Vomastek (2016) 

suggests that the stress fibres of the cap are formed from the fusion of dorsal and 

peripheral stress fibres, whose movement over the nucleus is facilitated by transverse 

arcs. The stress fibres of the perinuclear actin cap display a greater level of acto-myosin 

contractility than other types of stress fibre (Maninova et al., 2017). 

 

1.1.4. Small GTPases  

 

The small guanosine triphosphatases (GTPases), or the Ras superfamily, are a large 

group of proteins that control many aspects of cell behaviour (Reiner and Lundquist, 



28 

 

2018). They act as molecular switches for cell signalling, existing in either an active 

or inactive state. The active state is GTP bound, whilst the inactive state is GDP bound. 

Control of the switching between these states is facilitated by three groups of 

regulators, guanine nucleotide exchange factors (GEFs), GTPase activating proteins 

(GAPs), and guanine nucleotide dissociation inhibitor (GDI) (Fig 1.2). The Ras 

superfamily can be divided into five families: Ras, Rho, Arf, Rab and Ran. Each of 

these families generally controls different aspects of cellular behaviour (Reiner and 

Lundquist, 2018). There are 20 members of the Rho family of small GTPases in 

eukaryotes, which generally act to control the organisation and dynamics of 

cytoskeletal components (Heasman and Ridley, 2008). Among these are Cdc42, Rac1 

and RhoA. The activity of each of these proteins promotes the formation of different 

actin structures and has been linked to a variety of cellular behaviours including cell 

division, polarisation, migration, and morphology (Etienne-Manneville and Hall, 

2002; Heng and Koh, 2010; Sit and Manser, 2011).  

 

1.1.4.1. RhoA 

 

RhoA activity promotes the formation of actin stress fibres, with microinjection of 

activated recombinant RhoA into fibroblasts resulting in extensive stress fibre 

formation (Paterson et al., 1990). This stress fibre formation is facilitated by the 

activation of two downstream effectors, mDia1 and ROCK, which work cooperatively 

to bring about the reorganisation of actin into stress fibres (Leung et al., 1996; 

Pellegrin and Mellor, 2007; Watanabe et al., 1999). ROCK acts to increase acto-

myosin contractility via two main mechanisms. It firstly increases the activity of NMII 

isoforms via phosphorylation of the RLC, which enhances NMII ATPase activity 

(Amano et al., 1996). It also phosphorylates myosin light chain (MLC) phosphatase, 

inhibiting its activity and thereby preventing inactivation of the RLC (Kimura et al., 

1996). ROCK also acts to stabilise the actin cytoskeleton via phosphorylation and 

activation of LIM kinase, which in turn phosphorylates and deactivates cofilin, an actin 

filament severing protein (Maekawa et al., 1999). mDia1, meanwhile, promotes the 

formation of new actin filaments via its ability to act as an actin nucleation factor 

(Watanabe et al., 1999). 

 

RhoA has been demonstrated to play a role in the formation of stress fibres in response 

to mechanical stretching, where its activity ensures the proper organisation of the 
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fibres relative to the stretch axis (Kaunas et al., 2005). The modulation of RhoA 

activity in response to shear forces is also important for mediating endothelial cell 

alignment in the direction of flow (Tzima et al., 2001). p190GAP, a RhoGAP, plays a 

role in the initial phase of the shear stress response by supressing RhoA activity and 

thereby facilitating the re-organisation of the stress fibres (Yang et al., 2011). Two 

GEFs that are known to activate RhoA, LARG and GEF-H1, are activated by tensile 

forces applied across the focal adhesions (Guilluy et al., 2011). By facilitating the 

formation of stress fibres and promoting acto-myosin contractility RhoA can trigger 

the nuclear localisation of YAP/TAZ, a pair of transcriptional regulators important for 

the coordination of gene expression in response to mechanical stimulation (Dupont et 

al., 2011). Signalling at focal adhesions via FAK can also supress the activity of RhoA, 

promoting adhesion turnover and facilitate migration (Ren et al., 2000). Deleted in 

liver cancer 1 (DLC1), for example, is a RhoGAP that is recruited to focal adhesions 

via it’s binding to the R8 domain of talin (Haining et al., 2018), where it is activated 

and inhibits RhoA activity (Li et al., 2011). Unfolding of this domain by tensile forces 

prevents the binding of DLC1 and thereby inhibits its activity (Haining et al., 2018).  

 

Figure 1.2: Regulation of small GTPase activity via GAPs, GEFs and GDIs. The 

switch between the inactive (GDP bound) and active (GTP bound) forms of small 

GTPases can be triggered by GEFs, which promotes the release of GDP and allows 

GTP to bind (GTP binding preferred due to higher cytosolic concentration). GAPs 

catalyse GTP hydrolysis, switching the small GTPase from the active to inactive state. 

GDIs can sequester inactive small GTPase, preventing the release of GDP and 

activation by GEFs. 
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1.1.5. The LINC Complex 

 

For forces to be propagated to the nuclear interior, they must first cross the nuclear 

envelope (NE), a double layered lipid bilayer consisting of an outer nuclear membrane 

(ONM) and an inner nuclear membrane (INM) separated by a ~40nm gap known as 

the perinuclear space. The ONM is continuous with the endoplasmic reticulum (ER), 

with the perinuclear space being an extension of the ER lumen. The INM and ONM 

are also continuous with one another, with the membrane folding at the nuclear pores 

to form the two membranes. The role of propagating forces across this membrane is 

fulfilled by the LInker of Nucleoskeleton and Cytoskeleton (LINC) complex 

(Cartwright and Karakesisoglou, 2014) (Fig 1.3). This complex consists of two protein 

families, nesprins and SUNs. Nesprins (nuclear envelope spectrin-repeat proteins), 

unified by their conserved C-terminal KASH (Klarsicht/ANC-1/Syne Homology) 

domain, span the ONM and act as the link to the cellular cytoskeleton, with either 

direct or indirect binding to all three components of the cytoskeleton (Cartwright and 

Karakesisoglou, 2014; Crisp et al., 2006; Zhang et al., 2001). The SUN proteins, so 

named because of their conserved C-terminal SUN (Sad1p, UNC-84) domain, span 

the INM and act to link the nesprins to the nucleoskeleton via interactions with lamin 

A/C (Cartwright and Karakesisoglou, 2014; Sosa et al., 2012). 

 

Fig 1.3. Illustration of the LINC complex connections to the cytoskeleton. The 

nesprins each bind to elements of the cytoskeleton, either directly or indirectly via 

adaptor proteins, as well as being linked to the nuclear lamina via their interaction with 

SUN proteins in the perinuclear space. 

 



31 

 

1.1.5.1 Nesprins 

 

In mammals there are five known nesprins, named nesprin-1, -2, -3, -4 and KASH5, 

each of which has a variety of alternative-splice variants (Cartwright and 

Karakesisoglou, 2014). Those variants that form a part of the LINC complex all 

contain a KASH domain, which consists of a single transmembrane segment followed 

by a short (~40 residue) sequence that lies within the perinuclear space (Cartwright 

and Karakesisoglou, 2014). Indeed, it is the presence of the KASH domain that 

facilitates the localisation of these nesprins to the ONM, where they then form the 

LINC complex via binding to SUN proteins (Crisp et al., 2005; Padmakumar et al., 

2005). The five nesprins each associate with different cytoskeletal components (Fig 

1.3). Nesprin-1 and nesprin-2, the largest of the nesprins at ~ 976 kDa and ~ 764 kDa 

respectively, have N-terminal calponin-homology (CH) domains that facilitate binding 

to filamentous actin (Warren et al., 2005). Nesprin-3 binds to the actin binding domain 

of plectin, a linker protein that binds to intermediate filaments (Wilhelmsen et al., 

2005). Nesprin-4, meanwhile, binds to kinesin-1 and thereby links to the microtubule 

cytoskeleton (Roux et al., 2009). Each of these linkages to the cytoskeletal networks 

plays a role in nuclear function. Nesprin-4’s link to microtubules is important for 

establishing cell polarisation, with the loss of nesprin-4 function leading to a loss of 

polarised centrosomal positioning and changes in the polarisation of organelles such 

as the Golgi (Roux et al., 2009). Nesprin-2 can also associate with microtubules via 

binding sites for dynein and kinesin-1 within its spectrin-repeat domains that form the 

rod, and this binding plays a similar role in controlling centrosomal/nuclear 

positioning (Schneider et al., 2011; Zhang et al., 2009; Zhu et al., 2017). Nesprin-3 

plays as role in organising the perinuclear cytoskeleton, as well as aiding in nuclear 

positioning, though its influence in these functions appears dispensable for 

development in zebra fish and mouse models (Ketema et al., 2013; Morgan et al., 

2011; Postel et al., 2011). KASH5 is specific to meiotic cells, where it’s interaction 

with microtubules facilitates the movement of chromosomes during meiosis via 

interactions with dynein/dynactin and SUN1 (Morimoto et al., 2012). Nesprin-2 

anchoring to the actin cytoskeleton mediates the movement of the nucleus via 

retrograde actin flow during polarisation (Luxton et al., 2010), as well as mediating 

rearward movement of nuclei in fibroblasts (Zhu et al., 2017). In the context of 

mechanotransduction, it is nesprin-1/2’s binding to the actin cytoskeleton that is 
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important for receiving and transmitting forces across the NE, due to actin filaments 

being the prominent vehicle via which internal forces are generated and external forces 

are propagated. Indeed, it has been shown that nesprin-2 is subject to tensile forces 

generated within the acto-myosin cytoskeleton whilst at the NE (Arsenovic et al., 

2016; Woroniuk et al., 2018). 

 

1.1.5.2. SUN 1/2 

 

At the INM there are two SUN proteins in humans, SUN1 and SUN2 (Cartwright and 

Karakesisoglou, 2014). These proteins bind to the KASH domain of nesprins within 

the perinuclear space via their C-terminal SUN domain (Padmakumar et al., 2005), 

whilst their N-terminus resides within the nucleoplasm and binds to variable 

components of the nucleoskeleton, including lamin A/C and emerin (Crisp et al., 2006; 

Haque et al., 2006; Haque et al., 2010). Interestingly, however, lamin A/C is not 

required for the localisation of SUN1/2 to the INM (Crisp et al., 2006; Haque et al., 

2006; Haque et al., 2010). SUN1/2 have two coiled-coil domains, which sit within the 

perinuclear space and facilitate the formation of a trimer complex (Sosa et al., 2012; 

Wang et al., 2012). This trimeric SUN complex can then bind to three KASH domains, 

with the binding pocket being formed at the interface between two SUN domains (Sosa 

et al., 2012; Wang et al., 2012). The SUN domains of SUN1/2 display no inherent 

preference in which KASH domains they bind, with both SUN proteins being able to 

bind the KASH domains of multiple nesprins (Stewart-Hutchinson et al., 2008; Sosa 

et al., 2012). As a result, it is possible to disrupt the LINC complex via overexpression 

of a KASH domain, which competitively excludes endogenous nesprins from the 

complex (Stewart-Hutchinson et al., 2008). However, the incorporation of SUN1/2 

into the LINC complex is not equivalent. In HeLa cells it was demonstrated that, under 

endogenous conditions, the proportion of SUN1 incorporated into LINC complexes 

was far greater than that of SUN2 (May and Carroll, 2018). These proportions could 

be reversed via SRF/Mkl1 signalling, and it has also been demonstrated that this 

change in LINC composition may play a role in regulating RhoA activity (May and 

Carroll, 2018; Thakar et al., 2017). A link between RhoA regulation and the LINC 

complex has also been demonstrated in vascular smooth muscle cells (Porter et al., 

2020). These results suggest that altering LINC complex compositions may be used as 

a mechanism for regulating cellular responses. 
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Disrupting the LINC complex leads to the loss of proper nuclear positioning and cell 

polarisation/migration, which is linked to the roles that the nesprins play in anchoring 

the nucleus to the cellular cytoskeleton (Schneider et al., 2011; Zhang et al., 2009; Zhu 

et al., 2017). LINC complex disruption also results in a decrease in cellular stiffness 

(Schneider et al., 2011), suggesting that engagement of the cytoskeleton with the NE 

is critical for maintaining cytoskeletal tension. 

 

1.1.6. The Nuclear Lamina 

 

The LINC complex acts to propagate forces to the chromatin through their mutual 

connection to the nuclear lamina. The main structural component of the nuclear lamina 

is a network of type V intermediate filament proteins, termed lamins, that line the 

inside of the INM.  The lamins have a short N-terminal head, a central alpha-helical 

coiled-coil rod domain and a globular tail-domain (Stuurman et al., 1998). The nuclear 

lamina in mammalian cells will consist of four lamins; lamin A, C, B1 and B2 (Bridger 

et al., 2007). These lamins derive from three genes; LMNA, which encodes lamin A 

and lamin C (termed A-type lamins), and LMNB1 and LMNB2, which encode lamin 

B1 and B2 (termed B-type lamins), respectively (Almendáriz-Palacios et al., 2020). 

Electron microscopy imaging of Xenopus oocytes has suggested that the structure of 

the nuclear lamina is that of a meshwork, with interconnected lamin fibres running 

parallel along the inside of the INM (Aebi et al., 1986; Goldberg et al., 2008). Cryo-

EM has observed a similar structure in somatic cells, with the lamina being formed of 

~3.5nm thick filaments that form a complex meshwork along the INM (Turgay et al., 

2017). It has been observed that lamins form separate, but interacting, networks that 

together form the lamina; with A-type lamins forming one network, and B-type lamins 

forming another (Shimi et al., 2008; 2015). Lamin filaments are formed from a series 

of coiled-coil lamin dimers, which then associate head-to-tail with one another to form 

polar polymers (Stuurman et al., 1998). These dimer polymers then associate with each 

other to form bundled fibres (Stuurman et al., 1998). 

 

Other components of the nuclear lamina include a group of proteins known as nuclear 

envelope transmembrane proteins (NETs). This group includes lamina associated 

peptide (LAP) 1, LAP2a, lamin B receptor (LBR) and emerin (Almendáriz-Palacios et 

al., 2020). These proteins span the INM and can bind to both the nuclear lamina and 
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chromatin, thereby anchoring chromatin to the nuclear lamina (Almendáriz-Palacios 

et al., 2020; Briand and Collas, 2020). These anchorage points are known as lamina 

associated domains (LADs), and ~ 40% of the genome is organized into ~ 1300 LADs 

(Almendáriz-Palacios et al., 2020). These LADs act to compartmentalise the 

chromatin, allowing for the spatial organisation of genes and the regulation of their 

expression by conversion into heterochromatin (Briand and Collas, 2020). This 

conversion into heterochromatin is facilitated by the interaction of LAP2β and emerin 

with HDAC3, which deacetylases histone within the chromatin. By interacting with 

both HDAC3 and chromatin, LAP2β and emerin act to bring the two into proximity 

and thus facilitate histone modification of the chromatin (Briand and Collas, 2020).  

 

The lamina is not only a platform for protein/chromatin binding but also plays an active 

role in determining the mechanical properties of the nucleus. This is partly 

accomplished through tuning of the levels of lamin A within the nuclear lamina. 

Indeed, the loss of lamin A from the nuclear lamina greatly diminishes the stiffness of 

the nucleus, as well as leading to a variety of nuclear deformities (Lammerding et al., 

2006). These nuclear mechanical properties are important for maintaining the integrity 

of the nucleus under force stresses. Cells use differing expression levels of lamin A to 

adapt their nuclei to the stiffness of the surrounding matrix, increasing its levels in 

stiffer surroundings to maintain nuclear integrity (Swift et al., 2013). The nuclear 

lamina also imparts an element of protection against compressive forces onto the 

nucleus (Dahl et al., 2004). It has also been demonstrated that cells with low levels of 

lamin A are susceptible to nuclear damage during migration in constrictive 

environments, though those that survived showed increased migratory potential due to 

increased malleability of the nucleus (Harada et al., 2014). 

 

1.1.7. The Nuclear Interior 

 

Lamin proteins are not only found within the nuclear lamina at the NE but can also be 

found within the nuclear interior, forming stable higher order structures (Moir et al., 

2000) that facilitate a variety of processes, including DNA replication, repair, 

transcription, and telomere homeostasis (Dorner et al., 2007; Lambert, 2019; Gonzalo, 

2014; Shumaker et al., 2003). Both A and B type lamin act to regulate various proteins 

involved in double-stranded break (DSB) repair and control the choice between non-
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homologous end joining (NHEJ) and homologous recombination (HR) (Lambert, 

2019). Just as the nuclear lamina can control the positioning of chromatin through 

LADs, lamin within the nucleoplasm can bind to chromatin within the nuclear interior 

(Lund et al., 2015) and act to control the structure and positioning of chromatin within 

the nucleoplasm (Bera and Sengupta, 2020, Dechat et al., 2008). As such, lamins play 

a crucial role in the regulation of numerous nuclear activities, which extend beyond its 

place in the nuclear lamina.  

 

Actin is also found within the nuclear interior and can be found in both monomeric 

(Gonsior et al., 1999) and filamentous form (Belin et al., 2013); both of which play a 

role in regulating nuclear activities. The control of actin dynamics and polymerisation 

within the nuclear interior is orchestrated by ABPs also found within the cytoplasm, 

including mDia (Baarlink et al., 2013), cofilin (Chhabra and dos Remedios, 2005) and 

Arp2/3 (Schrank et al., 2018). In its monomeric form, actin can bind to RNA 

polymerases I (Philimonenko et al., 2004), II (Hofmann et al., 2004) and III (Hu et al., 

2004), facilitating gene transcription. It can also control the expression of a variety of 

genes important for the control of cytoskeletal and focal adhesion organisation (Sharili 

et al., 2016). Monomeric actin also forms a part of the INO80 complex, providing 

evidence to suggest that it can influence chromatin remodelling (Kapoor et al., 2013). 

In its filamentous form, actin plays a role in the repair of both NHEJ and HR DSBs 

(Lambert, 2019), a role that is partly reliant on the action of nuclear myosins (Caridi 

et al., 2018). Actin filaments may also have a role in chromatin repositioning, which 

in turn can control the expression of genes (Chuang et al., 2006; Dundr et al., 2007).  

 

1.2. Force Dependent Responses 

 

Through these cellular components, the cell is capable of transmitting forces from the 

extracellular environment directly to the nuclear interior. This pathway also allows the 

cell to generate its own forces, via acto-myosin stress fibre contraction. These forces 

provide an alternate regulatory stimulus to traditional biochemical signalling, allowing 

the cell to react to changes in its mechanical environment, such as matrix stiffness.  
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1.2.1. Gene Expression and Regulation 

 

One way in which forces can regulate cell behaviour is through alteration of gene 

expression. This is accomplished through two main mechanisms: the targeting of 

transcription factors to the nucleus, and the manipulation of chromatin structure. One 

of the best characterised pair of mechanically targeted transcription regulators is 

YAP/TAZ. These transcriptional coregulators are shuttled between the cytoplasm and 

the nucleus, a process that can be controlled by a variety of signalling pathways 

including the Hippo and Wnt pathways (Dupont, 2016). When within the nucleus, 

YAP/TAZ interact with DNA binding transcription factors, such as TEAD, and 

thereby activate wide ranging gene expression (Zanconato et al., 2015; Zhao et al., 

2008). Nuclear YAP/TAZ localisation can also be controlled by mechanical stimuli, 

such as increased ECM stiffness and changes in cell shape (Dupont et al., 2011; 

Elosegui-Artola et al., 2017). The response of YAP/TAZ to such mechanical cues is 

independent of its regulation by the Hippo pathway and dependant on RhoA activity, 

acto-myosin contractility, and an intact LINC complex, suggesting that YAP/TAZ 

localisation can be directly regulated by force propagation to the nucleus (Dupont et 

al., 2011; Elosegui-Artola et al., 2017). This regulation in response to mechanical cues 

is not just important for somatic cells but also plays a role in stem cell differentiation. 

Mesenchymal stem cells can be stimulated to develop into osteogenic, myogenic, or 

neurogenic cell lineages by growing them on stiff, intermediate, or soft matrices 

respectively; a process that is dependent on acto-myosin contractility (Engler et al., 

2006) and controlled by YAP/TAZ localisation (Dupont et al., 2011). On top of this, 

YAP/TAZ has been shown to play an important role in cardiovascular 

development/homeostasis. Nuclear localisation of YAP can be triggered by exposure 

to laminar shear stresses, a process that is important for the maintenance of the 

vasculature in developing zebrafish via a mechanism that is again independent of 

Hippo pathway signalling (Nakajima et al., 2017). These, along with other findings, 

identify YAP/TAZ as a central hub for transducing a range of mechanical stimuli into 

a cellular gene expression response, and a source of pathology in a variety of cancers 

and diseases (Dupont, 2015; Halder et al., 2012; Panciera et al., 2017). 

 

Whilst transcriptional regulators play an important role in mediating gene expression, 

another mechanism of controlling expression is via changes in chromosome structure. 
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By altering the 3-D positioning of their chromatin, and bringing certain elements closer 

together or further away, cells can regulate their gene expression on a global level 

(Dekker and Mirny, 2016; Lanctôt et al., 2007). The anchoring of chromatin to the 

nuclear lamina in LADs can also act to control gene expression by altering the structure 

and spatial organisation of chromatin (Shevelyov and Ulianov, 2019). Given that the 

LINC complex acts to link the cytoskeleton directly to the nuclear lamina, it stands to 

reason that forces propagated across the actin cytoskeleton may be directly felt by 

chromatin and result in altered chromatin structure/positioning. Indeed, the ability of 

extracellular forces to cause movement within nuclear structures has long been known 

(Maniotis et al., 1997). Since then, the role that force-mediated chromatin re-

arrangement plays in cellular development has been further explored. Traction force 

microscopy has been used to demonstrate that there is a correlation between the forces 

a cell exerts upon the substratum via the focal adhesions and the movement of 

heterochromatin within the nucleus, and that the time scale for these events were 

similar (~40 sec) (Li et al., 2015). The perinuclear actin cap can mediate the 

polarisation of transcriptionally active heterochromatin via a re-distribution of lamin 

A/C towards the apical surface; a process that is dependent upon the contractility of 

the cap (Kim and Wirtz, 2015). Force application onto HeLa cells results in rapid 

decompaction of heterochromatin (< 5 sec), which was reversed when force 

application was ceased (Iyer et al., 2012). Force induced changes in chromatin 

organisation have also been linked to the regulation of mesenchymal stem cell 

differentiation, with force application resulting in a rapid increase in chromatin 

condensation in a process dependent on acto-myosin (Heo et al., 2015; 2016). Taken 

together, these observations highlight that forces from the extracellular environment 

can indeed alter chromosomal structure, and that this response allows cells to adapt to 

force-stimuli in the long term. Recent work has also demonstrated that chromatin 

stretching induced by extracellular forces can directly activate gene transcription, in a 

process dependent upon acto-myosin (Tajik et al., 2016). Indeed, the degree of gene 

activation depended upon the angle of the applied force (relative to cell long axis) 

opening the possibility that cells may even be sensitive to the direction from which 

forces are applied (Tajik et al., 2016). 
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1.2.2. Nuclear Import 

 

Another aspect of nuclear behaviour that is be regulated by force stimuli is nuclear 

import. The transport of factors into the nucleus is a process mediated by a protein 

complex known as the nuclear pore complex (NPC). This complex acts as a selective 

barrier between the cytoplasm and the nucleoplasm, preventing the passive entry of 

factors larger than 40kDa (Keminer and Peters, 1999). These factors, if they are 

required to cross the NE, must be actively transported through the NPC; a process that 

is facilitated by a group of proteins termed importins. These importins act to shuttle 

proteins across the NPC via their interactions with the luminal FG-nup proteins, which 

fill the lumen of the NPC and constitute the barrier to passive entry (Lim et al., 2006). 

However, the exact mechanism via which importin/FG-nup interactions facilitate 

nuclear import is up for debate (Donnaloja et al., 2019; Kabachinski and Schwartz, 

2015; Wente and Rout, 2010). The process of active transport across NPC’s is 

regulated by a gradient of GTP-bound Ran. Ran-GTP accumulates within the nucleus 

and acts to dissociate incoming importins from their cargo, releasing the cargo within 

the nucleoplasm (Rexach and Blobel, 1995; Wente and Rout, 2010) (Fig 1.4).   

 

As previously mentioned, certain transcription factors (such as YAP/TAZ) are 

imported into the nucleus in response to forces applied at the NE. However, there is 

evidence to suggest that forces at the NE may facilitate the import of a much wider 

variety of factors via a more general mechanism. Work from Elosegui-Artola et al. 

(2017) demonstrates that direct force application onto the nucleus can trigger an 

increased nuclear import of YAP even when cells are cultured on soft substrates, a 

condition in which YAP would usually localise to the cytosol. YAP nuclear 

localisation could even be triggered in the absence of talin and filamentous actin, 

suggesting that nuclear localisation of YAP can be triggered solely by force application 

onto the nucleus. However, the blockage of active nuclear import prevented YAP 

localisation into the nucleus even under direct force. Elosegui-Artola et al. (2017) 

conclude that force applied to the nucleus, or growth upon stiff substrates, acts to 

stretch the NE and thereby open the NPC, reducing the strength of the FG-nup barrier 

within the lumen and making it easier for YAP to pass through the NPC. Whilst this 

mechanism of force-induced import was only demonstrated for YAP, there is little 

reason why this model could not be applied to other imported factors of similar size, 
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providing a general mechanism via which cells can regulate their nuclear import in 

response to mechanical cues. 

 

It is also possible that forces transmitted to the NE may be able to exert a more direct 

influence upon the NPC. Donnaloja et al. (2019) posit that forces may be felt at the 

NPC itself through a connection between Nup153, a component of the NPC nuclear 

basket, and SUN1. This connection would allow a force stimulus to upregulate nuclear 

import by causing the opening of the nuclear basket, thereby increasing the 

permeability of the NPC. 

 

 

Fig 1.4. Illustration of Ran mediated nuclear import. Import of cargo labelled with 

a nuclear localisation signal (NLS) is facilitated by binding to an importin (1). 

Importins will then localise cargo to the nuclear pore complex (NPC) via interactions 

with the cytoplasmic filaments (2), before translocating cargo through the pore lumen 

via interactions with luminal FG-Nups (3). Once within the nucleoplasm, RanGTP 

binds to the complex (4) and disassembles it, releasing the cargo (5).   
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1.3. Laminopathies 

 

Given the role of the nuclear lamina in mechanotransduction and chromatin 

organisation, it is understandable that mutations that affect the functioning of lamins 

can lead to disease. Indeed, there are a range of diverse diseases that result from 

mutations in lamin genes, which are broadly termed laminopathies. Mutations in 

LMNA are the most numerous cause of these laminopathies, likely due to the essential 

role of B-type lamins in development and organogenesis making mutations in LMNB1 

and LMNB2 embryo lethal (Donnaloja et al., 2020). Mutations in LMNA can lead to a 

range of different diseases, including Emery–Dreifuss muscular dystrophy (EDMD), 

dilated cardiomyopathy (DCM), Dunnigan-type familial partial lipodystrophy 

(FPLD), Charcot–Marie–Tooth disease type 2B1 and Werner syndrome (Davidson 

and Lammerding, 2014; Kang et al., 2018; Worman and Bonne, 2007). The mutations 

in LMNA can have numerous different effects on the nuclear lamina, depending on 

how the mutation affects lamin A function. The mutations that cause EDMD and 

DCM, for example, impair the ability of lamin A to form head-to-tail polymers, 

thereby disrupting the higher order assembly of lamins into fibres (Davidson and 

Lammerding, 2014). This not only reduces nuclear mechanical stability, but also 

impairs the activity of various signalling pathways and gene regulation that rely on 

nuclear lamina binding (Davidson and Lammerding, 2014). 

 

1.3.1. Hutchinson Gilford Progeria Syndrome 

 

Hutchinson-Gilford Progeria Syndrome (HGPS) is another example of a laminopathy, 

termed a pre-mature ageing disease. Those affected by this genetic disease experience 

symptoms such as a loss of subcutaneous fat, severe growth retardation, hair loss, bone 

deformations, osteoporosis, delayed dentition, joint stiffness, hip dislocations, 

sclerodermatous areas, and progressive arteriosclerosis. The average age of death of 

HGPS patients is 14.6 years, with the primary cause of death being cardiovascular 

disease (Gordon et al., 2014). On a cellular level, the nucleus displays a highly 

deformed appearance and shows an increased nuclear stiffness (Dahl et al., 2006). 

Defective DNA repair and telomere dysfunction also contribute to a decrease in 

genetic stability (Gonzalo and Kreienkamp, 2015; Liu et al., 2005).  
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HGPS results from a mutation within the LMNA gene; the most reported HGPS 

causing mutation being a de novo single nucleotide substitution at codon 608 (GGC > 

GGT; G608G) (Eriksson et al., 2003). This promotes activity at a cryptic splicing site 

in the primary transcript, which results in the loss of 150 nucleotides from exon 11 

(Eriksson et al., 2003). These lost nucleotides translate to the loss of 50 amino acids 

from the immature pre-lamin A protein. Pre-lamin A, in a healthy context, undergoes 

a series of maturation steps to generate the final lamin-A protein (Fig 1.5) (Sinensky 

et al., 1994). The final step of this maturation involves the endoproteolytic cleavage of 

the C-terminal 18 amino acids by the endoprotease Zmpste24, which includes a 

farnsylated C-terminal cysteine. In the pre-lamin A mutant, the cleavage site for 

Zmpste24 is lost, resulting in incomplete maturation of pre-lamin A (Eriksson et al., 

2003). This is supported by studies of Zmpste24 deficient mice, with Zmpste24-/- mice 

showing symptoms and nuclear phenotypes similar to those seen in HGPS patients 

(Bergo et al., 2002; Pendás et al., 2002). This uncleavable pre-lamin A, also known as 

progerin, then accumulates within the nuclear lamina in an age-dependant manner, and 

results in a progeria phenotype in affected cells (Bridger and Kill, 2004; Goldman et 

al., 2004).  

 

Fig 1.5: Processing steps of pre-lamin A. Pre-lamin A undergoes a series of 

processing steps, including farnesylation, methylation and cleavage, before yielding 

the final mature form of lamin A. 
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1.3.1.1. Mechanotransduction in HGPS 

 

This accumulation of progerin has been shown to alter the response of cells to 

mechanical cues in several ways. Dahl et al. (2006) demonstrated that the nuclear 

lamina of progerin-expressing cells had drastically altered organisation and 

mechanical properties and showed a reduced ability to re-organise its structure under 

mechanical strain. Verstraeten et al. (2008) demonstrated that cells from HGPS 

patients have impaired cell cycle activation stimulated by biomechanical strain, as well 

as an increased sensitivity to mechanical strain. This increased sensitivity to strain can 

be linked to the progressive atherosclerosis seen in HGPS patients, since vascular 

smooth muscle and endothelial cells have been observed to be a primary target of 

progerin accumulation (McClintock et al., 2006). Booth et al. (2015) observed that 

cells expressing progerin showed a loss of force propagation from the cytoskeleton to 

the nucleus, and that this results in a loss of chromatin movement in response to stress. 

HUVEC cells, an endothelial cell line, that expressed progerin were also shown to 

have reduced chromatin movement in response to shear stress (Booth et al., 2015). 

Together, these studies suggest that a perturbed response to mechanical strain in 

progeria expressing vascular cells could be a causative factor that leads to the 

development of cardiovascular disease in HGPS patients. Indeed, recent work from 

Kim et al. (2018) has shown that vascular damage in the aorta of mice expressing 

progerin was concentrated at branching points and the inner curvature of the aorta; 

areas where the vasculature would experience the greatest fluctuations in shear stress 

(Suo et al., 2007). Smooth muscle cells expressing progerin that were cultured in vitro 

were then shown to have increased levels of cell death when subjected to mechanical 

stretching. This death was rescued by disruption of the LINC complex, and LINC 

complex disruption within the mouse model reduced the levels of vascular damage 

within the aorta (Kim et al., 2018). Autopsies within HGPS patients has also shown a 

marked depletion of smooth muscle cells within the aorta and other major arteries, 

which were replaced by fibrous matrix consisting of multiple collagen types; a finding 

that was attributed to degeneration of the muscle tissue (Stehbens et al., 2001). These 

findings provide strong evidence for the hypothesis that sensitivity to mechanical force 

is a major component of the pathology of HGPS.  
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Broers et al. (2004) observed that LMNA-/- MEFs had disorganised peri-nuclear 

cytoskeletal networks, including the loss of actin stress fibres from the nuclear 

periphery. Chang et al. (2019) reported that actin filament coupling to the NE was 

reduced in HGPS patient fibroblasts, and that there was a reduction in retrograde actin 

flow speed in NIH-3T3 cells expressing progerin. Lammerding et al. (2004) 

demonstrated that the cytoskeleton of LMNA-/- MEFs has altered mechanical 

properties, being much more malleable to mechanical forces. This could also 

negatively affect mechanotransduction, as the stiffness of the cytoskeleton would 

influence the forces that are transmitted to the nucleus. HGPS may also act to the 

detriment of mechanotransduction through the disruption of the LINC complex. Work 

on another progeria generating mutant, p.S143F (Kirschner et al., 2005), showed that 

nesprin-2 localisation to the NE was severely reduced in deformed mutant nuclei 

(Kandert et al., 2007). SUN1 localisation to the INM was also affected in G608G 

mutants, though high progerin levels acted to increase SUN1 levels at the INM rather 

than decrease them, despite a reduction in the binding of SUN1 and SUN2 to progerin 

relative to wild type lamin A (Haque et al., 2010). Nesprin 2 and SUN2 have also been 

shown to have reduced mobility within the NE of HGPS fibroblasts (Chang et al., 

2019). 

 

1.3.1.2. Nuclear Import Defects 

 

Whilst the classical view of HGPS would suggest that the loss of telomeres and 

impaired DNA repair are the ultimate cause of the senescence phenotype, recent 

findings suggest that a loss of nuclear import plays a key role. Larrieu et al. (2018) 

reported nuclear import defects in fibroblasts from HGPS patients, with the levels of 

cytoplasmic Ran being far higher than in healthy cells. They attribute this defect in 

import to the mislocalisation of transportin-1, an importin that is responsible for the 

import of various cargo, including Nup153. Whilst the paper does not draw any links 

between defective import and mechanotransduction it is interesting to note that 

Nup153, as previously mentioned, may play a role in mediating force-induced 

regulation of nuclear import (Donnaloja et al., 2019). It may therefore be possible that 

the mislocalisation of transportin-1 may also impact the ability of the cell to regulate 

nuclear import via force stimuli, due to the loss of Nup153 from the NPC. Given that 
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restoring transportin-1 localisation rescued the HGPS phenotype (Larrieu et al., 2018), 

it may be that this loss of function plays a significant role in the disease pathology. 

 

1.3.1.3 HGPS as a Model for Physiological Aging  

 

Understanding the mechanistic causes of HGPS is important for the treatment of this 

disease, however it also has importance as a window into the natural physiological 

ageing process. Increased levels of wild type lamin A have been shown to re-capitulate 

some of the phenotypic features of HGPS cells, and imaging of young verses old 

human diploid fibroblasts have shown that lamin A may be accumulating in the nuclei 

of older cells (Candelario et al., 2008). The presence of progerin itself within the cells 

of older individuals has also been shown (Cao et al., 2007; McClintock D et al., 2007; 

Ragnauth et al., 2010; Scaffidi and Misteli, 2006). This accumulation of progerin 

within ageing cells is due to sporadic use of the cryptic splicing site that is mutated 

within G608G mutants, resulting in low levels of progerin being expressed in non-

HGPS cells (Scaffidi and Misteli, 2006). This low level progerin expression 

recapitulated the HGPS phenotype in aged cells and resulted in cells reaching 

senescence at an earlier timepoint (Scaffidi and Misteli, 2006). Low level progerin 

expression in aged cells also interferes with the mitotic process in a manner similar to 

that seen in HGPS (Cao et al., 2007). McClintock et al. (2007) demonstrate that this 

accumulation of progerin with age occurs in vivo, with skin biopsies from non-HGPS 

affected individuals showing an increase in the levels of progerin with increasing age 

in a subset of cells. These studies suggest that the accumulation of progerin occurs not 

only within HGPS affected cells, but also within healthy cells as part of the 

physiological ageing process, and that the induction of senescence and aberrations in 

mitosis resulting from progerin accumulation could contribute to this process. 

Accumulation of progerin has also been shown to affect vascular smooth muscle cells 

in a similar manner (Ragnauth et al., 2010), providing a link between progerin 

accumulation with age and the development of atherosclerosis in older individuals. 

And whilst progerin expression is only seen in a subset of cells, work by Philip 

and Dahl (2008) raises the possibility that only a subset of cells need to express 

progerin in order for the response of the entire cell population to be affected, as 

progerin expressing HeLa cells perturbed the response of their non-expressing 

neighbours to shear stresses. This raises the question of whether aberrant 
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mechanotransduction, as seen in HGPS patients, could also be playing a role in 

physiological ageing through the subset of cells that accumulate progerin.  

 

1.4. Measuring Forces 

 

Through the combination of focal adhesions, actin cytoskeleton and LINC complex, 

the cell can respond to mechanical cues both in the short term via biochemical 

signalling and in the long term through changes in chromatin organisation and gene 

expression. One of the best ways to study these responses is to observe cells whilst 

they are experiencing force stimuli. However, cells in their native environment will 

experience distinct types of force, which based on their directionality and type can be 

divided into shear, tensile, compressive, and rotatory. Given this range of different 

force types, the study of mechanotransduction requires different methodologies to 

probe cell responses to these ranging force types.  

 

1.4.1. Traction Force Microscopy 

 

Traction Force Microscopy (TFM) is a technique commonly used to study the forces 

applied onto a substrate by a spreading cell, which are termed traction forces (Hur et 

al., 2020). This method relies upon observation of the movement of a substrate of 

known mechanical properties to indirectly measure the force that must have been 

applied to induce that movement (Hur et al., 2020; Polacheck and Chen, 2016). The 

properties of the substrate can also be altered to observe how the cells responds to a 

stiffer or softer substrate, or the substrate coated with varying ECM components to 

assess the effect of cell receptor binding on cell behaviour. The material composition 

of the substrate, as well as its structure, can vary between different techniques. The 

first TFM technique to be developed used a deformable material, such as 

polyacrylamide (PAA), polyethylene glycol (PEG), and polydimethylsiloxane 

(PDMS), which are known to have linearly elastic and isotropic properties in response 

to external force (Hur et al., 2020). These materials are embedded with fluorescent 

beads, whose movement can be tracked. Tracking the movement of these beads can 

then be used to calculate the traction forces that facilitated that movement (Hur et al., 

2020). An alternative approach to this is to use a micropost substrate. This method 

seeds cells onto an array of micrometer scale posts, whose deformation by the cell can 

be tracked (Tan et al., 2003). Due to the material properties of these posts being known, 
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the force needed to bend the posts can be calculated, giving a measurement of the local 

traction forces (Tan et al., 2003). These techniques are inherently 2-D in their 

measurements, however recent experimental setups using 3-D collagen and PEG 

hydrogels have allowed measurement of traction forces in three dimensions (Hur et 

al., 2020). 

 

1.4.2. Magnetic/Optical Tweezers 

 

Magnetic Twisting/Pulling Cytometry (MTC/MPC) is a more direct method for 

measuring cellular responses to force. These techniques both rely upon the use of 

coated ferromagnetic microbeads, which are bound to the surface of the cell to be 

probed. The bead is then magnetised, and a magnetic field used either to twist the bead 

(MTC) (Deng et al., 2004) or a magnetic needle used to pull the bead away from the 

cell surface (MPC) (Overby et al., 2005). These techniques allow for controlled force 

application onto the cells, applying either a tensile force (in the case of MPC) or a 

shear force (in the case of MTC). Observations of cell mechanical properties, such as 

local cell stiffness, can also be gleaned from the delay between the changes in the 

magnetic field and the movement of the bead. Another method that operates on a 

similar premise is known as Optical Tweezers (OT). This technique uses focused lasers 

to trap small objects within their beam, and then manipulate the object by altering the 

intensity of the beams (Zhang and Liu, 2008). This technique has been used 

extensively for the manipulation of single molecules (Zhang and Liu, 2008). In the 

context of mammalian cells, this technique can be used to probe cells via the 

attachment of dielectric beads to their surface. Whilst the cells themselves are often 

too large to manipulate directly using OT, the beads are readily moveable; thus, the 

beads can be used as contact points for cell manipulation, allowing the application of 

tensile and shear forces.  

 

1.4.3. Atomic Force Microscopy 

 

Atomic Force Microscopy (AFM) is another methodology that allows for the direct 

manipulation of cells. An atomic force microscope uses a small cantilever as the cell 

probe. The bending of the cantilever can be measured via changes in the path of a laser 

that is reflected off the top surface of the cantilever onto a position sensitive detector. 

By calibrating the cantilever (using its known dimensions), the spring constant of the 
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cantilever can be calculated, and the deflection of the cantilever as detected by the 

laser equated to a force. This allows the cell surface to be probed, and the forces being 

applied to both the cantilever and the cell (being equal and opposite forces) measured. 

AFM can therefore be used to probe the mechanical properties of a cell; by indenting 

the surface of the cell with a tip of known shape and dimensions, the elasticity and 

Young’s modulus of the cell can be estimated (Akhremitchev and Walker, 1999) (Fig 

1.6). A variety of tip shapes can be used, such as pyramidal or spherical, using adjusted 

fitting models. This methodology can be extended to provide detailed information 

about the distribution of mechanical properties, such as stiffness, by taking an array of 

readings across the cell. 

Fig 1.6. Young’s modulus measurement using atomic force microscopy (AFM). A 

tipped cantilever can be used to observe the mechanical properties of a cell using a 

force(deflection)/distance curve, simplified above. (A) The cantilever approaches the 

surface of the cell, during which there is no deflection. (B) The cantilever contacts the 

surface of the cell. From this point, as the probe moves downward the cell will resist 

this movement, causing the cantilever to bend and increasing the deflection of the 

laser. (C) The cantilever is now indenting the surface of the cell and has reached a pre-

defined deflection threshold. The slope of the curve between (B) and (C) can be 

determined and, alongside the known parameters of the cantilever, be used to calculate 

the Young’s modulus (stiffness) of the cell. Simplified examples show measurements 

of a softer (solid blue) and stiffer (dotted yellow) cell. 

 

AFM has also been used to study the adhesive properties of cell receptors involved in 

transmitting mechanical force, both on a single molecule and whole cell level 
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(Helenius et al., 2008). On the whole cell level, this is accomplished in one of two 

ways; either a cell is attached to a functionalised cantilever and then probed against a 

coated surface, or a coated bead attached to the cantilever is used to probe cells 

cultured onto a coated surface (Helenius et al., 2008). In either case, the force of 

adhesion is calculated using the force required to detach the cantilever from the 

surface, as well observations of the smaller force peaks known as ‘steps’ and ‘jumps’ 

(Helenius et al., 2008). 

 

1.4.4. Tension Biosensors 

 

Whilst these methods provide a range of different ways to study mechanotransduction, 

they are not truly reflective of in vivo conditions. And methods such as AFM may be 

able to probe the strength and mechanical properties of single molecules, but they 

cannot determine the extent of forces applied to these molecules when they are 

fulfilling their function within the cell. To answer these questions, a different type of 

technique needs to be employed. One such technique, that has seen increasing use in 

recent years, is to use Fӧrster Resonance Energy Transfer (FRET) based tension 

biosensors. FRET is a phenomenon that occurs when two fluorophores, one of whom 

(the donor) has an emission spectrum that overlaps with the excitation spectrum of the 

other (the acceptor), are in close proximity (<10nm). Excitation of the donor 

fluorophore causes it to enter an excited state and ordinarily this excitation energy 

would be released in the form of a longer wavelength photon. However when in 

proximity to the acceptor fluorophore that energy can instead be transferred from the 

donor to the acceptor, causing the acceptor to enter an excited state. The acceptor will 

then release this energy in the form of a photon. The probability of energy transfer is 

correlated with the distance between the two fluorophores, with the transfer efficiency 

relating to fluorophore separation being defined by the following equation: 

 

𝐄 =
𝟏

𝟏 + (𝐫
𝐑𝟎⁄ )

𝟔 

 

Where E is equal to the FRET efficiency, r is equal to the donor-to-acceptor separation 

and R0 is equal to the distance at which transfer efficiency is 50%. This relation 

between FRET efficiency and the donor-to-acceptor separation is the core principle 
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behind the FRET based tension sensors. In these sensors, the fluorophores are joined 

by an elastic linking region. This elastic linker will unravel and elongate when placed 

under tensile force, increasing the distance between the two fluorophores. This will, as 

defined above, reduce the efficiency of FRET. Therefore, by observing changes in the 

FRET efficiency one can determine whether the sensor is being placed under tensile 

force. This has been used to study mechanotransduction across single molecules by 

embedding a tension sensing module within a protein of interest. The first study that 

developed FRET based tension biosensors was the work of Meng et al. (2008), who 

used a tension sensor (termed stFRET) incorporating the fluorescent proteins Cerulean 

(donor) and Venus (acceptor) linked by a stable α-helix. They incorporated this 

biosensor into α-actinin and filamin and showed that in 3T3 cells these proteins are 

under increased tension at the leading edges of the cell comparative to the lagging 

edge, which would be expected in migrating cells. This group would later go on to 

develop another FRET tension sensor (termed sstFRET), using the same fluorescent 

proteins as stFRET but replacing the stable α-helix with a spectrin repeat (Meng and 

Sachs, 2011). This sstFRET sensor was then incorporated into α-actinin and used to 

investigate tensile forces applied across actinin during cell migration and in hypertonic 

and hypotonic stress. Another FRET tension sensor (termed TSMod) was developed 

by Grashoff et al. (2010), which incorporated the fluorophores mTFP1 (donor) and 

Venus (acceptor) linked by a 40-amino acid long elastic region derived from the spider 

silk protein flagelliform. This biosensor was incorporated into the focal adhesion 

adaptor protein vinculin to discern the role of force upon vinculin function. The 

observations made indicated that vinculin was subject to tensile force when within the 

focal adhesions and that that force decreased as the focal adhesion matured and 

enlarged but did not change as the focal adhesion disassembled (instead remaining at 

a low level). What’s more, by calibrating TSMod (using optical tweezers to apply 

known tensile force across the sensor) the force being applied across vinculin within 

the focal adhesions could be estimated. A related tension sensor, which used the same 

elastic linker but differing fluorescent proteins, has also been used to study tensile 

forces across talin (Kumar et al., 2016). Using this sensor, they demonstrated that talin 

is under differential tension between peripheral and central focal adhesions, and that 

talin was subjected to greater tensile force when cells were cultured on stiffer 

substrates, suggesting that it could play a role in the mechanosensing pathway that 

adapts cells to matrix stiffness. The study also investigated the roles of two ABS within 
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talin, ABS2 and ABS3, as well as the role of vinculin, on these observed changes in 

forces applied to talin.  

 

A FRET based tension biosensor has also been used to study forces at the LINC 

complex. Our lab has utilised the TSMod sensor to study tensile forces applied to the 

LINC complex by inserting the sensor into nesprin-2. This in-house sensor has been 

used to study the Rac1 GEF STEF and its role in regulating perinuclear actin 

(Woroniuk et al., 2018). During this study, it was confirmed that nesprin-2 is subject 

to acto-myosin dependant tensile forces, as a combination of ROCK and myosin light 

chain kinase (MLCK) inhibitors increased FRET within the sensor. 

 

1.5. Project Aims 

 

Mechanotransduction, the conversion of a force stimulus into a biological response, is 

critical for a variety of cellular functions; both to fulfil their given roles and to adapt 

to external force stresses. Many structures and mechanisms exist, both inside and 

outside of the cell, that facilitate this process. Forces from the cell exterior are 

transmitted to the cell surface through the ECM, across the plasma membrane by the 

focal adhesions, and then converted into a biological response either via biochemical 

signalling or via direct transmission of the force into the nuclear interior. The loss or 

subversion of this ability has been shown to play a role in a variety of diseases. One 

disease in which the role of mechanotransduction is less clear is HGPS. There is 

mounting evidence to suggest that the loss of mechanotransduction in progeria-

expressing cells contributes to the deterioration of the vascular tissue seen in HGPS 

patients, which is the cause of death in the majority of these patients. However, little 

is known about the changes in cellular phenotype that cause this loss of mechano-

sensing. The goal of this project is therefore to investigate the cellular structures 

involved in the process of mechanotransduction and assess whether there are any 

changes within these structures that could contribute to the loss of mechano-sensing in 

progerin-expressing cells. Through this investigation, potential treatment avenues may 

be identified that could alleviate this phenotype in HGPS patients. This would 

hopefully mitigate the vascular deterioration of these individuals, and in so doing 

extend the lifespan of children who suffer from this premature ageing disease.  
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2. Materials and Methods 

 

2.1. Materials 

 

2.1.1. Antibodies 

 

2.1.1.1 Primary Antibodies 

 

Table 2.1: Primary antibodies for Immunofluorescence/Immunoblotting 

 

Target Clone Host 

Species 

Dilution Application Supplier  

(Cat #) 

Paxillin 177 Mouse 1:100 IF BD Biosciences 

(610569) 

Lamin A/C 4C11 Mouse 1:200 IF Cell Signalling 

Technology 

(4777S) 

Nup153 Polyclonal Rabbit 1:200 IF Bethyl 

Laboratories  

(A301-788A) 

Ran 20 Mouse 1:200 IF BD Biosciences 

(610340) 

Phospho-

FAK 

(Tyr397) 

Polyclonal Rabbit 1:1000 WB Cell Signalling 

Technology 

(3283S) 

FAK Polyclonal Rabbit 1:1000 WB Invitrogen 

(AHO0502) 

GAPDH Polyclonal Rabbit 1:10,000 WB Proteintech 

(10494-1-AP) 
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2.1.1.2. Secondary Antibodies for Immunofluorescence/Immunoblotting 

 

Table 2.2: Secondary antibodies for Immunofluorescence/Immunoblotting 

 

Target Conjugate Host 

Species 

Dilution Application Supplier  

(Cat #) 

Mouse IgG Alexa-

Fluor® 488 

Goat 1:200 IF Invitrogen 

(A11029) 

Rabbit IgG Alexa-

Fluor® 488 

Goat 1:200 IF Invitrogen 

(A11008) 

Rabbit IgG Alexa-

Fluor® 594 

Donkey 1:200 IF Invitrogen  

(A21207) 

Mouse IgG horseradish 

peroxidase 

(HRP) 

Horse 1:2000 WB Cell Signalling 

Technology 

(7076P2) 

Rabbit IgG horseradish 

peroxidase 

(HRP) 

Goat 1:2000 WB Cell Signalling 

Technology 

(7074P2) 

 

2.1.1.3. Protein Stains for Immunofluorescence 

 

Acti-StainTM 670 conjugated phalloidin (Cytoskeleton Inc., Cat #PHDN1) was 

reconstituted in 500µl of methanol following supplier’s instructions and used at a 

dilution of 1:100.  

 

Hoescht 33342 nucleic acid stain (Thermo Scientific, Cat# H3570) was reconstituted 

in deionized water following supplier instructions and stored at a concentration of 

10mg/ml. The stock was then used at a dilution of 1:2000. 
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2.1.2. Buffers 

 

PBS(-): Made 1x from Dulbecco’s Phosphate Buffered Saline, 10× (Invitrogen, Cat # 

70011036). Modified, without calcium chloride and magnesium chloride, liquid, 

sterile filtered, suitable for cell culture. 

  

50x TAE Buffer: To Make 1L - 242g Tris-Base, 57.1mL Acetic Acid, 100mL 0.5M 

EDTA. 

 

 

5x Reducing Sample Buffer: 15% Sodium dodecyl sulfate, 312.5 mM Tris pH 6.8, 

50% Glycerol, 16% β-Mercaptoethanol. 

 

 

RIPA Lysis Buffer: 150 mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) Sodium 

deoxycholate, 0.1% Sodium dodecyl sulfate, 50 mM Tris pH 8.0. 

 

20x Tris-Buffered Saline (TBS): To make 1L: 127 g Tris-HCl, 23.6 g Tris-Base, 

175.2 g NaCl. pH was then adjusted to 7.5. 

 

Tris-Glycine-SDS running buffer: Made 1x from 10x stock of Tris-Glycine buffer 

(BioRad, Cat # 1610771) diluted in double distilled water, to give final concentrations 

of 25mM Tris, 192mM glycine, pH 8.3. 0.1% v/v of SDS added. 
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2.1.3. Reagents 

 

Table 2.3: List of reagents  

 

Reagent Supplier Product # 

(3-Aminopropyl)trimethoxysilane Sigma-Aldrich 281778 

Agarose Invitrogen 16500-500 

Ammonium persulfate Sigma-Aldrich 215589 

β-Mercaptoethanol Sigma-Aldrich M3148 

Concanavalin A Sigma-Aldrich C2010 

DMSO Fisher Scientific  10080110 

Ethanol Physical Sciences Stores, University of 

Liverpool 

Fibronectin Sigma-Aldrich F1141 

Glutaraldehyde Sigma-Aldrich G7651 

Halt™ Phosphatase Inhibitor 

Cocktail (100x) 

Thermo Scientific 78427 

Halt™ Protease Inhibitor Cocktail 

(100x) 

Thermo Scientific 1861279 

HEPES Buffer (1M) Sigma-Aldrich H0887 

Hygromycin B Invitrogen 10687010 

NaCl Fisher Scientific S.3160/60 

Normal Donkey Serum Sigma-Aldrich D9663 

NP-40 - Nonidet™ P 40 Substitute Sigma-Aldrich 74385 

Opti-MEM® Thermo Scientific 11058-021 

Paraformaldehyde Sigma-Aldrich 158127 

Ponceau S Sigma-Aldrich P7170 

ProLong™ Gold Antifade 

Mountant 

Thermo Scientific P36930 

Sodium bicarbonate Sigma-Aldrich S5761 

Sodium deoxycholate Sigma-Aldrich 30970 

Sodium dodecyl sulfate Fisher Scientific S/5200/53 

Continued on next page 
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sulfo-SANPAH Fisher Scientific 10474005 

SYBR® Safe DNA gel stain Thermo Scientific S33102 

Tetramethylethylenediamine Sigma-Aldrich T9281 

Tris-base Fisher Scientific BP152-1 

Tris-HCL Fisher Scientific T/P631/53 

Triton x-100 Sigma-Aldrich X100 

 

2.1.4. DNA Constructs 

 

Table 2.4: List of DNA plasmids employed for cloning/transfection 

 

Construct Source Comment 

Talin-TS Addgene  

(Plasmid # 83376) 

 

Talin-CS Addgene  

(Plasmid # 83377) 

 

mN2-TS Zech lab  

GFP-Lamin A  Gift from Iakowos 

Karakesisoglou 

Vector used to clone mRuby2-Lamin 

A construct 

GFP-Δ50 progerin Gift from Iakowos 

Karakesisoglou 

Vector used to clone mRuby2- Δ50 

progerin construct 

pOG44 ThermoFisher 

Scientific 

Flp recombinase expression plasmid 

pcDNA5/FRT  ThermoFisher 

Scientific 

Expression vector for Flp-In™ 

System 
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2.1.5. Primers 

 

Table 2.5: List of primers employed for vector cloning 

 

Name Description Sequence 

mRuby2-FWD Forward primer for Cloning 

of mRuby2 into the 

pcDNA3.1 backbone. 

Incorporates KpnI 

restriction site 

AGT ACT GGT ACC CAC CAT 

GGT GTC TAA GGG CGA A 

mRuby2-REV Reverse primer for Cloning 

of mRuby2 into the 

pcDNA3.1 backbone. 

Incorporates BamHI 

restriction site.  

AGT ACT GGA TCC CTT GTA 

CAG CTC GTC CAT 

LMNA-FWD Forward primer for Cloning 

of LMNA/mutants into the 

pcDNA3.1 backbone. 

Incorporates EcoRI 

restriction site. 

AGT ACT GAA TTC GAT GGA 

GAC CCC GTC CCA G 

LMNA-REV Reverse primer for Cloning 

of LMNA/mutants into the 

pcDNA3.1 backbone. 

Incorporates XBaI 

restriction site. 

AGT ACT TCT AGA TTA CAT 

GAT GCT GCA GTT 

LMNA-REV 

for pcDNA5-

FRT 

Reverse primer for cloning 

of LMNA/Δ50 progerin into 

pcDNA5-FRT vector. 

Incorporates EcoRV 

restriction site. Used in 

conjunction with mRuby2-

FWD 

ACT CAT GAT ATC TTA CAT 

GAT GCT GCA GTT 
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2.2. Methods 

 

2.2.1. Collagen Extraction and Purification 

 

Collagen to be used for the creation of gels was extracted from adolescent rat tails 

obtained from the Biomedical Service Unit (University of Liverpool) as follows. The 

tails were obtained and stored at -70ºC until ready for use. The tails were then thawed 

and washed in 70% ethanol for 1-2 hours before use. Once thawed, a scalpel was used 

to remove the skin from the tail by making an incision at the proximal end of the tail 

and cutting down to the distal end, taking care not to penetrate deeper than the skin, 

and then peeling the skin down the length of the tail. The tendons of the tail were then 

removed using teethed forceps. Removed tendons were kept in 70% ethanol to prevent 

drying, and the tail was kept from drying by routinely dipping it in 70% ethanol. The 

tendons were then dissolved in pre-cooled 0.5M acetic acid by stirring at 4ºC for 48 

hours. Once dissolved, the extract was centrifuged at 7500 x g for 30 minutes, 

discarding the pellet and transferring the supernatant to a pre-cooled beaker. 10% (w/v) 

NaCl was then added to the supernatant and stirred for 30-60 minutes. The mixture 

was then centrifuged at 10,000 x g for 30 minutes, discarding the supernatant and re-

dissolving the pellet in 0.25M acetic acid by stirring at 4ºC for 24 hours. The collagen 

was then dialysed using dialysis tubes immersed in 17.5mM acetic acid dissolved in 

Millipore water, with 6-8 changes (twice daily) in total being made. The dialysed 

collagen was then centrifuged at 30,000 x g for 1.5 hours, removing the supernatant 

and placing it in a sterile flask and discarding the pellet.  

 

2.2.2. DNA Cloning 

 

2.2.2.1. Polymerase Chain Reaction 

 

Polymerase chain reaction mixtures were prepared with the following composition: 

10μl PrimeStar Max premix (2x) (Takara), 1μl of template DNA (1ng), 1μl of each 

primer (5pmol), and made up to 20μl with ddH2O. PCR was then run with the 

following conditions: 
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Segment Cycles Temperature Time 

1 1 98°C 1 min 

2 35 98°C 10 secs 

  55°C 5 secs 

  72°C 5 sec/kb product 

length 

3 1 72°C 10 min 

 

2.2.2.2. Restriction Digestion 

 

Restriction mixtures were prepared with the following composition: 5μl of 10x 

CutSmart buffer (New England BioLabs), 1μl (or 10 units) of each restriction enzyme 

to be used and DNA (volume dependent on experiment), made up to 50μl with ddH2O. 

Restriction mixtures were then incubated at 37°C in a temperature-controlled water 

bath for either 2 hours or overnight. Restriction mixtures were then either heat 

inactivated by incubation at the appropriate temperature for 20 minutes or run on an 

agarose gel to separate DNA from the enzymes. 

 

2.2.2.3. Agarose Gel Electrophoresis 

 

Depending on the size of the expected DNA product(s), a 0.8-1.2% (w/v) agarose 

solution in TAE buffer was heated until agarose dissolved. The solution was then 

cooled prior to the addition of SYBR® Safe DNA gel stain. The agarose was then 

poured into a mould and allowed to set. Loading dye was then added to the DNA 

solution before it was loaded into the agarose gel. The gel was run at a constant voltage 

of 120V until desired separation had been achieved. DNA was visualised using an E-

Gel Imager system (Life Technologies).  

 

2.2.2.4. DNA band excision 

 

The desired DNA band was cut from the agarose gel using a clean scalpel. The DNA 

was extracted from the excised gel using a Zymoclean™ Gel DNA Recovery Kit 

(Zymo Research, Cat # D4002) according to the manufacturer’s protocol. 
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2.2.2.5. DNA Ligation 

 

DNA ligation mixtures were prepared with the following composition: 1μl of T4-DNA 

ligase (New England BioLabs), 2μl of 10x DNA ligase buffer (New England BioLabs), 

and restricted vector and insert at a weight ratio of 1:3, which was then made up to 

20μl with ddH2O. Mixtures were then incubated at room temperature for 10 minutes. 

The DNA ligase was then deactivated by incubation at 65°C for 10 minutes. 

 

2.2.2.6. Bacterial Transformation 

 

25μl of α-Select Chemically Competent Cells (Bioline, Cat # BIO-85046) was mixed 

with either 1μl of mini-prep/maxi-prep DNA or 3μl of ligated DNA and incubated on 

ice for 20 minutes. The bacteria were then heat shocked by incubation at 42°C for 45 

seconds, after which they were incubated on ice for 2 minutes. 500μl of SOC medium 

(Invitrogen) was added to the bacteria, which was followed by incubation of the 

bacteria at 37°C in a bacterial shaker incubator for 1 hour. Bacteria were then spread 

onto agar plates supplemented with the appropriate selection factor and incubated 

overnight at 37°C. Singular colonies were picked for further growth using a 20μl 

pipette tip.  

 

2.2.2.7. Mini-prep 

 

Approximately 6 mL of LB Broth containing the appropriate antibiotic was inoculated 

with bacteria. The bacteria were grown overnight at 37 °C in a bacterial shaker 

incubator. Bacteria from 3 mL of the culture were pelleted via centrifugation. Plamid 

DNA was extracted from the bacterial pellets using Zyppy™ Plasmid MiniPrep Kit 

(Zymo Research) following the manufacturer’s protocol. 

 

2.2.2.8. Maxi-prep 

 

Approximately 150ml of LB Broth containing the appropriate antibiotic was 

inoculated with bacteria. The bacteria were grown overnight at 37°C in a bacterial 

shaker incubator. Bacteria were then pelleted via centrifugation for 10 minutes at 4000 

x g. Plasmid DNA was extracted from the bacterial pellets using a PureLink® HiPure 
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Plasmid Maxiprep kit (Invitrogen, Cat # K210007) following the manufacturer’s 

protocol. 

 

2.2.3. Cell Culture 

 

MDA-MB-231, NIH-3T3 Flp-In and primary fibroblast cell lines were cultured in a 

humidified incubator at 37ºC with 5% CO2 in DMEM GlutaMax media (Thermo 

Fisher Scientific) supplemented with 10% (MDA/3T3) or 15% (primary fibroblasts) 

Foetal Bovine Serum (Thermo Fisher Scientific) and 1% Penicillin and Streptomycin 

(Sigma-Aldrich). 

 

2.2.3.1. Subculture 

 

Cell culture media was aspirated, and the cells washed with sterilised PBS. 3ml of 1x 

Trypsin solution (Sigma-Aldrich) per 75cm2 area was then added. The cells were 

returned to a humidified 37ºC incubator with 5% CO2 until the majority of cells were 

seen to detach via brightfield observation. Appropriate cell culture media was then 

added to the cell suspension at 5-fold volume. A suitable portion of this cell suspension 

would then be taken and seeded into a fresh culture vessel. 

 

For HGPS cell lines, cells were passaged once confluency reached ~70% of the vessel 

surface, as judged by brightfield observation. 1/3 of the total cell suspension was used 

for new continual cultures. Cell populations were sub-cultured up to six times before 

being replaced. For NIH-3T3 cells lines, cells were passaged once confluency reached 

~70% of the vessel surface, as judged by brightfield observation. 1/12 of the total cell 

suspension was used for new continual cultures. For MDA-MB-231 cells lines, cells 

were passaged once confluency reached ~80% of the vessel surface, as judged by 

brightfield observation. 1/6 of the total cell suspension was used for new continual 

cultures. Cells were observed by brightfield illumination prior to each passage to check 

for undesirable cell phenotypes, such as changes in cell shape and cell death. 
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2.2.3.2. Cryopreservation 

 

Cells were detached from the culture surface and suspended following the same 

protocol as for subculture. The cell suspension was then transferred to an appropriate 

vessel and centrifuged at 280 x g for 4 minutes. The media was then aspirated, and the 

cell pellet resuspended in DMSO supplemented with 10% FBS. The suspension was 

then subdivided into cryo-vials, which were then placed into a freezing container (Mr. 

Frosty) and placed at -80°C. For long term preservation cryo-vials were transferred to 

liquid nitrogen storage.  

 

To resurrect, frozen cells were thawed quickly in a temperature-controlled water bath 

at 37°C. The thawed cell suspension was added to 10-fold volume of culture media 

before being pelleted via centrifugation at 280 x g for 4 minutes. The cell pellet was 

re-suspended in culture medium and transferred to a culture vessel. 

 

2.2.3.3. Coating 2-D Surfaces with Extracellular Matrix Proteins 

 

All extracellular matrix proteins were diluted in 4°C sterile PBS. Fibronectin (from 

bovine plasma) or collagen type I (from rat tails, see previous) was diluted to a 

concentration of 10μg/ml. Surfaces to be coated were then incubated in the diluted 

protein and rocked for either 45 minutes at room temperature or overnight at 4°C. The 

surface was then washed twice with sterile PBS before being used for cell seeding. 

 

2.2.3.4. Embedding Cells within a 3-D Collagen Matrix 

 

Collagen gels were prepared on ice, and all gel constituents were kept on ice 

throughout gel preparation. Gels consisted of the following components: collagen type 

I (made to required concentration from stock), 10μg/ml fibronectin, 1x DMEM (from 

10x stock), and 0.46M sodium bicarbonate (from 1M stock), made up to required 

volume with PBS. For fluorescent gels, the collagen mixture was spiked with 2% 

collagen-AlexaFluor® 647. Gels were pH balanced to ~7.4 using 1M NaOH. Cells 

were then suspended by trypsinisation and centrifuged at 280 x g for 4 minutes to 

obtain a cell pellet. The pellet was then resuspended in 500ml of collagen gel before 

being placed into a 35mm imaging dish. Gels were incubated under standard culture 

conditions for 1 hour, before appropriate culture media pre-warmed to 37°C was added 
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to the dish. Gels were then left to continue setting overnight under standard culture 

conditions.  

 

2.2.3.5. DNA Transfection 

 

For NIH-3T3 Flp-In cells, cells were grown to 80% confluence in a 6-well plate in 

standard culture conditions. 2µg of plasmid DNA was then mixed with 3µl of 

Lipofectamine® 2000 reagent (Thermo Fisher Scientific, Cat # 11668027) and made 

up to 100µl in Opti-MEMTM media. The mixture was then incubated at room 

temperature for 5 minutes, before being added directly to the wells containing 2ml of 

appropriate cell culture media. Cells were left under standard culture conditions 

overnight prior to seeding into 35mm imaging dishes for imaging. For primary 

fibroblasts, cells were grown to 80% confluence within 35mm imaging dishes and 

transfected using the same protocol, then left overnight under standard culture 

conditions. The culture media was then aspirated, the cells washed twice in PBS, and 

then fresh culture media added. All cells were imaged within 24 hours of transfection. 

 

For MDA-MB-231 cells, cells were grown to 80% confluence in culture conditions as 

stated previously. The cells were then detached and suspended as for subculture, and 

the cell number per millilitre counted using a haemocytometer. A volume of cell 

suspension equivalent to ~2 x 106 cells was then centrifuged at 280 x g for 4 minutes 

to obtain a cell pellet. The pellet was then washed with PBS and centrifuged again, 

before being transfected with 2µg of plasmid DNA. Transfection was carried out using 

NucleofectorTM
 kit V (Lonza, Cat # VVCA-1003), following the manufacturer’s 

protocol. Cells were seeded into a 10cm culture dish and left to recover under cell 

culture conditions for a minimum of four hours prior to use.  

 

2.2.3.6. Clonal Selection 

 

NIH-3T3 Flp-In cells were transfected following the previously stated protocol, except 

that the cells were grown to confluence in a 6cm culture dish. Transfection was carried 

out with the appropriate FRT construct and the pOG44 construct at a weight ratio of 

1:10, to a total DNA weight of 1μg. One dish was transfected with an unmodified FRT 

construct as a negative control. Transfected cells were then left overnight under 

standard culture conditions. The culture media was substituted for fresh culture media 
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the next day, and then the cells were transferred into a 10cm culture dish the day after. 

3 hours after passage, hygromycin was added to the culture media to a final 

concentration of 200μg/ml. The culture media was then exchanged for fresh media 

containing 200μg/ml hygromycin every two days. Once cell colonies had developed, 

and the negative control showed complete cell death, the clones were detached and 

seeded into a fresh culture vessel for further passage. 

 

2.2.3.8. Drug Treatment 

 

Lonafarnib 

 

For lonafarnib treatment, cells were passaged into 6-well plates one day prior to the 

first treatment. The cells were then treated with standard culture medium supplemented 

with 2µM Lonafarnib (or equivalent volume of vehicle control) for three days, the 

medium being refreshed with 2µM lonafarnib media daily. Prior to the third treatment 

(start of day 3/3), cells were passaged onto coverslips coated with 10μg/ml fibronectin, 

left to settle for 1 hour, and then treated with lonafarnib. At the end of the third day, 

the cells were fixed and stained following the standard protocol. A lonafarnib stock 

was prepared fresh from desiccated powder (Tocris, Cat # 6265), at a concentration of 

2mM, prior to the first treatment of each experiment. That stock was then used only 

for the three treatments of that experiment to avoid drug degradation and stored at -

20ºC between uses. 

 

Y-27632 

 

For Y-27632 treatment, cells were seeded onto coverslips coated with 10μg/ml 

fibronectin one day prior to the first treatment. The cells were then treated with 

standard culture medium supplemented with 10µM Y-27632 (or equivalent volume of 

vehicle control) for two days, the medium being refreshed with 10µM Y-27632 media 

daily. At the end of the second day, the cells were fixed and stained following the 

standard protocol.  

 

For Y-27632/ML-7 combination treatment, cells embedded in collagen gels were 

treated with standard culture medium supplemented with 20µM Y-27632 and 20µM 

ML-7 (or equivalent total volume of vehicle control) 2 hours prior to imaging. 
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2.2.4. Western Blotting 

 

2.2.4.1. Cell Lysis 

 

The cell culture vessel was placed on ice, and all reagents were pre-cooled on ice. The 

cells were washed with PBS twice, with care being taken to remove as much PBS as 

possible from the second wash. RIPA lysis buffer (supplemented with 1x HALT 

protease and phosphatase inhibitor) was then added to the cells, and the surface scraped 

with a cell scraper (Greiner Bio-One, Cat # 541070). The lysate was then transferred 

to a pre-cooled 1.5ml Eppendorf tube and incubated on ice for 10 minutes. The lysates 

were then centrifuged at 15,000 x g for 10 minutes at 4°C, before the supernatant was 

transferred to a fresh pre-cooled 1.5ml Eppendorf tube. Samples were then either 

processed or stored at -80°C for future use. 

 

2.2.4.2. Protein Concentration Assessment 

 

Protein concentration was calculated using a Precision Red Advanced Protein Assay. 

990µl of Precision Red reagent (Cytoskeleton, Cat # ADV02-A) was mixed with 10µl 

of cell lysate in a plastic cuvette and incubated at room temperature for 1-2 minutes. 

The cuvette was then loaded into a spectrophotometer and the absorbance of the 

sample at 600nm measured. This absorbance value was then used to calculate the 

concentration of protein within the lysate in µg/ml. 

 

2.2.4.3. Polyacrylamide gel electrophoresis 

 

All samples within a singular experiment used the same protein concentration (25-

50μg typically) and total volume. Appropriate volume of cell lysate was mixed with 

1x reducing sample buffer and made up to total volume with RIPA buffer. Protein 

denaturation was then conducted by heating the samples at 95ºC for 5 minutes. Pre-

cast gels (4-20% Mini-PROTEAN TGX Stain-Free Precast Gels, BioRad, Cat # 

4568094) were used to separate proteins, run using a Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell (BioRad) with Tris-Glycine-SDS running buffer. Electrophoresis 

was conducted at 120V for 30-45 minutes. 
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2.2.4.4. Protein Transfer 

 

Proteins were transferred onto Amersham™ Protran® Premium Western blotting 

nitrocellulose membrane (pore size 0.45 µm) (Merck, Cat # GE10600003) using a 

Trans-Blot Turbo Transfer System (BioRad). Proteins were transferred for 11 minutes 

at a constant 2.5Amp in Trans-Blot Turbo transfer buffer (BioRad) 

 

2.2.4.5. Protein Visualisation 

 

The transfer membrane was checked for successful protein transfer using a Ponceau 

stain. The membrane would then be rinsed three times in TBS-T buffer, before 

blocking with 5% milk (made with TBS-T) for 1 hour with rocking. The membrane 

would then be rinsed three times in TBS-T on a rocker and placed within a 50ml 

centrifuge tube. 4ml of primary antibody at desired dilution in 5% milk would then be 

added, and the membrane rolled at room temperature for 2 hours. The membrane 

would then be removed from the tube, rinsed three times with TBS-T on a rocker, 

before being placed within a fresh 50ml centrifuge tube. 4ml of secondary antibody at 

desired dilution in 5% milk would then be added, and the membrane rolled at room 

temperature for 1 hour, or at 4°C overnight. For chemiluminescence-based detection, 

membranes were developed using Clarity Western ECL Substrate (BioRad, Cat # 

1705061) according to manufacturer’s instructions and imaged using a Chemidoc™ 

Touch (BioRad) imaging system. 

 

2.2.5. Immunofluorescence 

 

2.2.5.1. Coverslip Preparation 

 

25mm coverslips (N1.5) were incubated in 1M HCl at 60°C for 4 hours, with 

occasional agitation. They were then vigorously washed in distilled water twice, and 

twice in double distilled water. The coverslips were then rinsed with 70% ethanol, 

before being dried between two sheets of whatman filter paper. Dried coverslips were 

stored in a clean, sealed container until use. 
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2.2.5.2. Coverslip Fixation and Staining  

 

Culture medium was aspirated, and then the samples were incubated in 4% 

paraformaldehyde (w/v) solution (in PBS) at room temperature for 15 minutes. The 

PFA was then removed, the sample washed twice with PBS, and then permeabilised 

via treatment with 0.1% Triton X-100 solution (v/v) (in PBS) at room temperature for 

15 minutes. The sample was then washed twice in PBS, and then blocked with 5% 

donkey serum for a minimum of 45 minutes at room temperature. Excess blocking 

solution was then removed, and the coverslip was inverted onto a 20μl drop of primary 

antibody solution and incubated for 1 hour at room temperature under humid 

conditions. The sample was washed three times with PBS, and then incubated with 

secondary antibody solution for 1 hour using the same procedure as for the primary. If 

phalloidin and/or Hoechst 33342 were used, they were included at this stage. The 

sample was washed three times with PBS, excess PBS was removed, and then the 

coverslips were mounted onto glass slides with ProLong™ Gold Antifade Mountant. 

 

2.2.6. Light Microscopy 

 

2.2.6.1. FRET Probe Imaging 

 

Imaging of cells for determination of FRET was carried out on a Marianas spinning 

disk confocal microscope (Intelligent Imaging Innovations, Inc), with images captured 

using an EMCCD camera (Evolve, Photometrics). For imaging of the mN2-TS, three 

to five channels were captured; one channel detecting a 447-517nm range under a 

445nm excitement with a 1000ms exposure (denoted ‘Donor’ channel), another 

detecting a 515-569nm range under 514nm excitement with a 200ms exposure 

(denoted ‘Acceptor’ channel), a third detecting a 515-569nm range under 445nm 

excitement with a 1000ms exposure (denoted ‘Transfer’ channel), and a further two 

channels consisting of a brightfield illumination of 100ms and a far-red channel (652-

732nm range under 647nm excitement with a exposure of 500ms) for imaging 

fluorescent collagen if required. For singular images, the laser power was set to 100%; 

for time-lapse images, the power was set to 20%. Images were taken once every minute 

for time-lapse images. Single images were captured using a αPlan-Apochromat 

63x/1.4NA oil objective lens (Zeiss), whilst timelapses were captured using a αPlan-

Apochromat 40x/1.4NA oil objective lens (Zeiss). 
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For imaging of the Talin-TS, four channels were captured: one channel detecting a 

495-555nm range under a 488nm excitement with a 100ms exposure (denoted ‘Donor’ 

channel), another detecting a 544-690nm range under 561nm excitement with a 100ms 

exposure (denoted ‘Acceptor’ channel), a third detecting a 544-690nm range under 

488nm excitement with a 100ms exposure (denoted ‘Transfer’ channel), and a fourth 

channel consisting of a brightfield illumination of 100ms exposure. All images were 

captured using a αPlan-Apochromat 40x/1.4NA oil objective lens (Zeiss). 

 

2.2.6.2. Laser Scanning Confocal Microscopy 

 

All immunofluorescence images were captured using either a Zeiss LSM800 with a 

63x/1.4NA oil objective, or a Zeiss LSM900 with either a 63x/1.4NA oil objective or 

a 40x/0.95NA water objective. For each fluorophore, the appropriate laser line chosen 

from 405nm, 488nm, 561nm and 647nm was selected, and a suitable detection range 

and channel set up was defined to prevent bleed-through between channels.  

 

For nuclear morphology categorisation, tile scan images were taken using a 

40x/0.95NA water objective, with a 5x5 grid of images being captured. Image overlap 

was set at 10%, and stitching conducted using Hoechst 33342 channel as the reference.  

 

2.2.6.3. Spinning Disk Confocal Microscopy 

 

All live cell imaging was captured using a Marianas spinning disk confocal microscope 

(Intelligent Imaging Innovations, Inc) with images captured using a CMOS camera 

(FLASH4.0 or ORCA-Fusion, Hamamatsu). For each fluorophore, the appropriate 

laser line chosen from 405nm, 488nm, 561nm and 647nm was selected, with a suitable 

emission band pass filter being selected (see table 2.6). 

 

Table 2.6: Filters used for spinning disk confocal microscopy 

 

Laser Emission Filter Centre Band Width Product code 

405 445 25 (FF01-445/45-25) 

488 525 30 (FF01-525/30-25) 

561 617 73 (FF01-617/73-25) 

647 647 40 (FF01-692/40-25) 
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2.2.7. Traction Force Microscopy 

 

2.2.7.1. Poly(acrylic acid) (PAA) Hydrogel Preparation 

 

250µl of 0.1M NaOH solution was added to a 13mm glass-bottomed imaging dish 

(MatTek) and incubated at room temperature for 5 minutes. The NaOH was removed, 

and 200µl of (3-Aminopropyl)trimethoxysilane (APES) was added for 2½ minutes. 

After this time, PBS was added to the APES to halt the reaction, and then the APES 

was removed. The dishes were then washed twice in MilliQ water, before adding 200µl 

of 0.5% glutaraldehyde and incubating for 30 minutes. Dishes were washed twice with 

MilliQ water before being dried using an air duster.  

 

Protogel (30% solution at 37.5:1 ratio of acrylamide:bis-acrylamide) (Geneflow) was 

diluted with PBS to a concentration of 9% (v/v). Fluorescent beads with an excitation 

wavelength of 488nm (Molecular Probes, Cat # F8811) were then mixed with the 

protogel solution at a ratio of 1:25 by vortex for ~2 minutes. The solution was then de-

gassed at 400-500mbar for 15 minutes. Tetramethylethylenediamine (TEMED) and 

10% ammonium persulfate (APS) were then added and mixed via pipetting, with care 

being taken to prevent the formation of air bubbles. 6µl of this solution was then added 

to each of the pre-prepared imaging dishes and then covered with a clean 13mm glass 

coverslip. The dish was then turned upside down and left to set for 15-30 minutes. The 

dishes were then righted, and the glass coverslip removed using forceps. The gel was 

washed twice with PBS and stored at 4ºC, immersed in PBS, until use. 

 

2.2.7.2. PAA Hydrogel Functionalisation and Coating 

 

A 0.2mg/ml solution of sulfo-SANPAH was prepared fresh, and 150µl of this was 

added to the PAA gels. The gels were then exposed to a 365nm UV light source for 10 

minutes, before being rinsed three times with 50mM HEPES solution (pH 8.5). 

10µg/ml fibronectin diluted in HEPES solution was added to the functionalised gels 

and incubated overnight at 4ºC. Following this, the gels were washed twice with PBS 

and sterilised by UV exposure for 20 minutes in a tissue culture flow hood. 
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2.2.7.3. Cell Seeding and Imaging 

 

HGPS and healthy cell lines were seeded onto the coated PAA gels ~24 hours prior to 

imaging and immediately after dish disinfection. The gels were imaged using a 

Marianas spinning disk confocal microscope (Intelligent Imaging Innovations, Inc) 

and captured using a CMOS camera (ORCA-Fusion, Hamamatsu). Cells were 

identified by brightfield illumination, and a z-stack encompassing the gel (as indicated 

by the presence of fluorescent beads) captured under 488nm laser illumination. After 

initial acquisition, the dishes were treated with SDS to remove the cells from the gel 

and then re-imaged at the same positions. Images were captured using a αPlan-

Apochromat 63x/1.4NA oil objective lens (Zeiss). 

 

2.2.8. Atomic Force Microscopy 

 

All atomic force microscopy was conducted using a JPK Nanowizard 3 (JPK BioAFM, 

Bruker) coupled to a Zeiss LSM880 confocal microscope. Correlative brightfield 

images were captured using a 40x/0.95NA air objective and aligned to AFM images 

using the JPK software’s in-built optical image calibration function. 

 

2.2.8.1. Cantilever and Surface Functionalisation 

 

AFM cantilevers (ArrowTM TL-2, NanoWorld) were functionalised with concanavalin 

A/fibronectin using the following protocol. Cantilevers were first placed within an 

oxygen plasma cleaner, operated at maximum power and 0.3mbar for two minutes, to 

clean and activate the surface of the cantilevers. Following this, cantilevers were 

immersed in a 2mg/ml concanavalin A and 1mg/ml fibronectin solution dissolved in 

PBS for one hour. Then, cantilevers were washed three times in PBS before being 

stored in PBS at 4ºC. Functionalised cantilevers were used no later than one week after 

coating. 24mm coverslips that were to act as the probed surface were functionalised as 

follows. The coverslips were placed into the well of a 6-well plate and washed with 

PBS. They were then immersed in a solution of 10µg/ml fibronectin at room 

temperature for one hour. They were then washed twice with PBS, before being stored 

in PBS at 4ºC until mounting. Coverslips were used within two days of 

functionalisation. 
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2.2.8.2. Cell Fishing and Stretching 

 

Functionalised coverslips were mounted into a BioCellTM sample holder (JPK 

Instruments, Bruker), and 400µl of standard culture media supplemented with 20mM 

HEPES added into the holder. The holder was then mounted onto the CellHesion® 

stage for the Nanowizard 3, and the BioCellTM set to heat to a temperature of 37ºC. A 

functionalised cantilever was then mounted and lowered into the media. Cantilever 

calibration was then conducted using the contact-free thermal noise method provided 

by JPKs software package. Once the cantilever was calibrated, the coverslip surface 

was approached. After approach, a cell suspension was added into the holder. The 

extreme end of the cantilever was then moved above a candidate cell, and the cell 

approached. This was done repeatedly until the cell was seen to attach to the cantilever 

by brightfield observation. Once attached, the cell was retracted from the surface 

100µm and left to settle for 15-30 minutes before being used to probe the surface. To 

stretch the cell, the attached cell was first brought into contact with the surface and left 

to adhere for 30 minutes. Once adhered, the cantilever was then raised/lowered at a 

speed of 0.5µm/s to the desired height using the ‘Cell Capture’ functionality of the 

CellHesion® module software. 

 

2.2.8.3. Stiffness Measurement and Mapping 

 

Stiffness measurements were conducted via JPKs QITM mode to simultaneously gather 

data on sample height and young’s modulus, using a MLCT-C probe (Bruker). 

Cantilever spring constant was calculated before each experiment, under experimental 

conditions, using the contact-based method provided by JPKs software package. All 

live cell experiments were conducted with appropriate culture media, supplemented 

with 25mM HEPES buffer, at 37°C without CO2. Each sample was imaged for a 

maximum of 2 hours to avoid detrimental effects upon the cells influencing readings. 

QITM mode imaging was conducted with a force setpoint of 0.5nN, and force curves 

were gathered over a z-length of 1-1.5μm and at a constant speed of 30μm/s. All 

images were set to a scan size of 128x128 readings, covering a square area of 

40x40µm. 
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2.2.9. Image Analysis 

 

2.2.9.1. FRET Index Calculation 

 

Analysis of FRET images was conducted using the SlideBook 6 software (Intelligent 

Imaging Innovations, Inc) including the FRET module. Bleedthrough values for 

mTFP1 were determined using the ‘Compute FRET Bleedthrough’ functionality of the 

FRET module, imputing images of a mN2-TFP control construct taken under the same 

conditions as the mN2-TS experimental images. To analyse FRET readings at the NE, 

and exclude non-specific readings, a mask was manually drawn over the NE signal (as 

visualised by the Acceptor channel). All measurements and bleedthrough calculations 

were then conducted using pixels within the mask, subtracting for background 

intensity that was calculated from a region outside of the cell that showed no specific 

fluorescent signal. 

 

2.2.9.2. Focal Adhesion Quantification 

 

Analysis of immunofluorescence images was conducted using the FIJI image analysis 

software (Schindelin et al., 2012). The image channel containing the focal adhesion 

marker (paxillin) was processed to generate adhesion ROIs as follows. The image was 

subtracted for background using the rolling ball method with a radius of 50. A 

Difference of Gaussians filter (GDSC ImageJ Toolsets) was then applied, with sigma 

radii of 10 and 3 for the first and second images respectively. The processed image 

was then used to generate an intensity threshold binary image, which was then used 

for object identification to define ROIs. For object identification, a minimum size 

threshold of 0.6µm2 was used. These ROIs were then confirmed by visual observation 

and used to quantify adhesion area and shape factor (fit ellipse). 

 

2.2.9.3. Young’s Modulus Calculation 

 

Analysis of force-distance curves was conducted using the JPKSPM data processing 

software (JPK Instruments, Bruker). The extension curve of the force-distance graph 

was used to calculate the surface stiffness as follows. The curve offset was first 

calculated in the Y and X axis and the trace shifted accordingly. The tip height was 

then corrected for cantilever bending by subtracting the cantilever deflection in units 
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of length from the piezo height. The corrected height curve was then fitted using a 

Hertz/Sneddon fit for a quadratic pyramid indenter, assuming a surface Poisson ratio 

of 0.5. 

 

2.2.9.4. Traction Force Calculation 

 

Analysis of PAA hydrogel images was conducted using the ImageJ macros developed 

by Martiel et al. (2015), following the protocol laid out within the supplementary 

information of that publication. Prior to analysis, gel images (taken as z-stacks) were 

maximum projected to generate a single plane image, using z-slices where the beads 

were in focus. Images before and after SDS addition, which were taken separately, 

were then combined into a single two channel image for each position. These images 

were then used to calculate the traction force following the protocol. In brief, the 

images were first aligned using the before image as a reference. The aligned images 

were then cropped to remove the image edges. The plugin then calculates the 

displacement vectors and force vectors and generates a false colour image displaying 

the vectors. The force measurements for the full image were averaged to yield the 

average traction force per image. 

 

2.2.10. Data Presentation 

 

The data within this work is presented in such a way as to make singular cell 

measurements the experimental unit. This was done to give a more comprehensive 

illustration of the variability within the measured cell populations. However, this 

method of data presentation requires that the distribution of the data be consistent 

between individual experimental repeats to convey an accurate overall result. To 

demonstrate the level of consistency within the data presented in this work, the 

experimental values have been plotted for an example experiment (data presented in 

Fig 3.11) (Fig 2.1). 
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Fig 2.1. Plot of individual experimental repeats from example data sets. Individual 

experimental results for the measurement of average focal adhesion area in HGPS cell 

lines (Fig 3.11). Mean ± SD plotted. 
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3. Assessing Tension Across the Mechanotransduction 

Pathway in HGPS 

 

3.1. Introduction 

 

When considering the mechanotransduction pathway, two key junctions at which 

tensile forces are transmitted are the focal adhesion complex and the LINC complex, 

which either transmits forces to or receives forces from the actin cytoskeleton 

respectively (Arsenovic et al., 2016; Kumar et al., 2016). Therefore, if one wishes to 

assess the ability of the cell to transmit forces from the extracellular environment to 

the nuclear interior, these structures can be key barometers in gauging force 

transmission along the pathway. One way in which tensile forces across proteins can 

be assessed in situ is to use FRET based tension biosensors. These sensors employ two 

fluorophores whose excitation and emission spectrums overlap and places them either 

side of an elastic linker sequence. Such sensors have been used previously to measure 

tensile forces across focal adhesion proteins such as vinculin and talin (Grashoff et al., 

2010; Kumar et al., 2016).  

 

The nesprin-2 based tension biosensor that will be used within this work (termed mN2-

TS) (Woroniuk et al., 2018) was developed within the lab and is based upon the 

previously published tension sensing module TSMod (Grashoff et al., 2010) (Fig 

3.1A). The sensor was placed between the two halves of mini-nesprin-2, a truncated 

form of nesprin-2 (Ostlund et al., 2009) that has been widely used to study nesprin-2 

function. This truncated form of nesprin-2 lacks the majority of the spectrin repeat 

domains found within the rod of full length nesprin-2 (Fig 3.1A), thus losing many of 

the full-length protein’s binding sites. However, the construct still possesses nesprin-

2’s actin binding CH domain, allowing it to engage with filamentous actin. When 

subjected to tensile forces, the elastic region within the sensor module will be 

stretched, separating the two fluorophores (Fig 3.1B). This separation of the 

fluorophores will reduce the efficiency of photon transfer between the two, which is 

observable as a reduction in the measured FRET index (Fig 3.1B). As such, an increase 

in tensile force at the LINC complex (where the mN2-TS is situated) will result in a 

lower measured FRET index at the NE. A version of the sensor that lacks the CH  
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Figure 3.1. Schematic of FRET based tension biosensor, mN2-TS. (A) The full 

length nesprin 2 consists of an N-terminal calponin homology domain, a rod domain 

consisting of 56 spectrin repeats, and a C-terminal KASH domain. To study tensile 

forces applied at the NE the FRET based mini-nesprin-2 tension biosensor (mN2-TS) 

was developed, consisting of the terminal ends of the full-length protein placed either 

side of the TSMod tension biosensor. (B) When in a relaxed state, photon transfer 

between the donor (mTFP) and acceptor (mVenus) fluorophores is at its highest, 

resulting in increased acceptor fluorescence on donor excitation. When the sensor is 

placed under tensile stress, the elastic region extends, separating the two fluorophores. 

This reduces the efficiency of photon transfer, resulting in reduced FRET and 

increased direct photon emission by the donor fluorophore. 

 

domain was also developed to act as a negative control, as this version of the sensor 

will not be able to experience any tensile force due to its inability to bind actin.  

 

Employing the mN2-TS and talin-TS (Kumar et al., 2016) together provides oversight 

of the forces being transmitted along the mechotransduction pathway. One context in 

which this could prove valuable is within the premature ageing disease HGPS. Cells 

expressing a mutant form of lamin A, termed progerin, have been demonstrated to be 

particularly sensitive to mechanical stresses, potentially contributing to the pathology 

and death of HGPS patients via atherosclerosis in mechanically damaged vascular 
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tissues (Kim et al., 2018; McClintock et al., 2006). The movement of chromatin within 

the nucleus in response to shear stress is also reduced in HGPS cells (Booth et al., 

2015), raising the possibility that there is a change in the tensile forces that are 

transmitted to the NE. This raises the important question of why these tissues become 

sensitive to mechanical stresses, and where within the mechanotransduction pathway 

between the focal adhesions and the nuclear interior are force stimuli diminished?  

 

3.2. Chapter Aims 

 

There is mounting evidence that sensitivity to force stresses plays a pivotal role in the 

pathology of HGPS. As such, understanding how the various components of the 

mechanotransduction pathway are affected by progerin expression in cells is important 

for our understanding of the disease and its effects. As such, this project aimed to 

provide an overarching assessment of mechanotransduction from the ECM to the 

nucleus in HGPS, thereby building up an overall picture of the changes in the 

mechanotransduction pathway for future assessment and exploration. In this chapter, 

the aims were to decide upon a model system and develop the protocols necessary to 

assess mechanotransduction within that chosen model.  

 

3.3. Results 

 

3.3.1. Establishment of mN2-TS as a Dynamic Measure of Force Application onto 

the Nuclear      Envelope 

 

To test the use of the mN2-TS, I decided to investigate the effects of matrix 

dimensionality on nuclear tension. Initial experiments were conducted using the triple 

negative breast cancer cell line MDA-MB-231 (Cailleau et al., 1978), which are a 

highly invasive and metastatic cell line. These MDA-MB-231 cells were transfected 

via electroporation with the mN2-TS construct, and then cultured on either plastic 

coated with 10μg/ml collagen, or suspended in a collagen I matrix of either 0.5mg/ml 

or 2mg/ml concentration (Fig 3.2A, B). The concentrations of the collagen matrix were 

chosen to present the cells with either a sparse (0.5mg/ml) or dense (2mg/ml) matrix. 

Collagen I, from the same source, was also used to coat the 2-D plastic surface. The 
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nuclei of the cells were imaged at their central plane to maximise the signal-to-noise 

ratio for the sensor. The background signal of the images was subtracted, and the FRET 

index of each pixel calculated (Fig 3.2A). The average FRET index across the NE per 

cell was calculated by averaging all pixel values underneath a manually drawn mask, 

using the strongest signal (in this case, the ‘Acceptor’ channel) as a reference (Fig 

3.2B). MDA-MB-231 cells suspended within a dense 3D matrix demonstrated a 

greater level of tension across the LINC complex than those cultured upon 2D surfaces, 

as evidenced by a reduced FRET index (Fig 3.2A, B). Interestingly, this increase in 

tension appeared to increase with substrate density, as the cells within a low-density 

3D matrix appeared to fall between the 2D and dense 3D conditions (Fig 3.2A, B). To 

confirm the role acto-myosin contractility in this tension differential cells embedded 

within a 2mg/ml matrix were treated with either 20µM Y-27632 and ML-7, a ROCK 

and MLC kinase inhibitor respectively, for 2 hours or an equivalent volume of vehicle 

control (DMSO). These concentrations were used for a previous study within the lab 

(work by Daniel Newman, unpublished) and found to effectively reduce acto-myosin 

contractility in this cell line. Inhibitor treatment significantly reduced the tension 

across the mN2-TS, with the FRET index returning to levels seen in cells upon the 2D 

substrate (Fig 3.2B). To investigate the possibility that FRET index values were 

influenced by signal intensity, average FRET index values from all three experimental 

repeats were plotted against the average pixel intensity for the pixels analysed (Fig 

3.2C). Based upon the linear regression calculated, there was no obvious or significant 

trend between the intensity and the measured FRET index. This was true both for the 

cells seeded on 2D collagen and the cells suspended within the 3D collagen gels. 

 

To assess the potential use of the mN2-TS as a readout of temporal tension changes, 

MDA-MB-231 cells were seeded into dense (2mg/ml) collagen matrices and their 

migration through the matrix was imaged (Fig 3.3). The FRET imaging setup was 

maintained, though the laser power was reduced to 20% (from 100%) to minimise 

photobleaching whilst also providing enough signal for FRET calculation. Images 

were taken at a rate of 1 frame/minute on a single Z-plane, again at the central plane 

of the nucleus (at the start of the timelapse) to maximise signal-to-noise ratio. The 

resulting timelapses were then analysed as described previously to calculate the FRET 

index per pixel (Fig 3.3A). 
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Figure 3.2. 2D vs 3D environment effect on nuclear tension. (A) MDA-MB-231 

cells were cultured on either 2-D surfaces or within a 3-D matrix. False colour images 

show the pixel-by-pixel FRET index across the NE (B) The average FRET index 

across a central cross-section of the NE (in the horizontal plane) was calculated for 

each cell. Drug treatment used 20µM Y-27632/ML-7 and was compared to cells 

treated with an equivalent volume of DMSO. (C) Scatter plot of average pixel intensity 

(acceptor) vs average FRET index across all three experimental repeats. Linear trend 

line shown. Mean ± SD plotted. Statistical significance tested via one-way ANOVA 

with Tukey's Multiple Comparison Test (Significance = p < 0.05), slope significance 

tested by linear regression (2D Collagen: p = 0.7695, R2 = 0.002559. 2mg/ml Collagen: 

p = 0.2301, R2 = 0.04088). N = 3, n ≥ 24. 

 

The nucleus of the migrating cells was then divided into two halves, split along the 

centre line perpendicular to the direction of migration (Fig 3.3B). Two masks, 

corresponding to these two halves, were then manually drawn along the NE again 

using the ‘Acceptor’ channel as a reference. The average FRET index of all pixels 

within these masks was then calculated for each time point, and the FRET index at 

each timepoint plotted against time (Fig 3.3C). Plotting of the data indicated that the 

sensor readings over time, with the imaging setup used, were subject to a degree of 

noise that made precise observations over time difficult; however, it was possible to 

detect general trends. It was observed that in some instances a cell would pause in its 

migration before then continuing to migrate, possibly due to encountering a difficult  
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Figure 3.3. Dynamic tension measurements during 3-D migration. (A) False colour 

images of the NE, showing the FRET index values, overlaid onto a Brightfield image. 

Images correlate to the time point range highlighted in C (dotted lines). (B) Schematic 

demonstration of the definition of front/back. (C) Trace of the FRET index measured 

for the front and rear halves of the nucleus shown in A.  (D) Average FRET index of 

the front half of the NE before and after (t ± 10min) translocation event for 5 cells. (E) 

Corresponding result for the rear half of the nucleus before and after translocation. 

Statistical significance tested using a paired t-test (Significance = p < 0.05). 

 

 

to navigate constriction within the matrix. By correlating the FRET plots to the images, 

it was found that in these instances the front of the nucleus experienced a loss of 

tension on the mN2-TS upon the resumption of migration (Fig 3.3C, D), whilst the 

tension at the rear of the nucleus was unchanged (Fig 3.3E).  
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As the mN2-TS had shown itself to be capable of measuring dynamic changes in 

nuclear tension, the next step was to assess whether the sensor could register actively 

applied tensile stresses. To this end, an attempt was made to establish an experimental 

setup which could then be used to apply known tensile forces to cells expressing the 

mN2-TS. Tipless cantilevers (ArrowTM TL-2, Nanoworld) were primed (via plasma 

cleaning) and coated with a mixture of 1mg/ml fibronectin and 2mg/ml concanavalin 

A. Conanavalin A is a member of the legume family of lectins and binds to 

glycosylated proteins and lipids (Goldstein et al., 1965). This allows concanavalin A 

to bind to glycolipids within the cell membrane and capture cells without the need for 

specific receptor mediated adhesions to form; a factor intended to aid in the initial cell 

capture phase. These functionalised cantilevers were then mounted onto an JPK 

Nanowizard 3 fitted with a CellHesion module; this module acts to increase the 

effective z-piezo motor operational range of the AFM from 15μm to 100μm. The 

CellHesion module requires coverslips to be mounted, which act as the bottom of the 

imaging chamber; these coverslips were coated with 10μg/ml fibronectin prior to 

mounting. A cell suspension of freshly trypsinised MDA-MB-231 was then added to 

the chamber and allowed to settle to the bottom. The functionalised cantilever was then 

used to “fish” the cells from the coverslip surface before being raised away. The cells 

were then left to adhere to the cantilever surface, before being brought back into 

contact with the coverslip. After the cell was given time to adhere to the coverslip 

surface, the cantilever was then raised. This raising would stretch the cell between the 

two surfaces and apply a tensile force (Fig 3.4A). This stretching could be done in 

combination with confocal imaging to simultaneously apply a tensile force and image 

the mN2-TS present in the cell. A couple of attempts at this were made using MDA-

MB-231 cells (Fig 3.4B), and a correlation between the applied tensile force and the 

FRET index was seen. However, the technique proved to be low throughput due to the 

difficulty of finding and fishing transfected cells during the window of opportunity 

prior to the cells adhering to the coverslip surface. This difficulty was further 

compounded when the setup was tested on a fibroblast cell line (in this case, MEFs). 

As such, this experimental setup was ultimately not followed up further. However, the 

results gathered do indicate that the mN2-TS sensor is capable of detecting 

dynamically applied force stimuli at the NE. 
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Figure 3.4. Cell stretching via atomic force microscopy. (A) A re-sliced and 

interpolated z-stack of an MDA-MB-231 cell, transfected with GFP-Lifeact, stretched 

between a cantilever (top of image) and the coverslip (bottom of image). Scale bar = 

10µm. (B) FRET index measurements of MDA-MB-231 cells stretched to the stated 

heights. Cantilever movement was conducted in order of left-to-right on the graph. 

FRET index calculated from intensity ratio of donor/FRET channels. 

 

3.3.2. Cloning of Progerin Expressing Cell Lines 

 

With protocols for the use of the mN2-TS in place, a model system was needed to 

conduct investigations into HGPS. There are three main options that are used regularly 

within the literature for the study of HGPS. These options are to use a mouse model 

or mouse model derived cell lines (Hale et al., 2008; Mounkes et al., 2003; Sagelius 

et al., 2008), to use primary fibroblasts taken from biopsies of HGPS patients, or to 

use fibroblast cell lines that are transfected, transiently or stably, with progerin. I 

decided that initial attempts should be made to conduct the experiments within a 

transfected fibroblast cell line, rather than a primary cell line or mouse model, due to 

the requirement for effective transfection of the tension biosensors; a task that is 

difficult to achieve in primary HGPS lines. In service of this, plasmids were developed 

which contained either the WT lamin A gene or a form of the gene lacking 50 base 

pairs, corresponding to those which are removed via splicing in the G608G mutant of 
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HGPS (termed Δ50 progerin), tagged with the fluorophore mRuby2 (Lam et al., 2012). 

Plasmids containing the required sequences were kindly provided by Iakowos 

Karakesisoglou (University of  Durham, The School of Biological and 

Biomedical Sciences). These sequences were then cloned into a pcDNA3.1 backbone 

which contained the mRuby2 sequence, in such a way as to place the mRuby2 tag at 

the N-terminal end of the lamin A/Δ50 progerin sequence. Validation of correct 

labelling and localisation was confirmed by immunofluorescence of transiently 

transfected NIH-3T3 fibroblasts labelled with α-lamin A/C antibody. 

 

Whilst it would be possible to conduct the study using transient transfection, it is worth 

considering that lamin A expression level is known to influence nuclear behaviour and 

be tied into the response of cells to mechanical cues (Swift et al., 2013). As such, it’s 

possible that overexpressing lamin A will have an impact on the mechanotransduction 

pathway, which would make elucidating the role of progerin expression specifically 

more difficult. I therefore decided that a stable transfection, with only a single 

integration, would provide a more suitable platform for studying the effects of progerin 

expression. This was accomplished using the Flp-InTM system (Thermo Fisher 

Scientific); a DNA recombination method for gene integration and expression based 

upon the site-specific recombinase Flp (O'Gorman et al., 1991). NIH-3T3 fibroblasts 

containing a single FRT sequence are commercially available (Thermo Fisher 

Scientific), and these were chosen for use in this study due the prevalence of NIH-3T3 

cells in previous HGPS studies. The mRuby2-lamin A/Δ50 progerin sequences were 

cloned into the pcDNA5/FRT expression vector (3.5A), which were then co-

transfected with the pOG44 plasmid (which constitutively expresses Flp) to integrate 

them into the genome of the NIH-3T3 cells. Successful stable clones were selected via 

continuous treatment with 200μg/ml hygromycin, which continued until cell colonies 

were clearly visible (and all negative control cells had perished). Colonies were then 
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pooled into mixed populations, and expression of the mRuby2 tagged lamin A/Δ50 

progerin within the populations confirmed via western blotting for lamin A/C (Fig 

3.5B) and immunofluorescence imaging alongside α-lamin A/C antibodies (Fig 3.5C). 

 

Figure 3.5. Generation and validation of stable NIH-3T3 cell lines. (A) Schematic 

showing the pcDNA/FRT vector cloned with either lamin A or the mutant Δ50 

progerin used to generate the NIH-3T3 FlpInTM cell lines. (B) Western blot of mixed 

cell population lysate, probed for lamin A/C, demonstrating the expression of the gene 

of interest (top band). (C) Immunofluorescence staining of lamin A/C (green) 

alongside imaging of mRuby2 (red), with a merge of the two channels including 

Hoechst 33342 (blue, bottom). 

 

3.3.3. Assessment of tensile forces in NIH-3T3 Flp-InTM Cell Lines 

 

With these stable expression cell lines in hand, the investigation of tensile forces and 

mechanotransduction in this HGPS model could begin. Lamin A and Δ50 progerin 

cells, as well as the parental NIH-3T3 Flp-InTM cell line, were transfected with the 

mN2-TS and seeded onto fibronectin (Fig 3.6A). The average FRET index at the 

central nuclear plane for each cell line was then calculated (Fig 3.6B). No significant 

differences were observed between the three cell lines, suggesting that in this model 

there was no major alterations in overall force experienced at the NE. However, 

treatment of these cells with Y-27632/ML-7 inhibitors also did not seem to influence 

the FRET index (Fig 3.6C), despite the previously seen effect in MDA-MB-231 cells. 

Given that this inhibitor combination also increased the measured FRET index in a 

different fibroblast cell line, MEFs (Woroniuk et al., 2018), the lack of response in the 
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NIH-3T3 cells is concerning. Higher concentrations of inhibitors were tested, however 

these resulted in significant cell death within the population, preventing meaningful 

observation. This unfortunately makes it difficult to draw any conclusive answers from 

these experiments.   

 

Figure 3.6. Tension at the NE in progeria expressing NIH-3T3 cell line. (A) 

Confocal imaging of NIH-3T3 Flp-In cell lines transiently expressing mN2-TS. 

Fluorescence images show acceptor (mVenus) channel, as well as images of the 

mRuby tag. (B) The average FRET index across a central cross-section of the NE (in 

the horizonal plane) was calculated for each cell. (C) FRET index calculated for cells 

treated with a combination of Y-27632/ML-7 inhibitors, or an equivalent volume of 

DMSO. Mean ± SD plotted. Statistical significance tested using a one-way ANOVA 

with Tukey’s multiple comparison test (Significance = p < 0.05). N = 3, n ≥ 34. 

 

To investigate forces at the focal adhesions, a tension biosensor based upon talin 

(termed talin-TS) was used, which was previously developed by the Schwartz lab to 

demonstrate that talin is subject to tensile forces within adhesions (Kumar et al., 2016). 

This sensor uses the fluorophores EGFP and tagRFP as the donor and acceptor 

respectively, with the same elastic linker separating them as used by the mN2-TS. A 



85 

 

force negative variant of the construct whose sensor is placed at the C-terminal end of 

the protein, rather than within the sequence, is used as a negative control; since placing 

the sensor at the end will result in no tension being applied to it (Kumar et al., 2016). 

These constructs were transfected into the cell lines, which were then seeded onto 

10μg/ml fibronectin and imaged (Fig 3.7A). For the analysis a mask of the focal 

adhesions was drawn via intensity thresholding, using the direct GFP 

excitation/emission images as a reference. For this purpose a focal adhesion was 

defined as any object with an area larger than 0.6μm2, as this size threshold ensured 

that the majority of background signal identified by the threshold was excluded. In the 

context of this analysis, the use of the talin-TS does come with one issue; this being 

that the acceptor, tagRFP, has overlapping emission spectra with mRuby2 (as can be 

seen in Fig3.7A). Therefore, to remove the influence of mRuby2 bleedthrough on the 

FRET index calculations, adhesions that lay under the nucleus were excluded from the 

mask via manual removal. In parental cells, brightfield images were used as a reference 

for this purpose. Once the mask had been finalised, the FRET index of all pixels within 

the mask were averaged and plotted (Fig 3.7B). There was no significant difference in 

the FRET index between the lamin A/Δ50 progerin cell lines and the parental line, 

though the cells expressing lamin A had significantly reduced FRET index in 

comparison to the progerin expressing cell line. All conditions were significantly lower 

than the force negative control, demonstrating that in all cell lines talin was subjected 

to some tensile forces. 

 

In parallel to the talin-TS experiments, an assessment of the focal adhesion 

morphology was also conducted. Immunofluorescence staining for paxillin was used 

to label the focal adhesions in the NIH-3T3 cell lines, alongside phalloidin to stain the 

actin cytoskeleton. These cells were then imaged using a laser scanning confocal 

microscope, taking a single plane image along the bottom surface of the cells (Fig 

3.8A). A macro developed in ImageJ was then used to identify the adhesions via 

intensity thresholding and measure the individual adhesion area and shape factor 

(major/minor axis length of a fitted ellipse), and the number of identified ROIs used 

as a measure of adhesion count. The average area of all adhesions within each cell was 

then calculated and plotted (Fig 3.8B). The average adhesion area within the Δ50 

progerin expressing cells was significantly larger than those in the parental cells (Fig 

3.8B); an increase that was the result of increases in both the length and width of  
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Figure 3.7. Tension at the focal adhesions across Talin in progeria expressing 

NIH-3T3 cell line. (A) Confocal imaging of NIH-3T3 Flp-In cells transiently 

expressing Talin-TS. Fluorescence images show donor (eGFP) and acceptor (tagRFP) 

channels. Nuclear signal from mRuby-tagged proteins is visible in the acceptor 

channel. Scale bar = 20µm. (B) The average FRET index for each focal adhesion 

within a cell was calculated, and then averaged together to give a cell-wide FRET 

index average. All adhesions that overlapped with the nucleus were excluded in all 

conditions to prevent false readings caused by mRuby signal. Mean ± SD plotted. 

adhesions, as suggested by the change in both major and minor axis lengths (Fig 3.8C). 

Statistical significance tested using a one-way ANOVA with Tukey’s multiple 

comparison test (Significance = p < 0.05). N = 4, n ≥ 41.  
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Figure 3.8. Assessment of focal adhesion morphology in progeria expressing cells. 

(A) Immunofluorescence images of NIH-3T3 Flp-In cell lines, with antibody staining 

against paxillin (magenta) and phalloidin (cyan) staining for filamentous actin. Scale 

bar = 20µm. (B) Individual focal adhesion areas were calculated for all adhesions 

within a cell, and then averaged to give an average adhesion area per cell. (C) The 

number of identified focal adhesions in a cell was divided by the total cell area (as 

defined by actin) to obtain the number of adhesions per μm2. Mean ± SD plotted. 

Statistical significance tested using a one-way ANOVA with Tukey’s multiple 

comparison test (Significance = p < 0.05). N = 3, n ≥ 30. 
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This increase in adhesion area was accompanied by an increase in the number of 

adhesions per cell (Fig 3.8D). To account for differences in cell area in the counting, 

all adhesion counts were first normalised to their respective cell area (calculated using 

phalloidin as the reference) before being plotted.  

 

It was noted that the cell line expressing the wild type lamin A also demonstrated an 

increase in adhesion area/number in line with the Δ50 progerin expressing cells. This 

raised the possibility that the phenotype observed were a result of LMNA 

overexpression, rather than solely the result of Δ50 progerin expression. To try and 

eliminate this possibility, mRNA knockdown of endogenous LMNA was attempted in 

the NIH-3T3 cell lines, followed by paxillin/phalloidin staining. However, the results 

of these experiments were inconclusive, as the values obtained were highly variable; 

likely as a result of inconsistent knockdown efficiency as observed via western blotting 

(data not shown). 

 

3.3.4. Assessment of tensile forces in Primary Patient Fibroblasts 

 

Due to the observed complications in the NIH-3T3 cell lines, I decided to assess the 

same factors in primary patient fibroblasts. Inspired by the work of Chang et al. (2019), 

three pairs of cell lines were selected for use in this study (Table 3.1). Each pair 

consists of a fibroblast cell line derived from a HGPS patient (denoted as AG) and an 

age-matched healthy individual (denoted as GM). These cell lines were obtained from 

the Coriell Institute’s NIA Aging Cell Culture Repository 

(https://www.coriell.org/1/NIA). Three separate pairs of cell lines were used to 

account for potential variations between individuals and allow for universal 

differences brought about by progerin expression to be elucidated. Normalising each 

HGPS cell line to its respective healthy cell line allows the observations from each pair 

to be grouped, and the overall trend plotted. 

 

 

Using these cell pairs, the previous assessment of the mN2-TS in the NIH-3T3 lines 

was repeated. Primary cells were seeded into glass bottomed imaging dishes coated 

with fibronectin and transiently transfected with the mN2-TS. The cells were then 

imaged, and the average FRET index calculated for each cell (Fig 3.9A). There was 

no change in FRET index for two of the three HGPS cell lines, whilst one cell line 
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showed an increase in FRET index (Fig 3.9B). This demonstrates that tension across 

nesprin-2 in HGPS cells is at the very least unchanged relative to their healthy 

counterparts, if not reduced. 

 

Table 3.1. Primary cell lines obtained for use in this study. Cells were obtained 

from the Coriell Institutes NIA Aging Cell Culture Repository. Each pair consists of a 

HGPS patient derived cell line (AG06917, AG11513, AG01972) and a cell line 

derived from a healthy individual of similar age and same sex (GM00498, GM00038, 

GM01652). 

 

Next, the assessment of tensile forces at the focal adhesions was repeated using the 

talin-TS (Fig 3.10), as had been done previously for the NIH-3T3 cell lines and using 

the same methodology as used for the mN2-TS transfection. The FRET index of the 

adhesions for two of the three pairs was significantly lower in the HGPS cell line than 

the healthy counterpart (Fig 3.10B). This shows that talin is under increased tensile 

stress in the HGPS cell lines. To investigate whether this difference in talin tension 

could be related to differences in cell area, the average adhesion FRET index per cell 

was plotted against the total cell area (Fig 3.10C). These plots demonstrate that the 

elevated adhesion tension in the HGPS was not related to the increased area of these 

cells. Parallel assessment of focal adhesion morphology via paxillin 

immunofluorescence imaging showed that focal adhesion area was increased in the 

HGPS cell lines (Fig 3.11); which is seen consistently across all three pairs (Fig 

3.11B). As was the case in the NIH-3T3 cell lines, this increase in area is seen as an 

increase in both the adhesion width and length. Measurement of the adhesion count 

showed that one of the HGPS cell lines had a large increase in the number of adhesions.  

In the other two lines, adhesion count differences were small and the differences were 

not statistically significant at type I error rate of 0.05 (Fig 3.11C). 
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Figure 3.9. Tension at the NE in primary cell line pairs. (A) Confocal imaging of 

HGPS/Healthy primary cell lines transiently expressing mN2-TS. Fluorescence 

images show acceptor (mVenus) channel. (B) The average FRET index across a 

central cross-section of the NE (in the horizonal plane) was calculated for each cell, 

and the FRET index for each pair plotted. Mean ± SD plotted. Statistical significance 

tested using an unpaired t-test (Significance = p < 0.05). N = 2, n ≥ 8. 
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Figure 3.10. Tension at the focal adhesions across Talin in progeria patient cell 

lines. (A) Confocal imaging of NIH-3T3 Flp-In cells transiently expressing Talin-TS. 

Fluorescence images show donor (eGFP) channel. (B) The average FRET index for 

each focal adhesion within a cell was calculated, and then averaged together to give a 

cell-wide FRET index average. (C) Scatter plots of average FRET index vs cell area, 

showing linear trend line. Mean ± SD plotted. Statistical significance tested using an 

unpaired t-test (Significance = p < 0.05), slope significance tested by linear regression 

(Healthy cells: p = 0.3729, R2 = 0.01530. HGPS cells: p = 0.8971, R2 = 0.0002716). N 

= 3, n ≥ 15. 
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Figure 3.11. Assessment of focal adhesion morphology in progeria patient cell 

lines. (A) Immunofluorescence images, with antibody staining against paxillin. Scale 

bar = 20μm. (B) Individual focal adhesion areas were calculated for all adhesions 

within a cell (adhesion defined as objects > 0.6μm2, to exclude background), and then 

averaged to give an average adhesion area per cell. (C) The number of identified focal 

adhesions in a cell was divided by the total cell area (as defined by actin) to obtain the 

number of adhesions per μm2. Mean ± SD plotted. Statistical significance tested using 

an unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 29. 
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3.4. Discussion 

 

The first aim of this chapter was to establish the use of the mN2-TS as a readout of 

force transmission to the nucleus, and then apply this sensor to the study of HGPS. 

Considering this, MDA-MB-231 cells were used to assess the influence of matrix 

dimensionality on the forces experienced at the NE. These results suggest that cells 

within a dense 3-D matrix experience increased forces at the NE, in a manner 

dependant on the actin cytoskeleton. Increased confinement has been shown to 

facilitate the alignment of stress fibres, resulting in more effective cell migration 

(Pathak and Kumar, 2012). This alignment of stress fibres also aligns the NMII-

dependant contractile forces (Pathak and Kumar, 2012), which would likely increase 

the cumulative force exerted on the NE via the LINC complexes. This would account 

for the increased tensile force applied to the mN2-TS in the dense matrix, as well as 

explain why the sparser matrix did not show the same level of force application at the 

NE. However, varying the concentration of the collagen hydrogel will not only 

increase the confinement of the cell. Increasing the concentration of collagen used to 

form the hydrogel also increases the stiffness of the gel (Roeder et al., 2002) due to 

increased cross-link density between the fibres (Lin & Gu, 2015). As increased 

stiffness within 3D collagen gels promotes the maturation of focal adhesions (Doyle 

et al., 2015), it’s possible that increasing substrate stiffness is responsible for the 

increased tensile forces at the NE by promoting a stronger and more stable connection 

between the ECM and the NE. Further experiments in which each of these factors is 

varied independently would need to be conducted to elucidate the exact cause. 

 

Migration through dense 3-D matrices is reliant upon NMII activity (Pathak and 

Kumar, 2012; Thomas et al., 2015), and this NMII dependence also relies upon the 

presence of nesprin-2 (Thomas et al., 2015). Nesprin-2 has also recently been observed 

to accumulate at the leading edge of the nucleus during nuclear translocation through 

narrow apertures (Davidson et al., 2020). This, in combination, would suggest that 

forward motility of the nucleus through restrictive apertures would be the result of 

acto-myosin generated forces pulling the nucleus forwards. This hypothesis is 

validated by the findings of the migration assays conducted with the mN2-TS within 

this project, which showed increased tensile forces across nesprin-2 during nuclear 
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translocation events in dense 3D matrices. These findings, alongside practical 

applications in a published work that lies beyond the scope of this project (Woroniuk 

et al., 2018), firmly establish the usefulness and validity of the mN2-TS.  

 

With this in hand, the next aim of this chapter was to establish the model system that 

would be used for the study of HGPS and apply the mN2-TS to this model. Initially, 

the use of a NIH-3T3 Flp-InTM cell line was explored, with the FlpInTM system being 

used to stably express the mutant form of lamin A, progerin. Whilst the generation of 

this clonal cell line was successful, and some intriguing observations made 

surrounding focal adhesion morphology, ultimately the usefulness of this model was 

limited by the complications associated with potential lamin A overexpression 

phenotypes, as well as the lack of responsiveness for the mN2-TS. The fact that lamin 

A overexpression resulted in an increase in adhesion area and number is an interesting 

observation in and of itself. Cells are known to regulate their lamin A expression levels 

in response to substrate stiffness (Swift et al., 2013), and the loss of lamin A expression 

has been shown to reduce adhesion size and number (Corne et al., 2017). This suggests 

that lamin A expression is linked to the formation and maturation of adhesions, and 

that this link is important for regulating the cell’s ability to sense and respond to the 

mechanical properties of their environment. As this question falls outside the scope of 

this project, the hypothesis is not explored further here. However, future work 

exploring the mechanism and importance of this link between lamin A expression and 

cellular regulation of mechanosensitivity may yield interesting and important insights 

into how cells respond to the mechanics of their environment. 

 

As a result of these complications with the NIH-3T3 cell lines, I decided to switch 

from this model to a model based around primary patient fibroblasts. The use of three 

HGPS derived cell lines, rather than a singular example, was established to identify 

and reduce the impact of individual genetic variations in the final observations. 

Applying the mN2-TS into this model showed that there was at least no change in 

nuclear tension between the HGPS cell lines and their healthy counterparts, if not a 

reduction as seen in one of the pairs (AG06917/GM00498). Low cell numbers, 

resulting from a poor transfection efficiency, makes definitive conclusions difficult; 

however, these data would suggest that there is a reduction, or at the very least no 

change, in tension at the NE mediated by nesprin-2.  
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Moving to the other end of the force propagation pathway, expression of the talin-TS 

in the HGPS derived cell lines showed that a majority of the HGPS lines had increased 

tensile force at the focal adhesions. This was accompanied by an increase in focal 

adhesion area, as seen by observation of immunofluorescence labelling of paxillin. As 

force application on talin is a key factor controlling focal adhesion stabilisation and 

maturation (Rahikainen et al., 2019), one would expect that talin being subjected to 

greater tensile force would result in stabler, and therefore larger, adhesions. This raises 

the question of why these HGPS cells display this adhesion phenotype? Is the cell’s 

ability to sense the substrate properties affected, resulting in increased adhesion 

growth? Or are the adhesions being subjected to increased tensile forces from elevated 

acto-myosin contractility? And in either case, another question is why is the NE not 

experiencing the same increase in tensile force as the adhesions? If the adhesions and 

the NE are linked directly via the stress fibres, then one would expect changes in tensile 

forces to be propagated through the entire mechanotranductory pathway; but this does 

not seem to be the case in these HGPS cell lines.  
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4. Investigating Changes in Mechanically Induced Signalling 

 

4.1. Introduction 

 

The cell’s ability to respond to external mechanical stresses relies upon its ability to 

sense those changes and alter its gene expression and morphology accordingly. This 

sensing of external force stimuli can be accomplished via two means; either direct 

channelling of forces into the nuclear interior to alter chromatin structure (Heo et al., 

2016; Iyer et al., 2012; Tajik et al., 2016) or by activating biochemical signalling 

pathways that regulate alterations in focal adhesion and actin structure (Boutahar et 

al., 2004; Humphries et al., 2007; Stutchbury et al., 2017; Wang et al., 2005; Webb et 

al., 2004; Zhao et al., 2010). 

 

The channelling of forces through the cell and into the nucleus relies upon the actin 

cytoskeleton and stress fibres, and an important factor that facilitates this function of 

the actin cytoskeleton is pre-stress (Hu et al., 2003; 2005). Using acto-myosin 

contractility, the actin cytoskeleton is subjected to a base level of force stress that 

places the system under tension (Guolla et al., 2012). This tension makes the system 

more sensitive to external force stresses (Hu et al., 2005), and allows force propagation 

over greater distances (Hu et al., 2003), than would otherwise be possible in the 

absence of pre-stress. Acto-myosin contractility can be increased via the 

phosphorylation of myosin light chain (MLC) by ROCK, which acts to increase NMII 

ATPase activity (Amano et al., 1996). Therefore, observing the base level of pMLC 

phosphorylation would provide an indicator for acto-myosin contractility within 

HGPS cells, and give insights into potential changes in cellular pre-stress. Another 

way in which cytoskeletal tension can be assessed is via the use of AFM. Higher 

cytoskeletal tension results in increased cellular stiffness, and vice versa (Wang et al., 

2002), making cellular stiffness measurements a good indicator of underlying 

cytoskeletal tension/pre-stress. Indeed, increased MLC activity is known to be 

accompanied by an increase cellular stiffness (Cai et al., 1998). Due to the importance 

of pre-stress in force propagation, any change in actin cytoskeletal tension would likely 

influence the cell’s ability to respond effectively to mechanical stresses. Given that the 

mechanically loaded tissues of the body are heavily affected in HGPS, it is worth 
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investigating whether there is any change in acto-myosin contractility and tension in 

these cells that could contribute to the disease pathology. 

 

The activation of biochemical signalling upon mechanical stimulation is controlled by 

a variety of signalling proteins. One of the more prominent proteins within this group 

is FAK, whose interactions with other signalling proteins, such as Src, triggers the 

activation of various downstream signalling pathways that control a host of different 

cell behaviours (Boutahar et al., 2004; Humphries et al., 2007; Stutchbury et al., 2017; 

Wang et al., 2005; Webb et al., 2004; Zhao et al., 2010). FAK is activated via tyrosine 

phosphorylation (Toutant et al., 2002; Calalb et al., 1995), and can be activated in 

response to a variety of force stimuli (Zebda et al., 2012). Mechanical stimuli do not 

only influence signalling at the focal adhesions but can also regulate the nuclear 

localisation of transcription factors. YAP is a prominent example of one such 

transcription factor, whose localisation to the nucleus can be stimulated by external 

force stimuli (Dupont et al., 2011; Elosegui-Artola et al., 2017) where it facilitates the 

transcription a wide range of genes (Zanconato et al., 2015; Zhao et al., 2008). 

Observation of YAP localisation is therefore an indicator of potential changes in 

mechanically regulated signalling. 

 

YAP and FAK are among the primary initiators of a cell’s mechanical signalling and 

response, but another protein that plays an important role in controlling the necessary 

alterations in adhesion/cytoskeletal structure is RhoA (Ridley & Hall, 1992). This Rho 

family GTPase coordinates the formation and polarisation of actin stress fibres in 

response to mechanical stimulation (Kaunas et al., 2005), as well as promoting the 

maturation of focal adhesions by increasing acto-myosin contractility via the 

phosphorylation of MLC (Amano et al., 1996; Chrzanowska-Wodnicka & Burridge, 

1996).  

 

The focal adhesions and stress fibres play an important role in transmitting forces from 

the extracellular environment to the nuclear interior, as previously discussed. 

However, they can also act to exert forces on the extracellular environment from the 

cell interior. These forces, referred to as traction forces, play an important role in cell 

migration (Fournier et al., 2010), substrate stiffness sensing (Ghassemi et al., 2012; 

Giannone et al., 2004) and cell polarisation (Prager-Khoutorsky et al., 2011). These 
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traction forces are applied through the connection between the matrix and focal 

adhesions and generated by the contraction of the acto-myosin cytoskeleton. The loss 

of traction forces can have profound effects upon the cells ability to sense and react to 

its local mechanical environment. The traction forces that a cell generates upon a 2-D 

substrate can be measured using traction force microscopy (TFM) (Wang & Lin, 

2007). This methodology uses fluorescent beads embedded within a hydrogel of 

defined stiffness as markers, whose displacement by the action of cell traction forces 

can be tracked. The tracking of these markers can then be used to calculate the forces 

exerted by the cell on the underlying gel.  

 

4.2. Chapter Aims 

 

The HGPS cell lines have been observed to have enlarged focal adhesions, and talin 

within these adhesions is subject to increased tensile forces. This increase in tension 

and change in adhesion phenotype may be accounted for by increased acto-myosin 

contraction within the stress fibres. As such, this chapter aims to assess the stress fibres 

and wider cytoskeleton to determine whether there is increased acto-myosin activity 

in the HGPS cell lines. An assessment of the cellular localisation of YAP will be used 

to identify if there are any changes in mechanically regulated transcription in the 

HGPS cell lines. The effect of substrate stiffness on the HGPS phenotype will also be 

investigated to determine whether the observed changes in adhesion morphology are 

tied to substrate stiffness. The altered adhesion phenotype may also influence the 

ability of the cell to exert forces upon the extracellular matrix, a process important for 

focal adhesion formation as well as various cellular processes such as polarisation and 

migration. Traction force microscopy (TFM) will be employed to investigate whether 

the HGPS cell lines have an altered ability to exert forces on their environment. 
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4.3. Results 

 

4.2.1. Changes in Cytosketetal Stiffness 

 

As increased cytoskeletal stiffness is linked to increased acto-myosin activity (Wang 

et al., 2002), one can use measurements of cellular stiffness as an indicator of acto-

myosin contractility. As such, AFM was employed to measure cellular stiffnesses for 

the primary cell lines to determine whether there are any changes in cellular stiffness 

between the HGPS and healthy cell lines (Figure 4.1). MLCT-C cantilevers were used 

to probe a 40µm2 area of the cell body that incorporated the nucleus via Quantitative 

Imaging mode. This imaging modality generates an image in which each pixel of that 

image represents a single force-distance curve. Analysing each of these force-distance 

curves then allows an image to be generated in which each pixel has a value equal to 

the Young’s modulus calculated for that area (Figure 4.1A). In this case, a 128x128 

pixel image was used to cover the 40x40µm area of the cell that was selected, for a 

total of 16,384 force-distance curves. The slope of these force-distance curves was 

then calculated using a Hertz/Sneddon fitting model, which yielded the Young’s 

modulus value for each pixel. A maximum stiffness threshold of 500kPa was used 

during the analysis step to exclude any readings taken from the glass surface, which 

exceeded this value. The remaining pixels were then averaged to generate an average 

Young’s modulus for the cell region (Figure 4.1B). Two of the pairs (Pair 1 and 3) 

showed a general trend towards increased stiffness in the HGPS cell lines (Figure 

4.1B). To accompany this data, attempts were made to assess the levels of 

phosphorylated MLC to further investigate whether there was increased activation of 

acto-myosin contractility. Western blotting for pMLC was conducted, however these 

efforts ultimately proved unsuccessful in labelling pMLC within the experiments 

conducted. 
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Figure 4.1. Measurement of cytoskeletal stiffness in patient cell lines using atomic 

force microscopy. (A) A 40x40µm area of the cell body, encapsulating the nucleus, 

was imaged via Quantitative Imaging mode with an image size of 128x128 pixels. 

Force-distance curves were then analysed via a Hertz/Sneddon fitting model, and 

Young’s modulus images generated. Image colour scale shown right of images. (B) 

The Young’s modulus of all pixels within the scanned area, below a 500kPa threshold, 

were averaged to give a cell area average. Mean ± SD plotted. Statistical significance 

tested using an unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 9. 

 

 

4.2.2. Investigating Changes in Key Mechanotransduction Signalling Activity 

 

Mechanical forces do not only trigger signalling at the focal adhesions, but also 

regulates the nuclear localisation of multiple transcription factors. The most prominent 

of these is YAP, which localises to the nucleus upon force application (Elosegui-Artola 

et al., 2017), as well as on higher substrate stiffnesses (Dupont et al., 2011). This 

nuclear localisation aids in the regulation of the cell’s response to substrate stiffness 

(Calvo et al., 2013; Dupont et al., 2011; Elosegui-Artola et al., 2016), as well as in the 

adaptation to force stresses (Aragona et al., 2013; Benham-Pyle et al., 2015; Nakajima 

et al., 2017). To investigate whether there were any changes in YAP localisation within 

the HGPS cells, immunofluorescence imaging of endogenous YAP was conducted on 

cells seeded onto glass coverslips coated with fibronectin (Figure 4.2A). Staining with 

Hoechst 33342 and phalloidin-alexafluor-670 was conducted alongside antibody 

labelling of YAP to act as markers for the nucleus and cell body respectively. These 

were then imaged via confocal microscopy, capturing a single plane where the nuclear 

cross section was largest. ImageJ was then used to define ROIs of either the nucleus 
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or the whole cell excluding the nucleus, and these ROIs used to measure the mean 

intensity of YAP labelling in each area. The ratio of these intensities 

(Nuclear/Cytosolic) was then calculated (Fig 4.2B). Curiously, there appeared to be 

no consistent behaviour between the three cell line pairs, with each pair showing a 

distinct behaviour. Under these conditions, YAP should predominantly be localised to 

the nucleus due to the very high stiffness of glass as a substrate (in the GPa scale). It 

would therefore appear that at very high stiffnesses, the HGPS cell lines display a 

varied ability to localise YAP to the nucleus. 

 

While this initial assessment has some use, the excessively high stiffness of glass as a 

substrate makes it difficult to directly relate these findings to a physiological context. 

As such, the next step was to assess whether the localisation of YAP in the HGPS cell 

lines differed at substrate stiffnesses found within human tissues. For this, cells were 

grown in imaging dishes that contained a PDMS hydrogel which was either “soft” 

(1.5kPa) or “stiff” (28kPa). As most tissue stiffnesses lie between these two values 

(Guimarães et al., 2020), these substrates should provide a snapshot of the HGPS 

phenotype at either end of the tissue stiffness scale. These substrates were coated with 

fibronectin and the YAP immunofluorescence imaging repeated, using the same 

methodology and analysis as used for the glass substrate (Fig 4.3). Two of the three 

cell pairs (Pair 1 and 3) showed a clear reduction in nuclear/cytosolic YAP ratio on 

these substrates, while the remaining pair (Pair 2) demonstrated the inverse behaviour 

on the PDMS substrates, as was seen on the glass substrate (Fig 4.3B, C). This 

difference in the localisation of YAP could be related to changes in YAP expression 

within the cell, as much as it could be related to perturbations in mechanical signalling. 

Therefore, the expression levels of YAP within the HGPS/healthy cell lines needed to 

be established to determine which may be the primary factor. Western blotting of 

whole cell lysates labelled for YAP was used to observe the endogenous expression of 

YAP in these cells. The intensity of the bands was then measured and plotted (Fig 4.4). 

One of the cell pairs (Pair 2) demonstrated a reduced level of YAP expression in the 

HGPS cell line, but this was not seen in the other two cell line pairs. This difference 

was also observed in the mean intensity of YAP staining within the cell body of this 

cell line when imaging the immunofluorescence labelling of endogenous YAP. 

Interestingly, this pair was the one that demonstrated a differing YAP localisation 
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phenotype relative to the other two cell line pairs, suggesting a possible link between 

the YAP expression and its localisation in the HGPS cell lines.  

 

 

Figure 4.2. Localisation of YAP in patient cell lines on an ECM coated glass 

substrate. (A) Immunofluorescence imaging of HGPS and healthy cell lines labelled 

for endogenous YAP. Scale bar = 20µm. (B) The intensity of YAP labelling within the 

nucleus and cell body (excluding the nucleus) was measured and the ratio of nuclear : 

cytoplasmic intensity calculated. Mean ± SD plotted. Statistical significance tested 

using an unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 30. 
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Figure 4.3. Localisation of YAP in patient cell lines on differing stiffness PDMS 

substrates. (A) Immunofluorescence imaging of HGPS and healthy cell lines labelled 

for endogenous YAP, seeded onto either “soft” or “stiff” PDMS substrates coated with 

fibronectin. Scale bar = 20µm.  (B+C) The intensity of YAP labelling within the 

nucleus and cell body (excluding the nucleus) was measured and the ratio of nuclear : 

cytoplasmic intensity calculated. Mean ± SD plotted. Statistical significance tested 

using an unpaired t-test (Significance = p < 0.05). N = 2, n ≥ 23. 
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Figure 4.4. Protein level of YAP in HGPS and healthy cell lines. Western blotting 

of whole cell lysates from either HGPS or healthy cell lines was conducted, labelling 

with antibodies targeting YAP. GAPDH was also labelled to act as a loading control. 

YAP band intensities were measured and normalised to GAPDH band intensities. For 

each pair, these values were then normalised to the corresponding healthy pair average. 

Mean values plotted. Statistical significance tested using an unpaired t-test 

(Significance = p < 0.05).   

 

4.2.3. Effect of Substrate Stiffness on Adhesion Phenotype 

 

The HGPS cell lines have consistently displayed a larger average adhesion area on a 

rigid glass substrate, however it was worth investigating whether this difference was 

maintained on a PDMS substrate with a more physiological stiffness. To this end, the 

primary cell lines were grown in dishes with a PDMS substrate of 15kPa stiffness 

coated with fibronectin. This value was chosen as it is close to the stiffness of many 

tissues (Guimarães et al., 2020) and is compatible with the TFM experiments 

conducted later in this work. These cells were then fixed, labelled for paxillin and 

imaged (Fig 4.5A), as was done previously. The mean adhesion area was calculated 

for each cell, following the same analysis protocol as used for the previous adhesion 

quantification, and these results were then plotted for each cell pair (Fig 4.5B). The 

average adhesion area within the HGPS cell lines was still larger than their healthy 

counterparts, though the extent of the difference appeared to be reduced when 

compared to the cells plated on a glass substrate (Fig 3.11B). 
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Figure 4.5. Assessment of focal adhesion morphology in patient cell lines on 

15kPa PDMS substrate. (A) Immunofluorescence imaging of HGPS and healthy cell 

lines labelled for paxillin, seeded onto a 15kPa PDMS substrate coated with 

fibronectin. Scale bar = 20µm. (B) Individual focal adhesion areas were calculated for 

all adhesions within a cell (adhesion defined as objects > 0.6μm2, to exclude 

background) and then averaged to give an average adhesion area per cell. Mean ± SD 

plotted. Statistical significance tested using an unpaired t-test (Significance = p < 

0.05). N = 2, n ≥ 29. 

 

4.2.4. Influence of Adhesion Phenotype on Cell Traction Forces 

 

The ability of a cell to respond to the mechanical properties of its environment relies 

on the cell being able to probe the surrounding matrix and ascertain the local stiffness. 

This probing is accomplished through the application of traction forces, which allows 

the cell to judge the stiffness of the matrix via deformation of said matrix (Ghassemi 

et al., 2012; Giannone et al., 2004). Given that the focal adhesions are critical for the 

application of these forces, and the magnitude of these forces is controlled by acto-

myosin contractility, it’s possible that the changes in these structures observed in the 
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HGPS cell lines would also affect the ability of these cells to exert traction forces on 

the surrounding matrix. To test this possibility, traction force microscopy (TFM) was 

employed. Patient and healthy cell lines were seeded onto poly(acrylic acid) (PAA) 

hydrogels that contained embedded fluorescent beads (488nm excitation). These gels 

were made from a 9% protogel solution (Geneflow), which would yield a gel with a 

measured stiffness of 10-15kPa. The gels were imaged with the cell being present, then 

the cells were removed from the gel surface using SDS treatment. The gels were then 

re-imaged at the same positions. An ImageJ macro set (Martiel et al., 2015) was then 

used to identify the beads and track their movement between the two images. Since 

the mechanical properties of the gel are known, the distance that the beads are 

displaced prior to the cell being removed (relative to their resting position) can be used 

to calculate the amount of force that was being exerted by the cell on that area of the 

gel (Fig 4.6). These forces, and their vector, can be mapped for each cell (Fig 4.7A). 

The magnitude of the traction forces within each image were then averaged to give an 

average traction force per cell (Fig 4.7B). One of the three pairs (AG01972/GM01652) 

showed a significant, though variable, increase in cell traction force, whilst the other 

two pairs demonstrated no change in traction forces. 

 

Figure 4.6. Diagram demonstrating traction force microscopy technique. (Left) 

Cells are seeded onto PAA hydrogels, which contain fluorescently labelled beads 

(green circles). The gels are then imaged prior to SDS treatment. (Right) SDS 

treatment is used to remove the cell, and the gel is imaged again at the same position. 

The position of the beads before (dotted circle) and after (solid circle) treatment is 

compared, and the distance between the two used to calculate the force vector (red 

arrow). 
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Figure 4.7. Quantification of cell traction forces using Traction Force 

Microscopy. (A) False colour force vector images of two example cells taken from 

Pair 2 (AG11513/GM00038). Arrow colour denotes force intensity, on a scale of 0-

1000Pa, whilst arrow direction denotes force vector. The cell within the image is 

outlined in white, based on the corresponding brightfield image. (B) The average 

traction force per cell was calculated by averaging the individual force vector 

magnitudes within each image. Mean ± SD plotted. Statistical significance tested using 

an unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 40. 
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4.4. Discussion 

 

The aims of this chapter were to assess acto-myosin contractility and observe whether 

there were any changes in mechanically sensitive signalling pathways within the 

context of HGPS. To this end, AFM was employed to measure the cellular stiffness of 

the primary cell lines and provide a comparison between the HGPS and the healthy 

cell lines. There was a trend toward increased stiffness within two of the three cell line 

pairs studied, which would suggest there may be increased acto-myosin contractility. 

When considering the individual images, it also appears that there are cytoskeletal 

fibres (presumed actin fibres by their morphology) that are more prominent in the 

HGPS cell lines than in the healthy cell lines. This suggests that whilst the average 

stiffness is not significantly higher for the individual HGPS cell lines, there is a visible 

increase in stiffness within the actin filaments themselves, further suggesting that acto-

myosin contractility is increased in the HGPS cell lines. Mu et al. (2020) also recently 

observed increased cellular stiffness in a Zmpste24-/- mouse cell line model, though 

these measurements were only taken from a single point within the cell body. A further 

examination of the individual fibre stiffnesses would be warranted to confirm the 

observations made here. Increased acto-myosin contractility would be accompanied 

by increased levels of MLC phosphorylation, and as such an attempt was made within 

this work to directly observe the levels of pMLC within the cell lines via western 

blotting. Despite best efforts, this proved unsuccessful. As such, it isn’t possible to use 

this information to supplement the data obtained via AFM. For future studies, 

alternative ways of assessing acto-myosin activation would need to be explored.  

 

Another prominent response to mechanical stimulation is the nuclear localisation of 

the transcription factor YAP (Elosegui-Artola et al., 2017). The localisation of YAP 

within the HGPS cell lines was first assessed upon glass, followed by an assessment 

upon “stiff” (28kPa) and “soft” (1.5kPa) PDMS substrates. These experiments 

suggested that the nuclear localisation of YAP was reduced in the HGPS cell lines 

when grown on the PDMS substrates, though not when grown on a glass substrate. 

This may reflect a defect in the cell’s ability to activate mechanically regulated gene 

transcription, which would negatively impact the cell’s ability to respond to external 

force stimuli. This also indicates that the potential increases in force transmission 
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across the adhesions and stress fibres in the HGPS phenotype is not reflected in the 

localisation of YAP. The question this raises is why is YAP nuclear localisation 

reduced in the HGPS cells? One potential explanation lies in the observation that force 

application can directly trigger the import of YAP into the nucleus (Elosegui-Artola et 

al., 2017). Perhaps the lack of force at the NE prevents this mechanism of triggering 

YAP import into the nucleus? 

 

Given the changes in the focal adhesions seen in the HGPS cell lines, one question 

was whether this alteration in the adhesions affected the cell’s ability to exert forces 

upon the surrounding matrix. Given the importance of traction forces in the cell’s 

ability to sense matrix stiffness (Ghassemi et al., 2012; Giannone et al., 2004), any 

changes in these forces could have a detrimental impact on the cell’s ability to sense 

and adapt to mechanical changes in its environment. To investigate this possibility, 

TFM was used to assess the traction forces exerted by the HGPS cell lines on a PAA 

hydrogel with a stiffness of 10-15kPa. The data from these experiments suggests that 

there is a change in the traction forces exerted by the HGPS cell lines, in line with the 

changes in adhesion area. One might have expected this, as an increase in focal 

adhesion area would have resulted in increased traction forces in healthy contexts 

(Balaban et al., 2001; Tan et al., 2003). 
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5. Investigating the Causal Factor for HGPS Adhesion 

Phenotype 

 

5.1. Introduction 

 

The RhoA signalling pathway is important for mechanotransduction, as it plays a role 

in regulating the structure and organisation of actin stress fibres in response to 

mechanical stresses (Lessey et al., 2012). RhoA can exist in two states: either an active 

GTP bound state, or an inactive GDP bound state. The movement of RhoA between 

these states is controlled by three groups of proteins: guanine nucleotide-exchange 

factors (GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide-

dissociation inhibitors (GDIs). GEFs promote the active state of RhoA by catalysing 

the exchange of bound GDP for GTP, while GAPs promote the inactive state by 

inducing GTP hydrolysis (Bos et al., 2007). RhoA can also be sequestered within the 

cytoplasm by GDIs in an inactive state, both controlling its activity and allowing it to 

be shuttled between membranes (Garcia-Mata et al., 2011). Active RhoA exerts its 

control over the actin cytoskeleton through two main downstream effectors, RhoA 

kinase (ROCK) and mDai1. ROCK acts to increase acto-myosin contractility via two 

main mechanisms. It firstly increases the activity of NMII isoforms via 

phosphorylation of MLC, which enhances NMII ATPase activity (Amano et al., 1996). 

It also phosphorylates MLC phosphatase, inhibiting its activity and thereby preventing 

inactivation of MLC (Kimura et al., 1996). ROCK also acts to stabilise the actin 

cytoskeleton via phosphorylation and activation of LIM kinase, which in turn 

phosphorylates and deactivates cofilin, an actin filament severing protein (Maekawa 

et al., 1999). mDia, meanwhile, promotes the formation of new actin filaments via its 

ability to act as an actin nucleation factor (Watanabe et al., 1999). Together, these 

effectors act to promote the formation and reinforcement of actin stress fibres. 

 

The transmission of forces to the nucleus along actin stress fibres plays an important 

role in regulating the activation/deactivation of key genes involved in the response to 

mechanical stresses (Li et al., 2014; Shiu et al., 2018; Wei et al., 2020). This can be 

directly via changes in chromatin structure (Heo et al., 2016; Iyer et al., 2012; Tajik et 

al., 2016; Wei et al., 2020), but it can also be indirectly via the localisation of 
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transcription factors (Shiu et al., 2018). YAP is an example of one such transcription 

factor, which localises to the nucleus in response to mechanical stimulation (Dupont 

et al., 2011; Elosegui-Artola et al., 2017). This change in localisation can be directly 

controlled by the application of force to the nucleus (Elosegui-Artola et al., 2017). The 

nuclear pore complexes (NPC) act as the gateway between the cytoplasm and the 

nucleoplasm, through which all nuclear-bound cargo must travel. The NPC is a large 

protein complex of ~125MDa (Reichelt et al., 1990), however despite being one of the 

largest protein complexes in the cell the entire structure is constructed using a limited 

number of proteins (~30) (Rout et al., 2000), which are collectively referred to as 

nucleoporins (Nups). The overall structure of the NPC consists of three rings; a central 

ring, which anchors the NPC within the NE, a nucleoplasmic ring and a cytoplasmic 

ring. The cytoplasmic and nucleoplasmic rings have eight filaments attached to them, 

with the cytosolic filaments having loose ends whilst the nucleoplasmic filaments form 

a structure termed the nucleoplasmic ‘basket’ (Ris, 1989, 1991; Goldberg & Allen, 

1992). Force application onto the nucleus, and resulting stretching of the NE, can open 

the NPCs and facilitate the increased import of YAP into the nucleus (Elosegui-Artola 

et al., 2017). One of the Nups that constitutes the nucleoplasmic basket, Nup153, may 

facilitate direct alteration of the state of NPCs by mechanical forces transmitted via 

interaction with the LINC complex protein SUN1 (Donnaloja et al., 2019).  

 

Another important regulator of nuclear import is the small GTPase Ran. Ran is 

important for both the import (Melchior et al., 1993) and export (Moroianu & Blobel, 

1995) of cargo to/from the nucleoplasm. Control of import/export is facilitated via a 

gradient of RanGTP concentration, with RanGTP being concentrated within the 

nucleoplasm via transport of RanGDP back into the nucleus by NFT2 (Ribbeck et al., 

1998). As such, any change in the localisation of Ran will have profound effects upon 

the movement of cargo both into and out of the nucleus that is not small enough to 

passively move through the NPC via diffusion, including many transcription factors. 

A loss of nuclear localisation of both Ran and Nup153 have recently been reported and 

shown to play a direct role in the HGPS phenotype (Larrieu et al., 2018). A loss of the 

Ran gradient had been previously reported in HGPS cell lines (Kelly et al., 2011; Snow 

et al., 2013), though this work reported that Nup153 was properly localised within the 

nucleus (Snow et al., 2013). 
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The adhesion phenotype displayed by the HGPS cell lines has been shown to be 

consistent in all three of the individual cell lines observed, as well as maintained on 

both a rigid and softer, more physiologically relevant, substrate. This alteration in 

adhesion phenotype may be the result of increased RhoA activity, however the 

question remains as to whether this change in the adhesions is directly related to the 

accumulation of progerin, the mutant form of lamin A responsible for the disease 

(Goldman et al., 2004), within the NE. One way in which this can be tested is by 

treating the HGPS cell lines with a farnesyltransferase inhibitor and observing the 

adhesion phenotype post treatment. As it is the accumulation of the permanently 

farnesylated progerin within the NE that results in the disease phenotype, preventing 

that farnesylation from taking place can mitigate some of the toxicity of its 

accumulation (Capell et al., 2005; Glynn & Glover, 2005; Toth et al., 2005). One such 

inhibitor, called lonafarnib, has been used in human clinical trials as a potential 

treatment for HGPS, resulting in increased lifespan (Gordon et al., 2014; 2018).  

 

5.2. Chapter Aims 

 

The HGPS cell lines have displayed enlarged focal adhesions and elevated acto-

myosin contractility but show no increase in tensile force at the NE, which may hamper 

their ability to respond to external force stimuli. This altered phenotype could be 

caused by numerous factors, including RhoA signalling pathways and abrogated 

nuclear import rates. As such, this chapter aims to explore some of these possible 

causative factors and provide an avenue for future research that could explore the 

causative factors for the increased sensitivity of progerin expressing cells to 

mechanical stresses.  

 

Nuclear import defects will be investigated via observation of the localisation of two 

key proteins, Ran and Nup153. Changes in the levels of these proteins within the 

nucleus would be an indicator of defective nuclear import and may provide evidence 

for a loss of mechanically regulated import. 

 

HGPS is caused by the accumulation of the farnesylated form of pre-lamin A, termed 

progerin. Many treatments for HGPS therefore employ fanesyltransferase inhibitors to 
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prevent the farnesylation and alleviate the negative effects of progerin accumulation. 

The final aim of this chapter will be to treat the HGPS cell lines with one such inhibitor, 

lonafarnib, and observe the effect of this treatment upon the focal adhesion phenotype. 

This will provide insight on whether progerin accumulation by itself is sufficient to 

bring about the altered focal adhesion phenotype.   

 

5.3. Results 

 

5.3.1. Investigating Changes in RhoA Activity 

 

Given the increased focal adhesion area that is observed in the HGPS cell lines, one of 

the likely candidates that could regulate this change is the small Rho-GTPase RhoA. 

RhoA plays a prominent role in the regulation of both stress fibre formation and focal 

adhesion maturation (Ridley & Hall, 1992, Watanabe et al., 1999). Changes in RhoA 

activity would therefore provide a potential mechanism via which the adhesions of 

HGPS would become larger and experience increased talin tension. To assess the 

RhoA activity in the HGPS cell lines a FRET based activity sensor, called Raichu, was 

used (Yoshizaki et al., 2003). By measuring the FRET index of this sensor one can 

measure the activity of RhoA, with a greater FRET index relating to increased RhoA 

activation. Raichu-RhoA was transfected into primary cell lines and imaged using a 

spinning disk confocal microscope. Single plane images close to the cell bottom, 

incorporating the bulk of the cell body, were captured (Fig 5.1A). The background 

signal was subtracted, and the FRET index of each pixel calculated. The average FRET 

index for each cell was determined using a whole cell mask, using the direct acceptor 

excitation channel as the reference. This average FRET index per cell was then plotted 

(Fig 5.1B). This was conducted for one of the three pairs of cell lines (Pair 1: 

AG06917/GM00498), and within this pair the average FRET index was greater within 

the HGPS cell line than the healthy counterpart. This would suggest that RhoA activity 

is elevated within progerin-expressing cells, at least for this cell line. 
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Figure 5.1: Measurement of RhoA activity via Raichu-FRET sensor. (A) FRET 

imaging of cell lines from pair 1 (AG06917/GM00498) was conducted, with the 

acceptor channel image shown. Scale bar = 20µm. (B) FRET index per pixel was 

calculated and averaged to yield the mean FRET index per cell. Mean ± SD plotted. 

Statistical significance tested using an unpaired t-test (Significance = p < 0.05). N = 3, 

n ≥ 31. 

 

5.3.2. RhoA Signalling as Driver of Adhesion Phenotype? 

 

To investigate whether RhoA signalling plays a role in the increased adhesion area of 

the HGPS cell lines, the patient and healthy cell lines were treated with the ROCK 

inhibitor Y-27632 (Uehata et al., 1997). This compound selectively inhibits both 

isoforms of ROCK, ROCK-I and ROCK-II, by competing with ATP for binding within 

the catalytic site (Ishizaki et al., 2000). Cells were treated with 10µM Y-27632 for two 

days, grown on glass coverslips and then labelled with antibodies targeting paxillin 

and imaged using a confocal microscope (Fig 5.2A). Control cells were instead treated 

with an equivalent volume of DMSO to act as a vehicle control. The area of each of 

the focal adhesions was then analysed, as described previously (see section 3.3.3), and 

then the adhesions areas within each cell averaged to give an average adhesion area 

per cell (Fig 5.2B). For all three cell pairs a reduction in adhesion area was seen in the 
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HGPS cell lines upon Y-27632 treatment when compared to their respective vehicle 

control. This change was also seen in the healthy cell lines. The number of adhesions 

per cell was also counted and normalised to the cell area (Fig 5.2C). The adhesion 

number per µm2 was significantly reduced in two of the three HGPS cell lines upon 

treatment (pair 1 and 3), which was again also seen in the healthy cell lines (Fig 5.2D). 

 

5.3.3. Potential Alterations in Nuclear Import Mechanics? 

 

The regulation of the nuclear import of transcription factors, such as YAP/TAZ, plays 

an important role in the cell’s response to mechanical stresses. As such, a potential 

defect in nuclear import was explored by visualising the localisation of the Ran, the 

small GTPase critical to balancing the rates of import and export of actively 

transported cargo into and out of the nucleus. Cells were grown on glass coverslips 

coated with fibronectin and labelled with antibodies targeting Ran, which were then 

imaged via confocal microscopy (Fig 5.3A). Cells were also stained with Hoechst 

33342 and phalloidin-alexafluor-670 to provide a nuclear and cellular marker 

respectively. The nucleus was then identified using an intensity threshold of the 

nuclear marker to generate a mask, and a nuclear ROI generated. The intensity of Ran 

labelling within this ROI was then measured (Fig 5.3B). A small but significant 

reduction in nuclear Ran levels was seen for two of the three cell pairs (pair 1 and 3) 

when compared to their healthy counterparts. 

 

Mechanical stimuli can control the transport of the transcription factor YAP into the 

nucleus via direct action on the nucleus. This opening of the NPCs by force application 

may be facilitated by the interaction of Nup153, a nuclear basket constituent, and 

SUN1. The loss of this protein from the NPC could therefore indicate that there would 

be a loss of this mechanically linked nuclear import. To assess whether there was a 

loss of Nup153 within the HGPS cell lines in this study, cells were labelled for Nup153 

and imaged via confocal microscopy (Fig 5.4A). With Hoechst as a nuclear marker, 

the intensity of the Nup153 labelling within the nucleus was analysed (Fig 5.4B). 

There was no significant change in Nup153 nuclear intensity within the individual 

HGPS cell lines, and in fact the nuclear levels of Nup153 were slightly increased in 



116 

 

two of the three cell lines. This shows that Nup153 was not lost from the nucleus in 

the HGPS cell lines analysed in this work. 

 

Figure 5.2: Assessment of focal adhesion phenotype upon ROCK inhibition. (A) 

Cell lines were either treated with 10µM Y-27632 or equivalent volume of vehicle 

control (DMSO), labelled for paxillin and imaged. Scale bar = 20µm (B) The average 

adhesion area for each cell was calculated. (C) The number of adhesions per cell was 

determined, normalised to the cell area. Mean ± SD plotted. Statistical significance 

tested using an unpaired t-test (Significance = p < 0.05). N = 2, n ≥ 20. 
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Figure 5.3: Nuclear localisation of Ran in HGPS cell lines. (A) Cells were labelled 

for Ran and imaged. Scale Bar = 20µm. (B) The intensity of Ran labelling within the 

nucleus was measured. Mean ± SD plotted. Statistical significance tested using an 

unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 62. 
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Figure 5.4: Nuclear localisation of Nup153 in HGPS cell lines. (A) Cells were 

labelled for Nup153 and imaged. Scale bar = 20µm. (B) The intensity of Nup153 

labelling within the nucleus was measured. Mean ± SD plotted. Statistical significance 

tested using an unpaired t-test (Significance = p < 0.05). N = 3, n ≥ 62. 

 

 

5.3.4. Effect of HGPS Treatment on Focal Adhesion Phenotype 

 

One of the prominent phenotypes that has been seen across all three of the HGPS cell 

lines used in this study has been an increase in the size of the focal adhesions. As 

inhibition of ROCK reduced the size and number of adhesions in these cells, it appears 

that RhoA/ROCK signalling plays a role in establishing this phenotype. However, this 

does not establish whether the changes in adhesion phenotype are directly related to 

the accumulation of progerin within the nuclei of these cells. HGPS cells can be treated 

with farnesyltransferase inhibitors to prevent the accumulation of progerin, and thus 

alleviate the HGPS pathology (Capell et al., 2005; Glynn & Glover, 2005; Toth et al., 

2005). As such, treating cells with one such inhibitor, lonafarnib, was conducted. The 

cell lines from pair 1 (AG06917/GM00498) were treated with daily doses of the 

farnesyltransferase inhibitor lonafarnib (at 2µM) for three days, based upon the most 
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effective concentration used by Capell et al. (2005) in their assessment of lonafarnib 

treatment efficiency. To assess the effectiveness of the treatment, tile scan images of 

treated cells were captured and the number of nuclei displaying deformed appearance, 

namely invaginations of the NE and nuclear blebbing, were counted. The percentage 

of total nuclei that had a deformed appearance was then calculated for each cell line 

(Fig 5.5A). Hoechst 33342 staining or lamin A/C antibody labelling was used to mark 

the nuclei for this purpose (Fig 5.5B), and all images were blinded prior to manual 

categorisation of the nuclei. Treatment of HGPS with 2µM lonafarnib reduced the 

percentage of deformed nuclei from an average of 63.5% to 47.5%. This decrease is 

lower than would be expected for such a treatment regimen (Capell et al., 2005), but 

does show that the treatment did reduce the proportion of cells displaying the 

characteristic nuclear phenotype of progerin accumulation. To test the dependence of 

the adhesion phenotype on progerin accumulation, AG06917 cells treated with 

lonafarnib were fixed and labelled for paxillin and imaged by confocal microscopy 

(Fig 5.6A). The focal adhesions were then identified as described previously and their 

area calculated; these were then averaged to give an average focal adhesion area per 

cell (Fig 5.6B). Lonafarnib treatment did not significantly alter the average focal 

adhesion area of the AG06917 HGPS cell line. The adhesion count was also 

determined for the treat cells (Fig 5.6C) and was found to be unchanged upon 

lonafarnib treatment.  
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Figure 5.5: Characterisation of nuclear morphology upon lonafarnib treatment. 

(A) The nuclei of cells from pair 1 (AG06917/GM00498) were marked with either 

lamin A/C antibody labelling or Hoechst 33342 staining. Nuclei were then categorised 

as either “deformed” or “regular” based on visual assessment. (B) The percentage of 

deformed nuclei relative to the total nuclei count was calculated for cells treated with 

either 2µM lonafarnib or an equivalent volume of vehicle control (DMSO). Mean 

values plotted. Statistical significance tested using an unpaired t-test (Significance = p 

< 0.05). N = 3, n ≥ 441. 
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Figure 5.6: Assessment of effect of lonafarnib treatment on focal adhesion 

phenotype. (A) AG06917 cells were treated with either 2µM lonafarnib or an 

equivalent volume of vehicle control (DMSO) and labelled for paxillin. Scale bar = 

20µm. (B) The average focal adhesion area for each cell was calculated. (C) The 

number of adhesions per cell was counted and normalised to the cell area. Mean ± SD 

plotted. Statistical significance tested using an unpaired t-test (Significance = p < 

0.05). N = 3, n ≥ 15. 
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5.4. Discussion   

 

The aim of this chapter was to assess various mechanisms that could play a role in 

establishing the mechanical sensitivity of HGPS cells, as well as whether these factors 

had influence over the adhesion phenotype that was previously observed. Observation 

of RhoA activity in the AG06917 HGPS cell line showed an elevated level of RhoA 

activity relative to the healthy counterpart.  Inhibition of ROCK, a downstream effector 

of RhoA, led to a reduction in both the area and number of focal adhesions within all 

the HGPS cell lines. While these observations do not establish RhoA signalling as the 

causative factor, it does demonstrate that the increased adhesion areas observed in the 

HGPS cell lines are influenced by RhoA activity, and that elevated RhoA activity 

presents a viable explanation for the phenotype seen in the HGPS cell lines. Given that 

increased RhoA/ROCK signalling has been reported to contribute to reduced 

mitochondrial function (Kang et al., 2017) and cellular senescence (Mu et al., 2020) 

in HGPS cells, this suggests that increased RhoA activity and signalling via ROCK 

may be highly influential in establishing the HGPS cellular phenotype. 

 

Whilst elevated RhoA provides a potential explanation for the increased focal adhesion 

area and number in HGPS, it does not answer the question of whether the phenotype 

is the direct result of progerin accumulation within the nucleus. To try and address this 

question, the AG06917 cell line was treated with lonafarnib, a farnesyltransferase 

inhibitor that prevents the farnesylation of progerin and alleviates the HGPS nuclear 

phenotype (Capell et al., 2005). This treatment did not have an influence on either the 

average focal adhesion area or the number of adhesions per cell in this cell line. This 

is surprising, as treatment with lonafarnib reversed the increased actin polymerisation 

phenotype observed by Mu et al. (2020), which was attributed to elevated RhoA 

activity. It is possible that the treatment within this experiment did not reduce progerin 

accumulation in a sufficient proportion of the cell population to have an observable 

effect upon the focal adhesions, and further work is needed to eliminate this possibility. 

However, based upon the data in this current work, it appears that reducing progerin 

accumulation within the nucleus alone is insufficient to trigger a reversal of the 

enlarged focal adhesions within the HGPS cells. 
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One potential mechanism by which HGPS cells may experience increased sensitivity 

to mechanical forces is through an inability to control the import of transcription 

factors in response to mechanical stimuli. This mechanism is suggested by the reduced 

nuclear YAP seen in the HGPS cell lines grown on 1.5kPa PDMS substrates (Fig 

4.4B). Ran, whose concentration in the nucleus is important for regulating cargo 

import, has also been reported to be lost from the nucleus in HGPS cell lines (Kelly et 

al., 2011; Larrieu et al., 2018). The loss of nuclear YAP was also observed in this 

study, providing further evidence to the potential role of nuclear import in the HGPS 

phenotype. Nup153, a constituent of the nuclear basket which may facilitate force 

transmission to the NPC via SUN1 (Donnaloja et al., 2019), could also play a role in 

the loss of mechanically controlled nuclear import in HGPS. It’s loss from the nucleus 

has been shown in one HGPS cell line, AG11513 (Larrieu et al., 2018), and this was 

demonstrated to play a role in maintaining the HGPS phenotype. However, assessment 

of the nuclear levels of Nup153 in this study did not find a loss of Nup153 from the 

nucleus when compared to their healthy counterparts, in agreement with the data from 

Snow et al. (2013). While this does not eliminate the possibility of reduced nuclear 

import in response to mechanical stimuli, it does eliminate the potential SUN1-

Nup153 interaction as a causal factor. 
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6. Discussion 

 

The ability of cells to sense and respond to the mechanical forces that surround them 

is vital to their development, function, and survival. The cell can respond to these 

forces thanks to a variety of mechanisms that are sensitive to the application of forces. 

One such mechanism is the ability to transmit forces directly from outside of the cell 

to the nucleus, where force stimuli can trigger both the import of transcription factors 

and alter the chromatin structure to control gene expression. These changes in gene 

expression then facilitate the cell’s response to the force stimulus and promote the 

desired behaviour. An inability to respond appropriately to force stimuli will hamper 

a cell’s function and may, if the force stresses are too great, result in the cell becoming 

damaged and ultimately die. This is especially important in tissues that experience 

greater force stresses than average, such as the muscle and vascular tissues. Patients 

afflicted with the premature ageing disease HGPS predominantly die due to 

cardiovascular disease (Gordon et al., 2014), brought about by a breakdown of the 

arterial walls. This has led to the hypothesis that the expression and accumulation of 

the mutant form of lamin A, progerin, makes cells susceptible to damage due to 

mechanical stresses. However, the exact cause of this mechanical sensitivity has yet to 

be fully elucidated. The aim of this work was to explore the various components of the 

mechanotransduction pathway to ascertain whether there were any changes within 

these structures that might explain the force sensitivity within progerin-expressing 

cells. 

 

Observation of the focal adhesions within HGPS cell lines demonstrated a consistent 

phenotype of enlarged focal adhesions for cells plated onto a fibronectin-coated 

substrate. The talin within these adhesions is under increased tension, demonstrating 

increased tensile forces at the adhesion. The enlarged adhesions were accompanied by 

increased actin fibre stiffness, suggesting elevated acto-myosin contractility. These 

increases would indicate an increased engagement of the cell to the extracellular 

environment, as well as increased force transmission across the adhesions and actin 

cytoskeleton. However, these increases were not accompanied by an increase in 

tension at the LINC complex, indicating that the increased force stimuli were not being 

transmitted across the NE. The fact that stable progerin expression within NIH-3T3 

cells induced enlarged adhesions suggests that progerin expression alone is sufficient 



125 

 

to bring about this phenotype. Inhibition of RhoA signalling via ROCK influenced the 

adhesion phenotype, and RhoA activity was increased within the HGPS cell assessed. 

This suggests that RhoA signalling plays a role in facilitating the phenotype of the 

HGPS cells (Summarised by cell line in Table 6.1). 

 

Table 6.1: Summary of experimental results by cell line. For each experiment 

conducted, the change in the average value of each HGPS cell line relative to its 

healthy control is noted. An upward green arrow indicates an increase, a grey dash 

indicates no change, and a downward red arrow indicates a decrease. Statistical 

significance was used as an indicator of increase/decrease; except for stress fibre 

tension, which was judged by observation of the image data as described previously. 
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Based on these observations, this work presents a hypothesis that provides a potential 

model for progerin-based force sensitivity (Fig 6.1). Elevated RhoA activity and 

signalling via ROCK within HGPS cells stimulates acto-myosin contractility and 

promotes focal adhesion maturation. This results in increased tension across talin, as 

well as elevated force propagation within the cell. However, this force is not 

effectively transmitted to the NE via the LINC complex. This lack of force 

transmission prevents the dynamic regulation of RhoA in response to force stresses, 

and instead RhoA activity remains consistently high; promoted by the increased force 

transmission across the adhesions/stress fibres. This impairs the cell’s ability to 

adequately respond to these stresses, leading the cell to become damaged and 

ultimately perish as a result, which on the larger scale leads to degradation in tissues 

subject to high force stresses. This tissue damage within the vasculature of HGPS 

patients results in atherosclerosis, cardiovascular disease and ultimately the death of 

the patient. This model would explain the increased cell death seen in the tissues 

subject to elevated force stresses (Booth et al., 2015; Kim et al., 2018; Verstraeten et 

al., 2008) and fits alongside other observations made within the literature. Indeed, 

elevated RhoA activity has already been linked to the HGPS cellular phenotype (Kang 

et al., 2017; Mu et al., 2020), and a reduced response by the nucleus to force stresses 

has also been observed (Booth et al., 2015). Dynamic regulation of RhoA activity is 

also vital for proper adaptation to shear stresses in endothelial cells (Tzima et al., 

2001). The activity of RhoA and RhoA signalling through ROCK is also known to 

play a role in the development of cardiovascular disease through a variety of different 

mechanisms that promote inflammation and result in tissue damage (Shimokawa et 

al., 2016). The elevated RhoA activity resulting from a lack of mechanically induced 

response could therefore lead to atherosclerosis through these mechanisms.  
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Figure 6.1. Proposed model for the causal factor of mechanical sensitivity in 

progerin-expressing cells. The accumulation of progerin within the nucleus creates a 

disconnect between the forces transferred across the actin cytoskeleton and the forces 

experienced by the NE, potentially as a result of changes in perinuclear actin structure. 

This disconnect prevents the dynamic regulation of RhoA activity in response to force 

stresses, and instead RhoA activity is consistently high. This promotes adhesion 

maturation and acto-myosin contractility, further reinforcing the phenotype of elevated 

RhoA activity. The cause of the increased RhoA activity may be due to either the loss 

of DLC1 from the adhesions or the downregulation of Rnd3, both of which act as 

antagonists of RhoA activity in response to mechanical forces.  

 

However, there are two outstanding questions that remain to be answered before this 

model can provide a comprehensive explanation for the increased force sensitivity of 

HGPS cells. The first of those questions is what causes the disconnect between the 

forces transmitted across the acto-myosin cytoskeleton and those experienced at the 

NE. The disconnect is likely not a physical disconnect between the LINC complex and 

actin cytoskeleton, as disrupting this connection does not necessarily prevent 

mechanically regulated gene transcription (Lombardi et al., 2011). Indeed, physically 

disconnecting the LINC complex from the actin cytoskeleton can in fact improve the 

survivability of HGPS cells subjected to mechanical stresses (Kim et al., 2018). It has 

however been observed that the structure of the perinuclear actin cap, a cradle of actin 

filaments that is associated with and encompasses the ONM, is disrupted in HGPS 

cells (Khatau et al., 2009). Transmembrane actin-associated nuclear (TAN) lines, 

concentrations of LINC complex proteins that bind to perinuclear actin cables (Luxton 

et al., 2010), also have reduced engagement with perinuclear actin fibres in progerin-

expressing NIH-3T3 cells (Chang et al., 2019). This data would suggest that whilst the 

nucleus is still physically linked to the actin cytoskeleton, that connection is looser; 
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perhaps this loosening in actin engagement has a negative impact upon the ability to 

transmit forces from the wider actin cytoskeleton to the NE.  

 

The second outstanding question for this model is what causes the increased RhoA 

activity within the HGPS cells. This increase in RhoA activity may be due to an 

inability to activate key RhoGAPs that are usually responsive to mechanical cues (Fig 

6.1). Two key RhoGAPs that fulfil this function in healthy cells are p190GAP and 

Deleted in liver cancer 1 (DLC1). DLC1 is recruited to focal adhesions via it’s binding 

to the R8 domain of talin (Haining et al., 2018), where it is activated and inhibits RhoA 

activity (Li et al., 2011). Unfolding of this domain by tensile forces prevents the 

binding of DLC1 and therefore inhibits its activity (Haining et al., 2018). Usually, 

enlarged adhesions display reduced tension across individual talin molecules (Kumar 

et al., 2016), however the enlarged adhesions of the HGPS cells demonstrated an 

increase in tension across talin. It is therefore possible that in a healthy context DLC1 

is recruited to mature adhesions to inhibit RhoA activity and facilitate adhesion 

turnover (Burridge et al., 2019), but in the context of HGPS this negative feedback 

does not occur due to elevated talin tension. p190GAP can also be activated in 

response to mechanical cues and has been shown to play an important role in regulating 

RhoA activity in response to elevated substrate stiffness (Monaghan-Benson et al., 

2018), as well as in regulating the response of endothelial cells to shear stress (Yang 

et al., 2011). Rnd3, a member of the Rnd subfamily of small GTPases, has been shown 

to promote the activity of p190GAP and thus act as an antagonist for RhoA activity 

(Wennerberg et al., 2003). The activity of Rnd3 in this capacity plays a role in 

regulating RhoA activity in response to substrate stiffness, and changes substrate 

stiffness are sufficient to alter the expression level of Rnd3 (Monaghan-Benson et al., 

2018). As such it is possible that Rnd3 expression, and thus control of RhoA activity, 

can be stimulated by mechanical stresses, and that the loss of Rnd3 expression due to 

a disconnect between nuclear and cytoskeletal forces is a driving factor behind the 

elevated RhoA activity in HGPS cells. 

 

Whilst this work provides evidence toward this model, there are limitations to the 

approaches used that should be considered when interpreting the experimental results. 

The use of multiple age matched HGPS and healthy cell lines is designed to control 

both for the variability between genetically unique individuals and potential age-
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related factors. However, the fact that the cells are taken from individuals of a certain 

age does not guarantee that the cells sampled will be in an equivalent point in the 

process of senescence. Since only a sample of the total population is taken during a 

skin biopsy, it is possible that the extracted cells are in a predominantly different 

senescent state to the total tissue population in that individual. Age matching therefore 

mitigates, but does not eliminate, the possibility that the cell line results are influenced 

by differences in senescent state.   

 

The use of AFM as a means of measuring cell stiffness also has its limitations. The 

shape of the acquired force-distance curves, and the resulting young’s modulus 

calculations, can be influenced by experimental factors other than the surface 

mechanics, including the shape of the indenter, the speed of approach and the force 

threshold used (Chiou et al., 2013; Takechi-Haraya et al., 2019). These factors were 

kept constant throughout the experiments in this study, allowing for relative 

comparison between samples. However, they need to be considered when assessing 

the measured values themselves, especially if comparing to values obtained in other 

studies.  

 

The FRET biosensors also come with limitations. The process of FRET can occur 

between any two fluorophores with overlapping spectra so long as they are in 

proximity to one another. In the case of tension biosensors, it is the 

proximity/separation of the linked donor and acceptor fluorophores, and resulting 

intramolecular FRET changes, that is desired. However, if the sensor molecules are 

crowded together, then there is the possibility for FRET between adjacent 

donor/acceptor fluorophores, resulting in intermolecular FRET (Cost et al., 2015); a 

FRET that is not directly related to applied forces. The level of intermolecular FRET 

can be measured using a pair of constructs, each containing one of the two 

fluorophores, which are then co-expressed in the same cell (Cost et al., 2015). Such an 

evaluation has been conducted for the talin-TS used in this study (intermolecular FRET 

was found to be ~20% of intramolecular FRET) (Kumar et al., 2015), however the 

nesprin-TS has not been evaluated in this fashion. Some proportion of the measured 

FRET index could therefore correspond to intermolecular FRET, which should be 

considered when evaluating the results within this study.  
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There is also a limitation to consider when interpreting the TFM data presented in this 

work, introduced by the method of average force calculation. The total force vector 

population for the entire field of view was used to calculate the averages, which would 

include measurements from areas of the gel where the cell of interest is not present. 

As such, the values shown in this study may be an underestimation of the cell traction 

forces and influenced by the cell area; both factors that should be considered when 

interpreting the data. The lonafarnib treatment data, namely the assessment of 

treatment effectiveness by nuclear morphology observation, is a subjective 

measurement based upon visual observation. Blinding the images prior to analysis can 

mitigate the subjective bias between conditions that this may introduce, however it 

does not eliminate subjective bias from the analysis. This bias will cause some 

variability in the results that must be considered when interpreting this data.   

 

Answering the outstanding questions presented by this work will require additional 

experimentation, however it does provide a strong basis for a model that explains the 

mechanical sensitivity of cells due to progerin expression. A disconnect between the 

forces transmitted through the cytoskeleton and the NE prevents the mechanically 

regulated control of RhoA activity, which in turn prevents a dynamic response to force 

stresses. This loss of dynamic control leaves cells susceptible to mechanically induced 

damage in high force stress tissues, leading to degradation in these tissues. Inhibiting 

RhoA activity may therefore be a viable strategy for preventing the cardiovascular 

disease that acts as the predominant cause of death for HGPS patients, and thus extend 

the lifespan of these individuals. The parallels between HGPS and the natural ageing 

process also present the possibility that RhoA activity plays a role in age-related 

cardiovascular disease. Indeed, increased focal adhesion and stress fibre formation, as 

well as elevated FAK activity, have already been attributed to the senescent phenotype 

(Cho et al., 2004). 
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