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ABSTRACT 
 

Mechanical forces are key contributors to regulating cell function, development, 

homeostatic turnover, and repair of tissues. To date, the dynamic interactions 

between cell mechanics and their microenvironment. This study aims to reproduce 

a biomaterial scaffold that can carry dermal fibroblast and/or epithelia, combined 

with applied tissue engineering approaches to manipulate the mechanosensitive 

elements of cells to function for skin regeneration and wound healing. The major 

focus of this study provide insight into the mechanisms underlying the deformation 

of cell nuclei which have an impact on transcription factor control, cell memory, 

and behaviours. 

 

In an attempt to offer an effective biocompatible scaffold, one particular 

challenge lies in the delivery of functional mechanical stimuli to potential 

translational outcomes and promote regenerative characteristics of skin grafting 

and wound healing. This research project highlights how mechanical and 

biochemical microenvironments link the nuclear reorganization which reflects to 

functional consequences under mechanical regulation, imposed on nuclear overall 

shape and transcriptional activities.    

 

Two ways of delivering mechanical signals have been used to convey force to 

nuclear regulation which connect to the cytoskeleton and/or nucleoskeleton 

including; 

I) Externally applied force applications to activate cell growth or 

motility, with active stretch via microtopographic patterns and 

loading passive stretch by pulling on the cells.   

II) Adjusting nuclear force internally via the expression and activity of 

nuclear membrane proteins (i.e. emerin and binding partners; lamin 

A/C and BAF).  

 

The read-out of measuring at the end of dynamic changes in actin polymerisation 

direct to the nuclear entry of mechanosensitive transcription factor (TF), 

myocardin-related factor A (MRTF-A) have been addressed. As a result of the 

response of dermal fibroblasts to mechanical stimuli, immunofluorescent staining 

of n/c ratio showed that have significant enhanced nuclear import of MRTF-A by 
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~2.0-fold and ~1.3-fold increased subjected to 4.2% unidirectional stretch and 5% 

cyclic stretch (0.05Hz, 90°grooves), respectively. However, the cells under lower 

mechanical force promoted the nuclear export of MRTF-A. Immunoblot results 

revealed that nuclear accumulation of MRTF-A in cell-lacking emerin to the range 

between 0.3-fold to 0.5-fold decreased confirmed by two knockout clones.  

 

The impact of reduced mechanical tension contributes to the nuclear mechanical 

properties and histone modification. Assessing the alteration of acetylation status 

of histones via HDAC3 gene expression was examined using real-time qPCR, with 

a significant decrease of half expression in knockout models of emerin both in BJ1 

and HEK293 cells. With the stated results, the analysis of cell-induced 

environment deformations can imply chromatin remodelling and thus regulate cell 

behaviours. Increased mechanical properties lead to chromatin condensation and 

influence on cell contractility or even differentiation while, low mechanical forces 

link to chromatin unfold or decondensation with hyperproliferation.    

 

To conclude, this study represents the cell-based tissue-engineered platform 

which improved delivery via a biocompatible scaffold to offer an alternative 

artificial tissue layer for enhancing translational qualities in skin regeneration and 

wound healing. The results suggest condition favours with dynamic 

microenvironment to regulate cell behaviour specified to mechanical properties 

for cell contraction or proliferation. In addition to this, the work illustrates how 

mechanotransduction of cells sense and convert mechanical signals into changes 

in intracellular biochemistry and nuclear regulation including transcription factor 

translocation, TF activity, and chromatin reorganisation.  
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Graphic abstract figure. Biomaterial cues regulate nuclear-cellular deformation 
and mechanotransduction activated epigenetic mechanisms inside the nucleus, 
chromatin and transcription factors. Biomaterial approaches applied to guide the 
cell alignment by shaping cell elongation with increased aspect ratio used 
microgroove topography and/or mechanical stretching. By direct cell rounding 
through knockout expression of gene at the nuclear envelope, influence to 
decreased cell aspect ratio. Dash line and arrows represent force action to the 
cells. During cell deformation, force transmission from cytoskeleton to nucleus 
occurs which lead to changes in increased HDAC3 activities and translocation of 
nuclear MRTF-A, subsequently lead to chromatin decondensation and cell 
contractility. However, reduced the strength of nuclear membrane with lower 
deformability affects less HDAC3 production, nuclear export of MRTF-A which 
switch to transcription factor activator of TCFs complex competitive binding to 
SRF. In cell rounding, it is likely that controls programming chromatin 
condensation and link to cell proliferation.   

Abbreviation; HDAC3, histone deacetylase 3; MRTF-A, myocardin-related 
transcription factor A; TCFs, ternary complex factors.  
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CHAPTER 1 GENERAL INTRODUCTION 
 

Delayed healing has led to an increase in chronic disability and skin dysfunction in 

people worldwide. In the field of tissue engineering, utilizing a biocompatible 

material, applied as an alternative scaffold, combined with varied support cells 

to optimise conditions for wound contraction and enhancing its regenerative 

characteristics (Murray et al., 2019). This strategy does not only overcome the 

limited availablity of donor tissue, it can also avoid unnecessary second surgery 

at the donor sites. However, the knowledge gap in yielding therapeutically 

applicable scaffolds and cells deserve further studies for effective medical 

outcomes (Buganza Tepole and Kuhl, 2013). The underlying mechanisms of the 

molecular and cellular response of supportive cells in conjunction with 

biomaterials approaches are the main focused of this study. A variety of 

mechanical stimulations had been applied, with the aim to optimise regeneration 

with appropriate cell guidance such as topographic patterns, applied cyclic and 

unidirectional tensile strain and genetic modification to investigate the relevance 

of emerin in this context.  

 

1.1 Skin injuries 

 

1.1.1 Incidence and prevalence  

Injuries to the skin often cause tissue loss and dysfunction (Zhu et al., 2019). 

Approximately 2.2 million cases reported in the United Kingdom during 2012-2013 

(Guest et al., 2015, Guest et al., 2017a). From 2013 onwards, the incidence of 

acute, chronic and unspecified skin wounds grew at the annual rate of 11% (Guest 

et al., 2017b). A study by Lindley et al. (2016), reported over 6.5 million patients 

with chronic wounds in the United States. The prevalence of chronically open 

wounds of around 3% escalate in elderly with the incidence of diseases continue 

to be an increasingly persistent case around 2% by 2020 (Sen and Roy, 2019). 

 

1.1.2 The negative impact of delayed wound care and clinical challenges 

Traumatic breaches of skin integrity can lead to substantial physiological 

imbalance and disabilities, leading to a lower quality of life (Maver et al., 2015). 
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The spatial and temporal stages of repair depend on the depth of wounds (Tiwari, 

2012). Epidermis has the capacity of regeneration and responds to injury by 

restoring minor defects (Vig et al., 2017). Whereas, deep injuries including 3rd 

degree burn wounds may require autologous epidermal keratinocytes or dermal-

epidermal autografts in order to stimulate a wound closure (Singer and Boyce, 

2017). Split thickness autograft is a gold standard technique that is widely used in 

skin surgery, there is a limited availability of autologous donor tissue (Kanapathy 

et al., 2016). It also requires healing of donor site, replacement of deep or chronic 

injuries often takes 9-12 months until it has fully recovered (Edwards, 2013). 

However, any full-thickness damage to the skin still remains a challenge (Albanna 

et al., 2019). Poor restoration may trigger a persistent wound particularly in 

people with chronic disease such as diabetes and may result in pressure ulcers 

(Albanna et al., 2019). Skin grafting is indicated if the surface area affected is 

larger than 6-10% of total body surface, but these require a long period to recover 

in the range of 4 weeks up to more than 3 months (Edwards, 2013). 

  

1.2 Cellular response during wound healing 

      

1.2.1 The cell-cell interaction in the distinct layer of skin 

Skin repair occurs under the 

intricate synchronization of 

different cell types in skin 

resident cells and their 

surroundings such as 

endothelial and nerve cells. 

The cellular structure in 

each layers of the skin is 

illustrated in Figure 1-1. 

The epidermis is the 

outermost layer of skin, 

mainly comprised of 

keratinocytes that provide 

the permeability barrier of 

the skin (Bazzoni and 

Figure 1-1. Architecture of skin classified by 3 
adjacent layers. Epidermis underlies on the outer 
surface of the skin, mainly consisting of epithelial 
cells known as keratinocytes. The inner, thick layer 
of skin, assembled by fibroblast and consists of 
collagen in the extracellular matrix of the dermis. 
Next, the subcutaneous layer of the skin contains 
vasculature, carrying nutrients and growth factors, 
nerves and glands (Gurtner et a., 2008).  

Figure 1-1 in this thesis contains 
material whose copyright belongs to 
a third party. 
 
See figure 1 available on: 
 
Gurtner, G. C., Werner, S., 
Barrandon, Y. and Longaker, M. T. 
(2008) 'Wound repair and 
regeneration', Nature, 453(7193), pp. 
314-21. 
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Dejena, 2002). Next, the core layer of skin in the dermis that locates between 

epidermis and subcutaneous layers (Brown and Krishnamurthy, 2020). Fibroblasts 

are the most abundant mesenchymal cells which contain highly 

mechanoresponsive interface in this skin compartment (Driskell et al., 2013) and 

provide its strength by production of elastin and collagen (de Araujo et al., 2019). 

The layer that underlies the dermis called subcutaneous layer, includes 

vasculature and adipose tissue which serves as the essential sources of nutrients 

and growth factors (Zaytsev et al., 2022). 

 

1.2.2 The interaction of cells with the surrounding extracellular matrix  

Extracellular matrix (ECM) is one of critical factors regulating the functioning of 

cells (Bissell et al., 1982; Maruthamuthu et al., 2011). The ECM is composed of a 

large family of matrix proteins and macromolecules that participate to tissue 

strength by forming a structural scaffold (Eckes et al., 2010). The ECM functions 

as carrier and modulator of biological activity of several growth factors and 

cytokines (Aszodi et al., 2006; Myllyharju and Kivirikko, 2004). The composition 

and characterised function of the ECM are summarised in the table 1-1. The ECM 

also acts as ligands for specific cell surface receptors such as integrins, 

dystroglycans and toll-like receptors (TLRs) (Bhattacharjee et al., 2019).  

 

An example of growth factors binding to the ECM in wound healing is heparan 

sulfate proteoglycan, which contains recognition sites for collagen as well as the 

sites that interact with basic fibroblast growth factor (FGF), vascular endothelial 

growth factor (VEGF) and platelet derived growth factor (PDGF) that can trigger 

cell proliferation (Schlessinger et al., 2000; Robinson and Stringer, 2001). After 

injury, the cell-ECM interaction recruits the damaged tissue during wound repair. 

The synthesis of ECM and deposition in connective tissues control in the early 

phases of healing, follow by remodeling of ECM at the later stages (Watt and 

Fujiwara, 2011). 

 



Chapter 1: General Introduction 
 

	 4	

Table 1-1. Composition of the ECM and their roles in the skin 

 Composition ECM member Characteristics and functional properties References 

Structural 

proteins 

Collagen 

 

• They represent a diverse protein subfamilies, some of which aggregate into 

fibrils e.g. collagens (type I-III), transmembrane collagens (XIII, XVII) which 

can be included at the site of the cell-ECM interactions such as focal adhesions 

and hemidesmosomes.  

Heino, 2007; 

Woodall et al., 

2008 

Elastin • The fundamental component of the elastic tissue, exist in connective tissue 

and the dermis. 

• This can link to a recent differentiation phase of fibroblasts. 

Kielty et al., 

2002;  

Zheng et al., 2006 

Adhesive 

glycoproteins 

Fibronectin • It is such one of the best-characterised glycoproteins of the ECM that produced 

by dermal fibroblasts. 

• They are initially deposited from blood plasma in response to injury, 

associated with the release of growth factors and cytokines.   

Muro et al., 2003; 

Clark, 1990 

 

Laminin • Laminin chain self-polymerise, generate trimeric structure and interact with 

other membrane proteins such as collagen IV and perlecan. 

• They participate in repair as a key regulator of re-epithelialisation and 

vascularization. 

Aumailley et al, 

2005; 

Kyriakydes and 

Bornstein, 2003 

Protein 

mediating cell 

communication 

Matricellular 

protein 

• These classified group of proteins involve cytokine production, are interacted 

by forming interaction to other ECM molecules and cell surface receptors. 

• The subfamilies iSPARC/BM-40/osteonectin, thrombospondins and tenascins. 

Agah et al., 2002;  

Bradshaw et al., 

2002 
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1.2.3 The multi-complex of cell in response to skin injuries 

Skin resident cells interact themselves and with immune cells to maintain their 

homeostasis. A low level of neutrophil and monocyte circulate in the normal 

condition (Forbes and Rosenthal, 2014; Rodrigues et al., 2019) (Figure 1-2A). 

During injury, the interaction of cells is critical activated in three overlapping 

stages: inflammation, proliferation and remodelling (Gurtner et al., 2008) 

 

1.2.3.1 The inflammatory phase 

The inflammation is the initial stages of repair, it involves the coordination of 

hemostasis and immune response (Kolaczkowska and Kubes, 2013). Upon tissue 

injury, hemostasis occurs immediately after vascular damage, initiated by 

vasoconstraction of the vessel walls, the platelet plug formation and coagulation. 

Following wounding and blood rupture, the thrombogenic subendothelial matrix 

is exposed which can bind to endothelial using via G protein-coupled receptors 

(GPCR), integrins and glycoproteins on their surface. This subendothelial matrix 

is important for coagulation, the formation of aggregated platelet plug that 

prevents blood flow and fluid loses (Figure 1-2B) (Rodrigues et al., 2019). 

 

Neutrophils and mast cells are the first immune cells in host defense. Short-lived 

neutrophils are activated and recruited into injured tissue. They crucially engulf 

bacteria, cell debris and dying neutrophils by phagocytosis (Niethammer et al., 

2009). Initially considered the derivative from innate immune system, mast cells 

secre chemoattractants, recruit eosinophils, monocytes and release the anti-

microbial peptides that prevent infection of the skins (Skaper et., 2014). 

 

Resident tissue macrophages are supplemented by recruited monocytes, actively 

release pro-inflammatory cytokines or support an anti-inflammatory response 

(DiPietro et al., 1995). Activated macrophages control the clearance of 

neutrophils at the later phase which remains a critical resolution of inflammation 

(Chen and Rogers, 2007)
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1.2.3.2 The proliferative phase 

Formation of connective tissue occurs during the proliferative phase, together 

with several other processes including neovascularisation, immunomodulation and 

re-epithelialisation (Figure 1-2C). Granulation tissue is mainly formed by 

fibroblasts that newly synthesise ECM, which in turn serves as a scaffold for other 

cells. Neovascularisation is also critically important for wound healing as vessels 

function to deliver nutrients and supply oxygen. New blood vessels are then 

generated by proliferation of vascular endothelial cells (Gurtner et al., 2008). The 

basic layer of granulation tissue associated with the sprouts of capillaries via 

fibroblasts and macrophages. Together they replace the fibrin matrix and create 

a new substrate for keratinocyte migration, maturation and finally restoration of 

the epithelium (Werner and Grose, 2003).   

 

1.2.3.3 Tissue maturation and remodelling 

Once re-epithelialisation occurs, most of the endothelial cells, macrophages and 

myoblasts undergo apoptosis. Furthermore, some of granulation tissue, mainly 

fibroblasts continue to reconstitute the tissue. These cells together bring about 

the accumulation of a mass of fibrotic tissue (Figure 1-2D). The acellular matrix 

is dynamically remodelled by the lysis of collagen III, which is partially replaced 

by type I collagen, followed by re-organisation and further turn over of the ECM 

(Szabowski et al., 2000). This process is carried out by fibroblasts which secrete 

matrix metalloproteinases (MMPs), while the impaired regeneration can be due to 

upregulation of tissue inhibitor of metalloproteinases (TIMPs) leading to scar 

formation. Finally, an imbalance between MMPs and TIMPs can cause abnormal 

modification of ECM and chronic wounds (Gill et al., 2003; Telgenhoff and Shroot, 

2005).  

 

The aberrant tissue repair of wounds commonly results in fibrotic tissue. Fibrosis 

is referred to as an excessive deposition of connective tissue components. Fibrotic  

tissue is dysfunctional, formed mainly fibroblasts which are surrounded by a 

disorganised, inappropriate ECM, they produce. At tissue level, it often disrupts 

the physiological architecture, which may lead to organ malfunction (Distler et 

al., 2019).  
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Figure 1-2. Model of cellular responses during wound healing in the skin, 

triggers the synchronisation of subcellular compartment in distinct phases of 

repair. A) In the uninjured skin, circulating a low level of neutrophil efflux and 
monocytes are constantly transport to the tissue. B) Upon tissue damaged, 
epithelial wall is devastated, releases damage-associated molecular patterns 
(DAMPs), hydrogen peroxide (H2O2) and chemokines. These molecules provide 
initial signals for the recruitment of inflammatory cells and factors, especially 
neutrophil influx and activated monocytes. The inset (Box B) illustrated when 
primary hemostasis occurs, liberates vasoconstrictors that cause temporarily stop 
of bleeding. Hemostasis plug is then established from platelet bind the 
subendothelial matrix using surface receptors (e.g. GPCR, integrins and 
glycoproteins). C) The restoration phase of wound healing, proliferative 
activities of keratinocytes, and fibroblasts continue to reconstitution of epithelial 
layer and granulation tissue. In the event of chronicity, T cells plays role in 
reduction of chronic inflammation. D) Maturation and remodelling at the late 

phase of regeneration, excessive scarring occurs as a result of continued 
activation of inflammatory cells, leaving fibrotic mass and impaired epithelial 
restoration (adapted from Forbes and Rosenthal, 2014; Rodrigues et al., 2019). 

Figure 1-2 in this thesis contains material whose copyright belongs 
to a third party. 
 
See figure 1 available on: 
 
Forbes, S. J. and Rosenthal, N. (2014) 'Preparing the ground for 
tissue regeneration: from mechanism to therapy', Nat Med, 20(8), 
pp. 857-69. 
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Regenerating and fibrotic tissues often have different mechanical properties 

which in turn can activate cells via mechanotransduction (detailed in the next 

section) (Wells, 2013) 

 

1.3 Cell mechanics: force transmission through elements of the   

cytoskeleton and the links to the nucleus 

For most cells sensing and tuning in to their physical environment underpinning 

mechanical processes in forces-bearing molecular events confer the 

interconnection between surroundings and their cellular response (Guilluy et al., 

2014). These external forces are in parts detected and transduced at the cell 

surface and in parts linked to the cytoskeleton, to the cytoskeleton and via the 

nucleus (Maniotis et al., 1997). As a result, the nucleus can undergo substantial 

deformation and this change in shape can facilitate essential activation of 

transcriptional activity and chromatin re-organization (Khatau et al., 2009; 

Driscoll et al., 2015; Ramdas and Shivashankar, 2015). Force-induced nuclear 

deformation is transmitted across the nuclear envelope to the nuclear interior 

through the ‘linker of nucleoskeleton and cytoskeleton’ (LINC) complex (Parson et 

al., 2000; Crisp and Burke, 2008; Lele et al., 2018). The mechanically intricate 

relationship between the intact cytoskeletal networks, nuclear mechanics and 

their surrounding environment is particular important for contractile cells to 

promote higher-order structure (Steinberg, 1963). In the emerging views of force 

transmission, the processes namely mechanotransduction that transduce both 

physical and mechanical cues into a biochemical signals and act on cellular 

behaviours (Frantz et al., 2010; Vining and Mooney, 2017).   

 

1.3.1 Mechanical forces, environmental response and plasticity of cells  

From microenvironment to cell functions, cells generally interact with their local 

environment via mechanical response of cells to forces both generated 

intrinsically and externally (Marjoram et al., 2014). Two types of mechanical 

forces and their actions on a cell are summarised in Table 1-2. The detection of 

physical forces by cells has been widely recognised as well as that forces are 

routed and transmitted to and between cells across a wide range of lengths (Yusko 

and Asbury, 2014) and integrated over time (Giannone and Sheetz, 2006). Thus, 
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the mechanical interactions mediated by adhesion to ECM and cell-cell junctions 

influence many cellular processes including cell movement, progression and 

development (Walma and Yamada, 2020). The mechanical action within the cells 

occur in the event of self-generating forces that produce intrinsically forces in 

cytoskeletal building blocks. The organisation of cytoskeleton such as contractile 

actomyosin units in response to external forces significantly impact cell motility 

and drive changes in their shapes (Kumar et al., 2006). Cell-extrinsic tensile, shear 

and compressive forces are applied forces through external loading (Wang and Li, 

2010). The mechanical response of a cell to deformation is monitored by aspects 

of the cytoskeleton, which also provides resistance to these forces (Smeets et al., 

2019). Upon mechanical loading, the relationship between the force and 

deformation determines the rheological properties of the cell, mainly focus on the 

elastic modulus of its cytoskeleton (Riveline et al., 2011; Unal et al., 2014). The 

force-deformation link to the elasticity of materials that stores energy during 

transfers of the stress or strain. The stress-strain relationships have been used to 

identify these features (Haase and Pelling, 2015), termed as described in detail 

see Box1-1 (Paluch and Discher, 2015). In elastic solids, there is a linear 

relationship between stress and strain energy. Young’s modulus of an elastic 

material is the slope of the stress-strain curve, which defines the mechanical 

response when a material is subjected to a force (Vining and Mooney, 2017) and 

followed by reversible return to their original state during removal of load applied 

(Banerjee et al., 2021). Some synthetic polymers used in biomaterial applications 

show highly elastic properties, this includes rubbers and some hydrogels (Song et 

al., 2018). 

 

The relevance of such universal mechanics at subcellular level is wide ranging, 

the cells properties can vary between viscoelastic and elastic behaviours. The 

plasma membrane is apparently inelasticity as it withstands deformation by 

relatively large external forces (Hochmuth and Waugh, 1987).
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Table 1-2. Externally applied and intracellular generated forces in cell mechanics: the actions, diagrams and definitions. 

Mechanical force Diagram & force vector  References 

I.  Extrinsic forces 

    Tension 

 

 

   Compression 

 

 

   Shear stress 

 

 

  

• Magnitude of a force applied perpendicular to the 

membrane surface resulting in expansion. 

 

• Compression force is stress that pointing inward on the 

object experiencing the force. 

• It causes compaction of affected area.  

• Applying a force parallel to the surface of the cells deform 

a structure at the local area where is compressed. 

• Force field extends an object in the orthogonal direction. 

 

Goldyn et al., 2009 

 

 

Lessey et al., 2012 

 

 

Matamoro-Vidal and 

Levayer, 2019 

II. Intrinsic forces 

    Actomyosin 

    contractility 

 

 

    Actin-protrusion 

 

 

  

• Myosin motors that exerted forces by pulling on F-actin 

anchored to their matrix adhesions. 

• Adhesion sites are responsive to counter-force and directs 

the balance between disassembly and maturation. 

• Membrane tension antagonises the growing actin filaments 

at the leading edge to protrude the membrane, potentially 

maintains polarity during cell migration. 

 

Wozniak and Chen, 

2009; Gomez et al., 

2001 

 

Diz-Munoz et al., 2013 
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However, most cell inner components exhibit a viscoelastic nature, thus termed 

due to behavior that conforms both to solid-like elastic and fluid-like viscous 

properties, as dynamically balanced by creeping deformation and relaxation 

following application of intermittent mechanical forces (Kuznetsova et al., 2007; 

Haase and Pelling, 2013). The apparent load-induced stress-stiffening followed by 

reversible softening of cells is attributable to entropic elasticity and plastic 

yielding events according to Chaudhuri et al. (2007).  

 

Box1-1. Mechanical terms and concepts, uses in elasticity  

Using the kinematic relations represent the geometry of deformations and 

stresses in the structure, the stress-strain curve can be used to explained the 

behaviour of an elastic material in which the contribution of relative force acts 

on material, is likely to vary in mechanical properties. 

The load-displacement relate to stress-strain relationships 

Being area forces, stress (s) is a 

force distributed over the initial 

surface area, measures this internal 

force and quantified connect to 

strains in termed as constituted law 

which generalised Hookes’s law of 

elasticity. Strain (e) is a measure of 

deformation dependent load and 

relative change in size in response to 

stress. Strain can be calculated by 

the ratio between changes in length and the original length (e = Dl/l0). 

Schematic diagram of stress-strain relationship is linear until the stress reaches 

the proportional limit. With increasing load, the slope of the curve decreases 

and continuously transition to plastic range beyond the elastic limit. This 

phenomenon is explained the nature of elastic material relative to applied 

forces. 
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The power-law exponent (b) characterizes the solid or fluid states of a cell, A step 

increase in external force, DF closely leads to the deformation d(t) of the cell.  

A relative force over times follows a power law described using equation 1 

(Bonakdar et al., 2016). 

 

    d(t) = cDF(t/t0)b     (1) 

 

The value of the power-law exponent b reflects the dynamic of force-bearing 

structures and indicates elastic and dissipative behaviours (Fabry et al., 2001). If 

b approaches 0, this implies a purely elastic solid and if b = 1 the mechanical 

behaviour can best described as a purely viscous fluid. In cells, b values are 

typically between 0.1 and 0.5, representing a viscoelastic entity (Kollmannsberger 

et al., 2011). 

 

1.3.2 Integrating the cytoskeletal dynamics, cell-matrix adhesions and  

         cellular tension 

In migrating cells, forces are generated by both actin polymerization (at the 

leading edge) and myosin II-dependent contraction of F-actin networks, with the 

later creating tension at attachment sites, that then subsequently lead to their 

maturation into focal adhesions (Ciobanasu et al., 2012). Actin-mediated 

protrusions drive a leading edge of the plasma membrane forward, which interacts 

with adhesions as shown in Figure 1-3. Myosin II functions to assist cell migration, 

traction forces that are generated by the contractility of myosin II are linked 

through the actin networks to the substrate via integrin-mediated adhesions to 

the extra cellular matrix (Mitra et al., 2005). Extending protrusions are further 

stabilised by the formation of new adhesions at the cell front, parallel with 

disassembly of adhesions at the cell rear (Parsons et al., 2010). These adhesions 

which are dynamic assemblies of structural and signaling proteins, in turn, 

stimulate Rho GTPases in the associated cytoskeletal complex (Geiger et al., 

2009).  
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1.3.3 Actin dynamics control nucleocytoplasmic shuttling a transcriptional co-    

         activator 

As a cytoskeleton-regulated factor, myocardin-related transcription factor A 

(MRTF-A) generates a unique link from actin dynamics to gene encoding 

components of the cytoskeleton (Speight et al., 2016). Recently, the MRTF-A 

transcription factor, Yes-associated protein (YAP) and its transcriptional co-

activator with PDZ-binding motif (TAZ) showed a significant impact on skin 

regeneration through nuclear re-localisation. 

 

MRTF-A and its mechanosensitive co-activator serum response factor (SRF) are 

both growth factor-responsive and directly link to activation of the Rho family 

GTPases together with their effectors, sufficient to induce fibrillar actin (F-actin) 

assembly (Jaffe and Hall, 2005; Weissbach et al., 2016). The canonical MRTF-SRF 

dependent pathway is outlined in Figure 1-4; stimuli that activate transmembrane 

receptor proteins e.g. integrins, G protein-coupled receptors (GPCR) and growth 

factor receptor (GFR), trigger assembly of polymeric actin (Olson and Nordheim, 

2010; Moya and Halder, 2019). The Rho GTPases effector protein: ras homolog 

Figure 1-3. An interconnected 
feedback loop of the actin 
machinery and focal adhesions 
(FA). Forces that are generated by 
the assembly of an F-actin and 
myosin II-dependent contractility 
(step 1) affect actin-binding FA 
proteins such as talin and vinculin, 
the integrins and the signalling 
module. These interacting 
networks integrate the signals to 
the actin cytoskeleton (step 2), 
and is associated with the 
extracellular matrix. 

Consequently, the activated 
signalling leads to activation of 
small G proteins (Step 3).  

Thus, modulating cytoskeleton-regulating proteins in actomyosin contractile (step 
4) and further link to force-generating machinery (step 5) (Geiger et al., 2009).   

Figure 1-3 in this thesis contains 
material whose copyright belongs to 
a third party. 
 
See figure 3 available on: 
 
Geiger, B., Spatz, J. P. and 
Bershadsky, A. D. (2009) 
'Environmental sensing through focal 
adhesions', Nat Rev Mol Cell Biol, 
10(1), pp. 21-33. 
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family member A (RhoA) regulates polymerisation equilibrium of globular actin 

(G-actin) and (F-actin) in the cytoplasm (Geiger et al., 2009). Activated Rho-

GTPase signalling cascade promotes actin polymerisation via downstream 

signalling through Rho-associated protein kinase (ROCK)-LIM kinase along the 

(LIMK)-cofilin pathway (Olson and Nordheim, 2010). The enhanced actin 

polymerisation reduces the G-actin pool that binds myocardin-related 

transcription factor A (MRTF-A) that in turn translocates to the nucleus and bind 

its transcription cofactor serum response factor (SRF).  

 

In the meantime, the activation of core of the Hippo pathway composed of Ste20-

like kinase (MST1 or MST2), large tumour suppressor kinase (LATS1 or LATS2) and 

their co-factors Salvador 1 (SAV1) and their transcriptional co-activator MOB1 via 

phosphoinositide 3-kinase (PI3K) mediator of RTK receptor. Phosphorylated 

YAP/TAZ are exported from the nucleus. When the activated kinases are inhibited 

by F-actin, driven YAP/TAZ accumulation in the nucleus (Moya and Halder, 2019). 

Finally, the MRTF-SRF and YAP/TAZ-TEAD complexes initiate the alteration of 

cytoskeletal gene expression (Connelly et al., 2010). 
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Figure 1-4. Rho-dependent pathway activated MRTF-A and YAP/TAZ 
relocalisation to the nucleus. Stimulation of receptors e.g. integrins, GPCR and 
RTK, regulate the activity of Rho GTPases via Rho guanine nucleotide exchange 
factors (GEFs). These effectors induce the activation of RhoA bound GDP to GTP 
which in turn to trigger Rho-associated protein kinase (ROCK)-LIM kinase along the 
(LIMK)-cofilin pathway, a major regulation of polymerisation equilibrium of g-actin 
and f-actin. The enhanced actin polymerisation reduces the g-actin pool bound to 
MRTF- A. The role of f-actin is also mainly participated in the Hippo pathway by 
inhibition of phosphorylated LATS1/ LATS2. Unbound MRTF-A and YAP/TAZ are 
then translocated to the nucleus and bind its transcription cofactor i.e. MRTF-SRF 
and YAP/TAZ-TEAD complexes target several genes which can modulate actin 
dynamics (adapted from Olson and Nordheim, 2010; Moya and Halder, 2019).   
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 1.3.4 ERK signalling and activity in cell migration 

The proteins extracellular signal-regulated kinases (ERK1/2) are the downstream 

components of a structurally related kinases, called mitogen-activated protein 

kinases (MAPKs). The signalling cascade of ERK regulators trigger fundamental 

cellular processes including cell survival, proliferation, growth, metabolism, 

migration and differentiation. The prototypical MAPK/ERK signalling pathway has 

been cover in reviews (See examples; Roberts & Der, 2007; Mendoza et al., 2011). 

In the case of ERK activation initiates a motility programme, occurs during cell 

cycles in single cells, expanded in collective cell migration and in complex tissues, 

where waves of ERK activity propagating across cycles of edge protrusion, 

adhesion and cell body contraction (Samson et al., 2022). These coordinated 

movement events are mainly orchestrated by the stimulation of Rho GTPases and 

their phosphorelation pathway that are driven by serum or growth factor-induced 

signals. Rho GTPases-linked transcriptional cofactors that promote growth have 

shared complex relationship to the action of SRF via SRF-MRTFs or SRF-TCFs 

(Figure 1-5) (Lavoie et al., 2020). The two classes of transcriptional coactivators 

MRTFs and ternary complex factors (TCFs; Elk-1, Elk-3 and Elk-4), regulated 

several cytoskeletal associated genes and cell proliferation, respectively (Zohn et 

al., 1998). For the ERK regulation of MRTFs, MRTFs are controlled by F-actin 

formation driven nucleoplasmic shuttling. ERK signalling can be neither a general 

activator nor inhibitor that precisely controls membrane trafficking in actin-

dependent manner. Upon stimulated Rho family proteins, Rho triggers F-actin 

polymerisation which reduces the pool of G-actin (Muehlich et al, 2008; 

Panayiotou et al., 2016). Thereby, tethering of MRTFs translocation to the nucleus 

regulate organisation of actin cytoskeleton and related gene expression such as 

vinculin, zyxin, integrin α5 and tropomyosin (Salvany et al., 2014; Gualdrini et al., 

2016). Upon ERK regulated SRF-TCF cascade complexes, ERK activated the early 

growth response including EGR1, FOS, JUN by phosphorylating which are robustly 

support cell proliferation (Fowler et al, 2011; Lopez-Bergami et al., 2010).  
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Figure 1-5. ERK regulation of 
cell motility activated ERK 
proteins and signalling 
through transcriptional 
controls of the cytoskeleton 
factors.  

At the transcriptional level, 
SRF is a conserved transcription 
factor that mediated both of 
the serum response elements 
that induces many of the 
immediate-early genes (IEGs), 
and the activation of cell type-
specific genes or gene 
associated cytoskeleton 
dynamics. ERK stimulates the 
ternary complex factors 
(TCFs), comprising ETS domain-  

containing protein Elk-1, Elk-3 and Elk-4, which is activated by phosphorylation of 
ERK contribute to switch on the transcription of the IEGs encoding JUN, FOS, MYC 
and EGR families. The other myocardin-related transcription factor (MRTFs 
including two isoforms of MRTF-A and likely MRTF-B), contributes to serum 
regulation via the binding of SRF, which are the downstream effector of the small 
GTPase RhoA. MRTFs constantly shuttle in and out of the nucleus. In resting 
conditions, MRTFs localises in the cytoplasm due to formation of RPEL-G actin 
complex. Upon serum stimulation, Rho GTPase stimulate the actin polymerisation, 
consequently positively regulate MRTFs nuclear import and activation of 
transcriptional activity of cytoskeletal genes such as actin, vinculin, zyxin, 
integrin α5 and tropomyosin (adapted from Lavoie et al, 2020). 

Figure 1-5 in this thesis contains 
material whose copyright belongs to 
a third party. 
 
See figure 7b available on: 
 
Lavoie, H., Gagnon, J. and Therrien, 
M. (2020) 'ERK signalling: a master 
regulator of cell behaviour, life and 
fate', Nat Rev Mol Cell Biol, 21(10), 
pp. 607-632. 
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1.4 Nuclear envelope remodeling – its role in positioning and 

functionality of the nucleus 

The nuclear envelope (NE) is characterised as a double membrane sheet, that 

serves as both a protective membrane shell sheltering the genome and a specific 

site for versatile communication at the interface between the nucleus and the 

cytoskeleton (Crisp and Burke, 2008). Despites its important structural role in 

nuclear positioning, the NE is a dynamic and highly adaptable boundary that can 

remodel its composition and its mechanical stability. It is not only provides 

immediately repaired upon rupture or damage but also can rapidly disassembles 

and reforms during and after cell division in open mitosis (Ungricht and Kutay, 

2017). NE remodeling is fundamentally involved in cell growth, differentiation and 

governs numerous biological functions such as determining nuclear size and 

stiffness, activity and translocation of transcription factors, or even controlling 

the epigenetic states via interaction with chromatin and also influence cell 

polarisation and migration (Bryant and Stow, 2005; Lin et al., 2001; Olsnes et al., 

2003). 

 

1.4.1 Nucleoskeleton-associated regulatory surface proteins 

As a compartment boarder the nuclear envelope (NE) is composed of the outer 

nuclear membrane (ONM) and the inner nuclear membrane (INM) which have 

contact points creating membrane pores essential for nucleo-cytoplasmic 

exchange (Chaumet et al., 2015). These pores are filled with a nuclear pore 

complexes (NPCs) which constitutes the major gateway for the selective and 

controlled entry of molecules into interior via bi-directional transport of large 

molecules and the diffusion of small substances (Raices and Angelo, 2012). The 

ring-shaped NPC framework is such a large protein complex of membrane-bound 

proteins containing nucleoporins (NUPs), provides the building blocks for 

membrane attachment and facility of the protein-protein interactions 

(Knockenhauer and Schwartz, 2016). For nuclear envelope proteins that form 

intricate networks and their distribution in the role of dynamically organisation 

during mitosis and is responsible for nuclear integrity and genome regulation, as 

shown in Figure 1-6.  
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Figure 1-6. Nuclear envelope (NE) architecture and mechanism of NE proteins 
form networks undergoing open mitosis. A) Organisation of the specialised outer 
and inner membrane sheets (ONM and INM, respectively) of the endoplasmic 
reticulum (ER) in which an interconnection site is attached to chromatin (dark 
blue). Underneath the INM lies the nuclear lamina (pink) meshwork and integral 
membrane proteins provide structural support and mechanically active to the NE 
and contributes to chromatin organisation by anchoring the lamina-associated 
domains (LADs). The lamin-binding protein such as lamin B receptor (LBR), tethers 
heterochromatin to the NE via interaction of modified histones and 
heterochromatin protein 1 (HP1). Indeed, the LEM-domain (LAP2, emerin and 
MAN1) proteins associate with nuclear lamins, thereby generating NE-associated 
nucleoskeletal structure and also link to the chromatin-associated barrier-to-
autointegration factor (BAF). The nucleus is connected to the cytoskeletal 
elements in turn attach to complexes at the NE formed LINC complex containing 
nesprins and SUN domain containing proteins. Nuclear pore complexes (NPCs) 
allow for the selectively nucleoplasmic exchange (structural assembly see in box). 
B) NE breakdown and reassembly, spindle formation is prepared for cell division 
by the separation of duplicated centrosomes, chromatin condensation and emerin 
localisation and functionality during the process (see in box) (adapted from Tews 
1999; Ungricht and Kutay, 2017).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6 in this thesis contains material whose copyright belongs to 
a third party. 
 
See figure 1a & 3a available on: 
 
Ungricht, R. and Kutay, U. (2017) 'Mechanisms and functions of nuclear 
envelope remodelling', Nat Rev Mol Cell Biol, 18(4), pp. 229-245. 
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The nuclear shaping and positioning-regulated functions require transfer of the 

forces generated within cytoskeletal networks or transmitted through LINC 

complexes (Luxton et al., 2010). This mechanical interlink of the nucleoskeleton 

via the LINC complex then enables the transmission of forces via the cytoskeleton 

from the cell surface across the NE (Starr and Fridolfsson, 2010) into the nuclear 

interior, perhaps driving changes in chromatin organization or gene transcription 

(Guilluy et al., 2014; Bissell et al. 1982; and Wang et al., 2009). The LINC complex 

is formed by two fundamental units. i.e. I, The Sad1/UNC84 (SUN1-3) domain-

containing proteins which on the inside of the NE bind to emerin, lamins and 

nesprins (Mejat and Misteli, 2010; Mellad et al., 2011). SUNs domain embedded at 

the INM that provide the mechanical link to the adjacent domain in the ONM layer. 

II, The nesprins, spectrin-repeat proteins, contain the Klarsicht, ANC-1 and SYNE 

homology (KASH) domain. These protein complexes thereby from the mechanical 

interlink or bridge between NE and the cytoskeleton (Sosa et al., 2013).    

 

On the inside of the NE the lamina meshwork has gained importance as the 

ancestral intermediate filaments of the nucleus, which is formed by the A-type or 

B-type lamins (Shimi et al., 2008). Lamins are involved in the adaptation and 

remodeling of the NE during cell cycle, development, migration via the adequate 

balance between deformability and stiffness (Harada et al., 2014; Rowat et al., 

2013). Recent insight has developed the role of A-type lamins controlling nuclear 

rigidity as an increased level of A-type lamins in relation to B-type lamins results 

in an enhanced stiffness (Ball and Ullman, 2005), while B-type lamins are 

associated with increased nuclear elasticity (Griffis et al., 2002, Kalverda et al., 

2010). Therefore, cells adapt their relative lamins content as a consequence of 

the demands of the mechanical loads in their surrounding environment (Lombardi 

et al., 2011) and further integrate lamin’s function directly into the NE 

organisation to reflect or transmit mechanical forces. The dynamic 

interconnectivity of lamins is well regulated by multivalent membrane-bound 

proteins linked to chromatin networks where a platform is established via lamina-

associated domains (LADs). The structural relationship of laminA/C and LADs 

provide gene association with heterochromatin (Scaffidi and Misteli, 2006) allows 

changes to the accessibility of genes and will affect transcriptional regulators 

(Martins et al., 2012) whereas, euchromatin containing active genes are key region 
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of silent chromatin site located at the core of the nucleus where they attached to 

laminA/C at the nuclear periphery (Uzer et al., 2016).   

 

The insight into the nucleoskeletons and LINC complex comprising protein-protein 

interactions that serve as signaling scaffolds and nuclear regulators for NE 

tethering or chromatin mobility, are exciting open frontiers in cell biology. The 

role of cell-type-specific nucleoskeletal proteins remains to be investigated for 

uncovering the importance of nucleoskeletons relate to gene expression and 

integrity of the genome, as well as driving some progress towards understanding 

pathogenesis, development and possible therapies including disease and aging. 

 

1.4.2  EDMD relevant signaling & membrane protein complexes 

A concept of force-induced molecular changes in NE organization, describing 

mechanosensory and mechanotransduction confers conformational and post-

translational alternation (e.g. phosphorylation) in membrane proteins (Kirby and 

Lammerding, 2018). The NE-associated protein meshwork functions in 

withstanding and balancing an isotropic distribution of forces to maintain NE 

integrity, thereby preventing nuclear rupture and ‘defending’ the underlying 

chromatin (Furusawa et al., 2015; Schreiner et al., 2015). The INM protein emerin 

contributes to the stiffening of isolated nuclei in response to force application via 

the LINC complex component nesprin1 (SYNE1) (Guilluy et al., 2014). Tension and 

emerin phosphorylation linked to the nuclear lamina protein via the accessibility 

and leading to reduced laminA/C level. Furthermore, force-stimulated 

phosphorylation of emerin on the relevant Tyr74 and Tyr95 residues driven 

changes in decrease stress fibre formation (Meier and Brkljacic, 2009), which 

maybe a crucial aspect of actin remodeling events at the ONM and facilitate 

chromatin dynamics (Berezney and Coffey, 1997). In this study, the emerin 

knockout models in cultured human fibroblasts and epithelia (see chapter 4 & 5) 

used to elucidate the specific pathway that provide linking to cytoskeletal and 

nuclear binding partners of emerin, highlighting the function of emerin serve as a 

downstream effector of mechanical force is supported by its biochemical 

properties. Characterization of emerin is shown in Box1-2). 
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Box1-2. An integral protein emerin – its function & architecture  

 

Emerin is anchored at the INM, it is encoded by the EMD gene, which consists 

of 254 amino acid residues with predominantly hydrophilic amino acids and a 

single hydrophobic region (Koch and Holaska, 2014). Emerin is a 34 kDa, belongs 

to the family of the LEM-domain proteins which LAP2 and MAN1 which all contain 

a conserved ~40-set of residues in each family member (Bengtsson and Wilson 

2004; Berk et al. 2013). Emerin is expressed in most essentially human tissues. 

Mutation(s) of emerin can result in a rare degenerative myopathy named X-link 

Emery-Dreifuss muscular dystrophy (EDMD) with is clinically characterised by 

progressive muscle wasting contractures of the elbow, neck and Achilles 

tendons and cardiac conduction defects (Astejada et al., 2007). One of the 

striking association of emerin structure, is its co-localisation with interacting A-

type lamin networks during mitosis is shown in Figure 1-7. 

 

Figure 1-7. Structure and localisation of emerin. A) A steroview of the 
superposition of emerin complex with the backbone blocks (left) and ribbon 
diagram (right). The stoichiometry of structural emerin was characterised by 
NMR spectroscopy (Cai et al., 2007). B) The GFP-emerin intracellular colocalises 
with ER marker (MAC256), lysosomal marker (LAMP1) and laminB (red) at the 
nuclear envelope of C2C12 cells (Fairley et al., 1999) C) Distribution of emerin 
(green) and its binding partner laminA/C (red) tracking with cell cycle-
dependent manner in HeLa cells at the NE staining of DAPI (blue) to visualise 
the nucleus. (Dubinska-Magiera et al., 2019) Scale bar = 5µm.   

Figure 1-7 in this thesis contains material whose copyright belongs 
to a third party. 
 
For figure 1-7a, see figure 1 on: Cai, M., Huang, Y., Suh, J. Y., Louis, 

J. M., Ghirlando, R., Craigie, R. and Clore, G. M. (2007) 
'Solution NMR structure of the barrier-to-autointegration 
factor-Emerin complex', J Biol Chem, 282(19), pp. 14525-35. 

 
For figure 1-7b, see figure 6 on: Fairley, E. A., Kendrick-Jones, J. 

and Ellis, J. A. (1999) 'The Emery-Dreifuss muscular dystrophy 
phenotype arises from aberrant targeting and binding of emerin 
at the inner nuclear membrane', J Cell Sci, 112 ( Pt 15), pp. 
2571-82. 

 
For figure 1-7c, see figure 3a on: Dubinska-Magiera, M., Koziol, K., 

Machowska, M., Piekarowicz, K., Filipczak, D. and Rzepecki, R. 
(2019) 'Emerin Is Required for Proper Nucleus Reassembly after 
Mitosis: Implications for New Pathogenetic Mechanisms for 
Laminopathies Detected in EDMD1 Patients', Cells, 8(3). 
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Emerin and other LEM-domain proteins family (i.e. LAP2β, Lem2 and MAN1) bind 

directly to lamins and barrier-to-autointegration factor (BAF) (Wang et al., 2002), 

together forming the nuclear lamina (Funakoshi et al., 1999, Gruenbaum et al., 

2002). The LEM-domain of emerin interacts individually with a conserved 

chromatin protein BAF or BAF-DNA complexes which dimerisation of BAF binding 

to dsDNA non-specifically and thereby bridge DNA molecules (Yuan and Xue, 2015), 

involve nuclear assembly, dictates higher-order chromatin structure and also 

represses gene regulatory by inhibiting transcription activators (Brachner and 

Foisner, 2011; Mans et al., 2004).     

 

1.5 Biomaterial engineering approaches for tissue regeneration 

The biomolecular and physical information coded within the complexity of the 

extracellular milieu and cell-cell interaction are informing the development of 

novel biomaterials for tissue engineering. This spurs interest in recreating 

extracellular influences in bioactive structures, to manipulate cell behaviour 

within a scaffold for functional domains that promote tissue regeneration (Place 

et al., 2019). Such simple strategies do not offer a universal property for 

regeneration. The healing response can be restrained by an age-related 

degenerative population or the intrinsically low generation potential of certain 

tissues or by pro-inflammatory and scar formation (Li et al., 2023). The use of 

cells as a therapeutic option provides natural powers of self-organisation and 

under the combination of biomaterial approaches can trigger signal transduction 

in which it conveys appropriate cell responses (Chen and Liu, 2016). Furthermore, 

several techniques of engineering bioactive scaffolds propose therapeutic routes 

including engineered cell lines, topography, mechanical stimuli, stiffness and 

dimensionality of the ECM matrix that allows the most effective outcome for a 

given tissues (Cortese et al., 2009). A graphic architecture of bioactive materials 

in cell-matrix interactions direct cell recognition and response (Figure 1-8) (Joyce 

et al., 2021).     
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Figure 1-8. Material designs and development targets to functional sites on 
macromolecules, triggers cell recognition and subsequent signalling cascades. 
The action of cell surface receptors recognise material motif and permit a 
virtually limitless binding specificity which can activates several lines of cell 
pathway in the following cascade in response. I, Jak/STAT and NF-κB pathway 
initiates cell adhesion, movement and endocytic activity. II, Rho-GTPase and 
MAPK pathway in regulating of cell survival, proliferation, differentiation and ECM 
deposition. III, PI3K/Akt and TLR pathway related immunomodulatory response, 
cytoskeleton in fibre or stress organisation and receptor ligand activity (Joyce et 
al., 2021). 

Figure 1-8 in this thesis contains material whose copyright belongs 
to a third party. 
 
See figure 1 available on: 
 
Joyce, K., Fabra, G. T., Bozkurt, Y. and Pandit, A. (2021) 'Bioactive 
potential of natural biomaterials: identification, retention and 
assessment of biological properties', Signal Transduct Target Ther, 
6(1), pp. 122. 
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1.5.1 Mechanical stretching activated growth 

Several types of mechanical stimulation (e.g. shear flow, osmotic pressure and 

hardness of substratum) are constantly present in the environment of most living 

cells and their physical linkage provides transmition of these through cytoskeletal 

networks to the nucleus (Iwadate et al., 2013; Monemian Esfahani et al., 2019). 

Static and cyclic strains are essential for the maintenance of physiological 

conditions of tissues in various organs. Cyclic deformation of soft tissues is mainly 

present in the heart, blood vessels, skin, muscles, tendons, lungs as well to a 

lesser extent as others (Kamble et al., 2017). Cells also continuously perceive 

external passive mechanical stimuli that are transmitted from the elastic 

substrate to the cell monolayers (Ursekar et al., 2014). Furthermore, uniaxial 

forces have been shown to enhance skeletal flexibility and physical performance 

(Lewis 2014; Zakaria et al., 2015). Mechanical strains on cells often cause cell 

elongation (Kim et al., 2015), stretching fibroblasts leads to the production of ECM 

and affected to their role of remodeling (Chiquet et al., 2003).  

 

Static stretching triggers the range of motion for a particular resistive torque level 

(Nordez et al., 2010). The acute effects of applied static strain showed 

significantly decrease tissue stiffness (Kay et al., 2015) and torque relaxation for 

prolonged activated field (Bressel et al., 2002). However, unidirectional stretch 

unable to reach the dynamic balance of torque or stiffness in the tissue (McNair 

et al., 2001). Constant velocity stretching also known as cyclic stretching, 

revealed a trend in enhancing tissue strength (Maeda et al., 2017). Changes in 

passive torque corresponding to their stiffness after cyclic stretching, elicit nearly 

dynamic balance by adjusting stiffness at the same angular velocity (Maeda et al., 

2016). 

 

1.5.2 Topographic pattern of shaped cells and their behaviors 

Dynamic culture surface regulates cellular behavior, significantly modulate the 

molecular metabolism and their cellular functionality (Mirbagheri et al., 2019). 

Cell culture on three-dimensional (3D) platforms has been widely used to mimic 

the natural environment and morphology, allows interaction between cells and 

uniforms a closer distribution of adhesion molecules over the cell surface (Knight 

and Przyborski, 2015). Study of the cell react to two-dimensional (2D) culture 
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emphasise the planar and stretched cell morphologies (Alves et al., 2010; Kolind 

et al., 2012). The difference between 2D and 3D models, confer the platform of 

choice that suitable for specific application (Duval et al., 2017). However, existing 

2D and 3D systems have not captured optimal ECM architectures, such as aligned 

fiber networks (Ray et al., 2017; Tabdanov et al, 2018). Topographic pattern is 

highly structured surfaces composed of diverse patterns, referred to as 2.5 

dimensional (2.5D) channels. Cells adhered on particular defined patterns such as 

grooves, posts, and inside pits, guide cell alignment, shape, adhesion and its 

impact on cell functions (Mirbagheri et al., 2019). Varying the dimension 

parameters (e.g. width and depth) of applied topography can carry distinct 

cellular signaling. Grooved surfaces aid cell spreading and the strength of the cell-

surface influenced by a particular depth of pattern (Walboomers et al., 1998). 

 

1.5.3 Engineering the cells at a specific gene with the CRISPR-Cas toolbox 

The advent of straightforward genome editing using RNA-guided prokaryotic 

CRISPR-associated (Cas) proteins that harness natural DNA repair mechanisms 

(Chavez et al., 2023) have gained widespread acceptance for modifying and 

manipulating the genome more easily and precisely than ever before. Knocking 

out genes with robust and reliable outcomes is essential to decode the function 

of a given genes and identifying the roles of key regulatory elements. The 

breakthrough in genetic manipulation technology originated from targeted 

immunity present in prokaryotes (Ishino et al., 1987, Mojica et al., 2000). The 

bacterial genome sequences between the repeats termed clustered regularly 

interspaced short palindromic repeats (CRISPRs) was characterised by their 

similarity that matched to parts of phage genomes (Bolotin et al., 2005) and often 

co-localised with the CRISPR-associated (Cas) proteins (Jansen et al., 2002, Haft 

et al., 2005). The functional CRISPR/Cas loci at the CRISPR array are comprised of 

identical repeats intercalated with DNA-targeting spacers that encode the crRNA 

and Cas proteins with putative nuclease and helicase domains (Chavez et al., 

2023) (See graphic structure Figure 1-9). 
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The mechanism of this adaptive immunity to protect against phages and invading 

genetic elements, simplified occurring in three stages: (I) The acquisition stage, 

insertion of a short fragments of the foreign DNA as a spacer sequence into the 

CRISPR repeat-spacer array within the host chromosome, thereby providing a 

genetic record to prevent reinfection (Barrangou et al., 2007; Amitai and Sorek, 

Figure 1-9. The CRISPR/Cas9 system at CRISPR locus and mechanism of RNA-
guided cleavage of target DNA triggers repair mechanisms. A) The prokaryotic 
genome encodes a CRISPR array and Cas gene operon with tracrRNA. A CRISPR 
array containing spacers separated by repeats, spacers which are short piece of 
DNA that have match homology to the genome of the invading DNA of pathogens. 
B) The creation of a DNA double-stranded break (DSB) initially generated by Cas9 
enzyme at the genomic locus using its two catalytic activities to cleave DNA target 
site in both strands adjacent to PAM sequence and matching 20-nt sequence of 
sgRNA. Nucleases-induced DSBs can be repaired by nonhomologous end-joining 
(NHEJ) and homology-directed repair (HDR). NHEJ pathway is activated and can 
lead to efficacy introduction of insertions and deletions (INDELs) or even 
substitutions at the DSB target site which can perturb the translational reading 
frame of coding sequence frequently resulting in the disruption of gene function. 
HDR mediated repair occurs in the presence of exogenously supplied DNA donor 
templates. The HDR mechanism can be used to introduce specific point mutations 
or to insert desired sequences through homology recombination which offers 
precise gene modification such as gene knock-in or correction (adapted from 
Chavez et al., 2013; Doudna and Charpentier, 2014).  
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2016). (II) Transcription of the CRISPR array; the CRISPR array is transcribed and 

followed by its endonucleolytic cleavage of precursor crRNA (pre-crRNAs) that 

undergoes maturation to generate short mature CRISPR RNA (crRNAs) (Brouns et 

al., 2008). The crRNAs that each contain a single spacer, further hybridise with a 

small trans-activating CRISPR RNA (tracrRNA) (Deltcheva et al., 2011). (III) Cas9 

nuclease unwinding DNA by generating a double-stranded break (DSB), crRNA-

directed cleavage of invading nucleic acid at sites complementary to the crRNA 

spacer sequence. Once homology is recognised, cutting the DNA and thereby 

inhibiting from infection (Bondy-Denomy and Davidson, 2014; van der Oost et al., 

2014). The CRISPR/Cas9 platform has been used for large-scale genome-wide 

functional screening and expanded series of Cas applications beyond genome 

engineering and regulation (Qi et al., 2013). Translating CRISPR into sufficient 

blocks of activate transcription for gene repression and activation, respectively 

(Gilbert et al., 2013; Mali et al., 2013). CRISPR-mediated epigenetic modification 

can be alternatively used to reprogramme the transcription by writing or even 

erasing changes in histone epigenomic regulators (Nakamura et al., 2021). The 

CRISPR/Cas complex and repair mechanisms (as illustrated in Figure 1-10) (Chavez 

et al., 2023). 

 

1.6 Biomaterial-directed immunomodulation 

Biomaterials and tissue engineers draw heavily from of crossing range of multi-

disciplines to take a holistic view of biomaterial development and investigate cell-

material interactions along with biological conditions (Rajagopalan et al., 2013). 

The transition of biomaterial from bench to clinic have raised biocompatibility 

concerns (Raut et al., 2020). The study of in vitro cell-cell and cell-material 

interactions and in vivo implantation of biomaterials are often used to examine 

their biocompatibility, to develop functional biomaterials with an appropriate 

host response in any given application (Ratner, 2019). The foreign body reaction 

in response to a biomaterial application depends on conditional factors such as 

contact duration, material chemistry, surface properties, nano- and micro-

morphology, degradation rate, porosity and sterility (Anderson, 1988). 
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Biodegradable materials physicochemical properties are impacted by size, shape, 

stability and molecular weight along with surface features such as chemical 

functionality, charge and hydrophobicity (Figure 1-11A) (Andorko and Jewell, 

2017). These properties involve in directing immune responses during 

implantation of materials to the site of injury. The immune system has quickly 

evolved to recognise pathogens or non-self agents in the body (Janeway and 

Medzhitov, 2002; Matzinger, 2002). Figure 1-11B provides a temporal sequence of 

immunogenic cells that become activated over time countering changes in 

damaged cells and implanted materials (Laskin et al., 2011). 

 

 

 

Figure 1-10. Application of CRISPR/Cas9 to genome-wide screening and 
engineering. A) Partial and reversible repression with CRISPR interference 
(CRISPRi) is capable of targeted gene downregulation via the dCas9-KRAB system 
for studying gene functions. B) CRISPR activation (CRISPRa) with fusion of dCas9 
to transcriptional activators such as VP64 to enabled systematic gain-of-function 
perturbations at endogenous loci. C) Targeted DNA methylation using DNA 
methyltransferases such as DNMT3 causing long-termed and heritable gene 
suppression. D) Removal DNA methylation by the fusion of methylcytosine 
dioxygenase such as TET to dCas9. E) The epigenetic landscape can be marked 
by fusing epigenetic modifying enzymes such as p300 or LSD1 in order to 
modifying histone residues resulting in upregulation or downregulation of 
targeted genes. F) Fusing dCas9 or nickase Cas9 (nCas9) to creates single-
stranded DNA breaks for base conversion of local cytosine to uracil via the action 
of cytosine deaminase APOBEC1 (Chavez et al., 2023). 

Figure 1-10 in this thesis contains material whose copyright belongs 
to a third party. 
 
See figure 3 available on: 
 
Chavez, M., Chen, X., Finn, P. B. and Qi, L. S. (2023) 'Advances in 
CRISPR therapeutics', Nat Rev Nephrol, 19(1), pp. 9-22. 
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The innate human immune system includes neutrophils and mononuclear 

phagocyte cells: dendritic cells, monocytes and macrophages (Nestle et al., 2009). 

Neutrophil recruitment is the first line of defense against invading pathogens 

(Caputa et al, 2019) and are co-opted in the defense against “intruding 

materials”. Macrophages which can be considered as a hallmark of host cell 

defender due to their plasticity, is then further activated in response to protect 

the body from potentially harmful agents (Laskin et al., 2011). Skin macrophages 

are mainly derived from the resident macrophage by recognising damage-

associated molecular patterns (DAMPs) and pathogen-associated molecular 

patterns (PAMPs) or T cells activating monocytes (Rodrigues and Gurtner, 2017). 

These immune cells are following support granulation tissue in resolution phase, 

serve as helper in repair or therapeutic intervention. 

Figure 1-11. Regenerative characters are influence by biomaterial mediated 
immunogenic features. A) Intrinsic properties of tunable materials comprise size, 
shape, hydrophobicity, surface charge, and molecular weight aid interaction with 
the immune system. These factors result in controlling adaptive immune response, 
stimulation of differentiated macrophages and dendritic cells, recognition and 
confinement by antibody and complement proteins and even regulating fibrotic 
formation. B) Temporal sequence of immune and associated cells become 
activated after damage and also response to biomaterial implantation. This 
diagram highlights the main cellular players from early phase of infection to late 
resolution often cause fibrous encapsulation. Targeting sequential interplay with 
innate and adaptive immune response, associate with local skin resident cells such 
as fibroblasts (Andorko and Jewell, 2017; Laskin et al., 2011).  

Figure 1-11 in this thesis contains material whose copyright belongs to 
a third party. 
 
See figure 1 available on: 
 
Andorko, J. I. and Jewell, C. M. (2017) 'Designing biomaterials with 
immunomodulatory properties for tissue engineering and regenerative 
medicine', Bioeng Transl Med, 2(2), pp. 139-155. 
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1.7 Project rational and aims 

Despite the advance in skin repair, the source of donor availability, rapid 

clearance of damaged cells, and activated an adequate regenerative character 

still remain a challenge (Kanapathy et al., 2016). Cell-based scaffold has 

revolutionised the capability to direct the program of cells through tunable 

properties with environmental cues (Liu et al., 2022; Sedimayer et al., 2018). 

Understanding how cells respond to the mechanics of microenvironments with 

improved delivery via biomaterial scaffolds, may open fascinating opportunities 

for tissue regeneration and regenerative medicine.  

 

Recent far-reaching advances in functional and molecular effects of mechanical 

stimulation of cells, this research project has applied interdisciplinary cooperation 

of cell-based scaffold and applied tissue engineering approaches to deliver the 

functional mechanical stimuli to implanted cell populations to activate 

regenerative activities of skin healing. This thesis adopted a combinatorial 

approach, employing dermal fibroblasts or epithelial therapies in combination 

with mechanical force application for skin regeneration and wound healing.  

 

The absence of a precise molecular mechanism of cell mechanobiology and 

mechanotransduction pathways currently present the major challenge for in vitro 

cell interactions. The focus of this thesis is to investigate the functional 

consequences of cells interacting to their microenvironment under high and low 

mechanical forces. Analysis of relevant mechanosensitive regulators including 

actin polymerisation and interconnected transcription factor, MRTF-A is detected 

to access the activated mechanotransduction processes. Under dynamic 

microenvironments, cells were cultured on highly stretchable membranes and 

incorporated into stretching devices to activate mechanical properties. On the 

other hand, the system of decreased mechanical forces was generated by the 

withdraw expression of a key regulator in the actin binding complex inside the 

nucleus, emerin. The model of emerin knockout cells were created to study in 

more detail the function of the molecular switches with regard to lower 

mechanical forces. 
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The aim of this thesis includes the design and characterisation of cell-biomaterial 

with altering mechanical forces through topography, stretching, and CRISPR-based 

gene knockout networks that drive specific biological set points in force 

transmission from external outputs via cytoskeletal complex or internal force-

regulated nuclear organisation and thus, influence cell functionalities. Taken 

together, the ultimate goal of this work is to propose a biocompatible scaffold 

with cell-based tissue-engineered therapy to offer a new avenue to clinical 

application for skin regeneration and fulfill the mechanisms and molecular 

pathways underlying cell mechanobiology.    
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CHAPTER 2 MATERIALS AND METHODOLOGY 

 
2.1   Materials 

List of Reagents 

Surface preparation and modification 
Chloroform …………………………………………………………………… Thermo Fisher Scientific 
Ethanol …………………………………………………………………………. Thermo Fisher Scientific 
Fibronectin ……………………………………………………………………………………. Sigma-Aldrich 
Polycaprolactone (MW: 80,000) ……………………………………………………. Sigma-Aldrich 
Polydimethyl siloxane …………………………………………………. Dow Corning Corporation 
 
Cell culture reagents 
Dulbecco’s modified eagle medium ……………………………………………… Sigma-Aldrich 
Fetal bovine serum ……………………………………………………… Thermo Fisher Scientific 
L-glutamine ………………………………………………………………………………………… Invitrogen 
Medium-199 …………………………………………………………………. Thermo Fisher Scientific 
Sodium pyruvate solution ……………………………………………………………… Sigma-Aldrich 
 
Immunofluorescent staining 
Bovine serum albumin (BSA) …………………………………………………………. Sigma-Aldrich 
Fluorescein streptavidin ……………………………………………………… Vector Laboratories 
Formaldehyde ……………………………………………………………………………….  Sigma-Aldrich 
Horse biotinylated anti-mouse IgG ……………………………………… Vector Laboratories 
Horse biotinylated anti-rabbit IgG ………………………………………. Vector Laboratories 
Rhodamine Phalloidin ……………………………………………. Invitrogen, Molecular Probes 
TritonÒ X 100 …………………………………………………………………………………. Sigma-Aldrich 
Tween-20Ò …………………………………………………………………………………….  Sigma-Aldrich 
Vectashield mounting media with DAPI ………………………………. Vector Laboratories 
 
Quantitative real-time polymerase chain reaction 
Brilliant III Ultra-Fast SYBR Green qPCR Master Mix …………… Agilent Technologies 
Deoxynucleotide (dNTP) Solution mix ………………………………… New England Biolabs 
Phenol/Chloroform ………………………………………………………………………. Sigma-Aldrich 
Random Hexamers …………………………………………………………………………….… Invitrogen 
RQ1 RNase-Free DNase …………………………………………………………………………. Promega 
SuperScriptTM IV Reverse Transcriptase ………………………………………………. Invitrogen  
TRI ReagentÒ …………………………………………………………………………………  Sigma-Aldrich 
 
Westernblot assay 
Methanol ………………………………………………………………………. Thermo Fisher Scientific 
NuPAGE® LDS Sample Buffer (4X) ………………………………………………………. Invitrogen 
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2.1   Materials (Continue) 

List of Reagents 

Westernblot assay 
NuPAGE® MES SDS Running Buffer (20X) …………………………………… Life technologies 
NuPAGE® Transfer Buffer (20X) ………………………………………………… Life technologies 
NuPAGETM 4-12% Bis-Tris-Gel ………………………………………………………………. Invitrogen 
Ponceau S solution ………………………………………………………………………… Sigma-Aldrich 
Donkey Anti-Rabbit IgG H&L (HRP) preadsorbed .……………………………………. Abcam 
Polyclonal Goat Anti-mouse Immunoglobulins/HRP ……………………………………. Dako 

 

2.2   Substrate preparation and surface modification 

2.2.1 Formation of polycaprolactone thin film 

To fabricate a thin-sheet of semi-crystallised polycaprolactone (PCL), the 

membrane was prepared by spin coating on a silicon wafer with 12% (w/v) PCL 

dissolved in chloroform solution at 1,500 rpm for 30 seconds using spin coater 

system (Brewer Science, USA). The membrane thickness is approximately 20µm 

(measured by a micrometric gauge). To create amorphous PCL, the PCL coated 

wafer was then heated up to 90°C and subsequently quenched with a high 

temperature gradient using a liquid nitrogen cooled cylindrical copper block. 

Membrane was peeled off the wafer and cut into the desired size i.e. 7x30mm 

rectangles used as a stretchable substrate for unidirectional stretch.  

 

2.2.2     Rapid curing of polydimethylsiloxane (PDMS) elastomer 

Dow Corning PDMS (Sylgard 184) was prepared by mixing of PDMS elastomer base 

component with the curing agent at a ratio of 1:9 weight-to-weight, followed by 

deaeration under vacuum. Then, the mixtures were poured onto the designed 

microtopographic pattern (SU-8 masters with 12.5µm repeated 5µm deep 

structures). The curing polymer was incubated at 80°C for 2 hours. 

 

2.2.3    Substrate surface modification 

To increase hydrophilicity of the surfaces, the substrates were placed in a plasma 

cleaner (Harrick Plasma, USA) and exposed to air plasma for 1-1.17 minutes. 

Beyond providing an adhesive structural support, human plasma fibronectin was 
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used to modify the surface plasma treated PDMS. The membranes were absorbed 

with 20 µg/ml of fibronectin for an hour at 25°C before cell seeding. 

 

2.3   Cell culture 

Human foreskin fibroblast cells (BJ1, CRL-4001TM) immortalised with telomerase 

reverse transcriptase (TERT) and human epithelial kidney cells (HEK293, CRL-

1573TM), were cultured in Dulbecco’s modified eagle medium (DMEM). The growth 

medium supplemented with 20% medium-199 (for BJ1-hTERT), 10% fetal bovine 

serum (FBS), 2mM L-glutamine, 1mM sodium pyruvate and 1% penicillin-

streptomycin. The cells were passaged every a few days to maintain exponential 

growth at sub-confluent levels in a 37°C incubator with 5% CO2. 

 
2.4   Immunofluorescence assay 

For cell staining, the cells were fixed with 4% formaldehyde/PBS and permeablised 

using 0.5% TritonTM X-100/PBS. Next, cells were blocked in 1% BSA/PBS and stained 

primary antibodies (1:100). In conjugation with phalloidin-rhodamine (1:50), the 

samples were then incubated overnight at 4°C. Afterwards, cells were washed 

with 0.5% tween 20/PBS (3 x 5mins) to minimise background labelling. Secondary 

stains were obtained by addition of horse biotinylated anti-rabbit or anti-mouse 

IgG (1:50) in BSA/PBS and incubated at 37°C for an hour. After washing steps, 

Fluorescein isothyiocyanate (FITC)-Streptavidin (1:50) in BSA/PBS was added to 

samples and incubated for 30 minutes at 4°C. Samples underwent washing stages 

and were finally stained for DNA with 4’6-diamidino-2-phenylindole (DAPI). Cells 

were visualised using a semi-automated motorised fluorescence microscope 

(Olympus BX51, USA) at 10X magnification with Surveyor imaging software.   

 

2.5    Image and statistical analysis 

For a calibration scale with an image of 0.01mm stage micrometer, overlay 

fluorescent images were proceed and exported to measure the cell size via 

ImageJ/Fiji. Using the threshold tool to optimise the pipeline of cell profiling, 

images were exported to CellProfiler software. To increase data accuracy, objects 

touching the cell perimeter were discarded together with selected the cell size-

specific measurement. Image analysis is mainly focused on alteration of the 

phenotypes include cell morphology, intensities, radial distribution and texture 



Chapter 2: Materials and Methodology 
	

	 36	

measurement. Figure 2-1 exemplified the overview of image analysis that combine 

fluorescent imaging into specialised modules for each identified cell or subcellular 

compartment. For statistical analysis, unpaired two samples Student’s t-test 

where applicable was processed using R software. 

 

 

2.6    The quantitative real-time polymerase chain reaction (qRT-PCR)   

 
In order to prepare the RNA extraction and cDNA synthesis for qRT-PCR assay, the 

cells were seeded to reach at approximately 80-90% confluency on tissue culture 

plate (TCP) or elastomeric substrates before RNA extraction. To isolate RNA from 

the cells, TRI ReagentÒ was added to the cells and incubated for 5 minutes at room 

temperature, centrifuged at 12,000g for 2 minutes. Next, the RNA in supernatant 

mixtures were purified using Direct-zol RNA Miniprep Kit (Zymo Research 

Corporation). To eliminate the contaminating DNA in the RNA samples, DNase I 

treatment was further proceed. The DNA/RNA mixtures were incubated with 

DNase I/RQ1 buffer at 25°C for 20 minutes. The final step of RNA purification, 

phenol/chloroform extraction was performed at a ratio of 1:1 

Figure 2-1. Data and image analysis flow diagram. A) Configuration of the cell 
components and its cytoskeleton. CellProfiler obtained data from the input raw 
images from all 3 fluorescent channels sampled. B) An example showing identified 
cells (red outline) and measurement output from the software into an Excel sheet. 
C) For statistical analysis, sample groups were categorised and compared using R 
software as well as selected measurements plotted.   
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(phenol/chloroform:RNA samples) and subsequently recovery of the RNA yields 

using isopropanol precipitation. The purified RNA was pre-treated with 

SuperScriptTM IV Reverse Transcriptase for cDNA synthesis. The cycling 

temperature in each process is shown in Table 2-1. 

 

Table 2-1. The steps of Thermal cycling used for cDNA synthesis 

Reactions Temperature (°C) Timing (mins) 
Priming RNA using random 
hexamer for extension 

23 10 

Reverse transcription 55 10 
Inactivation 80 10 

 
In a qRT-PCR reaction, the Brilliant qPCR master is formulated with Taq DNA 

polymerase, combined to approximately 40ng of cDNA templates, 300nm forward 

and reverse primers, 0.3 µl of diluted ROX reference dye and adjusted the final 

volume with nuclease free PCR grade water into 20µl. The thermal cycle diagram 

of qPCR experiment is as shown in Figure 2-2. The detection was measured by 

SYBR green dissociation curve using Mx3000PTM and MxPro software. 

 

 
 

 
 
 
 
 
 
 

 
2.7  Westernblot assay 
 
Cell lysates were harvested after 7 days of cell seeding. The cells were washed 

twice with DPBS, subsequently extracted the proteins with 0.5% SDS in Tris-HCl 

buffer. To control the equal amount of protein loading, the comparative analysis 

Figure 2-2. A schematic diagram of 
two-step cycling protocol in qRT-PCR 
that includes a denaturation step at 
95°C, combined annealing/extension 
step at 60°C and subsequently detect 
fluorescence data. 
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was performed using Ponceau S staining. Briefly, 20 µg of protein was mixed with 

sample loading buffer and further denatured at 70°C for 15 mins. In the first step 

of westernblot, the proteins were separated using Gel electrophoresis. The 

samples were loaded onto pre-packed 4-12% Bis-Tris-Gel and run with ice-cold 

running buffer at 200V for 30 minutes using Bio-RAD. Next, the separated proteins 

were transferred into solid phase via nitrocellulose membrane at 30V for 1.5 hours 

at 25°C. The blots were then blocked in 5% milk/TBST at room temperature for 

an hour. Secondly, immunodetection was used to label the following primary 

antibodies at the indicated dilutions (as shown in Table 2-2), incubated 4°C 

overnight. The blots were washed with 0.1% tween 20/TBS (3 x 5mins) on a shaker 

platform. After that, the secondary antibodies: anti-mouse HRP (1:1000) or anti-

rabbit HRP (1:3000) were applied to the blots at 25°C for an hour followed by 

washing with 0.1% TBST (3times). Finally, the membrane membranes were 

incubated with enhanced chemiluminescence (ECL) at 25°C for 1 min prior to 

detection using the Fujifilm LAS-3000 imaging system. 

 

Table 2-2. The primary antibody was used in westernblot assay. 

Primary antibodies Product details Working 

dilution Supplier Cat no. 

Alpha tubulin polyclonal antibody Proteintech 11224-1-AP 1:2000 

Mouse monoclonal anti-EMD 

antibody (1H9) 

DSHB, University 

of lowa 

MANEM10 1:130 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (E10) Mouse mAb 

Cell signaling 9106S 1:2000 

P44/42 MAPK (Erk1/2) (3A7) 

Mouse mAb 

Cell signaling 9107S 1:2000 

Rabbit polyclonal anti-

Mkl1/MRTFA antibody 

Abcam Ab49311 1:800 

Recombinant Anti-Lamin A + 

Lamin C antibody [EP4520-16] 

Abcam Ab133256 1:5000 
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CHAPTER 3 MECHANICAL STRETCHING OF FIBROBLASTS 

 

3.1 Introduction 

Cells of every living organism exist in a dynamic physiological environment and 

are constantly subjected to a wide range of mechanical forces such as fluid shear 

flow, tensile strain and stretching force (Bershadsky et al., 2006; Kirby and 

Lammerding, 2016). The mechanism that underlie the extraordinary capacity of 

cell sensing their environment are a cascade of signaling events that happen in 

response to those microenvironmental features and its deformation (Tajik et al., 

2016). Cells not only can actively generate forces (Cai and Sheetz, 2009) but they 

also being passively mechanically stressed, and these mechanical changes exert 

measurable effects on cell dynamics, behaviours and eventually cell fate (Ingber 

2008). These mechanical cues direct many essential aspects of the cellular 

machinery during growth, function, development and maintain a homeostatic 

level of intracellular tension (Watanabe and Mitchison, 2002; Webster et al., 

2014).  

 

Insights into the adhesive interfaces between cells and the surrounding matrix, a 

more biomechanically competent tissue construct is critically needed for optimal 

controlled cellular mechanical loading. In attempts to create a biocompatible 

scaffold that can closely mimic the natural environment in vivo, living cells are 

often exposed to aligned architectures. Thus, the cells elongate along anisotropic 

matrix by a process termed contact guidance (Harrison, 1912; Weiss, 1945). This 

finding developed the biohybrid materials containing aligned ECM fibres, that 

contact-guided cell alignment could be replicated by combining synthetic 

polymers, biomimetic coating and microgroove topography (Curtis and Varde, 

1964; Hoffman-Kim et al., 2010).  

 

Mechanical stimulation devices which are commercially available offer limited 

functional customisation and constrained force measurement capability (Atcha et 

al., 2018; Raveling et al., 2021). This study proposed stretching systems with an 

aspect to enhance mechanical forces in the cellular microenvironment, allowing 

fully customisable devices to meet demanding research. Together, these fulfill 

the knowledge gap in molecular pathways and how cells respond to mechanical 
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signals and influence cell behaviours. In this chapter, a series of novel designs of 

stretching devices were developed with the aim of stimulating cells and their 

microenvironments by passively pulling the cells through the deformation of 

biomaterials. It has been hypothesised that applied force externally by stretching 

is currently associated with mechanosensitive elements of cells and tether cell 

growth, movement, or even contractile function. To address these 

mechanobiology studies, the stretching systems have been fabricated to 

investigate the effect of mechanical stimuli on mechanosensitive mechanisms 

involve reorganisation of the cytoskeleton, transcription factor regulation, and 

cell adaptation. Two comparative cell stretching systems have been developed to 

investigate the local responses of fibroblasts to mechanical loading. Observation 

of these mechanical processes of human dermal fibroblasts derived from foreskin 

were used to determine the signal propagation and integration of force within the 

cells, linked to the nucleus. In this chapter, a uniaxial stretcher was designed and 

connected to stepper motor that allowed varying rates of unidirectional or cyclic 

stretching tightly controlling the cell-substrate movement. Cells detected the 

mechanical environment and adjusted the organisation of their F-actin 

cytoskeleton; this cytoskeletal redistribution, reinforced linkages and hence the 

influence of the stretch on cell shape and motility (Vogel and Sheetz, 2006). The 

growing of evidence from many studies that have evaluated the effect of applied 

tensile strain at a varying level of up to 20% on cells in connective tissue (Simpson 

et al., 1999; Shao et al., 2013; Chen et al., 2018). As the cytoskeleton acts as a 

signal integrator, it is highly sensitive and adaptive to mechanical load. The actin 

networks and bundles have revealed that they are mechanically interconnected 

to allow force transmission of these external stimuli across the cells (Schwarz and 

Gardel, 2012), Protrusion of cell edges, closely related to cell proliferation (Price 

et al., 1995; Taber et al., 1996; McCain and Parker, 2011) enable cell motion 

following change shape (Fletcher and Mullins, 2010). Actin-adhesion links to the 

outside include the cellular extensions that are generated by actin 

polymerization, filled by a dynamic branching of cytoskeletal components and 

recruitment by and to the integrins and their link to the ECM via the binding of 

vinculin (Geiger et al., 2009).  
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Combining both biomaterials and external mechanical loading allows to answer 

the demand for a better understanding of the mechanical relationship between 

the cells and its environment. This chapter describes how dermal fibroblasts on 

functionalised polymer surfaces are sensitive to mechanical stretching. The forces 

exerted on the cells trigger a variety of changes and modulation at a molecular 

level including: (I), the nuclear localisation of MRTF-A, (II), fusiform morphology 

and alignment of their actin cytoskeleton, and (III), the pattern of cell orientation 

following the complex interplay between cells on topographical surface and 

applied forces in parallel or perpendicular to microtopography. 

 

3.2 Materials and Methods 

3.2.1   Materials 

List of Reagents 

Surface preparation and modification 
Fibronectin ……………………………………………………………………………………. Sigma-Aldrich 
Polycaprolactone (MW: 80,000) ……………………………………………………. Sigma-Aldrich 
Polydimethyl siloxane …………………………………………………. Dow Corning Corporation 
Superclear silicone sheet ……………………………………………………………… Silex Silicones 
 
Cytotoxicity study 
Alamar blue ……………………………………………………………………………………………… Bio-Rad 
 
Immunofluorescent staining 
Fluorescein streptavidin ……………………………………………………… Vector Laboratories 
Horse biotinylated anti-mouse IgG ……………………………………… Vector Laboratories 
Horse biotinylated anti-rabbit IgG ………………………………………. Vector Laboratories 
Mouse monoclonal anti-vinculin IgG ……………………………………………… Sigma-Aldrich 
Rabbit polyclonal anti-Mkl1/MRTFA antibody …………………………………………. Abcam 
Rhodamine Phalloidin ……………………………………………. Invitrogen, Molecular Probes 
Vectashield mounting media with DAPI ………………………………. Vector Laboratories 

 

3.2.2   Preparation of stretchable membranes 

To fabricate a material for unidirectional stretch system, the polycaprolactone 

(PCL) membranes were prepared by spin coating and perform an amorphous 

structure (as detailed in section 2.2.2.1) before cutting into 7x30mm rectangles. 

For cyclic stretching, pre-manufactured 0.8mm thick ultraclear silicone sheet (40° 

Shore hardness) was obtained from Silex Silicones (UK). 
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Using a 3D printing (Ultimaker2, Netherlands) blocks were printed as a substrate 

holder, two 3D-printed plastic blocks (29x19x6.5mm and 29x46x6.5mm) were 

attached to either end of the membrane using 12% (w/v) PCL/chloroform as a glue 

or clamping by 3D printed and laser cut parts (29x3x0.9mm). Then, the assembly 

was exposed to an air plasma for 1-1.17 minutes (Harrick Plasma cleaner, max 

setting). In order to start cell culture and the actual stretch in the linear plastic 

flow regime for the PCL sheet, the membranes were pre-stretched to 33%. The 

assembled clamped silicone sheets were similarly stretched for 20% before coating 

with 20 µg/ml of fibronectin for an hour at 25°C followed by cell seeding and 

culture.  

 

3.2.3   Stretcher and cell expansion 

3.2.3.1   Stretching device 

The custom-designed bioreactor uses a microcontroller controlled stepper motor  

to apply force on a membrane coupled via 3D-printed clamps. The assembled 

membranes were inserted into 4 well-cell culture plates and immobilised in the 

device by screwing one of the block to the structural frame. The other block was 

held in place by moving cover that was linked to stepper motor, which was 

controlled with an Arduino. Figure 3-1 outlines A) surface preparation workflow 

and B) uniaxial cell stretching device. 

 

The second generation of cyclic stretching system was developed to be based on 

a stretchable PDMS culture plate that could be incorporated into the slightly 

modified mechanical stretcher system. To prepare the elastomeric culture plate, 

Dow Corning PDMS (Sylgard 184) and curing agent were mixed, deaerated (see 

section 2.2.2.2) and poured onto the designed template in 8 well-liked rectangular 

area coupled to screw holes for clamping system. To pre-pattern the wells with 

microtopography, a replica of grooves (SU-8 masters with 12.5µm repeated 5µm 

deep structures) was transferred to a polystyrene sheet via spin coating and 

attached on top of the 3D blocks. The curing polymer was incubated at 80°C for 

2 hours. The substrate was then gently removed from the 3D-template, washed 

with 70% ethanol and followed by plasma treatment for 1 minute before 

experiments. Figure 3-2 represents an overview of the stretchable PDMS-based 
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stretching device, including template design in A) 8 well-like pattern, B) culture 

plate and C) the detail of their components in the cyclic stretching system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.2   Cell seeding and stretching 

The Cells were seeded at a density of 79 cells/mm2 in 10 ml culture media on PCL 

sheet and 315 cells/mm2 in 5 ml media for a stretchable PDMS culture system. 

After 72 hours of cell seeding, cells were fed with fresh media and subsequent 

Figure 3-1. Clamping device components and stretch bioreactor. A) Preparation 
of PCL (obtained via spin coating) and silicone membranes, were glued or clamped 
to two 3D-printed blocks. Air plasma was applied to increase the hydrophilicity of 
substrates, as indicated by the arrows. The membranes were then modified by 
pre-stretching and surface coating using fibronectin. B) The fully assembled 
mechanical stretching system include a 4 well cell culture plate for substrate 
insertion, structural clamping tools, moving cover served as culture lid and linked 
to stepper motor where the external load was controlled by a Arduino 
microcontroller. Diagram of stretched cells (inset boxB), subjected to 
unidirectional or cyclic stretch. The directional of cell motion as indicated by the 
arrows).  
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applied mechanical load at 4.2% unidirectional stretch or 5% cyclic stretch at 

0.05Hz for 24 hours. Each experiment was performed at least in triplicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.4   Alamar Blue assay 

To access the effect of cell viability on PCL and PDMS membranes, cells were 

seeded for 24 hours. Then, cells were re-fed with 10% Alamar Blue (Resazurin) 

fluorescent dye in the growth media and incubated at 37°C for 4 hours. Cell 

viability were quantified by measuring at 570nm and 600nm. The calculation of 

Figure 3-2. Schematic design and fabrication of the stretchable culture plate 
tracked cyclic stretching. A) CAD design for the PDMS plate-casting mold, 
which is a three-part object consisting off a baseplate, cylinders and blocks that 
define the space for the wells, designed in OpenSCAD software. By using a 
microgrooved PS sheet, the inverse of the topographical patterning was 
transferred into the culture area. B) Completely 8 well conformation with 
removable 3D printed blocks that keep aspects cell free to study cell migration. 
C) The 8-well chamber incorporated into the cyclic stretch device, where the 
stepper motor was connected to an Arduino for the adjustable amplitude and 
specific frequency.  
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the percentage of Resazurin reduction test was done as detailed in the following 

equation: 

     % Difference in reduction = ("OX)&2(&1	+	("OX)&1(&2
"RED &1(¢&2	+	 "RED &2(¢&1	  (1) 

 

Where el1 and el2 are constants representing the molar extinction coefficient in 

the oxidized (eOX) and reduced (eRED) forms of resazurin at 570nm and 600nm, 

respectively. Al1 and Al2 represent the absorbance of test wells at l1 (570nm) 

and l2 (600nm) respectively, whereas A¢l1 and A¢l2 represent absorbance of media 

control at the same wavelengths (Al-Nasiry et al., 2007). 

 

3.2.5   Immunofluorescent staining and data analysis 

Human dermal fibroblasts immortalised with TERT were cultured for 72 hours and 

then stretched for 24 hours. The cells were fixed, permeablised and blocked in 1% 

BSA/PBS buffer. Then the membranes were stained either with primary rabbit 

anti-MRTF-A and mouse anti-vinculin antibodies (1:100) and conjugated with 

phalloidin-rhodamine (1:100) in order to labelling their local actin filaments (F-

actin), the samples were then incubated overnight at 4°C and further stained for 

secondary and Tertiary antibodies (See section 2.2.4 & 2.2.5). 

 

3.3  Results  

 

3.3.1 Substrate characterisation and biocompatibility  

The amorphous PCL membranes are formed to allow uniform extension and avoid 

the development of ordered surface structures in the polymer via fast freezing 

method. The assembled membranes are subjected to a pre-stretch of 33% to reach 

the plastic flow regime such that in the following they are evenly mechanically 

loaded. The strain field was previously tested by digital image correlation (DIC) 

technology to characterise the mechanical behaviour of PCL membranes. The full-

field surface strain measurement displayed homogeneity of the strain field of the 

substrates subjected to mechanical loading, PCL sheets underwent deformation 

at the plastic flow with a rate of applied force in the range between 32±1% to 

270±84%. To evaluate the biocompatibility of modified membranes, the viability 

of fibroblasts was followed on different surfaces comparing non-treated and 
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plasma treated samples. The effect of plasma treatment on PCL sheets was, that 

the cells showed an increase in cell viability and proliferation to 98±2%, whereas 

cell density observed on the non-treated film was at around 15% less than on the 

plasma-treated group of films. For result on PDMS, non-treated and plasma 

treated showed a slight rise in cell viability after treatment, were 72±2% and 

78±3%, respectively. To enhance cell adhesion fibronectin was adsorbed onto the 

membrane surface after plasma treatment in order to improve cell growth via 

fibronectin specific activation of cell surface receptors. The results from Alamar 

Blue test for cell viability indicated that fibronectin-coated substrate promotes 

cell proliferation to nearly 100% of cell viability (Figure 3-3). Treating the plasma 

oxidized surface with fibronectin is required for the optimal cell compatible PDMS 

surface. 

3.3.2    Unidirectional stretch regulated phenotypes and shaped in fibroblasts 

 

3.3.2.1   Temporal control and selective activation of nuclear MRTF-A      

               translocation 

Mechanically stretching fibroblasts triggered nuclear accumulation of MRTF-A, an 

actin-dependent transcription co-factor that forms a complex with cytoplasmic g-

actin. Following stretch stimulation appear the more translocation of MRTF-A in 

the nucleus, nuclear MRTF-A signals are based on timing of stimulus. The 

Figure 3-3 The percentage 
of viability in fibroblasts 
increased with modifying 
the surface of substrate by 
plasma treatment and 
fibronectin-coating.  

Analysis of the cell viability 
in BJ1 cells on synthetic 
materials A) PCL and B) 
PDMS membranes via 
Alamar Blue assay, 
compared to cells on TCP as  

positive control (nBio=3). Data were represented as mean ± SD. * indicated p<0.05 
and ** indicated p<0.01. The cell culture on plasma-coated PCL and plasma/Fn-
coated PDMS reliable ns; non-significant showed biocompatibility surfaces to BJ1 
cells.    
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nuclear/cytoplasmic (n/c) ratio of MRTF-A expression in stretched cells are 

examined using immunofluorescence staining. As a result of stretch-activated 

growth at 4.2% of uniaxial strain, the n/c MRTF-A ratios increased approximately 

11±4% when the cell was subjected to continuous stretch at a rate 41.7µm/h of 

for 12 hours compared to a non-stretch group as a control. After 24 hours of 

continuous unidirectional stretch, MRTF-A did further translocate to the nucleus 

to around 31±9%. However, the rate of n/c MRTF-A signals regressed to 3±5% after 

48 hours of stretch. Figure 3-4 illustrated the mean integrated intensity of n/c 

MRTF-A ratio under applied strain for 12, 24 and 48 hours on the PCL thin films 

supported growth of dermal fibroblasts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Spatiotemporal analysis of stretch-induced nuclear translocation 
of MRTF-A over 12, 24 and 48 hours. The average of integrated intensity of n/c 
MRTF-A ratio was analysed and compared between stretched (cyan line) and non-
stretched (red line). Upon unidirectional stretch, the relocalisation into the 
nucleus of MRTF-A gradually increased during 12 hours of stretch compared to 
control. Double expression of nuclear MRTF-A was measured in the cells respond 
to stretching for 24 hours whereas the signal decreased within 48 hours of stimuli 
observing a similar MRTF-A localisation as compared to stretched group for 12 
hours. The nuclear MRTF-A signalling in non-stretched cells appeared at a range 
from 0.33 to 0.48 during cell growth on PCL sheet. Error bars represent standard 
deviation in the cell population; NCell = 1,695-4,114 cells per substrate, nBio=3. The 
stretched cells (cyan line) were calculated the mean intensity of MRTF-A where is 
significantly difference compared to non-stretched (red line) (*** p<0.001 and ns 
– non-significant). 
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The quantitative analysis demonstrated that the MRTF-A translocation was at a 

peak after less than 24 hours of stimulation. Here it is observed that this leads to 

an around two-fold increase of nuclear relocalisation of MRTF-A. Figure 3-5 

displays the stained cells tracking MRTF-A expression and the localisation in the 

nucleus and the cytoskeleton via an immunofluorescence assay allowing 

comparison between control and stretched samples. 

 

3.3.2.2   Elongated cells and remodeling of actin filaments in response to       

              stretch 

To measure the level of elongation when cells were subjected to unidirectional 

stretch, the aspect ratio of the projected cell area was measured as the ratio 

between the major and minor axis of the best-fitted ellipse around the outline of 

the cell, as based on the phalloidin stained F-actin image. The results showed 

significant increase in the length of the major axis of the stretched cells (Figure 

3-6A). The effect of static stretching on actin remodeling and distribution was 

Figure 3-5. Effect of unidirectional stretching on MRTF-A translocation into 
the nucleus after 24 hours of applied load. A) Images of immune-stained cells 
in control (top) and stretched group (bottom). Monochromatic images of BJ1-
hTERT cells stained with anti-MRTF-A (left panels) and structural components of 
cells in RGB colour scheme (right panels) for F-actin (red), MRTF-A (green) and 
nucleus (blue). Scale bar is 20µm. B) quantitative analysis of MRTF-A localisation, 
the integrated intensity of MRTF-A ratio was measured and calculated in the 
relative of n/c form. Targeting at the distribution of MRTF-A in cells on PCL 
surfaces, there was significant increase in accumulation in the nucleus. For 
statistical analysis, Unpaired two-samples t-test indicated as ***p<0.001. 
Experiments were repeated at least 5 times (Ncell = ~5,000 cells/replicate). 
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then assessed by analysis of the intensity of phalloidin stained F-actin. The 

quantitative image analysis of F-actin formation and localisation in whole cells, 

together with the redistribution or accumulation of F-actin around the cell edges 

as shown in Figure 3-6. Interestingly, in the non-stretched group of cells F-actin 

was observed at a width range of whole cell position. However, stretched cells 

generated actin filaments in a pattern that was similar between the overall 

cytoplasm and the margins of the cells. The images were used to extract data in 

order to compare the polymerisation of actin around the plasma membrane under 

different conditions. The data showed no significant difference in the F-actin 

arrangement between control and stretched groups. 

 

 

 

 

Figure 3-6. The effect of stretch-mediated with the aspect of the length of cells 
and distribution of f-actin. A) The elongation rate of cells enhanced significantly 
as a result of stretching. The cell length was normalised with the distance in the 
major to minor axis ratio. For statistical analysis, *** indicated where the p-value 
less than 0.001. B) Expression of F-actin, frequency plot over the intensity in the 
main distribution of actin around the edge (red-filled) and on the overall area of 
cell shape (referred to whole cell, cyan-filled), Ncell = ~5,000 cells/replicate, 
nBio=5. The inset box, B) shows a sketch of cell with specified area of cell edge 
(~25% of coverage area) as boundary highlighted in yellow, together with example 
of red line distribution of F-actin.  
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3.3.2.3   Unidirectional stretch alters morphology of fibroblasts 

In order to evaluate the effect of passive stretching experiments influence shapes 

and arrangements of cytoskeletal texture. A set of quantitative measures has been 

selected to address the physiological state of the cell. Definitions and descriptions 

of selective shape parameter are detailed in Table 3-1. These measures include 

geometric parameters such as area and perimeter that can be used to calculate 

then the value of two derived variables: form factor (equation 2) and solidity. 

 

    Form factor = /012

324
     (2) 

Equation (2) Where Ap represents area of the particle and Pp represents perimeter 

length of the particle. The image of cell is projected to convexity in the form 

known as solidity which can be calculated by the proportion of the object or 

particle area (Ap) divided by the convex hull area. A bounding of smooth convex 

hull is defined where the values to closed to 1. 

 

Table 3-1. Summary of shape parameter used in Image-based quantitative   
                 analysis.  

Parameter Sensitivity Description 

Area 

 

Perimeter 

 

Form factor 

Solidity 

Spreading 

 

Form and Spreading 

 

Form and roughness 

Roughness  

(morphological) 

By using the actual number of pixel in the 

region. 

The total number of pixels computed 

around the boundary of each cell region. 

Measure of nuclear circularity. 

Measure of the regularity of objects 

boundary. 

 

Stretched cells had a smaller footprint or spreading area compared to non-

stretched controls (See Figure 3-7A). The result from this selective measure 

suggested that the contractility occurs within their cytoskeletons in response to 

4.2% unidirectional mechanical load for 24 hours. The change in the 

circumference, the perimeter of the cells on stretching revealed a slight decline 

in response to stretching (Figure 3-7A and 7B). The data on nuclear shape, where 

the circularity of the nucleus declined dramatically with stretch, indicates that 
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strain had a measurable impact on the nucleus. The effect of mechanical load 

triggers the nuclear flattening, resulting in the deformation in reducing its degree 

of solidity (Figure 3-7C and 7D).    

 

3.3.2.4   Stretched state leads the cell to reoriented on the whole-cell level 

Due to substrate stretching, adhered cells were stretched continuously for a day 

during which the polymer films were extended by around 1mm (which is 

equivalent to 4.2%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To study how the cells as a whole changed their orientation on the stretched films, 

cell orientation can be described by the orientation of the smallest ellipse that 

can be fitted around the projected cell shape as determined by analysing f-actin 

images. Actin bundles are another major influence involved in the determination 

of the corresponding global orientation of cell. Figure 3-8 illustrates the cell-

Figure 3-7. Morphology changes of cells in response to uniaxial static 
stretching at 1mm/day. A) Area of the cell spreading decreased substantially in 
response to applied forces. B) Cell perimeter, showed a slight decrease in the 
stretched state. C) The shape of the nucleus as assessed by circularity, showed a 
dramatic drop in this form factor. D) Solidity – a measure of shape regularity, was 
also reduced after stretching. For statistical significance; Student’s t-test ***, 
p<0.001 (Ncell = ~5,000 cells/replicate, nBio=5).  
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substrate adhesion and reaction on cell stimulated by mechanically stretching. 

Instantaneous position of the cell in Figure 3-8B, denotes q as a function of 

orientation angle with respect to horizontal axis of strain field. Non-stretched and 

stretched cells polarised on PCL film displayed in Figure 3-9, an angle histogram 

representing the frequency contribution with regard to angular orientation of the 

individual cell. 

 

 

 

In control group, an orientational patterning showed that over 48% of cells were 

polarised with the angle that they form with the direction of the applied strain 

close to being in parallel to the stretch direction. The number of cells that are 

aligned with the direction of the applied strain are calculated from the cells that 

are aligned between 0°-30° and between 150°-180° (Figure 3-9A). The results 

suggested that the cells oriented along the horizontal axis without additional 

applied force. This observed apparent orientation may be caused by the alignment 

of the material during the pre-stretching stage. When further stretched to the 

extent of 4.2% by unidirectional stretch, the cells reorient to lose alignment being 

oriented almost equally in every angle of orientation with an average of 5.8±1% 

(as shown in Figure 3-9B). 

 

 

 

 

Figure 3-8 Schematic drawing of 
cell-substrate interactions and 
response to mechanical loads. A) 
The model of cell motion and 
adhesion to substrate, arrow 
indicates the directional of stretch 
on substrate. B) Illustration of the 
angle of cell orientation relative to 
applied stretching direction. The 
major axis of an ellipse cell rotated 
at an angle q in degree relation to 
stretching parallel to x-axis. 
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3.3.3 Cyclic mechanical stretching of cell on biomimetic coating surface 

 

3.3.3.1   Acute stretch-mediated recruitment of vinculin to focal adhesions 

Cell embedded on substrates and its interaction are known to effect focal 

adhesion formation (Fraley et al., 2010). The cytoskeletal protein vinculin was 

examined in order to test if the applied tension initiates vinculin recruitment to 

adhesions, stretched cells were stained to detect the amount of this focal 

adhesion protein after 24 hours of stimulation over a range of 1-5% cyclic 

stretching. Surprisingly, immunofluorescent staining displayed that stretched cells 

increased vinculin intensity to 105.6±4.2%, 169.5±8.5%, and 202.1±11.0% during 

1%, 3%, and 5% of cyclically mechanical loads (See Figure 3-10). The vinculin 

signals in stretched cells were compared to non-stretched control. 

 

 

 

Figure 3-9. Angle histogram of orientational response between control and 
stretched cells. A) Non-stretched cells spread close to horizontal axis with nearly 
half of cell population, the other cells align at around 5% in each degree of 
orientation. B) Cells subjected to stretching. The cell reoriented themselves to 
the direction perpendicular to dynamic load, hence of an equivalent of cell 
polarization from 0°-180°. 
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To assess the resulting images (Figure 3-11), the integrated intensity of vinculin 

signal was measured at a single cell level when the cells were exposed to a 

magnitude of 5% cyclic tensile stretch at a frequency of 0.05Hz.  

 

Figure 3-11. Applied stretch stimulates vinculin recruitment to focal adhesion 
under 5% cyclically load at 0.05Hz for 24 hours. A) Stained cells in relax (top 
panel) and stretched (bottom panel) substrates, vinculin was visualised with 
mouse anti-vinculin antibody (left panels). For RGB images (right panels) were 
labelled with anti-vinculin antibody (green), Rhodamine-phalloidin targeting F-
actin (red) and DAPI staining of nucleus (blue), Scale bar = 20µm. B) 
Quantification of vinculin intensity, a double-expression of vinculin enrichment 
was detected upon cyclic stretching and normalised to non-stretched cells. NCell 
= ~1,051-3,202 cells/replicate, nBio=3; independent experiments. Two unpaired 
student t-test; ***, p<0.001.  

Figure 3-10. vinculin signals respond to 
cyclically mechanical stretching at 1%, 3% 
and 5% stimulation. The more intense 
vinculin expression was observed with an 
activated level which proportion to higher 
mechanical loading. The percentage of 
fluorescently labelled vinculin 
significantly increased subjected to 3% 
and 5% stretching, as indicated **p<0.01 
and ***p<0.001. However, the cells 
exposed to 1% stretch have a slight rise of 
vinculin intensity with non-significant 
(ns). The unpaired t-test is used to        

compare fluorescent images between stretched cells and non-stretch (0% 
stimulation). Experiments were repeated at least three biological repeats. 
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The data showed that vinculin intensity increased two-fold in adhesion plaques in 

response to cyclic stretch (5%, 0.05Hz). 

 

3.3.3.2   Cyclic stretching of cells leads to translocation of MRTF-A in Rho-A    

    dependent manner 

To study the response of cell and their actin cytoskeleton that under repeated 

stretch application. Cell were grown on fibronectin-coated elastomers for 72 hours 

followed by acute stretching for 24 hours. MRTF-A did not relocalise to the nucleus 

after 5% cyclic stretching at 0.05 Hz, as the data resulting from the image analysis 

of immunofluorescent staining revealed that, it had no significant effect. As there 

were some cells that did respond and others that did not the assumption was that 

this may have been due to the cells respective shape or spatial orientation with 

respect to the direction of the applied cyclic stretch. I therefore modified the 

surface using microgroove topography to pre-align cells with respect to the 

direction of substrate movement either perpendicular or parallel to the applied 

strain. Fibroblasts seeded on microgrooves displayed a relatively higher nuclear 

translocation of MRTF-A at about 8±2% when the scaffold was pre-patterned with 

microgroove master aligned perpendicular to the directional stretch. However, 

cells on grooved surface patterning in parallel to the stretch axis did not exhibit 

an enrichment of MRTF-A localisation in the nucleus. Figure 3-12 demonstrating 

that the cell sensing cyclic tensile stretch manipulated nuclear translocation of 

MRTF-A on the different surface textures.  
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Figure 3-12. Activation of MRTF-A gene expression with 5% cyclic stretching 
on grooved PDMS surface aligned perpendicular to the direction of applied 
force. A)  Schematic and immunofluorescence images of cells comparing between 
control and stretched groups on flat and grooves (aligned either parallel or 
perpendicular to stretch axis, arrow as indicates the direction of applied strain). 
Multilabel immunofluorescent staining of MRTF-A (Greyscale single-channel 
images, or green in RGB images), F-actin (red) and nucleus (blue), Scale bar = 
20µm. B) The n/c MRTF-A remained stable after stretching in flat PDMS and in 
grooved which pre-patterned along the stretch axis. The study of statistical 
significance highlighted that the proportion of nuclear MRTF-A translocation rose 
significantly in response to applied force where the microgrooved guides the cell 
align perpendicular to the directional of stimuli. The unpaired t-test indicate 
significant differences between control and stretch; p<0.001. NCell = ~4,940 
cells/sample, nBio = 3. 
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3.3.3.3   Cells on the microgrooves elongate and establish a meshwork of actin- 

              enriched at the edge 

Due to the competition of g-actin binding to MRTF-A molecules, which binds in the 

same area of MRTF-A where the RPEL motif is located, which leads to nuclear 

translocation. More f-actin presumably leads to a lower amount of g-actin 

available to bind to and retain MRTF-A in the cytoplasm, assuming constant 

amounts of action being made. The composition and microstructure of the actin 

cytoskeleton determines the shape of the cell, topographic cues enforce the cell 

orientation to the underlying topography. The changes in their shape instructed 

by mechanical stimulation are reflected in an increased elongation factor (Figure 

3-13).  

 

Directional tension had elongation effect mechanical performance, describing 

that exposure of cells to uniaxial cyclic stretch results in augment in the axial 

ratio (elongation factor) with groove textured surface and directional of tension 

applied. Elongation was calculated by forming the ratio of the length of cells in 

the major over the width of the cells in their minor axis. Cells strongly exhibited 

an area of cell expansion in response to cyclic stretch, microgroove pattern only 

had an influence on the aspect ratio of cell length when topography was combined 

to stretching system. The results from dual-stimulation by stretching and 

topography, revealed a gradual increase in the cells elongation (Figure 3.13). In 

accordance to the direction of the topography, the stretched cells on the grooved 

samples elongated more pronounced where the cells were stretched at 90° to the 

grooves and with that their main or long axis.  
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Taken together, the alteration of the actin cytoskeleton in response to 5% of cyclic 

stretching at 0.05Hz and topographic patterning in relation to the area of actin 

accumulation: The results showed that the grooved substrates, that guided cell 

alignment, activated the collective formation of actin filaments at the cells edge. 

In contrast, cells cultured on flat unpatterned substrates displayed a higher 

amount of F-actin overall the whole cells. These observations indicate that tension 

applied on flat surface revealed that it had no effect on formation of actin 

associated with the edge of cells, a slight increase of total actin cytoskeleton 

around the cells in stretched group (Figure 3-14).   

 

Figure 3-13. Elongation index of cells, measuring the tensile strain stimulates 
cell expansion. Assessing the aspect ratio (major/minor) of axis length, revealed 
that the action of force and topographic texture required to enhance the 
mobility coupled with elongation. Three independent experiments were set up 
and calculated the statistical analysis where it is significant differences between 
groups as determined by an independent t-test ***, p<0.001. NCell = ~4,940 cells 
per sample, nBio = 3.  
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Figure 3-14. Evaluation of the amount of f-actin assembly near the edge of 
cells compared to whole cell surface area. A) Actin filaments staining with 
fluorescent dye-labelled phalloidin comparing between controls (left panels) and 
stretched cells (middle panels). Examples of F-actin (right panels) upon cyclic 
stretching (5%, at 0.05Hz) were selected to represent a higher intensity of actin 
around the edge of cells on the microgrooved surface (as indicated by arrows). 
Scale bar is 20µm. B) Histogram plot explained the major distribution of cells 
containing actin-rich at the edge as a response of cell adaptation on the grooves.  
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3.3.3.4   The morphological features of the cells sense mechanical cues 

A total of four selective morphological shape measurements were used to explore 

the influence of acute cyclically loading that cause cell deformation. By 

characterising the shapes and a subset of measures that characteristically change 

in line with the degree of cell deformation: the cells spreading area, their 

perimeter, form factor and solidity were analysed as shown in Figure 3-15. 

 

 

 

A set of selective measurement, which determines local differences based on the 

areas and boundaries of the cell and in the nucleus, indicating the largest 

Figure 3-15. Stretching enables the cell morphology on grooved PDMS, aligned 
perpendicular to the directional of stretch. Stretched cells on flat and grooved 
patterning in parallel to stretch axis also have some changes despite being less 
pronounce. Several physical measurements A) Spread area B) Perimeter C) Form 
factor and D) Solidity indicated a significant decreased, particularly in the nuclear 
deformation via a measure of circularity. Besides the cell on grooved substrate 
that align in parallel to applied force showed a sharp variation of their perimeter 
and solidity after 24 hours of stretch. Flat PDMS maintained their morphological 
nature after mechanical stimuli. For statistical significance; *, p<0.05; ***, 
p<0.001 (NCell = ~4,940 cells per substrate, nBio = 3). 
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difference in patterned grooves samples aligned opposite to the directional of 

stretch at 90°. If cells were grown on flat or microtopography cell elongation 

(major axis/minor axis) changed accordingly to increase on the microgrooves. In 

combination of both stretching and microtopography, a significantly lower area of 

cell spreading was observed in grooved samples at 90° stretching. However, there 

was no significant change in samples that had been stretched if pattern and 

direction of stretch were aligned. It was obviously that a reduction of cell 

elongation factor is influenced by applied force and the directional of topography 

in respect to stretching axis. 

 

In accordance to increase data accuracy, perimeter around the cell membrane 

were further analysed to define their shape. Interestingly, it is likely that the role 

of microtopography regulate cell elongation or contractility in the manner of 

directional surface patterning where subjected to stretching. These two ways of 

manipulation resulted in a significant reduction in the cell perimeter when the 

grooves rotated to 90°(perpendicular) to the direction of stretch. On the other 

hand, the perimeter was longer when the cells were located on the grooves that 

aligned along the stretching axis. Next to the level of cell deformation, the results 

displayed that nuclear flattening increases with engineered substrates. The 

circularity of nucleus was decreased in all conditions. There was a gradual decline 

of the form factor in response to stretching especially on grooved samples aligned 

at 90° to the direction of stretch. Furthermore, a dramatic nuclear deformation 

occurs in the groove prior to stretching (Figure 3-15C). The solidity of the nucleus 

showed a reduction of its compactness in the stretched cells on the microgrooves 

(Figure 3-15D).    

 

3.3.3.5   Comparative analysis of cyclic stretch and unidirectional movement  

Two cell stretching experiments were performed in cyclic direction and 

unidirectional stimulation. For cyclic stretching, cells were cultured on assembly 

membranes and subsequently exposed to cyclic stretch with an amplitude of 5%, 

at a frequency of 0.05Hz. The strain energy in relation to stretching frequency on 

stretchable substrates is illustrated in Figure 3-16. Graphic representation of 

relative displacement of extended membranes throughout cyclically applied force 

monitoring in a seesaw motion. The direction of cyclic stretch was plotted and 
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compared to unidirectional stretch which acts on membrane movement 

continuously with increased distance over time per an hour. Both stretching 

systems were then operated for 24 hours before force measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3.6   Cyclic stretch reorients cell alignment nearly in parallel to the   

               direction of the tension axis 

In order to assess directional reorientation of the actin cytoskeleton to elongate 

under the regulation of dynamic cyclic loading. As the intrinsic properties of the 

substrate are found to cause some orientational patterning of cells at 120°-180° 

(Figure 3-17A). Upon 5% cyclic stretching at 0.05Hz, applied force contributes to 

a much higher population of cell alignment in parallel to directional of stretch 

(Figure 3-17B). The result from alignment in direction from 0°-30° and 150°-180°, 

revealed that over 45% of stretched cells oriented close to the directional of 

stretch. For results in minor population, the distribution of cell alignment 

exhibited almost equality number of cell orientation at the defined range degree 

of orientation with a mean of 13±3% oriented to 30°-60°, 60°-90°, 90°-120° and 

120°-150° degree, respectively.	 

 

 

Figure 3-16. Regulation of the stretch frequency A) Plot of relative 
displacement of the deformed substrate over time using dynamical equation of 
motion launching the corresponding in R. The force was performed at 5% strain 
with a frequency of 0.05Hz. B) Comparative analysis of stain magnitude between 
cyclic stretching (black line) and uniaxial static stretch (Red line). The graph 
outlined a relative displacement that in stretching systems over an hour (scales 
dedicated force action in details). 
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3.4 Discussion 

Based on physical properties of the biomaterial, PCL and PDMS substrates possess 

a universal appeal over other materials such as simple fabrication, biological 

inertness and gas permeability (Hutmacher et al., 2001; McDonald and Whitesides, 

2002; Sia and Whitesides, 2003). In the application of cell stretching experiments, 

a high elastic module is required for dispersion and its flow rate under force field. 

The PDMS also exhibits the designed characteristic feature for a robust ability to 

mediate mechanical loads owing to its tunable elasticity (Zhang et al., 2013). In 

contrast, the PCL polymer contains a lower elastic content as compared to PDMS 

surface. In this study, semi-crystalline block technique was used to enhance the 

plastic flow rate of PCL. Amorphous structure was thus obtained under the thermal 

regulation, showed richness in the transparency of fibres with high rubbery flow 

rate. Similar to the amorphous block of copolymers based on e-caprolactone in 

the previous study by Ninago et al., 2013, suggested the action of conformational 

changes may be regulated by spherulite growth mechanism and isothermal 

crystallization kinetics. The spherulitic initiation is typically enhance a growth of 

mineral aggregation and later crystallization between fibres. All of these strengths 

convey to polymer transformation include extrusion and melt spinning among 

others.  

 

Figure 3-17. Frequency histogram of 
cell orientation relative to tensional 
applied in the horizontal axis. Number 
of cells normalised and expressed as 
the percentage of the radial 
distribution (0°-180°) within 10° bins. 
A) The orientational observed for the 
non-stretched group, these are 
characterised by a random orientation 
and having some preferential 
alignment at 120°-180° B) Cyclically 
stretched cells, here nearly half of 
stretched cells reorient close to the 
direction of the tension axis. The data 
assessment was analysed from five 
biological repeated experiments.  
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In the context of biocompatibility of material surfaces, both of PCL and PDMS 

polymers appear to favour of cell microenvironment (Desmet et al., 2008). 

Whereas, there are highly hydrophobic surfaces in its native state that can easily 

be modified for hydrophilic interactions via plasma treatment, self-assembled 

monolayer coating and polymer/peptide grafting techniques (Love et al., 2006; 

Hui and Pang, 2019). This finding proposed air plasma treatment to render the 

hydrophilicity of materials. The results of this work demonstrated that the treated 

PCL and PDMS with plasma can drastically diminish wettability, gain a larger 

number of hydrophilic groups. Several studies support this function of energy 

density. For instance, the water contact angle of the untreated PCL surface is 

approximately 74° and subsequently decrease to 52° within 5 mins of air plasma 

treatments (Jacobs et al., 2011). A group of De Geyter et al. (2013), identified 

that the treat PCL film dramatically decrease the contact angle to 38° within a 

few minutes after plasma surface treatment in argon compared to the normal 

circumstance before plasma time linked to 74° of water contact area. It was found 

that the effect of the plasma technique on the polymer surface caused by the 

incorporation of oxygen-containing groups (i.e. C—O, C=O and O—C=O bonds). The 

impact of plasma is more likely that the hydrogen abstraction present in the 

discharge state which mainly composed of oxygen atoms and OH radicals. The 

concentration of oxygen-containing groups hence intensely rose (Dorai and 

Kushner, 2003). For results, cytotoxicity assay of fibroblasts is tested between 

substrates in relation to surface plasma treatment. The growth rate of cell greatly 

responds to cell-to-plasma treated surface interactions, the cells were grown on 

PCL sheet with approximately 98% of cell proliferation rate after plasma 

treatment. The viability of cell on PDMS membranes displayed a slight increase in 

their growth subjected to plasma, while around 22% of reduction related to growth 

was observed in this manner. Next, fibronectin coating of plasma treated PDMS 

substrates were apply in an aspect of the maximum growth rate close to tissue 

culture plastic (TCP; positive control). In the following aspect, fibroblasts were 

observed to have attached and spread on fibronectin over 95% of cell population. 

In comparison, sheet of PDMS coating at the same concentration used exposing 

around 93% adhere of arterial endothelial cells. It was observed the attachment 

and proliferation of less than 20% of the cells on non-coated membranes 

(Cornelissen et al., 2013). An interesting case studied by Rea et al. (2009), 
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highlighted that utilising immobilized fibronectin at 83.3 µg/ml supports cell 

adhesion due to the a5b1 binding domain. The viability of NIH/3T3 mouse 

fibroblasts significantly enhanced the efficacy of intracellular trafficking.  

 

By characterising the cell behaviour under stretching and particularly subtype of 

adhesion interactions expressed by fibronectin coating surface in this work, the 

fluorescent intensity of MRTF-A in the nucleus was measured to determine the 

strength of force in the localisation of mechanosensitive transcriptional regulator. 

In this study, the results from stretching experiments reported that continuous 

process of unidirectional amorphous PCL thin film at 1mm/day reinforced MRTF-

A moved to the nucleus in 24 hours of stretching. There was observed that cell in 

stretched state results to an inward displacement of the nuclear MRTF-A signal 

with a twofold increase upon tension. Temporal analysis of stretched cells become 

activated in the range between 12 hours to 24 hours of mechanical loading, 

assessed a peak of nuclear accumulation of MRTF-A at 24 hours and thus 

subsequently decline and return to a basal level of MRTF-A at 48 hours similarly 

to non-stretched controls (Figure 3-4). Supporting this issue, an insight into 

dynamics of MRTF-A relocation upon mechanical stimulation is maintained over 

time associated with the homeostasis of mechanical functions (Montel et al., 

2019). Harper and co-workers (2023), illustrated that application of cell exposure 

to increase mechanical force in the microenvironment, cells sense and respond to 

mechanical cues that trigger mechanosensitive regulatory system and cell 

remodeling, thereby enable the adaptation process to the mechanical challenges 

of their surrounding environment and quickly return to the original state in order 

to maintain homeostasis.  

 

As discussed in chapter 1, the role of MRTF-A in particular are expected to 

correlate with MRTF-actin interaction, implicating predominantly cytoplasmic of 

MRTF-A localization (Guettler et al., 2008; Miralles et al., 2003; Vartiainen et al., 

2007). The formation of actin filament is thus targeted to evaluate the effect of 

stretch-mechanisms in promoting actin polymerisation. It had no remarkable 

impact on F-actin intensity between stretched and control groups. A study by 

Montel et al. (2019), pointed out that the level of g- and f-actin are regulated by 

an adequate strain and transient for short duration of stretching. It is likely than 
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the cells in 10% static stretching showed an increase in the ratio of F-/G-actin 

intensities whereas 30% applied forces cause a reduction of F-actin forming 

immediately after stretching. The temporal studies indicated that an actin cap 

was stimulated and returned to its similar level of control after 25 mins of further 

stretch. In the same study, application of 10% strain, 100 mins is in focus with a 

major localisation of MRTF-A, with around 38% promoting in nuclear accumulation.  

 

The second stretching system is operated on stretchable PDMS culture plate under 

5% stretching cyclically at 0.05 Hz for 24 hours. Having confirmed the sensitivity 

to passive stretching, our experiments reported the nuclear MRTF-A relocalisation 

enhanced significantly when the cells were stretched on microgrooved surface 

with 12.5 µm repeat 5 µm deep structures at 90° to stretch axis. In comparison, 

Cui et al. (2015) highlighted that the PDMS substrate under 5% cyclic stretching 

with the optimum frequency at 0.1 Hz can induce MRTF-A translocation 

approximately threefold in nuclear accumulation. The distribution of MRTF-A in 

this manner reported that there was peaked of nuclear MRTF-A after 2 hours of 

stretching and maintain accumulated up to 8 hours before cessation. Next, 

alternation of cytoskeleton complex requires several proteins that localize to 

focal adhesion. This finding selected the intensity of F-actin and one of the 

structural proteins vinculin localise to focal complex, representing the 

deformation of the fibronectin coated layer and cytoskeletal reorganisation under 

cyclic stretch. The cells were grown on flat PDMS and stretched for a day, revealed 

that stretched cells in fibronectin coated matrices formed adhesion plaques with 

a double expression in vinculin recruitment. A similar observation was found by 

Freeman et al. (2016), suggested that endothelial cells on 2D fibronectin coated 

silicone polymer enhanced the amount of vinculin around twofold under acute 10% 

equibiaxial stretch. In uniaxial stretch system, cells exhibited a small vinculin 

forming structure after 24 hours of stimulation. As the integrin-binding proteins 

are widely acted to mediate cytoskeletal linkage, our results displayed stretch 

activated actin polymerisation at the edge of cells on grooved texture despite 

having some actin-rich only found in unpattern stretched substrates on the whole 

surface area. Newly polymerised actin at the leading edge of cells is found to 

enriched as its corresponding to vinculin-rich focal-contact-like structures upon 

tension applied (Freeman et al., 2016). Evidence supported in the published work 
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by Ahm et al. (2010), claimed that myoblasts were grown on microgroove 

consisted of patterned lines with 40 µm intermediate width and exposed to 7% 

stretching cyclically at 0.5Hz, it had been observed the formation of its actin 

stress fiber is dominantly regulated by stretch applied at 90° to the micro-contact 

grooves. Further to this, in the 45° grooves subjected to tension applied were 

shown full-length complex of myotube with a dense actin network. 

 

As well as determining cell mechanical state and morphophysical features change, 

the impact of cytoskeleton mechanics can be used to investigate the cell behavior 

and adaptation as a consequence of interaction between cell and their 

microenvironment when the tension was applied. In relation to the field of 

mechanobiology, fiber tension extends stress fiber and thus enables focal adhesion 

alignment in spreading cells (Lu et al., 2008). The results from elongation response 

factor of cells exposed to tensile strain have been shown to represent the 

protrusion machinery or contraction in the cell sensing of strain energy. This 

finding reported that the overall cell spreading significantly rose with 4.2% level 

of PCL deformation and 5% cyclic stretching of PDMS substrate on fibroblasts. 

Similar behaviour was suggested an increase of cell shape factor (major axis/minor 

axis) that occurred in stretched substrate as compared to static conditions 

(Chowdhury et al., 2010; Aragona et al., 2013). Differences observed in spreading 

area between the stretched cells could be attributed in variation in strain rate-

dependent manner. In this work, experimental results exhibited the decrease of 

cell area in response to continuous (4.2%) and cyclic (5%, 0.1Hz) stretch. The 

robust decline of spread area had found in the cells perceived mechanical 

stretching perpendicular to the grooves. Similar to the cells subjected to higher 

stretching frequencies described in the previous work by Hsu et al. (2010), over 

80% of their original area was diminished significantly within an hour of applied 

cyclic equibiaxial stretch at 1Hz in 10% magnitude. Greiner et al. (2013), also 

identified a similar trend of cell spreading rate and area that stretched cells had 

a significant lower in the kinetic of spreading and maximum cell area at the 

uniaxial cyclic tensile strain at 8% with the frequencies of 1Hz and 3Hz. However, 

cells exposed to low stretching frequencies of 0.1Hz and 0.5Hz in the same study, 

there were not significant reduce in the cell area between stretched state and 

control group.    
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Based on the alignment of the cell cytoskeleton as a structural adaptation to 

mechanical loading, this alignment has characteristically been attributed to the 

stress fiber reorganisation of the adherent cells to resist deformation forces 

(Zielinski et al., 2018). Das and co-workers (2022), created a system that 

mechanically coupled the cytoskeletal stress fiber to the direction of cell 

alignment with cell morphologies in response to applied cyclical stretching. Cells 

tend to reorient perpendicular to the direction of applied strain, the researchers 

suggested that the phenomenon of cell and cytoskeleton alignment, is a 

consequence of the cell reducing its free energy in order to cyclic strain 

avoidance. The model proposed by Kaunas et al. (2010), the disassembly of actin 

stress fibers upon mechanical stretching trigger a stabilisation and formation of 

cellular structural orientation. Based on the results carried out in this chapter 

regarding to orientation response. It was noted that some patterned orientation 

of cells in static condition aligned close to the direction of pre-stretching stage. 

After 24 hours of applied unidirectional stretch, cells tend to orient away from 

the longitudinal stretch with an average of cell alignment equally at every angle 

of orientation. In comparison to, Steward et al. (2010) explained the orientational 

behaviour of cells and their actin cytoskeleton were polarised after 3 hours of high 

strain in 20% magnitude. The cell alignment was observed that an increasingly in 

population reoriented to the direction of stretch axis over period of applied force 

with 85% of cell alignment upon 24 hours of stimulation. In the following part of 

cyclic stretching system (5% at 0.05Hz), orientation behaviour of cells revealed 

that almost half of actin aligned parallel to stretch direction. As described in the 

work by Jungbauer et al. (2018), an upward of the speed and frequency upon 

periodic stretching guide the maximum value of cell orientation in the model using 

variation of level of stretching toward rat embryonic fibroblasts. At higher 

amplitudes and frequencies, many studies suggested cells polarised perpendicular 

with respect to stretch axis (Costa et al., 2002; Kaunas et al., 2006; Nadruz et al., 

2005). For instance, the dynamic of cell reorientation perpendicularly in response 

to the cyclically stretched substrates from 10-15% with relative ranging 

frequencies at 0.5-2Hz (Chen et al., 2017; Qian et al., 2013; Shao et al, 2015). In 

contrast to cell alignment when subjected to low frequency, a case reported by 

Hsu et al. (2010), there were no significant difference in stretched state at 0.01-
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0.1Hz. It is highly possible that this response occurs as a relaxation when the cells 

was exposed to decreasing the strain rate below the activated stage.  

 

The substrate-stretch combined micro-patterned surface was widely motivated in 

this research area (See examples; Lim and Donahue, 2007; Andalib et al, 2016). 

Stretchable topographic guidance could be more affected to activate cell signaling 

and alignment. As part of this work, it was intended that stimulated cell is more 

pronounced when the fibroblasts confine with the grooves perpendicular to 

stretch applied. A similar trend to be address by Houtchens et al. (2008), vascular 

smooth muscle cells exhibited increased cell alignment on grooved surface that 

influence the direction of cell spreading perpendicular to stretch axis. Due to 

limited orientation response of cell on patterned lines parallel to mechanical load, 

the microgroove data from experiments in fibroblast did not alter their alignment 

in response to stretching (Wang and Grood, 2000; Wang et al., 2004; Loesberg et 

al., 2005). All of these supportive data of cell alignment reflect the interaction 

and balancing of the contractile force dipole generated by the actin, focal 

adhesion and respond to their surrounding environment including external 

mechanical loading (Kito et al., 2000; Kumar et al., 2006).   

 

3.5 Conclusion 

Two generations of novel custom-built stretchers had successfully developed 

which allow multiple analyses, force measurement capacity, and fully adjustable 

monitoring uniaxial direction of stretch (e.g. unidirectional and cyclic stretch). 

The advantage of a second-generation stretcher containing a stretchable cultured 

area which compatible to combine surface modification techniques, the stretching 

system was incorporated into topographic pattern on substrates that carried both 

passive and active stretch at the same time to cells for a robust outcome. These 

contributed to a precise study of the mechanical mechanisms for stimulating 

mechanosensitive elements including dynamics in actin polymerisation, nuclear 

accumulation of MRTF-A (a crucial regulator of activated mechanosensitive gene 

circuits for cell movement and maintained cell/tissue homeostasis). The 

morphometric parameters of cell shape and size were also analysed to fulfill the 

geometric features and re-orientation to access cellular spreading and adhesion 

in response to applied stretch. 
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CHAPTER 4 EMD GENE ENGINEERING USING THE CRISPR/Cas9 SYSTEM 

 

4.1 Introduction 

Cells use mechanotransduction mechanisms to convert mechanical forces into 

biochemical and molecular events and impact on cellular and nuclear functions 

(Wang and Li, 2010). In vitro model systems contain a powerful ability to control 

experimental conditions of mechanical properties of the cell and its 

microenvironment (Kim et al., 2002; Li et al., 2004). The concept of this project 

is that monitoring the cellular environment under high and low mechanical forces 

can alter the mechanobiological responses of the cells affecting functions. The 

systems include increased mechanical force via applied stretch (chapter 3) and 

decreased force via withdrawal of a protein at the nuclear membrane that may 

be involved in nuclear mechanical properties (chapter 4). Emerin, an integral 

membrane protein was selected as a candidate in this chapter to generate cells-

lacking emerin via CRISPR/Cas9 platform which is linked to actin capping protein 

and chromatin remodelling. Therefore, the functional consequences of lowering 

mechanical forces in emerin-null cells were analysed both downstream and 

upstream effectors of alterations in intracellular pathway and gene expression 

patterns in chapter 5.  

 

The aim of the generation of cell-lacking emerin in this chapter is to investigate 

how networks of mechanical switches under low mechanical force 

microenvironment, contributed to cell behaviours. A key aspect of this study 

focuses on the mechanoregulation of the nucleus that considers cell mechanics as 

a single mechanical unit via physical connections from cytoskeletal filaments and 

nuclear lamin to chromatin. Graphic representation of mechanoregulation studies 

in molecular adaptive responses of cell mechanics including (1) the balance of G-

actin and F-actin formation, (2) the control of the nuclear entry of transcription 

factor MRTF-A, (3) the effect of mechanical properties in chromatin remodelling, 

(4) transcription factor activities (in Figure 4-1), and comparison of cell mechanic 

between microenvironments subjected to high and low mechanical forces.   
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Figure 4-1. The contribution of altering the mechanical properties to 
functional adaptive responses of the nuclear deformations. A relationship 
between changes in mechanical force and nuclear reorganisation can affect a 
series of molecular events regulating components of the nuclear structure. (1) 
Mechanically induced actin polymerisation: high mechanical force increases the 
activity of F-actin formation and low mechanical force promotes monomeric actin. 
(2) Force regulated localisation and activity of mechanosensitive transcriptional 
activators, such as MRTF-A. An increased force susceptibility to trigger nuclear 
import of MRTF-A while export of MRTF-A can occur under condition of reduced 
force. (3) Nuclear force linked deformation may reposition or locally modify 
chromatin decondensation and confer their associated transcriptional activities. 
Chromatin accessibility under high mechanical force may cause the fold of 
chromatin complexes while under condition with low force could unfold chromatin 
domains. (4) Dynamic networks of regulatory transcription factor subjected to 
microenvironmental cues. Transcription factor that may activate in response to 
mechanical stimuli and activation of other transcription factors for compensation 
under low mechanical force (Adapted from Simon and Wilson, 2011; Kirby and 
Lammerding, 2018; Kalukula et al., 2022).    
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To investigate genotype-phenotype relationships, genetic manipulations with 

precise and robust outcomes are essential tools. They help to identify gene 

function. Particularly using gene deletion can unlock not only an individual role 

for a gene, but also help characterise multiple gene interactions (Jakutis and 

Stainier, 2021). In this chapter, the bacterial immune system-derived CRISPR/Cas9 

system was used for genetic manipulation in a sequence-specific manner. The type 

II CRISPR/Cas9 pathway can be repurposed as a customised RNA guided DNA 

binding platform in order to suppress the transcription of almost any gene of 

interested (Qi et al., 2013). To reprogram the strength of nuclear envelope in a 

cell line I aimed at modifying a conserved protein, emerin, encoded by the EMD 

gene, and generated the knockdown and knockout models.   

 

The CRISPR/Cas9 system has transformed the selective modification of targeted 

DNA sequences by utilising a programmable single-guided RNA (sgRNA) to locate 

and bind to specific regions directly adjacent to the protospacer adjacent motif 

(PAM) of strand DNA backbone (Jiang and Doudna, 2015; Nishimasu et al., 2014). 

Structurally sgRNA-DNA duplex is then recognized by Cas9, where Cas9 nuclease 

induces double-stranded breaks (DSBs) primarily determines the mode of gene 

editing via either gene deletion, knockout, correction or insertion, followed by 

mechanistically conserved cell intrinsic DNA repair processes (Foley et al., 2022). 

 

Two genetic repression approaches via CRISPR-Cas9 toolbox have been applied 

directly to the specific sequence of the target locus (see overview Figure 4-2). An 

inducible CRISPR interference (CRISPRi) offering a transient knockdown of gene 

expression without changing in the target sequence (Larson et al., 2013). While, 

CRISPR-based knockout systems are the state-of-the-art tools to abrogate the gene 

expression by generating loss of function mutations through the creation of 

insertions or deletions (INDELs) that ideally permanently silence the target gene 

(Vitor et al., 2020). The transfection with a proper CRISPR-Cas9 delivers site-

specific changes. Multiple selection steps (i.e. a drug-selectable marker, 

monoclonal selection and Sanger sequencing) then allowed their expression to be 

confirmed and validated transfection efficiency. 
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Beyond translating CRISPRi to repress transcription into mammalian cells, the 

sgRNA-guided localization of catalytically inactivated Cas9 (dead Cas9, dCas9) to 

inhibit endogenous gene promoters near transcription start site (TSS) (Mitsunobu 

et al., 2017; Schuster et al., 2019). The promoter blockage can further improved 

by fusion of dCas9 to various repressor domains such as Krüppel-associated box 

(KRAB) (Wang et al., 2016). This transfection complex was delivered into the 

common sustainable gene transfer site in human non-pathogenic adeno-associated 

virus integration site 1 (AAVS1), referred as “the genomic safe habours” for 

integration that ensured the function predictably and improved the safety of 

modification applications (Hayashi et al., 2020; Papapetrou and Schambach, 2016; 

Samulski et al., 1991). 

 

Figure 4-2. Two-way CRISPR/Cas9 model used for gene disruption of EMD 
expression. CRISPR interference (CRISPRi)-mediated sequence specific cleavage 
at the AAVS1 locus, dCas9-KRAB repressor domain which will act as a roadblock 
the elongating RNA polymerase to targeted EMD gene. CRISPR knockout (CRISPRko) 
targeting the gene of interest directly at the transcribed EMD sequence. The Cas9-
sgRNA complex recognises target DNA via Cas9 nuclease activity to generate 
double-stranded break (DSB) adjacent to the PAM recognition site. Next, repair 
mechanism with creation of insertions or deletions (INDELs), often lead to 
frameshift mutation and abort EMD transcription. Thereby, inactivating protein 
coding of the target gene product.   
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As using CRISPR knockout strategy outperforms CRISPRi, the former have become 

to be a mainstream focus in specific sequence alterations which can reverse the 

function of its gene transcripts and pathways (Sander and Joung, 2014). 

Generating knockout model by introducing a donor template sequence used 

sgRNA-targeting directly at the first exon of EMD, this allows the correction of 

defective endogenous genes to remove or insert an exogenous strand of DNA. The 

full CRISPR-mediated functional knockout (KO) genes in their open reading frames 

(Yang et al., 2016; Cullot et al., 2019), are only ensured a depletion of expression, 

occurred upon disruptive mutations of both alleles of the gene (Evers et al., 2016). 

 

The CRISPR-based disruption of gene expression strategy described in this chapter, 

provides the explanation of how this RNA-guided system works and how it has been 

applied to disable the expression of emerin, or more precise disrupt the EMD locus. 

The model of cells defect in EMD/emerin expression in human dermal fibroblasts 

and epithelial-like cells have been proposed, and also described is how the system 

can be repurposed to study other gene functions.  

 

4.2 Materials and Methods 

 

4.2.1   Materials 

List of Reagents 

sgRNA construction and delivery 
Oligonucleotides …………………………………………………………………………… Sigma-Aldrich 
T4 DNA ligase ………………………………………………………………………………………… Promega 
T4 DNA ligase buffer……………………………………………………………………………… Promega 
T4 phosphonucleotide kinase …………………………………………………………………… Biolabs 
T4 phosphonucleotide kinase buffer ………………………………………………………… Biolabs 
 
Bacterial culture reagents 
LB broth or agar …………………………………………………………………. Agilent Technologies 
Plasmid Midi Kit ………………………………………………………………………………………… Qiagen 
StrataClone Competent cells ……………………………………………… Agilent Technologies 
SOC medium ………………………………………………………………………. Agilent Technologies 
 
Gel electrophoresis 
0.08% SDS/Gel Loading Dye ………………………………………………… New England Biolabs 
1 kb DNA ladder …………………………………………………………………….……………. Invitrogen 
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4.2.1   Materials (Continue) 

List of Reagents 

Gel electrophoresis 
UltraPureTM Agarose ……………………………………………………………………………. Invitrogen 
 
Restriction enzyme digestion 
Buffer E …………………………………………………………………………………………………. Promega 
HINDIII ………………………………………………………………………………… New England Biolabs 
NEBuffer 4TM ………………………………………………………………………… New England Biolabs 
SspI-HFÒ ……………………………………………………………………………… New England Biolabs 
 
Cell transfection 
EnGenÒ Spy Cas9 NLS  ………………………………………………………… New England Biolabs 
MessengerMAXTM ReagentTM transfection reagent ………… Thermo Fisher Scientific 

 

4.2.2   sgRNA construction and delivery 

To identify potential single-guide RNA (sgRNA) to each region of interested, 

primers were designed using Chopchop tool. The sgRNA sequences were guided by 

4 nt window to U6 promoters for the EMD-gene of interested and CMV promoters 

for the AAVS1 – genomic safe habours, followed by spacer (20-24-bp target). 

Forward and reverse primers used to amplify designed gene-edited sequence are 

shown in Table 4-1 (Synthesized oligos from Sigma-Aldrich). 

 

Table 4-1. Primers for cloning reaction are listed 

Oligo 
Name 

Length MW Tm° GC 
(%) 

Sequence (5’-3’) 

EMD sgi 1F 24 7237 80.6 62.5 CACCGCCCAAACGTCATCAACGCG 
EMD sgi 1R 24 7409 76.5 54.1 AAACCGCGTTGATGACGTTTGGGC 
EMD sgi 2F 24 7376 76.7 58.3 CACCGTTGATGACGTTTGGGCTCG 
EMD sgi 2R 24 7269 72.4 50.0 AAACCGAGCCCAAACGTCATCAAC 
AAVS1 cut 
2F 

27 8107 74.5 59.2 CTTACCAATCCTGTCCCTAGTGGC
CCC 

AAVS1 cut 
2R 

27 8431 83.3 70.3 CGCGGGGGCCACTAGGGACAGGA
TTGG 

 

To perform phosphorylation modifications of synthesized oligos at the 5’end, the 

sgRNAs were phosphorylated using T4 phosphonucleotide kinase and buffer (1hour 

incubation at 37°C), annealed in a thermocycler for 15 mins at 65°C, and ligated 
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into pTetCRiRosa1 plasmid. For DNA construction, the pTetCRiRosa1 vector was 

generated to knockdown the expression of EMD via transcriptional suppressor at 

the KRAB domain. A schematic representation of restriction map of pTetCriRosa1 

plasmid (See Appendix Figure A-1). The pTetCriRosa1 vector backbone was 

digested with BsmBI and ligated together with the phosphorylated and annealed 

oligo duplex (1:50 dilution) using T4 DNA ligase and buffer. The reaction was 

incubated at room temperature overnight. Assembled plasmids containing the co-

delivering of EMD and AAVS-1 inserts, were then transformed into E.coli 

competent cells and plated on Amplicilin selection plates with 2% X-gal on each 

plate. 

 

4.2.3 Bacterial culture 

Competent cells were purchased from Agilent Technologies (StrataClone 

Competent Cells, #200185). For PCR cloning, 2 µl of the ligation reaction was 

added to the competent cells and incubated at 4°C for 20 minutes. Upon Heat-

shock transformation, the mixture of cells and plasmids were heat-pulsed by 

placing in it a water bath at the 42°C for 45 seconds. The cells were then cultured 

in SOC medium and incubated at 37°C for 1 hour, followed by Blue/White 

screening antibiotic resistance using Amplicilin for selection. The plasmid midi-

preps was performed using Plasmid Midi Kit (Qiagen, Germany) and further 

quantified the DNA concentration by Spectrophotometer (Nanodrop, Thermo 

fisher scientific, USA). The plasmids were then analysed by Sanger sequencing to 

confirm proper sgRNA assembly. 

 

4.2.4 The polymerase chain reaction (PCR) amplification of vector insert 

Primer pair AAVS1 cut 2F and EMD sgi 1R/2R was used to amplify EMD insert 

carrying AAVS1 from pTetCRiRosa1 plasmid (~2,000 bp). For qPCR colony 

screening, the reaction containing 200nM of primers, 1x master mix (DNA 

polymerase, dNTPs and MgCl2) and colonies on the Amplicilin-resistant plates with 

the following protocol: 99°C for 15 minutes, 99°C for 15 seconds, 55°C for 15 

seconds, 34 cycles and a final 30 seconds extension at 72°C. To analyse the 

products of conventional PCR, gel electrophoresis was used as a read out of DNA 

fragments using 1% agarose/0.5X TBE buffer. Gels were run in a horizontal 
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electrophoresis at 150V for 30 minutes at room temperature using Bio-RAD. Each 

gel was stained for 20-30 minutes in 0.01% ethidium bromide/0.5x TBE buffer and 

further imaged using Fuji-film.  

 

4.2.5 High-fidelity Cas9 provides high specificity in the targeting AAVS1   

          construct  

To verify the efficiency and specificity of Cas9 that generates the double stranded 

break in the DNA at the seed region adjacent to PAM sequence in the AAVS1 locus. 

Plasmids were double digested with HindIII, cleave the DNA into 2 fragments 

comparing between fragment containing PAM specific sequence and another 

fragment used as a reference. In brief, 2µg of plasmid DNA were digested with 

HINDIII/buffer E for an hour at 37°C. Then, the mixtures were cleaned up using 

PureLinkÒ PCR purification Kit (Thermo fisher scientific, USA). To verify the high 

specificity of a single cut size of the target and vector by Cas9, in vitro digestion 

between the pre-digest products with HINDIII and 100-300 nM of EnGenÒ Spy Cas9 

NLS were incubated at 37°C, overnight. Finally, the reactions were heat 

inactivated the Cas9 in 0.08% SDS/Gel Loading Dye at 65°C for 5 mins before 

running a gel electrophoresis. 

 

4.2.6 Lipofection of Cas9 mRNA-sgRNA complexes 

Two transfection approaches used to generate knockdown and knockout cells at 

the EMD target sequence in BJ1-hTERT and HEK293 cells. Liposome-based 

transfection using Lipofectamine MessengerMAXTM ReagentTM transfection reagent 

in a combination with Cas9 mRNA, programmable sgRNA and Puromycin selectable 

region. An outline and time course of transfection complex components for the 

sgRNA-Cas9 deliveries, conserved region od designed drug selectable marker and 

screening for targeted gene disruption is summarised as shown in Figure 4-3. 
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Figure 4-3. The workflow of transfection strategies used to generate the 
model of EMD gene disruption in human cell lines. CRISPRi components (AAVS1 
sgRNA, Cas9 mRNA & plasmid) are co-delivered via LFN messengerMAX into 70% 
pre-seeded cells, followed by Puromycin selection at 20 hrs post-transfection 
and then allowed the clonal formation in 2-3 weeks. Finally, isolated clones were 
validated by PCR amplification and DNA sequencing (left panel). For CRISPRko, 
direct target transfection via sgRNA-guided EMD sequence and selected cells 
resistance to Puromycin condition (confers to pac), followed by trypsinised 
cycles, cultured in normal media for screening and validation steps (right panel).   
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4.2.6.1    CRISPRi-based plasmid DNA transfection & integration into AAVS1 site 

Cells were transfected with mRNA-lipid complex in the proportion as follows:  

The lipofectamine (LFN) MessengerMAX was diluted in Opti-MEM medium at 3:50 

volume ratio and incubated for 10 mins at RT. The combined plasmid DNA and 

Cas9 mRNA were substantially mixed with AAVS1 sgRNA or without sgRNA as a 

control. An approximately 1 µg of DNA-RNA complex (720 ng of Cas9 mRNA, 100 

ng of pTetCri_AAVS1 vector and 1pM of AAVS1 sgRNA) was also carried in 50 µl of 

Opti-MEM medium, incubated and further added to the premixed LFN Messenger 

MAX followed by 5 min-incubations. Finally, cells at 70% confluency in 12-well cell 

culture plate were transfected with the mRNA-lipid complex for 20 hours before 

changing into selection media at 3 µg/ml of Puromycin/DMEM. The transfected 

cells were refreshed the media every 2-3 days until performing the single colony 

before isolation using Pyrex ring-vacuum system.   

 

4.2.6.2    CRISPR-mediated gene knockout approach 

The Cas9 mRNA was performed by A. Hamilton and kindly gifted for transfection. 

In brief, plasmid-coding Cas9 template was in vitro transcribed in a reaction 

containing T7 polymerase, dNTPs (ATP, CTP, UTP and GTP) followed by harvesting 

and column purification of the RNA yields using PurelinkÒ PCR purification Kit 

(Thermo fisher scientific, USA).   

 

For transfection, the cells were seeded at 5x104 cells/well for BJ1 and 2x105 

cells/well for HEK293 in 24-well cell culture plate, incubated at 37°C with 5% CO2 

for 18-24 hours before transfection. The mRNA-lipid mixture according to cell 

transfection was performed and incubated at 25 °C in each step of premixed 

reaction mixes as follows: 3 µl of LFN MessengerMAX and nucleic complexes (720 

ng of Cas9 mRNA, 0.75 pM of EMD sgRNA and 180 ng of pac) were prepared in a 

separated tube and diluted in 50 µl of Opti-MEM medium, mix well by vortex and 

incubated for 10 minutes. Next, the complex mixture of nucleic acid/Opti-MEM 

were added to diluted LFN MessengerMAX and incubated for 5 minutes before 

dividing and adding into 2 well of cells. The media was changed into 

selection/normal media after 3 hours post-transfection. The cells were cultured 

in 5µg/ml of puromycin/DMEM media for 1 hour, trypsinised and neutralised with 

puromycin/DMEM overnight. Then, cells were trypsinised for 2-4 rounds every 2.5 
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hours before changing into normal cultured media until they reached 70-80% 

confluency in 6-well cell culture plate before validation at the sgRNA-targeted 

site using DNA sequencing. In order to screening of monoclonal selection for an 

individual knockout clone, cells were seeded at 0.5 cell/well in 96-well cell 

culture plate. 

 

4.2.7 PCR reaction and Sanger validation 

To targeting coding region, libraries/profiles in the genomic DNA which 

amplification of PCR products using designed primer pairs directing at least 150 

bp away from the sgRNA cut site. In addition, the transfected cells using 

pTetCRi_AAVS1 was also performed the junction PCR between AAVS1 integration 

site and 20 nt of either 5’ or 3’end of the transfection vector. Table 4-2 showed 

the properties and sequences of primers used to verify the efficiency of 

transfection at the cut site. The PCR products were then run in 1% agarose/0.5x 

TBE at 150V and purified using PureLinkTM Quick Gel Extraction Kit (Thermo fisher 

scientific, USA). The Sanger sequencing was synthesized by Eurofin, the resultant 

DNA sequence was verified by the Synthego ICE analysis tool.  
  

Table 4-2. Primers used to target the sgRNA cut sites. 
 

Oligo Name Length MW Tm° GC (%) Sequence (5’-3’) 

AAVS1 for 20 5964 64.4 55 AGTCTTCTTCCTCCAACCCG 
AAVS1 rev 20 6271 62.7 55 GGGAAGTGTAAGGAAGCTGC 
pTet for 20 6327 62.3 60 GAGGGTAGGAAGTGGTACGG 
pTet rev 20 6062 63.1 55 GATGTAACCCACTCGTGCAC 
EMD Ex1i for 20 6133 63.2 55 AGCCTACGAGTTGATCCTGG 
EMD Ex1e rev 16 4916 68.9 68.7 GGCCGTGACGCGACAA 

 

4.2.8 qRT-PCR assay of the Doxycycline-inducible transgene expression   

         system 

In order to evaluate the efficiency of knockdown expression of EMD in HEK293 

cells, an inducible Tet-Off system which allows the silencing of gene expression 

by pre-administration of Tetracycline-derivatives like Doxycycline (Dox) (Das et 

al., 2016) in the cells was used to access via qRT-PCR assay. The non-transfected 

and transfected cells were treated with 1 µg/ml of Dox/DMEM culture media for 

12, 24 and 48 hours (37°C, 5% CO2). Next, the cells RNA was extracted using Direct-
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zolTM RNA Mini Prep Kit (Zymo Research, USA), followed by cDNA synthesis and 

qRT-PCR reactions as detailed in Section 2.2.6. Table 4-3 showed the primers used 

in qRT-PCR reaction which were designed in the exon-exon boundaries for EMD 

and GAPDH as a housekeeping gene and optimised primer pairs from part of the 

plasmid for dCas9 and KRAB. 

 

Table 4-3.  Primers used in a transient gene knockdown and access level of    
expression via PCR assay.    

 
Oligo Name Length MW Tm° GC (%) Sequence (5’-3’) 

GAPDH for 20 6253 66.3 55 AGGCAGGGATGATGTTCTGG 
GAPDH rev 19 5718 63.5 57.8 GCACCACCAACTGCTTAGC 
dCas9 for 20 6209 65.9 55 CAGAAGGGAAACGAACTGGC 
dCas9 rev 20 6093 64.6 55 GCACCTTGTCCAGATTAGCG 
qEMD for 20 5979 62.8 50 TCCTTGCACTCCTCTTCAGA 
qEMD rev 21 6384 60.1 52.3 AGAGAGCTACTTCACCACCAG 
KRAB for 21 6390 58.1 47.6 GATGCTAAGTCACTAACTGCC 
KRAB rev 20 5875 61.8 55 CTCTTCTCCCTTCTCCAACC 

Abbreviations; Ex – Exon, for – forward, rev – reverse, q(qEMD) – Quantitative. 

 

4.2.9   The validation of protein repression using IF staining and westernblot  

           analysis 

In order to validate the knockout clones of EMD gene toward their expression in 

the protein level, the cells or proteins were harvested followed by immunospecific 

labelling using anti-EMD antibody at 1:50 for IF staining or 1:130 for WB assay. 

(See section 2.2.4 & 2.2.7 for detail). 

 

4.3 Results 

4.3.1 Validation of the multiple sgRNA cloning 

To clone multiple sgRNAs into a single expression vector for CRISPRi target site, 

the cloning vector was digested using type II restriction enzyme sites (BsmBI) for 

robust assembly of the EMD and the AAVS1-targeting sgRNAs. Figure 4-4 

represented the schematic diagram of cloning vector used pTetCRiRosa1 plasmid 

backbone and insertion of AAVS1 and EMD genes at the double divergent BsmBI 

cut sites. In multiple cloning sites, the vector was then assembled cassettes for 

oligonucleotides ligation of protospacer sequences using T4 DNA ligase. The 
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ligation reaction was transformed into competent E.coli cells and selected using 

Amplicilin selection marker.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to validate the vector insert and evaluate the transformation efficiencies 

of the recombinant plasmids, individual transformant colonies were analysed using 

qPCR. The desired size of the PCR product is approximately 2,077 bp. 

Interestingly, the results from qPCR detected the expected band at around 2,000 

bp as compared to DNA standard using 1kb DNA ladder. Next, the plasmid DNA was 

isolated from recombinant E. coli cultures and purified by using an alkaline lysate 

procedure, followed by binding of plasmid DNA to an anion-exchange resin 

column. Finally, the resultant plasmids were washed ou and then validated to 

confirm the desired sequences by Sanger sequencing (Figure 4-5). 

Figure 4-4. Schematic diagram for cloning of the guide sequence oligos into a 
plasmid.  The cloning vector containing the Krüppel-associated box (KRAB-
containing zinc-finger repressor proteins), two sgRNAs (light green and purple 
boxes)-encoding DNA was appended onto the either U6 or CMV primers and an 
extended DNA oligos containing 20-24-bp targets preceding 5’-NGG PAM in 
genomic DNA. The restriction site BsmBI TypeII restriction sites (DNA clevage site 
as outlined in light blue) is inserted to the sgRNAs expression cassette to facilitate 
cloning of annealed oligos. The sgRNAs expression plasmid composes of a U6 
promoter with an annotated amplicilin-selectable marker (Ampr) and contains a 
puromycin-resistance (Puror) gene controlled by the CMV promoter. 
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4.3.2 Site-directed determinant of Cas9 specificity  

To verify the target specificity that incorporate to Cas9 nuclease activity, the 

enzymatic digestion and gel assay were monitored as follows: the on-target DNA 

cleaving Cas9 enzyme, an all-in-one vector was double-digested with HindIII and 

EnGenÒ Spy Cas9 NLS followed by observing the DNA fragment products using 

Agarose electrophoresis. The assemble plasmid vector was pre-digested with 

HindIII, this resulted in 2 fragments; a unique segment carrying a protospacer 

adjacent motif (PAM) region and the other DNA segment used as a reference. The 

Figure 4-5. PCR and Sanger sequence analysis of the plasmid that contains 
the gene of interest. A) The qPCR amplification of inserted DNA fragment. The 
plasmid DNA was then separated using agarose gel electrophoresis together with 
ethidium bromide staining. Black arrow indicates expected fragment sizes for 
each insert. B) Photograph of a supercoiled DNA showed correct size vector 
assembly. Two new vector inserts were joined with the cloning vector. C) Primer 
sequences of sgRNAs cloning site, the complete nucleotide sequence EMD1/2-
sgRNAs matches to the original design of primers (left panel), the 
chromatograms of AAVS1-sgRNAs used to co-delivery with EMD1/2 (top right – 
EMD1, bottom right – EMD2). The sequences were shown as an anti-sense strand 
that perfectly matched to the primer design. For gel electrophoresis images; 
ladder, 1 kb DNA ladder was used as a standard marker; +, Positive transformed 
colonies; -, Negative control; L, Ligation reaction of EMD1/2.   
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cleavage map and electrophoresis showed in Figure 4-6, validated that the Cas9 

can selectively determine the appropriate target recognition site and cleaved 

specific. Thereby, it should be sufficient for transfection.   

 

4.3.3 Direct target integration into the AAVS1 site 

The plasmid used for transfection encoded a sgRNA targeting the endogenous 

AAVS1 locus and dCas9 worked in concert with a synthetic AAVS1-sgRNAs and Cas9 

mRNA, the PCR amplification target was designed to characterise the insertions 

Figure 4-6. Cas9-catalysed cleavage of target DNA at the recognition PAM site. 
A) an overview of double-digested plasmid with HindIII and Cas9 enzymes, 
generated the three linearised plasmid fragments. B) Comparison between uncut 
plasmid and ribonucleoprotein (RNPs) complex, the precise cut sites appeared as 
a distinct band on an agarose gel. C) The resulting digested DNA by HindIII, 
separated into two pieces. D) the RNPs complex formation when it was fused to 
100-300nM of Cas9, produced an expected fragment visible as a band at ~340bp. 
E) Assessment of Cas9-RNPs decomposition, Cas9 specifically break the DNA 
target at the PAM site containing in the top band without interfering the band 
below that can be used as reference band. F) A linearized plasmid product of the 
circular plasmid using SspI. The DNA Marker (M) on the left panel and the 
following lanes: U, Uncut; R, Ribonucleoprotein (RNPs); C, Cut; P, Purified DNA. 
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or deletions (INDELs) polymorphism that can occur after transfection, followed by 

puromycin selection and single clone isolation (Figure 4-7).  

 

In order to verify targeted insertion into the defined loci, the PCR primers were 

designed (at least 150bp) upstream and downstream region from transfected 

boundaries by AAVS1-sgRNA targeting. The sequencing and interference of CRISPR 

edits (ICE) detection validated target insertion resulting in the percentage of 

%INDELs at a frequency of 11% without drug selection from transfected HEK293 

cells. For normalisation of precise targeted insertion, the transfection control 

delivery without sgRNA exhibited some random cut of DNA with 19% of INDELs 

Figure 4-7. Transient transfection, selection and expansion of clonal post-
transfection. A) Targeted transgene CRISPR/Cas9 expression into the human 
AAVS1 safe habour locus, PCR amplicon of interest was designed to evaluate the 
transfection efficiency B) Tracking the transfection into the designed transgene 
integration site, the foreign plasmid DNA was delivered with Lipofectamine 
MessengerMAX reagent in the present/absent of sgRNA targeting AAVS1. C) The 
PCR product at post-transfection in HEK293 cells, appears as a two-core bands 
in the condition of delivery with AAVS1 sgRNA and a band in transfection control 
without AAVS1 sgRNA. D) Isolation and expansion of single clone, the transfected 
cells were screened in Puromycin selection media after 20 hours of transfection. 
Twelve-clones were observed and isolated using PyrexÒ cloning cylinder. 
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score at a low R2=0.23 (See appendix Figure A-2). Next, the first wave of the 

screens was performed on transfected cells in culture with 3 µg/ml of Puromycin 

supplementary media, followed by clonal isolation and expansion. Then, the 

region targeted by AAVS1-sgRNA, was further validated and confirmed the 

integration by the junction PCR between the insert sequence and donor plasmid. 

Figure 4-8 displayed the schematic illustration of the core of transfection at the 

target site and designed PCR primer position, PCR junction products and sequence 

alignment. The results from junction PCR showed that 7 out of 12 clones from 

isolation were screened for junction PCR, 5 out of 7 (71.4%) tested clones were 

5’/3’ junction PCR positive bands. In clone 9, 10 and 12 (subjected to 42.9%) which 

displayed the junction PCR positive clones in both 5’/3’ genome-donor 

boundaries, were then selected to validate the sequence (Fig 4-7D).   

 

The hard-to-transfection BJ1-hTERT cells were subjected to lethal Puromycin 

selection media (nBio=2). The cells were also transfected with equal amounts of 

an eGFP—expressing plasmid, here I observed less than 1% eGFP positive cells at 

post-transfection.  

 

4.3.4 CRISPRi-mediated targeted silencing of EMD gene 

To generate the dox-inducible dCas9-KRAB-EMD expression in HEK293 cells, the 

clonal population was treated with 1 µg/ml of Dox which was added to the 

cultured media. The qRT-PCR analysis identified clones (Figure 4-9A) that highly 

expressed dCas9 in clone 10 and clone 12, but no observed enrichment expression 

of dCas9 in clone 9. Following the dCas9 overexpression, ~87-fold to 88-fold 

upregulation occurs after 12 and 24 hours of Dox treatment in clone 10. In clone 

12, exceed 200-fold activated expression of dCas9 was measured between 12-24 

hours post-treatment of Dox. However, the EMD expression was reduced slightly 

in all tested clones at approximately 0.4-0.8-fold downregulation in dox-inducible 

cassette expression. To ensure reproducibility of the results and limit false 

positives, the clone 12 that exhibited the highest expression of dCas9 was selected 

and performed two-independent biological replicates and prolonged treatment of 

the screen by added Dox to the knockdown-derived clone 12 for 72 hours.  
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Figure 4-8. Targeting sgRNA-Cas9 intracellular elements and delivery for gene 
knockdown into the transgene insertion AAVS1 site. A) Illustration of the sgRNA 
target genome and cleavage site. B) Agarose gel of 5’/3’ junction PCR on clonal 
isolation at post-transfection. C) 5’/3’ Junction PCR in control of transfection 
without sgRNA. (5’/3’ indicates direction of transcription, - referred to AAVS1 
genome reference) D) Sequence alignment confirmed insertion, validated from 
Sanger sequencing and Junction PCR blast alignment to the ideal cut.   
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In replicates, expression levels of dCas9 were overexpressed while the EMD 

expression remained at a similar level compared to untreated control (Figure 4-

9B-C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.5 CRISPR-based gene knockout influences permanently silencing the EMD 

Purposeful disruption of the EMD gene at the first exon via CRISPR knockout 

(CRISPRko) could introduce loss-of-function mutations, given that INDELs to alter 

a coding frame or even generation of a premature stop codon. The transfection 

performed in human BJ1 or HEK293 cell lines, the sgRNA targeting EMD locus was 

selected and designed for functional knockout of EMD. Besides wt-CRISPR-Cas9 

expression, the application uses mRNA-encoding Cas9, sgRNA targeting EMD with 

20nt complementary base pairing and Pac (confer to puromycin selection) 

deliveries into cells and PCR primer designs for on-target validation in Figure 4-

10. 

Figure 4-9. Transient effects of AAVS1-mediated dCas9/KRAB gene silencing 
under regulation of tetracycline (Tet)-inducible systems. A) RT-qPCR 
expression of dCas9 and targeted EMD in transfected HEK293 cells, represented 
as a 10-fold (log10) changes between Dox (1 µg/ml) treatment and untreated 
control. B) Log10 fold change between dCas9 and EMD in clone 12 at a prolonged 
time course of Dox treatment to 72 hours. C) A relative fold changes in log10 of 
EMD expression in non-transfected cells during 0-24 hours of Dox-inducible 
manner. Error bars represent standard deviation of the mean of the reaction 
replicates. 
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To further consolidate the CRISPRko library screening in BJ1 cells, the resultant 

of PCR amplification from genomic DNA at post-transfection followed by Sanger 

sequencing. The DNA sequences can be used to infer directly to the targeted 

genome loci that are being disrupted by the Cas9-sgRNA heteroduplex, the 

sequencing analysis revealed that in approximately 5% of transfected cells INDELs 

were introduced to the define cleavage site. While, 93% of transfections retained 

the original DNA sequence when they were cultured in normal media. The 

transfected cells were further selected in 5 µg/ml of Puromycin, the %INDELs of 

transfected population subsequently increased to 53±1% (nBio=2) after trypnising 

twice. Most impressively, the enrichment of selection by addition of the 

trypsinisation steps showed reasonably higher %INDELs at up to 65% after 4 rounds 

of passage in selection media. Figure 4-11 displays an assessment of CRISPRko in 

targeted location of endogenous EMD silencing, transfection efficiency and the 

results of Sanger sequencing.  

Figure 4-10. Targeted edition carrying gene knockout directly at the first exon 
of EMD locus. A) Designed sgRNA targeting EMD (labelled EMD_sgRNA), predicted 
localisation and PCR primer used to identifies DNA cut sites B) Agarose gel of wild-
type (non-transfected), transfected cells before and after Puromycin selection.  
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Figure 4-11. EMD gene harbouring a mutant knockout on-target editing in 
transfected BJ1-hTERT cells. A) The effect of CRISPR-introducing INDELs and 
divergent distribution of the sequence at editing EMD location between normal 
and Puromycin selection media. In selectable condition, 54% (left) and 65% (right) 
of INDELs occurs after 2 rounds and 4rounds of trypsinisation prior to culture the 
cells with normal media. B) Genomic sequences of CRISPRko-edited EMD site, 
colour labelling indicates the predicted PAM and 20-nt of sgRNA used in 
transfection. C) Chromatogram of DNA sequence alteration in mixture at post-
transfection comparing between control (normal media) and transfection 
(obtained in selection media), colour box indicated where sgRNA is defined to 
target region. The Sanger sequencing results input was analysed by ICE detection, 
only first available of transfection in selection media (x2times), was shown and 
further processing the monoclonal selection (nBio=2).   
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Next, the assessment of CRISPR-induced mutation in HEK293 cell line was also 

examined at a similar location of the sgRNA-guided transfection (See Figure 4-12). 

Due to the innate characteristic of HEK293-easy to transfect classified cells, the 

successful transfected cells were appeared to 22% for facilitating sgRNA import 

and subsequent repairs, with a majority (14%) of a single base insertion (+1) at 

the targeted EMD site. Indeed, the cultured cells in supplemented-Puromycin 

growth media at 5 µg/ml, resulting INDELs at 81% after 2 cycles of trypsinisation.  

 

Figure 4-12. Characterisation of site-specific sequence diversity on-targeting 
EMD in HEK293cells at post-transfection via CRISPRko-Cas9 platform. A) 
Overview of INDELs observed with or without selection media. B) INDELs 
frequencies and sequences in normal cultured media and cell pools subjected to 
Puromycin-resistant cells. C) Mixed Sanger sequencing chromatogram exhibited a 
distinct sequence phenomenon after transfection. 
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In addition, the transfected HEK293 cell pools screening, observed that the more 

variants of genotypic alteration outcomes as a result from DNA repair.   

  

4.3.6 Evaluation of the CRISPRko approach across AAVS1-based sgRNA 

To validate an approach used to knockout functional expression that can flexible 

target almost any gene via reprogrammable sgRNA, a former sgRNA confers to part 

of intron1 of AAVS1 that used in complex with CRISPR knockdown in this chapter 

was repurposed to transfecting the BJ1 and HEK293 cells for comparison of the 

transfection efficiency and compatibility of the cells facilitate the other gene 

locus instead of targeted EMD region. A series of transfection set up by using Cas9-

mRNA, pac and 320ng of AAVS1 sgRNA, causing alteration of the percentage of 

INDELs in BJ1-hTERT cells around 3% without selection media and 42% subjected 

to 5 µg/ml of Puromycin/DMEM media, respectively (as shown in Figure 4-13A).  

 

Figure 4-13. Detection of INDELs generated by CRISPRko via AAVS1-mediated 
sgRNA sequence. A) DNA sequencing confirms the cleavage DNA, generates point 
mutations (1 to 5bp deletion) within the sequence of AAVS1-sgRNA (Blue) in BJ1 
cells. The contribution of transfected population was compared between 
transfection control and transfection with puromycin treatment. B) Alteration of 
AAVS1-sensitised cells to increased concentration of sgRNA delivery in BJ cell line 
(left) and HEK293 cells (right). 
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The enlarge scale in exploration of varying concentration of used sgRNA in BJ1 and 

the data for HEK293 cells is represented in Figure 4-13B, this indicates that the 

higher concentration of sgRNA used for transfection can improve the transfection 

efficiency.  

 

It was observed that over one-sixth of transfected cells increased when doubled 

the concentration of sgRNA used in transfection to 720ng. The transfection 

efficiency from two different sgRNAs toward HEK293 cells was found that it is 

variable, with reduced efficiency from 81% to 61% compared to transfection 

targeting at the EMD region when using AAVS1-sgRNA at a similar ratio of Cas9-

sgRNA complex for transfection. 

 

4.3.7 Anticipated depletion of EMD expression at the protein levels 

To examine the diversity of monoclonal selection, the transfected BJ1 cells with 

54% of INDELs during Puromycin treatment was expanded and isolated by seeding 

at an average of 0.5 cells/well using 96-well plates ensures that cells derived from 

a single cell in all detected wells. DNA sequencing identifies clonal structure of 

EMD disruption in BJ1 cells (as shown in Figure 4-14), suggesting genetic 

homogeneity under clonal selection. The percentages of mutation in the mutated 

EMD loci was found at 83.3% (calculated from 5 out of 6 obtained clones), yields 

4 clones with small INDELs (exert 1-4 base deletion or insertion) and an 

unexpected large (~100bp) deletion.  

 

A series of single cell isolation was also performed in modified HEK293 cells, 

resulting mainly ‘frame deletion’ and only a single pure knockout clone with 12bp 

deletion was observed (namely 1D1). For 10 out of 11 clones, the cell pooled in 

frame deletion full sequences referred to the supplementary Figure A-4. For an 

example of graphic sequencing distribution in the mutated clonal-derived from 

HEK293 cells without the mixture of wild-type sequence remaining as shown in 

Figure 4-15A. In order to obtain more insight in the level of clonal heterogeneity, 

together with enrichment of clonal selection, the resultant clones with high 

percentage of ±1base editing from candidate clone 2D2 (See Figure 4-15B) was 

doubled-screening by seeding at 0.2 cells/well and confirmed by DNA sequencing.  
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The second identification of subclonal sequencing data revealed that a major (88-

91%) of a single base insertion and minor (~7-10%) of point mutation with 4 base 

deletion, in all tested accordingly. For testing the inhibitory phenotypes, the clone 

1D1 and subclone H5S were cultural expanded and extracted of the whole proteins 

with sheering the nucleus for westernblot analysis. Next, to examine the 

hypothesis that the EMD knockout mutants generating frameshift or even null 

mutation can completely inactivating the gene product. The experimental analysis 

in the protein expression level in CRISPR-editing BJ1 and HEK293-derived clones 

were examined by westernblot assay, the immunoblot identified clones exhibited 

that harboured INDELs-introducing at the EMD exonic sequence, leading a full 

depletion of Emerin expression.  

 

 

 

Figure 4-14. Sequence-based gene editing analysis of single cell-derived 
knockout clones at the EMD transcripts in BJ1 cells. A) Contribution of the 
genomic sequence similarity of each individual clone. B) Sanger sequencing of the 
anti-sense DNA strand from monoclonal knockout cells targeting EMD coding 
sequence. The colour base represents the define match localisation targeting by 
20-nt sgRNA used in transfection with adjacent PAM – TGG (as indicated by an 
arrow). 
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Figure 4-15. Heterogeneity and frequency of genomic sequences in mutated 
HEK293 cells, obtained frame-deletion in coding region of EMD gene. A) 
Mutation generated by CRISPRko after clonal selection. The sequencing 
background in B) Selected clones and C) Sub-clonal populations for further 
confirming the phenotypic loss-of-function. The red arrow and box highlighted 
the PAM site with colour box of 20 nt-guided by sgRNA at transfection. 
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With these CRISPR/Cas9 knockout models, the further test clarified the underling 

mechanism by which Emerin/EMD gene loss could reactivates the MAPK/ERK 

signalling pathways. Preliminarily data based on immunodetection established 

that activation of ERK phosphorylation was observed in the screened, confirmed 

EMD BJ1 cell knockout clones. While, knockout of EMD in HEK293 clones showed 

there was no detectable bands of pERK production in either wild-type or EMD 

knockout cells. Figure 4-16 westernblot analysis showed that the confirmation of 

EMD knockout with no visible bands reacted with primary anti-EMD MANEM10 (1H9) 

antibody in all tested clones, by measured the reactive protein production of 

Emerin. Thus, in turn to stimulates of pERK expression in BJ1 cells.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-16. Disruption of EMD gene harbouring a frameshift-inducing deletion 
or insertion on target CRISPR knockout, effect on depletion of translated-
Emerin protein (encoded by EMD gene). A) Total protein visualisation by Ponceau 
staining prior to westernblot assay. B) Immunospecific-labelling detection of 
clonal (C3, F4, B2, G11 and B3)-derived from BJ1 and clonal (1D1 and H5S)-derived 
from HEK293 cells, compared to positive control under normal expression in wild-
type cells (WT). C) Westernblot analysis of pERK/ERK against knockout EMD cells 
D) The quantification of pERK/ERK ratio, a relative fold-change activation was 
represented and double normalisation with alpha-Tubulin and ponceau signals.         
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4.4 Discussion 

Due to the rapid development of natural CRISPR molecules and engineering of its 

associated Cas proteins, offering a powerful and versatile approach for genome 

regulation, including alter transcription, create precise mutations or modified 

change in the epigenetic level that enable writing site-selective on the genome. 

In this work, CRISPR/Cas nuclease function-based platform was utilised to perturb 

the targeted EMD expression in human BJ1-hTERT and HEK293 cell-lines.  

 

The proposed gene knockdown model using CRISPRi in HEK293 cells was successful, 

transfected into the AAVS1 locus, it generated INDELs at approximately 11% in 

cells pooled at 20 hours post-transfection with Cas9-sgRNA delivery system. The 

present targeting efficiency remained relative low, similar to other findings 

reported the transgene perception with transfection efficiency between 10% to 

30% (Chu et al., 2015; Xu et al., 2018). While, some research groups have shown 

increased efficiency with improved delivery in polypeptides or organoids from 

nearly 50% up to 70% (Wang et al., 2018; Sun et al., 2021). In this study, uses the 

most common available transgene integration site with AAVS1-based delivery of 

the Cas9 complex due to their mild immune response and its ability to target non-

dividing cells (Gaj et al., 2016). However, the gold standard ‘hot spots’ or genomic 

‘safe habours’ loci for human transgene editing is highly demand that should 

ideally allow high and stable transcription-linked to expression level of targeted 

gene without disrupting genes and essential regulatory elements.  

 

It is also ordinary to set up transfection without sgRNAs delivery for normalisation 

and validation of the target integration. The non-targeting sgRNAs, Cas9 mRNA 

and Cas9-based repressor (dCas9KRAB) were transfected to HEK293 cells, resulting 

in 19% INDELs with no statistically significance. Many studies have informed 

extensive genome-wide off-target which may occur in the dCas9-binding events 

(Duan et., 2014; Kuscu et al., 2014; Polstein et al., 2015). These studies have 

shown the bound Cas9-sgRNA complex confirmed by ChIP sequencing and other 

supported assays with binding from tens to thousands at off-target sites, although 

most of the analysed complexes bind to the off-target sites with leaky affinity (Wu 

et al., 2014). The case by O’Geen et al (2015) & Wu et al. (2014), suggested that 

off-target binding events were largely due to the limited chromatin accessibility 
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of targeted regions. Of note, only a small subset of these off-target binding is 

generated by Cas9 cleavage. In agreement with the result from systematic 

digestion, Cas9 nuclease activity created a selective and site-specific cleavage as 

shown in Figure 4-6. Future work should use additional assays to determine how 

local chromatin or epigenetic status can affect genome target binding and 

regulatory activities within the transcribed DNA. For cloning steps, two sgRNAs 

were individually cloned into separate plasmid vectors as an alternative option for 

transfection. It is highly possible that the true on-target binding, could be 

enhanced when combining two different sgRNA hits per gene as a cut-off genomic 

region of interested, because it is unlikely that two sgRNAs targeting the same 

part of the genome would (with different sequence characteristics) share 

similarity of the off-target effects.  

 

The repression assay with CRISPRi may be less effective due to its ‘multi-

component’ systems that required packaging of the large protein, the gRNAs and 

all regulatory elements that control their inducible expression, especially affects 

transcriptional efficiency but not either mRNA or protein stability. The results 

from the drug selection screens, where only the cells with resistance to puromycin 

media condition survived resulted in twelve surviving clones that could be 

isolated. Out of seven tested clones three had both 5’/3’ junctions PCR positive 

and could be confirmed by deep sequencing shown in Figure 4-8. The doxycycline 

(Dox) derivatives of Tetracycline (Tet) regulated inducible systems was added to 

measure the repression of target EMD gene and dCas9 expression via qRT-PCR. 

There were two clones which had high expression of dCas9 transcripts with an 

increase of nearly 90-fold in clone 10 and an activation of over 200-fold in clone 

12. Likewise, levels of the target transcript in both clones were unaffected, levels 

of the EMD transcript decreased 1-fold and 2-fold after addition of 1 µg/ml of Dox 

for 24 hours, in clone 10 and 12, respectively. Of note, Dox-induced reactivation 

of reversible expression of EMD remained at similar levels as compared to wild-

type after having been exposed to Dox for 72 hours in the knockdown-derived 

clone 12. As mentioned above, the inducible expression is under operation 

subjected to 1 µg/ml of Dox. In agreement with applied antibiotic Dox commonly 

uses at a concentration between 0.01 - 1 µg/ml (Randolph et al., 2017; Xia et al., 

2008), described that it was sufficient to activate the Tet-inducible expression 
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system that alter cellular metabolism without detectable inhibitory affects or 

impairment of cell growth (Luger et al., 2018). Whereas, the expression level of 

targeted gene was no affected, suggesting that CRISPRi inefficiency occurred 

during the cell compensation or adaptation at post-transfection.   

 

In line with experimental CRISPRi-based plasmid DNA delivery, it takes several 

weeks to obtain clonal resistance to selection media. By that time the CRISPRi 

plasmids that are critical regulate the repression systems may have been diluted 

out of the cells during division and thus have turned into already-present 

molecules regulating the annotated transcripts, mRNA and proteins for the target 

gene before the repression are measured. To improve their effective application, 

it is best suited to redesign the repression assay to minimise the time for the 

assessment to between 24-48 hours after transient transfection (Gilbert et., 

2013). In addition, the regulatory elements of the CRISPR multi-components are 

approaching the packaging limit of the preferred AAVS1-based vectors such as the 

larger SpCas9 (Truong et al., 2015; Wright et al., 2015; Zetsche et al., 2015). 

These unfavourable conditions with a large size of plasmid to cognate promoter 

sequences, localisation signals, donor DNA or additional sgRNAs for gene 

perturbation, may cause the experiments become less effective when using 

CRISPRi in regulating human cell-lines.  

 

For selection screens, it was decided to select the clone formation that survived 

in the selection growth media supplemented with Puromycin, followed by deep-

sequencing analysis. This work was only carried out with transfected HEK293 cells 

which acquired 3 clones of junction PCR positive in both 5’/3’direction and 

validated by Sanger sequencing. The transfected BJ1 cells died without forming 

any colony; this observation was similar to a case reported by Sun et al. (2021), 

where no colony forming of human foetal lung cells after transfection with a 

CRISPRi complex could be observed. Due to the naturally resilient characteristics 

of the HEK293 cell line, which can form viable aggregates, is able to grow in 

suspension as well as attached (Jang et al., 2022; Malm et al., 2020). For this 

reason, the results from clonal screening is slightly speculated that the cell 

clumping of each clone generated from the variety of cell population in mixture 

(i.e. cell perceived donor plasmid in 5’/3’ direction from a different cell, cell 
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adapted to Puromycin-resistance contains a wild-type like outcome). Some 

researchers suggested that the selection criteria used for screening could be 

associated with certain promoting cell surface markers that are either positive or 

negative for cell adhesion and survival (Cong et al.; Parnas et al., 2015). A 

potential technique to actively select expressing cells would be fluorescence 

activated cell sorting (FACS).    

 

Moving forward to the CRISPRko approach where complete loss of function 

mutations are the desired outcome – here the desired CRISPR effect is directed at 

the coding sequence of the target gene to permanently silence it. As the usage of 

short and fast action of transfection and Puromycin selection that was completed 

within 2 days, this improved the recovery of transfected cells at post-transfection 

delivery with sgRNA-Cas9 complex and pac gene. Although both gene amplification 

and increased stringency of selection allowed the identification of mutations that 

occurred by INDELs, the transfection efficiency varied depending on the sgRNA 

and cell types used as well as the structure of the target site (Shi et al., 2015). In 

this study, the creation of effective sgRNAs with their desired effect being to 

disrupt as much of the EMD expression as possible ideally by instigating a 

frameshift mutation targeting an early exon where PAM cleavage sites can be 

targeted. The DNA sequencing results show that the sgRNAs generated detectable 

ranges of INDELs from 5% to 54%, in normal and selection media followed up with 

trypinisation twice in BJ1-hTERT cells. Compared to the transfected cells with the 

same tested sgRNAs and conditions, the percentage of INDELs displayed at 52-54% 

(nBio=2), 81% and 91% in all screened of BJ1, HEK293 and MCF-7 cells, respectively. 

Next, the addition of trypsinisation cycles into cell pooled after a prolonged period 

of growth in puromycin selection media, showed cells enriched for mutants to 

over ~10%. The full rate of transfection efficiency leaned towards three; 

represented human cell-lines can be found summarised in Table A-1 in the 

appendix. A case study by Caputo et al. (2021), supported the stably transfected 

HEK293 cells from pac-derived mutants with the higher secretion of a soluble and 

recombinant target protein by 3-fold increased levels and productivity. Using 

CRISPRko strategy with beneficial features in this study, have impacted to achieve 

the high transfection efficiency above average. Compared with the CRISPR/Cas9 

complex induced INDEL mutations with typical success range of between 16% to 
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58% via NHEJ and 7.4% to 27.8% via HDR-repair mechanisms was also found by 

others (Cristea et al., 2013; Ramakrishna et al., 2014; Lee et al., 2015). A case 

study by Ranjbar (2022), observed that transfection efficiency reached around 30% 

in HEK293T cells with guide RNAs targeting to knockout the ß2-microglobulin (B2M) 

gene, which was confirmed by measuring the number of (co-transfected) eGFP 

expressing cells. 

 

This work underscores the importance of functional screens to characterise the 

complete EMD knockout clones for studying the phenotypic changes of its co-

worker. The knockout candidates with a sign of editing from INDELs in their DNA 

sequences were selected to be confirmed by IF and westernblot analysis. 

Although, the CRISPR/Cas9 knockout yielded multiple unique mutants (e.g. with 

small and large INDELs) in both BJ1 and HEK293 cells, westernblot results 

confirmed that no expression of emerin (protein encoded by EMD gene) in all 

tested clones see Figure 4-16. 

 

In this chapter, two different techniques to repress/eliminate EMD regulation via 

CRISPRi and CRISPRko models were purposed and serves as an option resource for 

loss of function assay tailored in human cell study, represented in the presenting 

BJ1 and HEK293 cells. Partial and reversible effects from CRISPRi system have 

shown less effective. However, it is especially useful for studying essential gene 

functions which cannot be done with knockout approach due to permanently and 

completely deletion of genes causes a lethal damage to the cell and prevent most 

functional assays. 

 

The advance of current technologies has been the production of highly specific 

genome modifications with excellent efficiency and precisely than ever before. 

The results as stated above in this study, have shown that the enrichment steps 

include the increase of selecting steps and concentration of drug selectable 

marker can effectively improve the selection of successful transfected cells up to 

100% regardless with transfection efficiency. Nevertheless, it is still importance 

to underline the transfection efficiency as it can represent the effectiveness of 

CRISPR tools, especially partially loss of function using CRISPRi. There are several 

ways to improve the transfection delivery that have proposed elsewhere. One 
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avenue to upgrade with transfection yields, a case reported by Zuris et al. (2015), 

adapted cationic lipid transfection reagents compatible with the most favourable 

form of anionic Cas9-sgRNA complex. This method allowed gene 

activation/repression of up to 80% in cultured cells compared to other finding 

from 40%-60% reduction using CRISPRi (Li et al., 2020; MacLeod et al., 2019; Ran 

et al., 2015). Furthermore, the trade-off in efficiency should still gain the 

awareness, several practical concerns arise in relationship between cleavage 

efficiency (on-target binding) and specificity (off-target binding). At high 

concentration of the Cas9-sgRNA complex, identified more detectable off-target 

binding events (Pattanayak et al., 2013). It is needed to call for cautions of the 

ratio between Cas9 and sgRNA in transfection. Our work displayed that the 

increase of Cas9-sgRNA complex concentration enhanced transfection efficiency 

(as shown in Figure 4-13). Similar to the many studies such as Fu et al (2013) & 

Hsu et al. (2013) that lowering the concentration of Cas9-sgRNA complex 

illustrated less number of off-target effects and efficiency.  

 

Regarding to the CRISPR/Cas9 technique is such a powerful method owing to its 

several advantages across other strategies. While, some limitation is still 

challenging and need more efforts to address. The simplicity and predictability of 

CRISPR system provides a host-independent platform for site-selective and 

transformed from complicated protein engineering problem to a RNA-guided 

coding problem, instantly making CRISPR a robust and more reliable tool for 

genome engineering researches. Examples of programmable genome editing 

machine include zinc-finger nucleases (ZFNs) and transcription activator-like 

effector nucleases (TALENs) in which construction of protein-DNA interactions are 

comprehensive complex to build for each of the unique sites (Garg et al., 2012; 

Sanjana et al., 2012). In comparison between targetable nuclease platform 

regarding to their recognition site, the CRISPR/Cas system is determined by single-

base pairing whereas, the ZFNs/TALENs recognise different 1-bp or 3-bp per 

module with protein engineering at target is needed (Carroll, 2014). Alternatively, 

RNAi provides a convenient approach but it is limited to transcripts (Kim and Rossi, 

2008), whereas CRISPR can design to target elements across the entire genome 

including promoters, enhancer, introns or directly at exons (Larson et al., 2013). 

However, the successful CRISPR is varying depend on PAM targeting site and 
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specificity. The requirement for an NGG triplets of PAM sequences limits the 

availability of target site and its recognition determine the target interference 

(Jiang et al., 2013). The targeting specificity is determined by RNA chimera and 

the target DNA which recognised by 14-nt long region for spacer acquisition and 

can lead to off-target effects (Carroll, 2014). 

 

4.5 Conclusion 

Cells reside in a complex and dynamic microenvironment. This chapter mainly 

focuses on manipulating internally generated force inside the nucleus via the 

nuclear actin-binding protein, emerin which directs cell behaviours. CRISPR 

knockout clones of emerin were successfully generated to study the role of emerin 

which represented lowering mechanical properties of the cell microenvironment. 

These knockout cell models, open the window to test the functional consequences 

of loss-of-function in the emerin-null cells through mechanical links of emerin to 

nuclear regulation regarding cytoskeletal and nucleoskeletal reorganisation 

activated transcription factors, and chromatin remodelling via histone 

deacetylase 3 (HDAC3) activity (referred to chapter 5). 
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CHAPTER 5 THE MECHANICS OF EMERIN-NULL CELLS 

 

5.1 Introduction 

Every living cell receives physical signals (e.g. forces generated by cytoskeletal 

protein complexes, mechanical stimulation) from its microenvironment. The 

activated force-generation machinery of the cells is then transduced into 

biological signals in a process known as mechanotransduction (Goult et al., 2022). 

Much of this mechanotransduction is achieved by mechanical linkages functioning 

via force transmission between the cytoskeleton and nucleus that impact cell 

behaviours (Gautel, 2011; Goult et al., 2018; Margadant et al., 2011). 

 

The nucleus is not only a destination hub for signalling cascades, its nuclear 

envelope (NE), which establishes as a shielding barrier and separation between 

nuclear and cytoplasmic compartments, has also been attributed to be a sensory 

element, and therefore its direct mechanical coupling to the cell architecture and 

across the plasma membrane to the extracellular matrix (ECM) is important (Uzer 

et al., 2016). The linker of nucleoskeleton and cytoskeleton (LINC) complexes that 

bridges between the inside of the nucleus and the cytoskeleton both provides 

mechanical integration of nucleus into the cell (Mika and Rost, 2005) and connects 

to extracellular mechanical environment (Sastry and Burridge, 2000). The LINC 

complexes, forms a robust meshwork of protein-protein interactions that couples 

the nuclear lamina to the cytoskeleton (Stroud, 2018). One integral protein, 

emerin is a functionally important binding partner of the LINC that localises 

predominantly at the inner membrane of the NE (Manilal et al., 1996). In this 

chapter, the reprogramming of the nuclear mechanical properties was the focus – 

ideally disturbing the balance between stiffness and deformability. Although, the 

loss of emerin expression may reduce the nuclear stiffness, an isotropic force 

guiding the cell-nucleus alignment is provided by the change in cell shape induced 

by placement of the cells on Fn-coated microgrooved substrates.     

 

Emerin is an actin capping protein and promotes accelerated actin polymerisation 

(Holaska et al., 2014). Under low mechanical force, the emerin knockout cells 

were generated in the chapter 4 to withdraw expression of emerin in cell 

microenvironment. The role of emerin was then investigated using emerin-null 
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cells to establish how this protein is involved in the organisation of the 

intracellular cytoskeletal network. The gene activities in the cells that lacked 

emerin was observed in relation to their response in their expression levels or 

even direct controlling gene accessibility to heterochromatin via HDAC3 and 

action of transcriptional regulators via Rho-A dependent manner. Next, the 

preliminary results have shown the activation of phospho-ERK expression in emerin 

knockout clones from BJ1-hTERT (as shown in Figure 4-16), similar to stimulated 

pERK signals in emerin-knockdown HeLa or C2C12 cells (Muchir et al., 2009). These 

observation lead to the hypothesis looked at in this chapter of this study, that 

depletion of emerin may influence nuclear stiffness, and thus could promote pERK 

causing hyperproliferation.  

 

For aspect of study the response of emerin-depleted cells to external challenges 

see graphic overview of hypothesis and scope of experimental testing (see Figure 

5-1), the screening of gene/protein expression is in line with the following;  

I, emerin binding proteins that directly interact with lamins and a 

conserved chromatin protein (BAF) was detected to be present and forming a 

major component of the NE-associated nucleoskeleton, also known as the nuclear 

lamina (Dechat et al., 2008). 

II, two classes of transcriptional coactivators, myocardin family of proteins 

and ternary complex factors (TCFs), which are major regulator of several gene 

encoding components of the actin cytoskeleton through the canonical serum 

responsive factor (SRF)-dependent activity.  

III, ERK in cell motility and shape via the classically dynamic of actin 

polymerisation, activating Rho GTPases by phosphorylation on ERK.  

 

 

 



Chapter 5: The Mechanics of Emerin-Null Cells 
	

	 106		

Figure 5-1. Proposed scope of the study of mechanisms for how cell nucleus 
could respond to emerin-depleted signalling, particularly underlies the direct 
binding complexes of protein-interacting to emerin and cytoskeletal 
organisation via RhoA dependent manner. (relative position of components to 
underline connections, not physical location) Three molecular paths were 
categorised to discover whether emerin could interact with multiple genes and 
transcription regulators implies that it might alter their transcription activity, and 
further lead to cell behaviour including cell growth, morphology and proliferation 
or migration. The signalling route of study in emerin association as the following; 
I, a network of nuclear protein-protein interactions in both nuclear lamin (mainly 
focus on laminA/C) and the indirect link to chromatin with LEM domain proteins 
via binding of barrier to autointegration factor (BAF), which could provide contact 
network to the histone modification enzyme histone deacetylase 3 (HDAC3). II, 
manipulating the nuclear force via emerin deletion on geometric topography   
affect nuclear actin which can modulate dynamic export between monomeric-
polymeric actin and influence on translocation of the transcriptional regulator 
MRTF-A (also known as MKL1). III, disrupted force acting inside the nucleus via 
emerin could activate the ERK/MAPK signalling, and reinforce their transcriptional 
activity switch from activation of MRTF-A/SRF to alternative activation of TCF/SRF 
activity, thereby promoting MRTF-A phosphorylation and attenuating its 
interaction with pairing to actin driven nuclear export. For further abbreviation; 
NPC, nuclear pore complex illustrating the selective channel for permeability 
barrier between the nucleus and cytoplasm. Pi, displayed refer to site of 
phosphorylation where its binding was promoted as a consequence of 
phosphorylated signalling (adapted from Gau and Roy, 2018; Kirby and 
Lammerding, 2018; Stroud, 2018).         
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The ultimate goal of this chapter is to present a mechanical view of the cells under 

low mechanical force via emerin knockout cells where the assembled emerin 

binding complexes working together represent a mechanosensitive network of 

nucleoskeletal protein emerin to mechanical switches for cellular function 

including:  

I, reorganisation of emerin binding partner complex (i.e. laminA/C and BAF) 

and contribute to altering histone acetylation via assessing of HDAC3.   

II, nuclear translocation of the actin-regulated MRTF-A, which is a crucial 

regulator of mechanosensitive transcription factor and influences cell 

contractility and proliferation. 

III, mechanosignalling associated with the transcription factor under 

equilibrium. In the absence of emerin and low tension, is there an alternative to 

switch on the activated stage of other transcription factors for compensation?  

 
5.2 Materials and Methods 
 
5.2.1 Materials 
 
List of Reagents 

Real-time PCR analysis 
Custom DNA oligos …………………………………………………………………………  Sigma-Aldrich 
 
Immunofluorescence & westernblot assay 
Alpha tubulin polyclonal antibody ……………………………………………………  Proteintech 
Mouse monoclonal anti-EMD antibody (1H9) ………………… DSHB, University of lowa 
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Mouse mAb ……… Cell signalling 
P44/42 MAPK (Erk1/2) (3A7) Mouse mAb ………………………………………… Cell 
signalling 
Rabbit polyclonal anti-Mkl1/MRTFA antibody …………………………………………. Abcam 
Recombinant Anti-Lamin A + Lamin C antibody ………………………………………… Abcam 

 
 

5.2.2 Immunofluorescence staining 

The BJ1-hTERT and HEK293 cells were seeded at 5,000 cells/well in 24 well 

fibronectin (Fn)-coated plastic culture and 13mm of PDMS non-/patterning PDMS 

Fn-coated area for 2 days. Next, the cells were fixed, permeabilised and stained 

with primary anti-EMD (1:50) or anti-MRTF-A (1:100) in conjugation with 
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Phalloidin-Rhodamine (1:100) followed by secondary antibodies specific staining 

and DAPI to visualise the nuclear composition. For the full protocol see the detail 

in section 2.2.4. 

 

5.2.3 Real-time PCR assay targeting MAPRK/ERK signalling pathway 

The 3.0 x 104 of BJ1-hTERT cells or 1.5 x 104 cells of HEK293 seeded on plastic, 

PDMS (non-/pre-patterning with 12.5µm repeated 5µm deep) Fn-coated surfaces, 

7days prior to RNA extraction. The RNA isolation, cDNA synthesis and qRT-PCR 

techniques were explained in chapter 2 (See section 2.2.6). To target expression 

of nuclear associated protein and MAPK/ERK pathway linked emerin-deficient 

cells, primers used as shown in table 5-1. 

 

Table 5-1. Primer used to study the relative gene expression in emerin-KO cells 

via the nuclear associated protein and MAPK/ERK pathway.  

Oligo Name Length MW Tm° GC (%) Sequence (5’-3’) 
Banf1_For 20 6053 67.8 55 CTTTCAGCCATTCCCGGAAG 
Banf1_Rev 20 6244 66.3 55 CTGGCTGGGATTGGTGAAGT 
Elk-1_For 18 5364 65.2 61.1 CACCAGTCCAAGCCCCTT 
Elk-1_Rev 20 5933 65.9 55 CCGCAACTTCCAACTCTTCC 
Elk-3_For 19 5869 65.2 57.8 CAGACTGGGGATTGGCACT 
Elk-3_Rev 20 6099 65.9 50 TGGATTGCTTCTGACTCCGA 
Elk-4_For 20 6237 65.4 50 TTTTGCAGGCAGAAGAGGTG 
Elk-4_Rev 20 5988 65.6 50 TCAATCCTGCCCACTGTCAT 
GAPDH_For 20 6253 66.3 55 AGGCAGGGATGATGTTCTGG 
GAPDH_Rev 19 5718 63.5 57.8 GCACCACCAACTGCTTAGC 
HDAC3_For 20 6084 65.1 55 CCTCGGGTGCTCTACATTGA 
HDAC3_Rev 20 6182 61.8 55 GGGCACGTTCAGACAGTAGT 
LMNA_For 20 6253 65.4 55 GGGTGAACTTTGGTGGGAAC 
LMNA_Rev 20 6367 66.6 60 TGGAGGAGGTGGATGAGGAG 
MAPK1_For 20 6047 63.8 60 CCTACTGCCAGAGAACCCTG 
MAPK1_Rev 20 6170 61.6 50 GCTGAGGTGTTGTGTCTTCA 
MAPK3_For 20 6071 63.3 55 GATCCTGAGCATGACCACAC 
MAPK3_Rev 20 6133 64.2 55 ATCCAGGTAGTGCTTGCCAG 
RPL13A_For 22 6726 69.8 54.6 CTCAAGGTGTTTGACGGCATCC 
RPL13A_Rev 22 6655 67.5 54.6 TACTTCCAGCCAACCTCGTGAG 
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5.2.4 Immunospecific westernblot assay 

The proteins were isolated and immunoblotted for specific antibodies: anti-EMD 

(1:130), anti-ERK (1:2000), anti-pERK (1:2000), anti-Lmna (1:5000), anti-MRTF-A 

(1:800) and anti-Tubulin (1:2000) was used as an internal control (See section 

2.2.7). 

 
 
5.3 Results 
 
5.3.1 Genotypic background with translated protein in emerin mutants 

Two EMD mutant lines in each of the CRISPRko models from transfected BJ1 and 

HEK293 cells were selected for studying the effect and adaptation of cell in 

response to the environmental in the absent of functional emerin expression.  

 

Firstly, two CRISPR knockout-derived mutants from BJ1 cells, one with a 1-bp 

deletion (clone named C3) and another with 4-bp deletion (knockout EMD clone 

B2) in the DNA-binding domain of EMD gene at the first exon generating a 

frameshift mutation, resulting in the loss of emerin expression confirmed by 

Sanger sequencing (Figure 4-13) and westernblot analysis (Figure 4-15). Prior to 

moving forward with these two selected knockout clones, the peptide array 

analysis (as shown in Figure 5-2) was performed as a double-screening in line with 

the mutant sequences.  
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Interestingly, both mutant of EMD gene with a frameshift lead to a premature stop 

codon at residue 26 wherein the disrupted location served for LEM-domain 

binding. Next, the validation in the protein translation of the expressed transcript 

from HEK293 mutants, suggests an ‘In-frame deletion’ and a ‘frameshift 

mutation’, tested in clone 1D1 and H5S, respectively. For detailed deep 

sequencing and westernblot detection as shown in Figure 4-14 & 4-15, clone 1D1 

with 12-bp deletion and clone H5S introducing +1 and -4 frameshifts that alter the 

reading frames encode emerin expression. 

 

 

 
 

Figure 5-2. Polypeptide mapping and array of human emerin. A) Localisation 
of emerin binding partners (BAF, LaminA and HDAC3) binding motif where the 
specific residues interact to emerin polypeptides consisted of LEM-domain (LEM), 
APC-like domain (APC-L) and transmembrane domain (TM) (Adapted from Berk 
et al., 2014); approximate position at which deletion starts indicated by orange 
arrow.  B) Amino acid sequences alignment of wild-type (WT) human emerin and 
mutant clones (i.e. C3 & B2 for BJ1-hTERT and 1D1 & H5S for HEK293) undergoes 
post-translational modification. The light blue arrow indicates the cleavage site 
during CRISPRko edition, causing INDELs and initiated a pre-matured stop codon. 
-; ‘Deletion’, *; pulled from 2-distinct genomic sequences that resulting in a 
similarity at protein translational level. 
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5.3.2 Emerin null immortalised fibroblasts in nuclear content 

To characterise the loss of emerin in knockout clones and access the nuclear shape 

quality and quantitatively. The cells were grown on tissue culture plastic for 2 

days before fixing, followed by immunospecific labelling with primary mouse anti-

EMD, green fluorescent secondary, in conjugation with rhodamine phalloidin and 

DAPI staining as detailed in Chapter 2. The results from IF staining analysis 

exhibited that normal expressed emerin in wild-type BJ1-hTERT cells, mainly 

localised inside the nucleus. The emerin knockout (EMDKO)-derived clone C3 and 

B2 in BJ1 cells displayed that there was no detectable fluorescent signal of emerin 

staining which confirmed the cells complete absence of emerin expression as 

shown in Figure 5-3. The EMDKO BJ1 cells retained their normal cellular and nuclear 

shape in either C3 clone or B2 clone. DNA content analysis by DAPI stains revealed 

that EMDKO-C3 clone had two mainly distribution of DNA intensity proportion in 

the cells that bind in stoichiometric manner, similar to wild-type cells. However, 

the EMDKO-B2 clone had a significantly one peak of DAPI fluorescent signalling at 

a higher intensity nearly 200 units (See Figure 5-3B). To simplify the measurement 

of how rapidly that the cells in the absence of emerin can be divided, the result 

from DNA stain showed that the role of emerin was involved in nuclear assembly 

and cell cycle progression. It was a clear evident that the cells lack of emerin 

caused a delay of cell-nuclear division. Whether two nuclear characteristic exist 

in this experiment, further study via assay with prolonged timeframe observation 

or live imaging would contribute to a more precise nuclear regulation and 

potential mechanism to bridge this knowledge gap.  
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5.3.3 Regulation of nuclear shapes in EMD KO mutants of fibroblasts on  

grooves   

It is known that nuclear function is integrated with alteration of its morphology 

during cell cycle which in turn reflects on genome size, duplication state or ploidy 

and life span (Deolal and Mishra, 2021). Here I opted to quantify how the changes 

in nuclear size and shape contribute to this phenomenon by determining how 

nuclear shape fluctuations are cell cycle dependent. In this system, the nuclear 

shape of each single cell was analysed in fixed cells at day 2 of culture, followed 

by IF staining for different markers. Two key parameters i.e. spreading area and 

aspect ratio of the nucleus were used to define nuclear size and shape to 

Figure 5-3. Depleted expression of emerin in BJ1-hTERT cells and association 
of nuclear DNA replication. A) Localisation of wild-type expressed emerin in BJ1 
cell-line at fixed on Day 2 on tissue culture plastic and stained by 
immunofluorescence using anti-EMD antibody and no detectable fluorescent 
signals in either mutant cell line (clone name; C3 and B2), the overlay fluorescent 
channel (as shown in the right panel) for the nucleus (stained by DAPI, in blue), 
actin (appeared in Rhodamine-phalloidin - Red) and EMD signal (green). Scale bar 
~20µm, nBio=3. B) Quantification and distribution of nuclear intensities, measured 
by DAPI staining the DNA bind the dye stoichiometrically, and thus visualised the 
amount of DNA present in each cell. The frequency of integrated intensity of DNA 
displayed 2-peaks for wild-type (WT) and clone C3, while only a relevant peak 
occurs in clone B2.  
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establishing nuclear deformation and rigidity in response to the absence of emerin 

and with or without topographic patterning.   

 

Upon observation of EMD knockout clones, the nuclear area was shown to increase 

in cells lacking emerin and microtopography. Figure 5-4 displayed nuclear 

architecture and coverage area of spreading of cells grown on flat or patterned 

materials with EMD disrupted cells compared to wild-type. 

 

In order to compute the difference of area of the nucleus toward cells alignment 

on groove compared to their relative nuclear area on flat attachment, a simple 

mathematic equation was used to describe the portion of which are change 

carrying out along grooves compared to flat due to loss of emerin synthesis. For 

the degree of changes in spreading area are given to their relative contributions 

as follow; 

 

∆A = 15 675589 +15(:;<=)
15(:;<=)  

 

 

The overlapping area between flat and groove islands was cropped by estimated 

middle quartile to explain the nuclear enlargement of spreading along the grooved 

surface represented as ∆A for is the nuclear surface to area expansion. To account 

the best possible of estimated area, the average of nuclear size located at the 

lower and upper quartile of spreading area when AO(Groove) > AO(Flat). The AO(Groove) is 

variable of wild-type and EMD mutants compared with a constant of AO(Flat) where 

is a coverage of area of the nucleus in wild-type group on flat surface adhesion. 

Table 5-2 summarises the representative nuclear area of emerin-deficient cells on 

microgroove attachment and size distribution in lower and upper quartile toward 

wild-type growth. The effect of emerin-disrupted BJ1 cells on grooves had 

significantly enlarged nuclear areas were 22±4.8% and 31±5.5%, in C3 and B2 

knockout derivatives, respectively.  
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Figure 5-4. The nuclear morphology and their relative physical area of hTERT-
immortalised fibroblast cells that were grown on two surfaces comparing 
between adhesive non-patterned (flat) and micropatterned (12.5µm groove). 
A) The microscale of cell nucleus expressing EMD in their normal level in the wild-
type (WT) and completely lack of the EMD signal in the clone C3 and B2, observed 
in BJ1 model that fluorescently labelled of the nucleus by DAPI. The nucleus is 
maintained their shape in normality which are unaffected as a consequence of the 
EMD disruption. Scale bar ~20µm. B) EMD mutants influence nuclear surface area 
extension, the spreading area of nucleus was significantly increased in all tested 
groups compared to wild-type. Three separate experiments with the range of 
Ncells= 485-735 cells/replicate of cell imaging were analysed and indicated where 
is statistically difference; *p<0.05, **p<0.01 and ***p<0.001. Welche’s T-test, nBio 
= 3. 
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Table 5-2.  The spreading area of nucleus in emerin null hTERT-BJ1 cells on   

        grooves compared with wild-type on non-/patterned surfaces. 

 
Groups Nuclear area (µm2) on grooves The difference of area of 

the cells on groove toward 
wild-type cells on flat 

Lower Quartile 
(Q1) 

Upper Quartile 
(Q3) 

Wild-type 
(WT) 

206±5.5 308±2.0 14±2.9% 

EMDKO-clone 
C3 

222±2.0 335±2.5 22±4.8% 

EMDKO-clone 
B2 

211±5.5 340±8.0 31±5.5% 

 

Indeed, the analysis comparison of nuclear area of wild-type compared across the 

difference between flat and groove, displayed there was significant increase at 

approximately 14±2.9% of nuclear area on groove as compared to flat substrate.      

 
To further evaluate the nuclear characteristics, their shape, the aspect ratio, the 

length of major to minor axis ratio was calculated as a shape factor. The analysed 

aspect ratio’s increased when the nucleus of EMD knockout clones deviate from a 

roundness (a perfectly circular ratio is equal to 1) to a more ellipse with a higher 

degree of elongated shape along the grooves. A higher percentage of aspect ratios 

was shifted away from 1:1.5 as an effect in cells lacking emerin; the frequency 

and individual measures of aspect ratio shown in a scatter plot/boxplot as shown 

in Figure 5-5. The frequency distribution of nuclear aspect ratios was found to 

increase roughly by 5-10% at each of 0.5 unit of extension i.e. various aspect ratio 

away from 1:2, 1:2.5 and 1:3.0 of mutant cells on grooved substrates (Figure 5-

5A) and more observations of aspect ratios of the nucleus at a similar surface 

texture (Figure 5-5B). However, the nuclei of EMD mutants on flat fibronectin-

coated control material formed a round nucleus with lower relative aspect ratio 

compared to WT and those on anisotropic substrates.       
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Figure 5-5. Quantification of nuclear shape and elongation of hTERT-BJ1 cells 
on Fn-coated substrates. A) Frequency and distribution of aspect ratio in the 
degree range from one to three, a higher density of nucleus shifting from 
spherical to ellipse position in the EMD-deficient cells on grooves. B) Boxplots 
and corresponding dot plots of nuclear aspect ratio in mutants showing a more 
pronounce of circularity of their nuclear shape, while mutants on groove were 
found to be more elongated as measured of increasing of nuclear aspect ratio. 
Unequal variances t-test used for statistic significance; *p<0.05, **p<0.01 and 
***p<0.001, (Ncells= 485-735 cells/replicate, nBio=3).     
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To test whether changes in nuclear shape can regulate the cell cytoskeleton and 

morphology fluorescent staining of actin filaments was used to demarcate the 

cellular periphery, a relative link between the cytoskeleton and the nucleus were 

provided in a cell-to-nuclear aspect ratios of individual cells as displayed in Figure 

5-6. Measuring if nuclear size and aspect ratio (calculated from net major to minor 

axis length) is proportional to the cell aspect ratio, to investigate the correlation 

between cell and nuclear shape. For varying cell-to-nucleus aspect ratio of cell 

on flat substrate, the nuclei remained highly elongated, almost independent of 

the ranges of measured cell length/aspect ratios in wild-type, while both nucleus 

and surrounding actin become less spread in EMD knockout clones where nearly 

identical effects were found on EMDKO-C3 clone. The effect of micropatterned 

anisotropic surfaces, used to control and study how spatial coordination between 

cell and nuclear shape were changed, were then analysed, suggesting that the 

nuclear position may involve a diffusible cytoplasmic factor and directly 

contribute to cell elongation in the absence of emerin. 

 
The slope of cell aspect ratio versus nuclear aspect ratio of below 1 appears the 

relationship of cell-type regulated specific nuclear morphology in both EMD 

mutants, whereas wild-type cells in confined grooved geometry are less 

pronounced implying the nuclear proliferation of which indicated as a slope of 2.8 

with cellular widespread in its aspect ratio.    
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Figure 5-6. Correlation between cell and nuclear aspect ratio in A) wild-
type BJ1 cells B) knockout clone C3 and C) mutant clone B2. The BJ1-
hTERT was seeded on flat (green plot) and groove (blue plot) PDMS coated 
with Fn and fixed at Day2, followed by Immunofluorescent staining. For cell 
number and replication; Ncells= 485-735 cells/replicate, nBio=3.  
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5.3.4 Nuclear response in HEK293 cells lacking emerin  

In order to confirm the expression of emerin-depleted cells and access the 

alteration in nuclear shape and deformation. The fluorescence maps the nuclear 

assembly and emerin signals using IF assay. The results from fluorescently labelled 

nuclei and emerin in the fixed cells on day 2 of culturing showed that the correctly 

localisation by assembly of emerin around the nucleus in wild-type cells. While, 

the completely loss of emerin expression as a result from knockout expression 

using CRISPRko approach, denoted no detectable fluorescent signal of emerin in 

mutant clones in either EMDKO-1D1 or EMDKO-H5S cells. Figure 5-7 displayed the 

fluorescent images of emerin expression in wild-type compared to mutant clones 

of HEK293 cells-tagged nucleus using DAPI. With the nuclear staining images, allow 

to access the local shape fluctuation that may occur as a consequence of emerin 

disruption in HEK293 cells. On the contrary to EMDKO-BJ1 cells on plastic-coated 

surfaces, the knockout model in HEK293 cells had significantly increase of nuclear 

aspect ratio which facilitated to a more deformable nucleus in response to the 

lack of internally expressed emerin. Upon disruption of emerin on non-/patterned- 

PDMS coated substrates, microgrooves tracking alignment dominantly drive the 

deformability of nuclear position which transformed their bounding from a round 

to flattened ellipse and a more elongated shape associated with emerin-null cells. 

However, there were no difference between wild-type and mutants in the 

measurement of nuclear aspect ratio, suggesting the maintenance of its circularity 

on non-patterned flat control in all tested groups.   

 
Using the nuclear images, the DNA visualised with DAPI allowed from its binding 

in a stoichiometric manner to deduce their DNA content; this allowed to 

determine the cell cycle state and comparison how emerin influenced cell cycle 

progression. The number of averagely two peaks in DNA intensities and 

distribution was observed in all tested cells either wild-type or knockout emerin 

phenotypes toward three different surfaces cultured in pre-coated Fn on plastic, 

flat and grooved PDMS materials (Figure 5-8), this suggested that disruption of 

emerin in HEK293 cells were not affected to divided nuclei of HEK293 cells, or 

even it alter in a slight effect that it was not sensitive to read out using this IF 

assay. 
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Figure 5-7. Characterisation of emerin-null HEK293 cells influence nuclear 
shape. A) Immunofluorescent images of wild-type normal expressed emerin and 
absence of signal in knockout clone 1D1 and H5S. For fluorescent labelling; EMD 
– green, DAPI – blue. Scale bar ~20µm, nBio=3. B) The aspect ratio of the nucleus 
in wild-type (WT) and mutant strains (clone 1D1 and H5S). The occurrence of 
elongation at the NE boundary relative to nuclear aspect ratio, have significant 
increases where extensions of NE were measured in mutants on grooves as 
compared to distributed nuclei of wild-type with a similar surface geometry.  
For the suffix abbreviations note of surface culture in plastic (P), flat (F) and 
groove (G). Three individual experiments were performed and analysed of at 
least Ncell = ~200-280 cells/replicate. Two ways of statistical analysis including 
t-test between EMD-expressing and EMDKO cells on TCP surface as indicated in 
##p<0.01 and ###p<0.001. Then, the unpaired t-test that compares the group 
sample difference between flat and grooved surface as indicated in ***p<0.001. 
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5.3.5 Global characterisation of gene activity in emerin-associated functions 

Such of some changes detected in the nuclear shape, which houses the genetic 

material within double membrane layer. This study is next examined the gene 

production that are altered in the absence of emerin, three overlapped signalling 

cascades with candidates in each way that have been drawn to validate the 

expression changes of some representative target genes by qRT-PCR assay with 

two internal controls for data consistency. The cells were grown on plastic with 

Fn-coated surface for 7 days of culturing to allow the cell spreading and cell-cell 

interactions before RNA extraction followed by cDNA synthesis and proceeding 

qRT-PCR (For full experimental conditions and detailed methods see section 

2.2.6). Figure 5-9 showed overall trend of target gene expression toward gain-

/loss-of-function in emerin expressed BJ1-hTERT cells. Firstly, the relative of gene 

associated emerin-bound proteins including; histone deacetylase 3 (HDAC3), 

laminA/C (two isoforms predominantly encoded A-type lamins regulated by Lmna) 

and BAF (encoded from Banf1) were measured and normalised to GAPDH control 

(Figure 5-7A). All three of these genes (HDAC3, Lmna and Banf1) expression were 

Figure 5-8. Histograms and boxplots of DNA intensity visualised by DAPI 
staining of HEK293 cells. Frequency distribution of DNA density in wild-type 
(red), EMDKO-1D1 (green) and EMDKO-H5S (blue) cells. The cells were grown pre-
coated surface with fibronectin and on tissue culture plastic (left), flat PDMS 
(middle) and grooved PDMS substrate (right), (Ncell = ~200-280 cells/replicate., 
nBio = 3). 
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substantially reduced to 48±5.7%, 50±18.0% and 70±13.5%, respectively in EMDKO-

C3 clone as compared to wild-type. Similar to these observations in the EMDKO-B2 

clone, there was a reduction to 46±10.2%, 49±10.1% and 52±19.9% in the 

expression levels of HDAC3, Lmna and Banf1, respectively. Given that the role of 

emerin function connected closely to MAPK/ERK signalling, the ERKs; Erk1 and 

Erk2 were next measured, the results showed that both Erk1 and Erk2 remained 

stable expression to the baseline of their expression in either C3 or B2 mutants. 

Finally, the ternary complex factors (TCF) which formed the ETS domain 

containing proteins includes the subset of Elk-1, Elk-3 (also known as SAP2 or Net) 

and Elk-4, (also called as SAP1) have reported as one of coactivators of SRF that 

link transcription of gene encoding several cytoskeletal components in RhoA-

dependent manner (Gau and Partha, 2018) and also was promoted by signalling 

via MAPK/ERK cascades (Gineitis and Treisman, 2001). The qRT-PCR analysis of 

gene encoding TCF family proteins revealed an induction of Elk-1 and Elk-4 to 

around 223±31.0% and 261±17.1% in EMDKO-C3 clones. Similarly, activation was 

also observed in EMDKO-B2 clones with an increased expression of both Elk-1 and 

Elk-4 to 189±37.0% and 264±38.5%, respectively. However, a reduction of Elk-3 

expression was found in both EMDKO-C3 or EMDKO–B2 cells with expression levels 

observed to be 46±5.7% and 49±14.3%. 

 
The effects of fibroblasts lacking emerin with an applied isotropic force using 

grooved PDMS was further determined and compared to cells on non-patterned 

(flat) PDMS surfaces. For the emerin binding proteins, the activity of HDAC3 

significantly decreased by ~0.5-folds in all tested mutants and for all surfaces 

(Figure 5-9B). Indeed, the level of HDAC3 expression in wild-type was shown to 

have substantially decreased as a result of the softer surface for cells grown on 

flat/grooved PDMS when compared to normal TC plastic. Next, two major 

interaction of emerin which are mainly component in the structural formation of 

the nuclear lamina; Lmna and Banf-1 had decreased expression levels in emerin 

KO/mutant cells. There were 0.57-fold and 0.38-fold decrease of Lmna expression 

in the C3 clone grown on flat and grooved surfaces, and a 0.46-fold and 0.55-fold 

decrease of Lmna observed in B2 clone (Figure 5-9C).  

 

 

 



Chapter 5: The Mechanics of Emerin-Null Cells 
	

	 123	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9. Gene expression profiles of emerin dependent target genes in the 
emerin-depleted cells (knockout C3 and B2 clones) in BJ1-hTERT cells. A) 
Comparison between normal and disrupted emerin expression regarding the level 
of target associated gene expression. Target genes expression was calculated and 
represented as the 2∆∆Ct values. Samples of three independent experiments from 
cells on Fn-coated plastic surface for 7 days of culturing. Error bars represent 
standard deviations. For colour indication of wild-type (WT, red), EMDKO-C3 (C3, 
green) and EMDKO-B2 (B2, blue) cells. B-G; Barplots of target gene expression from 
cells culturing on flat and grooved PDMS surfaces. Fold-change (F.C.) of genes 
compared to each control group were grown on plastic-coated Fn in the following; 
I, groups of emerin’s binding partners in B) HDAC3, C) Lmna and D) Banf1 reduced 
expression. II, Ternary complex factors include E) Elk-1, F) Elk-3 and Elk-4, the 
activation of Elk-1 correlated with Elk-4, whereas the corresponding Elk-3 was 
decreased. Dash lines aid vision for normal expression of unique genes. Three 
separate experiments with statistic indication; *p<0.05, **p<0.01 and ***p<0.001. 
All target gene were initially normalised to GAPDH as a cell internal control, and 
then to WT cultured on TCP.   
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Banf-1 was suppressed in KO cells if grown on grooved PDMS with ~0.39-fold 

decline across two tested mutants, and ~0.57-fold decrease of Banf-1 expression 

when the cells were grown on flat PDMS (Figure 5-9D). Then, the results from 

target genes which are subset of TCF complexes (See graphic evaluation in Figure 

5-9E-G) revealed that Elk-1 and Elk-4 were overexpressed in the emerin-KO 

fibroblasts. There was a 2.30-fold to 2.60-fold increase of Elk-1 and a 1.72-fold to 

2.24-fold rise of Elk-4 in the emerin KO clones C3 and B2 on both flat and grooved 

surfaces. With an exception, the Elk-3 was found to have a reduced expression in 

the absence of emerin, resulting in a decrease in the range between 0.67-fold to 

0.74-fold, regardless of surface topography. 

 
With regards to confirm and minimise the variation that may be caused by the 

limitation of qRT-PCR or alteration of mutants, the results were also alternatively 

normalised to RPL13A across all candidate target genes as displayed in Figure 5-

10A which shows the data for cells grown on TC-plastic coated with Fn for 7 days. 

The trend of gene expression, normalised against RPL13A was strongly correlated 

to their expression when normalised to GAPDH, only small variations were 

measured; for example, as noted the plastic adhesion in this scenario, HDAC3 

expression was decreased to 42±11.3% and 36±5.3%, in C3 and B2 clones, 

respectively. Likewise, Lmna, Banf-1 and Elk-3 expression was relative similar to 

levels when their expression was normalised to either GAPDH or RPL13A. There 

was a decrease in Elk-3 expression to around 36±9.3% and 36±5.3%, in C3 and B2 

mutants, respectively. For comparison of gene profiling level of BJ1-hTERT lacking 

expressed emerin, there were similar alterations of expression levels in proteins 

involved in downstream signalling comparing the normalisation using GAPDH and 

RPL13A with no more than approximately 10% variablity. Examples of graphic gene 

expression level of selected targets normalised with RPL13A toward non-patterned 

or patterned surface are shown in Figure 5-10B-G.  
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The ERKs expression levels in emerin KO mutants remained similar to the normal 

expression in wild-type cell. As expected, the stimulation of Elk-1 and Elk-4 were 

observed in both KO lines with 269±34.0% and 261±24.0% respectively in the C3 

clone, and with 202±36.5% and 217±31.5% respectively in the B2 clone.   

Figure 5-10. Evaluation of gene activity in the emerin-null immortalised 
fibroblasts toward pre-coated non-/patterned PDMS materials with Fn when all 
target genes were normalised to RPL13A for data consistency with at least 
three separate experiments. A) Expression levels assessed by qRT-PCR assay with 
the 2∆∆Ct values of all target genes, observed from cells on Fn-coated plastic plate. 
B)-G) Fold-change of gene (HDAC3, Lmna, Banf-1, Elk-1, Elk-3 and Elk-4) 
expression from cells grown on PDMS. Dash lines for visual aids of normally 
expressed basement of genes in this cell-line. Error bars represent standard 
deviations of three individual experiments. For statistic significance; *p<0.05, 
**p<0.01 and ***p<0.001.   



Chapter 5: The Mechanics of Emerin-Null Cells 
	

	 126	

Therefore, Erk1/2 expression correlated to the previous annotation from two 

mutants which observed behaviour from cells on plastic cultures, there were no 

change of Erk expression in response to the KO of emerin comparing the cells 

responses to non-patterned/patterned PDMS (Figure 5-11).    

 

 

5.3.6 Gene expression profiling analysis in HEK293 cells lacking emerin 

With a similar study design as above shown for BJ1 cells, the comparative mRNA 

expression analysis was performed in HEK293-WT and EMD KO mutants using qRT-

PCR measurements. The cells were grown for 7 days on fibronectin-coated 

surfaces across three different textures i.e.: TC-plastic plates, flat and grooved 

PDMS prior to gene analysis study. The PCR data were normalised to GAPDH control 

for each group and expressed as fold-change relative to wild-type control on 

plastic-coated surface. Three genes associated with and known functional binding 

Figure 5-11 Expression of Erk-1 and Erk-2 levels were not affected in the 
emerin-null cells in BJ1 fibroblasts. The measurement of A) Erk-1 and B) Erk-2 
expression remained stable in all tested cells or cultured surfaces. The results 
from three biological repeats were performed for analysis and double 
normalisation with two internal house-keeping genes; GAPDH – blue and RPL13A – 
yellow.  
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partners of emerin: HDAC3, Lmna, and Banf-1 were downregulated by half of their 

normal expression in both EMD KO cells across all substrates used; plastic, flat and 

grooved substrates compared to wild-type grown on plastic culture as shown in 

Figure 5-12 (in left panel).  

 

 

Figure 5-12. Gene expression analysis of functional binding groups of emerin-
associated gene factors expressed in HEK293 knockout EMD (encoding emerin) 
cells. All of three downstream competitive binding of EMD mutations toward A) 
HDAC3 B) Lmna and C) Banf1 expression level were substantially reduced where 
the fold-change compared to wild-type on plastic were significantly difference at 
7 days post-seeding shown in *p<0.05, **p<0.01 and ***p<0.001. Regulatory internal 
control under normalisation with) GAPDH (left panel) and RPL13A (right panel) 
used as house-keeping genes. All represented data was performed independently 
from three biological replicates.  
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As expected the comparative target expression was very similar to that calculated 

when normalised using RPL13A as an internal control instead of GAPDH. These 

data indicate that the effect of altered gene expression was due to actual changes 

in the cells response to EMD KO rather than any non-specific variation between 

mutants. Graphic illustration of results normalised to RPL13A are shown in the 

right panel parallel to each individual gene profiling (See Figure 5-12, right panel).  

 

Next, the results indicated an activation of a MAPK pathway via Erk-1 have in EMD 

knockout HEK293 cells. The expression of Erk-1 transcript was upregulated in the 

emerin KO clone 1D1 by 2.41-fold on plastic, 2.53-fold on flat PDMS and 2.72-fold 

on grooved PDMS, respectively. These results were consistent with those seens for 

another tested EMDKO clone; H5S, as for 1D1 an increase in Erk-1 by 2.72-fold on 

plastic, 2.66-fold on flat substrate and 3.08-fold on grooved substrate (normalised 

to GAPDH, RPL13A and represented as a net average of fold-change compared to 

wild-type control on TC-plastic). Interestingly, the differences in activated Erk-1 

expression between flat and groove surface texture from wild-type control and 

EMDKO cells were enhanced by approximately 7.5% and 15.8%, in 1D1 and H5S 

clones when cultured on grooves. The increased expression of Erk-1 but not Erk-2 

was detected only in EMDKO cells (Figure 5-13, top panels). 
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Finally, the alteration of target gene expression series of ternary complex 

signatures in EMD-null HEK293 cells appears in a similar trend compared to BJ1 

fibroblasts of increased Elk-1 and Elk-4 whereas, the Elk-3 was subjected to 

declined level of its transcript by ~50% reduction (Figure 5-14).  

 

 

 

 

 

 

 

Figure 5-13. Knockout of emerin in ERKs branches of MAPK signalling. EMD 
mutant clones in A) Erk-1 and B) Erk-2 expression measured using RT-PCR from 
RNA extracts after 7 days of culture. Quantitative analysis of gene encoding Erk-
1 had significantly enhanced. While, the Erk-2 level remained nearly stable in 
emerin-null HEK293 cells compared to control of each group. The fold-change 
was calculated and compared with wild-type on plastic culture surface, two 
internal controls used GAPDH (left panel) and RPL13A (right panel) were used for 
normalisation of results. Values are means ± standard deviations for nBio = 3 
samples, t-test was used to compare to WT on TCP, *indicates p<0.05 and 
***indicates p<0.001). 
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Figure 5-14. Transcriptional targets of TCF family of SRF-linked ERK/MAPK 
signaling pathway analysis using real-time PCR. The mutation of EMD gene in 
HEK293 can alter the expression level of the gene encoding transcription factors 
including A) Elk-1 B) Elk-3 and C) Elk-4. The cells were grown on PDMS with non-
patterned (flat) or patterned (groove)-coated Fn on PDMS material compared to 
their normal growth in tissue culture plastic-coated Fn of each groups. The cells 
were allowed growth for 7 days before testing of related gene expression in 
transcriptional machinery. The fold-change was shown in comparison to wild-type 
cell grown on plastic culture and normalised to GAPDH (left panel) or RPL13A 
(right panel). All values of gene expression of transcripts were calculated from 
three separate experiments where were significant indicated as *p<0.05 and 
**p<0.01.   
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For stimulated Elk-1 expression, there was an increase level detected in the 

emerin KO clones 1D1 (1.80-fold on plastic, 2.29-fold on flat PDMS and 2.42-fold 

on groove PDMS) and H5S clone (2.57-fold on plastic, 2.10-fold on flat PDMS and 

2.26-fold on groove PDMS). The overexpression of Elk-4 was calculated to be 1.64-

fold (with respect to TC-plastic), 1.97-fold (with respect to flat PDMS) and 1.83-

fold (with 12.5 µm grooved PDMS) from 1D1 knockout of EMD, overall activated at 

a range from 1.65-fold to 1.74-fold rise from H5S mutant toward all tested surface 

of culture adhesions. 

 

5.3.7 Depletion of emerin impacts on the protein levels of known interaction  

partners 

The global influence of emerin KO on three distinct signalling routes with known 

protein interactions with emerin were examined in hTERT-BJ1 fibroblasts and 

HEK293 cells. A candidate protein representative of each group was 

immunoblotted as detailed in the following;  

I, Direct binding observed in laminA/C-bound emerin. Molecular underlying 

transcription factors link actin cytoskeleton were also assessed via  

II, phosphorylated ERK1/2 which is crucial for Ternary complex formation 

(TCFs) and  

III, master regulator of actin dynamics through MRTF-A remodelling and 

nuclear redistribution.  

 

To determine how fibroblasts lacking emerin in the distribution of its binding 

interaction, knockout clones of emerin-null BJ1 cells were western blotted; 

Ponceau S staining allowed to assess the protein pattern isolated; followed by 

immunospecific detection of laminA/C, pERK/ERK and MRTF-A compared to the 

respective wild-type cells (as shown in Figure 5-15). Quantitative analysis by band 

densitometries then allowed to assess the level of each individual target protein 

present; this data was normalised to an internal control, α-Tubulin and checked 

for similar loading by Ponceau S staining. As shown in Figure 5-16, the data for 

laminA/C, pERK/ERK and MRTF-A were plotted to establish the effect of emerin 

KO on signal transduction. This is supported by a representative image of MRTF-A 

localisation.  
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Firstly, the results from relative fold change of immunoblotting with antibodies 

that recognised laminA/C (Figure 5-16A) displayed a decline of half expression in 

A-type lamins in EMDKO-B2 clone but not EMDKO-C3 clone in cells grown on plastic-

coated Fn compared to wild-type.  

 

 

LaminA/C production by cells grown on flat PDMS substrates was further examined 

and compared to calculate fold change with respect to that in wild-type emerin 

cells grown on Fn-coated TC-plastic, approximately 70±17.5% and 55±2.5% of 

laminA/C expression were detected in emerin KO clones C3 and B2, respectively. 

Next, the role of mechanical stress by shaping the cells, mainly nuclei was then 

added by pre-patterning the PDMS substrate with microgrooves for comparison of 

cell behaviour. On the grooves, a similar trend was observed for changes in 

Figure 5-15. Loss of emerin 
in human fibroblast cells 
induces changes in protein 
expression of its interaction 
partners.  

A) Characterisation of total 
protein identified by 
Ponceau S staining, 20 µg of 
protein lysates were 
denatured in LDS sample 
buffer and loaded in each 
lane prior to membrane 
transfer. Ponceau S staining 
is used as reference control 
and for evaluating of the 
transfer efficiency. 

B) Target protein detection 
against immunospecific 
antibodies. Westernblot of 

functional classes of protein sharing role to emerin containing MRTF-A, laminA/C 
and pERK/ERK in knockout of emerin in BJ1 cells (clone C3 and B2) compared to 
wild-type (WT). Endogenous emerin was immunobloted with mouse monoclonal 
anti-EMD antibody (1H9) for confirmation of knockout clones. Westernblot of α-
Tubulin was also labeled and normalised for quantitative analysis. The 
representative blot is shown (n=3). Each group of cell tested in three cultured 
surfaces — P; tissue culture plastic, F; flat PDMS, Gr; grooved PDMS which are 
subjected to Fn-coating for cell adhesion, and harvested the cells after 7 days of 
experiments. 
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laminA/C in emerin KO cells; a reduced expression of laminA/C of around 64±13% 

in EMDKO-C3 and 42±12% in EMDKO-B2 when it was compared to basal line of WT 

emerin (+ve) cells on TC-plastic.   

 

Secondly, the degree of ERK1/2 activation was analysed by measuring phospho-

ERK1/2 (pERK1/2) normalised to the ERK1/2 signal. As shown in Figure 5-16B, the 

ratio of pERK/ERK revealed that phosphorylated ERK on plastic coated surface was 

about 2.27-fold higher in the emerin KO clone C3 and 1.74-fold higher in the 

emerin KO clone B2. In addition, pERK signalling seems stimulated on topographic 

patterning compared to flat control, this is likely to an induced activation of ERK 

by phosphorylation compared to KO clones on TC-plastic at almost similar 

activation of ERK phosphorylation of around 2.23-fold in EMDKO-C3 and 2.14-fold 

in EMDKO-B2. Without microgrooves, cells lacking emerin were found to have less 

pERK with a slight drop when compared with the same cells on grooved surfaces. 

pERK was detected to be ~1.71-fold and ~1.32-fold increased in clone C3 and B2 

on flat substrates. These small differences in regression of activated pERK at about 

56±11.5% in EMDKO-C3 and 82±39% in EMDKO-B2 subjected to groove-guided nuclear 

alignment, respectively.      

 

Lastly, the functional dichotomy between the sub-interactomes of transcription 

factors associated with emerin depleted cells toward actin cytoskeleton 

connectivity was assessed as one of representative measurement via MRTF-A 

signalling by quantified immunoblotting and immunofluorescence assays. Loss of 

emerin in hTERT-BJ1 cells revealed a significant decrease in aggregation of 

nuclear MRTF-A, confirmed in both tested knockout clones. However, the 

comparative analysis of substrate guidance cells via immunoblotting did not 

displayed a difference in change subjected to surface textures. Westernblot 

analysis of EMDKO-C3 pools showed a reduction of nuclear MRTF-A translocation to 

around half of expression toward plastic, non-/patterned microgroove substrates 

compared to the basal level in wild-type control. The declined signals of MRTF-A, 

predominantly in the nucleus of EMDKO-B2 was found similarly with a slightly higher 

impact of reduction to ~34±12.5%, 33±6% and 33±7%, in plastic cultured, flat PDMS 

and grooved substrates, respectively (as shown in Figure 5-16C – comparison of KO 

cells to WT; wild-type cells). Therefore, examples of IF images illustrated the 
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localisation of MRTF-A levels in nuclear and cytoplasmic distribution as shown in 

Figure 5-16D – combined staining of MRTF-A, nucleus with DAPI followed by actin 

with Phalloidin for cellular compartmentation.  

 

 

Consistent with the above tested results in emerin knockout clones, the impact of 

emerin associated protein expression of selected interaction partners was also 

determined in emerin KO HEK293 clones. The results from western blotting of 

total proteins with Ponceau S staining (Figure 5-17A) and immunospecific antibody 

Figure 5-16 Quantitative analysis of targeted protein expression in fibroblasts 
lacking emerin. Quantitation of A) Lamin A/C B) pERK/ERK and C) MRTF-A 
production were westernblotted in control (tested by wild-type, WT) and knockout 
BJ1 cells which are mutated in EMD gene (observed in C3 and B2 clones) after 7 
days of culture on Fn-coated plastic (P) surface, flat (F) and grooved (Gr) 
patterning of PDMS. The relative fold change of selected protein expression was 
calculated and compared to the basal expression of wild-type on TCP/plastic 
coated Fn. Results are from three independent experiments. Data show ± SD 
where the evaluation is statistically significance, markly indicates in; *p<0.05, 
**p<0.01 and ***p<0.001. D) Representative images of fluorescently labelled MRTF-
A displays the localisation of MRTF-A (green), together with nuclear structure 
(blue) and actin cytoskeleton (red). The examples of IF staining are shown from 
cells on grooves. Scale bar ~20µm.  
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labeling of MRTF-A, laminA/C, pERK/ERK, together with loading control α-Tubulin 

and confirmation of completed knockouts against anti-EMD measurement (as 

displayed in Figure 5-17B). In wild-type expressing emerin and candidate knockout 

clones, pERK was not detectable from the nuclear extracts of HEK293 cells. 

Densitometric quantification of intensities for MRTF-A and ERK were analysed to 

observe the alteration as influence by the deletion of emerin-expressing cells 

(Figure 5-17C).  

 

 

 

Figure 5-17. Mapping the changed protein network in emerin knockout HEK293 
cells via westernblot analysis in wild-type (WT) and two representative clones 
(1D1 and H5S). A) Total proteins from cells on plastic (P), flat (F) and groove (Gr) 
PDMS from 7 days of cultures were loaded at ~20 µg and visualised the denatured 
protein separation using Ponceau S staining. B) Targeted protein expression of 
MRTF-A, laminA/C, pERK and ERK are immunoblotted against antibodies. 
Westernblot also used to shows the absence of emerin protein in knockout clones, 
α-Tubulin represents as positive internal control. C) Quantitative values of protein 
expression of the indicated protein MRTF-A (top) and Erks (bottom), are calculated 
and compared in their relative fold change of targets compared to wild-type on 
plastic. Data is plotted from n=1 sample per group. The protein extract in each 
genotypic group is tested across three culture surfaces. 
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The nucleoplasmic MRTF-A of emerin knockout 1D1 and H5S clones remained 

stable expression similarly to wild-type controls with no difference in three 

cultured surfaces observed in hard plastic, PDMS substrates with/without pre-

patterning topography. Interestingly, ERK1/2 levels were next sought to measure 

to represent in the protein levels upon knockout of emerin in HEK293 cells. The 

loss of emerin activates ERKs expression with an increase in relative fold change 

of ERK1/2 intensities from nuclear extracts of emerin depleted cells compared to 

wild-type grown on plastic-Fn coating. 

 

The quantified level of ERKs in EMDKO-1D1 clones showed a rise level to ~1.58-

fold, 1.63-fold and 1.78-fold stimulation in plastic, flat and grooved substrates. 

The observation of ERKs in EMDKO-H5S was found correlated link of activated level 

to ~1.65-fold, 1.83-fold and 1.89-fold, as observed in cells growing on Fn-coated 

surfaces of plastic, non-grooved, grooved PDMS, respectively. A gradual increase 

of ERKs upon an influence of micropatterned substrates was detected at about 

15% and 6% with grooves in comparison with flat substrate in 1D1 and H5S clones, 

respectively.    

 

As an unaffected nuclear MRTF-A level in response to emerin knockout clones 

assessed by westernblot analysis, the immunofluorescence assay was further 

examined to confirm their expressed intensities and indicated of nuclear 

localisation (Figure 5-18). The integrated intensities of MRTF-A tagging by 

CellProfiler where the MRTF-A signals overlapped with the nuclear architecture 

via DAPI staining were detected. The results from IF images exposed that the 

MRTF-A expression was not alter upon emerin depleted HEK293 cells.    
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Figure 5-18. Immunofluorescence staining of MRTF-A localisation and 
intensities in wild-type (WT) and mutants (clone 1D1 and H5S) of EMD knockout 
models from HEK293 cells. A) Nuclear localisation of MRTF-A signalling of cells 
on TCP coated with Fn after 2 days of culture. The MRTF-A is then tracked after 
fixing followed by fluorescently labelled of individual channel uses DAPI for 
nucleus and MRTF-A conjugated with FITC for MRTF-A. B) Examples of MRTF-A 
accumulation and comparison between non-/patterning substrates. Scale bar 
~20µm. C) MRTF-A intensities are measured and mainly aligned its localisation in 
the nucleus demonstrated similarity of nuclear MRTF-A intensities scored from 
around 200 nuclei in each tested group. Values are plotted from two independent 
experiments.       
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5.4  Discussion 

The mechanical roles of inner nuclear membrane (INM)-destined integral 

membrane proteins and their functions have been often explored in research 

activities which are referred to as the “structural” and the “gene expression” 

hypotheses (see examples; Cohen et al., 2001; Osmanagic-Myers et al., 2015; 

Salpingidou et al., 2007; Samson et al., 2018). In this chapter, the type II INM 

protein emerin has focused on the study of cross-linked and interdependent 

regulation in the knockout of emerin modelled in human dermal fibroblasts and 

epithelia. The route of investigation not only provided insights into emerin self-

contribution and an interface function of its domain binding partner but also 

elucidate the alteration of how a mutation in gene encoding emerin affects gene 

regulation in cytoskeletal elements. As such, emerin and other INM proteins are 

highly co-translationally inserted into the ER network and the LINC complex which 

establish a bridge between nuclear lamina to the actin cytoskeleton.   

 

Supporting the structural hypothesis, experimental studies are accumulating 

results that emerin-null cells represent a complete knockout emerin expression in 

the degree of nuclear rigidity, also implicated in size, shape and measures of DNA 

contents which link to the cell-cycle division and progression. Such changes 

correspond to e.g. genome duplication and condensation of chromosomes in 

emerin-null cells, the images of fluorescently labelled DNA stoichiometry 

observed in EMD knockout fibroblast displayed variance that a delayed cell division 

occurred in one of tested EMD mutant (namely B2 clone) with no observation of a 

newly formed nucleus with the timing of nearly 48 hours. However, DNA content 

distribution appeared regular in EMDKO-C3 which is similar to wild-type (as shown 

in Figure 5-3). It has also been found that embryonic stem cells lacking lamin A/C 

and or emerin lost pluripotency and ability of differentiation under retinoic 

treatment (Smith et al., 2017). On the contrary, emerin and A-type lamin-

deficient mouse fibroblasts had a significantly higher fraction of polyploidal nuclei 

as analysed by flow cytometry compared to cell nucleus distribution in 

immortalised cells (Lammerding et al., 2005). The image analysis from emerin-

null HEK293 cells appeared normal distribution of DNA content with no difference 

between wild-type and mutants (Figure 5-8). So that, the role of emerin in cell 

cycle stage is needed for further studies that allow determine the change of NE 
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material properties during duplication. A case reported by Dubinska-Magiera et 

al. (2019), provided evidence of the role of emerin which interacting mitotic 

spindle microtubules and invagination sites linking centrosomes during mitosis, 

together with associated membrane proteins to condensing chromatin using laser 

confocal microscopy, GFP-emerin and fluorescently marked emerin. This finding 

illustrated an association of emerin distribution in a culture model in HeLa cells 

and some examples of deletion mutants. The presence of emerin fraction at 

mitotic spindle microtubules and centrosomes which is found entering early 

mitosis from prophase, prometaphase and metaphase. In anaphase cells, a major 

emerin fraction follows “core-regions” on chromatin and condensing chromatin 

with a small amount of bound emerin in centrosomes. The same study also 

indicated that emerin interacting proteins; the main nuclear lamina-A type lamin 

and the chromatin associated BAF in participate sharing interface features and 

distribution in cell-cycle dependent recruitment of membranes to chromatin at 

the onset of mitosis. In addition, some EMD mutants were generated which 

observed fragmented nuclei or structural DNA/chromatin outside the nucleus. In 

consistent with the results as determined by the DNA content (see Figure 5-3), the 

resultant from emerin-deficient cells affecting nuclear characteristics or 

phenotypes vary and are mutant dependent. It is more likely that depleted 

emerin-expressing cells cause quiescence, rather than more severe negative 

impact such as apoptosis, along with minor differences in cell cycle phases. Four 

cases studied of the emerin deletion mutants from Dubinska-Magiera and co-

worker, demonstrated variable levels of cellular phenotypes: abnormal, cut and 

apoptotic and cell phase in represented deletion mutants (E70, E176, E70-140 and 

E1-254) – position of amino acid residues where it was disrupted in emerin-

expressed cells. It was found that full-length deletion of emerin protein (E254 also 

known E1-254) had around 10% of mild abnormality with a declined number of 

cells in S and G2 phases. While all three partial deletion mutants resulted in a 

larger scale of abnormal features. For general control of mitotic entry and exit, 

E70 mutant exhibited a lower population in the sub-G0 phase, and E70-140 gave 

rises in G0/G1 and phases but decreased at the later stage in G2 phage. Indeed, 

a more population of cells abnormality had detected in three partly mutations by 

around half of the cell pooled. Combining all the above report with the results 

from EMDKO-clones tested in hTERT-BJ1 cells are potentially enough to delay cell 
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cycle progression. However, the impact is varying due to the site of emerin 

mutation. Especially, the experimental tested in this chapter using knockout cells 

at residue 15-254, displayed no statistical differences between emerin mutants 

and control which correlated to the finding observed in E254. It was also confirmed 

that lacking expression of emerin is unlikely to cause apoptosis (Lammerding et 

al., 2005), along with minor issues in nuclear division differences during cell phase 

(Dubinska-Magiera et al., 2019). An in vivo study supported by Ozawa et al. (2006), 

both emerin-null mice and the double knockout with additional lamin A/C have 

similar weights and are not significantly affected at post-development defects.  

 

Next, the assessment of size and shape of individual nuclei that were positioned 

and attributed to local changes in membrane rigidity and implying chromatin’s 

compaction. Upon emerin depletion during fibroblast’s growth, nuclear area 

increases with a more circular shape as shown in decreased measurement of the 

analysed shape’s aspect ratio in cells on flat culture. Therefore, the nuclear 

enlargement in emerin-depleted cells was also observed on grooved surface, while 

the shape factor deviates from a circular to bounding ellipse was influenced by 

micropatterned-tracking cell nucleus alignment (Figure 5-5), along with nuclear 

deformability in which resulting in a more elongated shape using mutants with 

microscale-topography. This is consistent with reports of nuclear deformation 

which led to an increase in nuclear size driven oval shape upon lacking emerin 

expression, characterised by lung adenocarcinoma (Kobayashi et al., 2018), 

ovarian epithelial cancer cells (Watabe et al., 2021) and mouse embryonic 

fibroblasts (Lammerding et al., 2005). Emerin mutants in HDFs, combined with 

micropatterns suggested that Q133H and P183H mutations influence nuclear 

deforming it to its characteristic ellipsoid shape in 15 µm patterns, as confined 

structure and altered nuclear strength in 10 µm patterns became more 

pronounced differences in adaptive nuclear deformation (Fernandez et al., 2022). 

The same finding by Lammerding et al. (2005), indicated that there was an 

increased in size and roundness of nuclear membrane, analysed by lower values 

of the nuclear length/width ratio and contour ratio (4π x area/perimeter2) during 

suppression of emerin in fibroblasts. Supporting the outlined morphology, nuclear 

emerin can alter size or shape by cell type-specified. Apart from mild effect of 

nucleus size variation, an over 3-fold increase in ovarian epithelial cancerous cells 
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(Malpica et al., 2004; Vang et al., 2009; Ramalingam, 2016) whereas smaller 

nuclear area was found in breast cancer cells (Liddane et al., 2021). Following the 

trend observed in Figure 5-7, the shape fluctuations of emerin-null cells in HEK293 

were detectable without change in relatively nuclear aspect ratio. For the size-

wise nuclear area, a wide range of these cells were crowded, unevenly distributed 

nuclei driven the measurement was not reached.  

 

Taken together, the impact of emerin-null cells reflected fluctuations of nuclear 

morphology. Some of degree of proliferation or chromatin protrusion has been 

shown to validate the deformation-driven motility and extensive membrane 

expansion. Most recent researches often compare the loss of emerin with lamin 

A/C, which have shared features but emerin had a much weaker impact on nuclear 

stability and integrity. Loss of function in lamin A/C mutants often leads to emerin 

mislocalisation affecting distorted nuclear membranes and shedding of cell-

nuclear compartmentation (Sullivan et al., 1999; Raharjo et al., 2001). There was 

evidence by Reis-Sobreiro et al. (2018), informed that emerin depletion promotes 

nuclear instability and is widespread in prostate cancerous cells and increased 

metastatic sites which are confirmed by metastatic cells of epithelial origins. The 

nuclear rupture is very rare due to lack of emerin, no difference observed in 

fibroblasts (Lammerding et al., 2005), a case example of appeared DNA damage 

in highly expressed emerin tissue detected in skeletal myoblasts (Earle et al., 

2020). However, chromatin protrusion (or nuclear blebs) in emerin knockout cells 

has found less severity than in lamin A/C mutants. An article from Earle’s group, 

reported the prevalence of chromatin protrusion and elongated myonuclei, 

consistent with clinical translating reports from patients with laminopathy (Tan 

et al., 2015) and Lmna KO mice (Gnocchi et al., 2011). Beyond NE proteins and 

proliferation, stretch-induced proliferation was examined as its 

mechanobiological beneath the inner nuclear proteins, emerin and lamin A/C. The 

proliferating VSMCs cells had significantly increased in emerin- and lamin A/C-

target siRNA in response to 5%-15% cyclic stretch, with more pronounced under 

15% stimulation (Qi et al., 2016). The absence of emerin under strain application 

at 3%, 5% and 10% biaxial strain in fibroblasts confirmed that no significant effect 

on apoptotic cells (Lammerding et al., 2005).  
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Mechanisms based on emerin scaffolds are known to contribute to gene expression 

patterns via the direct interaction of emerin with lamin A/C or BAF complex 

formation. Lamin A/C interactions with emerin, the NE protein whose anchorage 

at the nuclear rim could belong to the nuclear lamina and further regulate the 

gene expression (Brachner & Foisner, 2011). Other gene-regulatory partners BAF 

utilise emerin scaffolds for their mediated activities involved in chromatin 

remodelling through its ability to link DNA regions and to binding interaction at 

the core histone H3 (Maraldi et al., 2006; Montes de Oca et al., 2005). Thus, the 

interaction of emerin as a support role for the complex inside the nucleus could 

influence on altered gene expression by chromatin remodelling complexes (CRCs) 

and histone deacetylases (HDACs), in turn recruited by transcriptional regulators 

(Chau & Wang, 2003). In this study, the lack of influences of emerin-null cells as 

models emphasise disruption of the nucleoplasmic region of emerin that affect 

the level of productivity and stability. The qRT-PCR experiments detected Lmna 

expression differences around half production in both emerin mutation tested in 

BJ1 and HEK293 cells with a similarity across three cultured surfaces in plastic, 

flat and grooved-Fn coat substrates as compared to normal expression in wild-

type cells. In addition, westernblot analysis confirmed reduced expression of 

lamin A/C in BJ1-hTERT cells in the absence of emerin signal in either EMDKO-C3 

clone or EMDKO-B2 clone. Compared with lamin A/C-deficient cells in emerin 

synthesis, it has been reported that an increased intensity and upper band of 

emerin was measured during laminA/C suppression conditions in combination with 

mevinolin treatment which used to induce an upstream production of a precursor 

protein prelamin A. The higher accumulation of emerin was found to increase as 

correlated to the level of prelamin A observed in human skin fibroblasts, HeLa and 

HEK293 cells (Cenni et al., 2020). In addition to emerin binding partner BAF – a 

conserved protein involved in chromatin remodelling, the lack of emerin 

regulating BAF expression was shown to significantly decline to 0.7-fold on plastic, 

0.57-fold on flat PDMS and 0.39-fold on grooved PDMS in Banf1 expression of 

emerin knockout BJ1 clones normalised to wild-type grown on plastic culture. The 

onset of emerin-BAF complex could likely decrease the affinity of BAF-DNA 

interaction (Park et al., 2015), the resultant of soft material and topographic 

pattern guiding emerin knockout BJ1 candidates were more pronounced when the 

cell nucleus is forced under mechanical stress. A report from Snyers et al. (2022), 
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suggested that mutation of emerin strongly conveys its potential to disrupt BAF 

accumulation with topological/oriented defects at the core region. Next, the 

point in emerin interaction to HDAC3 provides the existence of crosstalk between 

HDAC3, lamin A/C and BAF molecular association under emerin supply regulating 

their control inside the nucleus. Emerin related to one of chromatin-modifying 

complexes, so-called the nuclear co-repressor (NCoR) complex which is an HDAC3-

containing complex, providing a mechanism by which loss of emerin might be 

connected to repressed chromatin and consequent to decreased heterochromatin 

formation (Holaska & Wilson, 2007). The gene expression data from cells lacking 

emerin impact HDAC3 expression by reduced production. Emerin-null BJ1 cells 

declined levels of HDAC3 ~0.47-fold confirmed by two EMD-knockout clones in 

plastic adhesive surface coating with Fn. An influence of soft matrices resulted in 

a 24% and 17% decrease in HDAC3 levels of normally expressed EMD in wild-type 

progenitor on non-patterned and microgrooved patterning PDMS-Fn coated 

islands, respectively. When the expression of HDAC3 was measured, normalised to 

GAPDH and compared their relative fold-change to wild-type cells grown on hard 

surface (TCP-coated area). These reduced HDAC3 expression subsequently 

enrichment of HDAC3 levels equates to no more than 0.17-fold higher HDAC3 on 

PDMS cultures with/without topography compared to plastic rigid control cultured 

EMDKO-clones. A similar trend of observation in HEK293 cells, the lack of emerin 

caused a lower HDAC3 level in the range of 41% to 52% across three cultured 

surfaces tested, the difference between soft and rigid surfaces is noted when wild-

type cells were grown on plastic in comparison with PDMS substrates. Evidence 

provided by Demmerle et al. (2012), support the role of emerin-HDAC3 binding in 

regulating HDAC3 activity. This finding suggested that mutation of emerin 

inhibited HDAC3 activity while an enrichment of HDAC3 was found at 2.7-fold 

activation subjected to wild-type emerin-bound HDAC3. It was also found that 

localisation of HDAC3 is less at the nuclear lamina under emerin-depleted 

conditions. According to changes in HDAC3 levels, epigenetic status of H4K5 

acetylation which is the preferred target of the NCoR complex followed its 

activation with few of the previous publications (Demmerle et al., 2012; Collins 

et al., 2017). A case reported by Collins et al. (2017), indicated that emerin-null 

myogenic progenitors enhanced levels of H4K5ac nearly 2-fold via westernblot 

analysis. This finding also confirmed that a stimulated statue was subjected to 
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HDAC3 activity related to emerin depletion by treatment with an HDAC3-specific 

activator using Theophylline. Treatment with theophylline caused a 54.9% and 35% 

reduction in emerin-null cells and wild-type myoblasts, respectively. Several lines 

of evidence demonstrate the alteration of a coordinated process link to HDAC3-

binding emerin mutants dependent upon epigenetic mechanisms in response to 

lacking emerin signals. Emerin-null cells display similar epigenetic features as 

those seen in the loss of HDAC3 resulting in increased H3K9ac, H3K4me3, but 

decreased H3K9me2/3 and H3K27me3 levels (Bhaskara et al., 2010; Demmerle et 

al., 2012; Marano & Holaska, 2022).         

 

An increasing evidence suggested that the ERK pathway and its upstream p38 MAPK 

signalling are upregulated in emerin-null cells and exhibited stronger effects in 

laminA/C mutants (Favreau et al., 2008; Koch & Holaska, 2012). A biphasic ERK 

regulates cell progression, depending on whether ERK is activated or inhibited. 

ERK activation is required for cell proliferation whereas ERK inhibition is necessary 

for differentiation to initiate myogenesis (Tiffin et al., 2004; Jo et al., 2009; 

Yokoyama et al., 2007). In the experimental system, quantitative analysis of ERK 

expression and activated ERK kinases by phosphorylation are evaluated in emerin-

null cells association to ERK activity. In BJ1-CRISPRko EMD clones, ERK expression 

detected via qRT-PCR analysis displayed there were unaffected in ERK1/2 level in 

immortalised fibroblasts in the absence of emerin across all tested clones and 

surface cultures. BJ1-hTERT fibroblasts downregulated for emerin were further 

accessed in the phosphorylated stage, westernblot results revealed that 

phosphorylation and nuclear translocation of ERK1/2 were significantly enhanced 

in the range between 1.3-fold to 1.7-fold activation relative to ERKs levels for 

normalisation in two EMD knockout clones on non-patterned Fn-coated substrates. 

In adding microgrooved surface cultures, the activated pERK/ERK levels were 

promoted by 56-82% stimulation (which referred by over 2-fold increase), which 

equates to a similar activated of phosphorylation in cells on TCP in comparison to 

EMD deletion without grooves. In line with this agreement, the activated 

phosphorylated ERK1/2 was observed by around 2-fold and 3-fold in hearts from 

EMD knockout mice and Lmna knockout mice, respectively (Muchir et al., 2007). 

A few findings confirmed ERK activation by treatment with ERK inhibitors in 

emerin-null myogenic progenitors. Emerin-null cells treated with either U0126 or 
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PD98059 caused approximately 70% reduction in pERK levels (Collins et al., 2017). 

Supporting this hypothesis, treatment with p38 MAPK-specific inhibitor SB203580 

reduced p-p38 MAPK levels by 66% (Koch & Holaska, 2012). Next, the qRT-PCR 

analysis revealed that ERK1 expression was statistically significantly increased by 

an average of 2.6-fold and 2.9-fold when two of EMD-null HEK293 clones were 

grown on flat and grooved surfaces, respectively. However, the ERK2 expression 

in the gene level was not altered in EMD-null cells observed in HEK293 samples. 

The protein examination of activated ERKs was measured by westernblot analysis 

and exhibited that expressing EMD mutants from HEK293 cells resulted in 1.73-

fold and 1.84-fold induced activation of ERK1/2 on flat and groove PDMS compared 

to wild-type normally expressed emerin. Supporting these activated ERKs, it was 

also described that a gradient of activation and diffuse fluorescence pattern of 

ERK1/2 was more intense and predominantly located in the nucleus when the test 

was performed in the cells and mice without emerin (Muchir et al., 2007). The 

westernblot results did not show a signal of ERK phosphorylation when the tests 

were carried out in HEK293 cells, there was also reported that pERK expression 

was not detectable in wild-type of HeLa cells and weakly (~8% of nuclei) from 

HeLa cells treated with EMD siRNA (Muchir et al., 2009). 

 

The transcription factor SRF (serum response factor) was lastly focused as it 

represents the convergence point to couple gene transcription to growth factor 

associated with Rho GTPase-actin and Ras-ERK signalling (Gineitis & Treisman, 

2001; Miralles et al., 2003). The SRF recruits two families of coactivators, the 

TCFs family of ETS domain proteins (Elk-1, Elk-3 and Elk-4) and the MRTFs to toggle 

between regulating cell proliferation and orchestrating actin cytoskeletal and 

contractile movement (Xie, 2014). The knockout cells expressing emerin, 

combined with gene expression analysis via qRT-PCR technique; TCFs dependence 

of a complex of transcription factors linked to Ras-ERK activities including Elk-1 

and Elk-4. These genes were highly expressed in EMD mutants from BJ1 fibroblasts 

similar to those in HEK293 of EMDKO-cells. The results revealed that loss of emerin 

triggered ~2.5-fold upregulation of both Elk-1 and Elk-4. In agreement with this, 

the expression of Elk-1 and Elk-4 was enhanced by 2-fold to 3-fold when HeLa cells 

were treated with EMD or Lmna siRNAs (Muchir et al., 2009). Supportive evidence 

provided by Esnault et al. (2014), illustrated the role of TCF-dependent signature 
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overlap with Elk1-SRF targets in HeLa cells that were defined by ChIP-chip and 

ERK-dependent genes activated serum responsive manner in fibroblasts. However, 

the qRT-PCR displayed expression of Elk-3 declined by around 50% by EMDKO-cells 

in either fibroblasts or epithelia (tested in HEK293 cells). The result is unsurprised 

as Elk-3 (also known as Net), was found as a transcription inhibitor (for reviews or 

case studies see Sharrocks et al., 1997; Wasylyk et al., 1998). The study by Ducret 

et al. (2000), suggested that Net transcriptional activity suppressed transcription. 

Increasing the amount of Ras can stimulate Net activity, examined by luciferase 

reporter assay. For the transcriptional activity of MRTF-A (or MKL1) regulated by 

emerin, immunoblotting results from nucleoplasmic extracts in EMD knockout cells 

displayed that relative expression of MRTF-A was dramatically decreased by nearly 

70% observed in fibroblasts lacking emerin in comparison to normally expressed 

emerin in wild-type control. The protein expression level of MRTF-A showed 

similar expression when the cells were grown in plastic, flat and grooved PDMS 

materials with no difference between soft or adding topography and hard surface 

cultures. Several publications reported in agreement with the data in this study 

reverse the focal adhesion defects reported in EMDKO fibroblasts which further 

related to a constitutively active form of MRTF-A/SRF-dependent gene expression 

manner (Willer & Carroll, 2017). Supporting evidence in the aspect of MRTF-A 

subcellular localisation, dominant mutations in EMD or Lmna are driven to 

impaired nuclear translocation of MRTF-A in fibroblasts and myoblasts (Sidorenko 

& Vartiainen, 2019; Le Dour et al., 2022). Collectively, a case study by Ho et al. 

(2013), investigated the role of emerin regulates nuclear actin polymerisation and 

transcriptional activity of MRTF-A in emerin-deficient and Lmna-null cells. An 

ectopic increase expression of emerin is markedly improved nuclear translocation 

of MRTF-A tested in Lmna mutants. Meanwhile, emerin mutants were unable to 

bind actin and failed to restore MRTF-A translocation into the nucleus. Taken 

together, the same study provided the correlation between MRTF-A and ERK1/2 

activity. Inhibition of the ERK1/2 using treatment of Lmna and EMD mutant mice 

with MAPK inhibitors, subsequently induced nuclear localisation of MRTF-A. These 

indications supported the results of activated phosphorylation of ERK1/2 in the 

absence of emerin affected to reduced nuclear localisation of MRTF-A by 

increasing its nuclear export.  
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5.5 Conclusion 

The molecular pathway characterised the cell behaviour changes upon low 

mechanical force conditions in the emerin knockout clones was proposed which is 

essential to fulfill understanding in cell mechanics. The illustration in the results 

of signal transduction revealed how mechanical switches influence the nuclear 

machinery functions including emerin linked to nuclear actin binding complexes 

and chromatin, activities and translocation of transcription factors, and changes 

in some of key molecular regulators by downstream and upstream signalling.  

 

Using such cell-bioengineered tools, the distinct and overlapping effects of 

nuclear regulatory proteins and mechanical forces in the cellular 

microenvironment contribute to changes in cell shape including the degree of 

spreading. These effects regulated by cell shape were dependent on intracellular 

contractile force generation via RhoA-directed MRTF-A translocation while, an 

increase in the cell spreading correlated directly with the abrogation of 

cytoskeletal complexes and links to MAPK/ERK signalling regulated traction force 

generation. The results of nuclear localisation of MRTF-A and TCFs by associating 

with SRF revealed that inhibited MRTF-A accumulation under the regulation of 

cellular contractility whereas, activated Elk-1 and Elk-4 expression of TCFs which 

promote hyperproliferative activities of cell spreading.  
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CHAPTER 6 CONCLUSION 

 

6.1  Closing remarks  

Patients with severe skin injuries rely on the use of tissue engineered skin due to 

insufficient donor tissue and a lack of adequate regenerative characters 

(Sheikholeslam, 2021). Tissue engineering has emerged as a revolutionary field 

that combines cell interaction, scaffolds, biomaterials, and biologically active 

ingredients to create functional tissues (Eldeeb et al., 2022). Local cells in the 

skin including dermal fibroblasts and epithelia display remarkable plasticity and 

can undergo reprogramming or functional changes depending on their 

environment (Liu et al., 2012; Tata et al., 2021; Salminen, 2023). In this thesis, 

cell-based biomaterials incorporated into tissue engineering approaches were 

developed to offer tissue-engineered skin regenerative materials that can 

effectively translate to clinical applications in a proper cellular 

microenvironment. However, the mechanisms of cellular mechanotransduction by 

which cells convert mechanical force signals from microenvironmental cues into 

biochemical signals to regulate cell functions remain incompletely understood. To 

overcome this challenge, the cell scaffolds were cultured under dynamic 

microenvironments generated by mechanical stretching (chapter 3) and gene 

engineering (chapter 4) for mechanobiological studies of networks of mechanical 

switches and coupled to all regions of the cell nucleus (chapter 5).  

 

A global overview of the cell-based biocompatible scaffold with applied tissue 

engineering to regulate cell motility via mechanosensitive Rho GTPase pathway 

and ERK signalling cascade was major lines to investigate the 

mechanotransduction of dermal fibroblasts and epithelia (as shown in Figure 6-1). 

Combinatorial tissue engineering approaches were applied to optimise a 

microenvironment favour of cells with biomaterial cues that are influence by 

internal material properties (e.g. topography, surface charge, scaffold adhesion, 

and mechanical properties) and external mechanical force application via 

stretching systems. A detailed summary of each tissue engineering approach used 

in the following;  
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I, Material-controlled cell geometry via micropattern topography to guide 

cell alignment under anisotropic mechanical regulation of cell shape.  

II, Surface modification that used a combination of plasma treatment to 

increase the hydrophilicity of scaffold and ECM (i.e. fibronectin) coating for 

providing an efficient adhesion of cell-ECM interactions 

III, Mechanical manipulation in the nucleus was reduced by inhibition of 

emerin linked to actin binding complex via CRISPR/Cas9 gene editing tool.  

IV, Stretch-activated growth that applied force to passively pull the cells. 

 

  

 

 

 

 

Figure 6-1. Integration of biomaterial strategies used in this research project 
and signalling cascades in Rho-GTPase and Ras/MAPK-dependent manner. For 
cell-scaffold biomaterial in tissue engineering, biomaterial approaches used 
surface modification including soft lithography pre-pattern of substrate with 
grooves for guidance of cell shape/alignment and plasma treatment with ECM 
coating surfaces for adhesive properties.  Two engineering approaches applied to 
manipulate the cell growth used mechanical stretching and CRISPR/Cas9 gene 
editing systems. A selected pathway highlighted the coaching in the nucleus linked 
to cytoskeleton under competitive binding site of SRF transcription co-factor at 
the action of MRTFs (MRTF-A/B) and TCFs (Elk-1, Elk-3 and Elk-4).   
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In a comparative study of cells under dynamic microenvironments, smart 

responsive biomaterials (in chapter 3) and engineered emerin knockout cell 

models (in chapter 4) represented the cellular environment under high and low 

mechanical forces. Mechanical coupling between the cell surface and the nucleus 

through transmembrane receptors and cytoskeletal filaments that connect to the 

nucleus, can convey mechanical signals to alter cell functions (Wang et al., 2009; 

Zhang and Habibovic, 2022). Mechanosensitive transcription factor MRTF-A 

activity is controlled by Rho GTPase signalling and has a profound effect on the 

dynamic balance of G-actin and F-actin formation (Esnault et al., 2014). 

Mechanical stimulation promotes nuclear entry of MRTF-A signalling. The results 

from varying mechanical properties of the cellular environment showed that the 

nuclear translocation of MRTF-A was dependent on the force-regulated 

microenvironment (Figure 6-2).  

 

 

 

Groups Figure 6-2. Emerin expression 
and stretch signals regulate 
nuclear translocation of MRTF-
A in BJ1 dermal fibroblasts. 
Under high mechanical 
properties, stretched cells 
exposed to unidirectional 
stretch and cyclic stretch (5%, 
0.05Hz and 90° grooves) had 
significantly increased nuclear 
accumulation of MRTF-A were 
around 2.0-fold and 1.3-fold, 
respectively. The fold change 
(F.C.) of nuclear MRTF-A in 
stretched cells were compared 
to non-stretched group. By 
lowering mechanical forces via 
emerin mutants, there was 
significant decreased nuclear 
MRTF-A to the range between 
0.3-fold and 0.5-fold compared 
to cell-expressing emerin on 
oncoated with Fn. Fn-coated tissue culture plastic (TCP) control. Unpaired two-samples t-test 

indicated as ***p<0.001. The results from at least three independent experiments 
were performed. 
 



Chapter 6: Conclusion 
	

	 151	

Under mechanical stimulation (chapter 3), mechanical stretching was applied to 

the cells on Fn-coated PDMS sheets and compared to non-stretched control, there 

was a significant in increase nuclear accumulation of MRTF-A to approximately 

2.0-fold and 1.3-fold subjected to unidirectional stretch (4.2%) and cyclic stretch 

(5%, 0.05Hz and 90° grooves) for 24 hours, respectively. A prolonged stretching 

experiment for 48 hours displayed that nuclear MRTF-A had dramatically declined 

to the basal level of their normal expression compared to non-stretched groups. 

A temporal sequence of mechanical stimulation provides evidence of activated 

mechanobiological responses in a timely manner. Therefore, the cell adapted to 

microenvironment cues and quickly return to their original status to maintain 

tissue homeostasis. Under reduced force conditions via the generation of cell-

lacking emerin (chapter 4 & 5), the nuclear export of MRTF-A was observed in 

emerin mutants confirmed by two knockout clones. All of characterisation of cell 

deformation on PDMS substrates were analysed on flat and grooved substrates and 

compared to TCP control. 

 

Furthermore, the study for the role of emerin and mechanoresponsive elements 

examined the molecular pathways (chapter 5) in the following; 

 I, The activity of transcription factors TCFs including Elk-1, Elk-3, and 

Elk-4 that have shared transcription co-factor binding motifs at the SRF binding 

sites to MRTF-A. The real-time PCR showed that Elk-1 and Elk-4 were activated to 

around 2.0-folds and 2.6-folds in emerin knockout cells when the nuclear MRTF-A 

significantly declined. 

 II, The nuclear mechanoregulation under low mechanical properties via 

protein interactions of emerin including lamin A/C, BAF, and HDAC3 that 

contribute to changes in the nuclear lamina, DNA and acetylation of histone. Half 

expression of lamin A/C, BAF, and HDAC3 were detected by qRT-PCR assay which 

implied a lower nuclear stiffness.  

 

This study has developed well-constructed multifunctional biomaterials with 

stretch stimuli or genetically modified driving microenvironmental cues for 

mechanobiological studies to improve outstanding outcomes in skin regeneration. 

The line of studying has addressed mechanoresponsive regulators that act as 

mechanical switches of gene/protein regulatory networks to control nuclear 
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deformation and cell mechanics in altering signal transduction-induced 

cytoskeleton filaments oraganisation, transcription factor activities, histone 

remodelling via acetylation status of HDAC3 levels and influence cell behaviours.  

 

6.2 Future directions 

Base on the project concept, cells based-scaffold with engineering approaches 

have been proposed to serve as bifunctional material composing therapeutic and 

regenerative ability. Cell-scaffold interactions have investigated in two-subtypes 

for skin equivalents that studied on behaviour of human dermal fibroblasts and 

epithelia cell-lines. Skin covers the body’s entire external surface, the cells not 

only can be used by co-culturing as core structure for skin regeneration, but they 

can also be adapted to facilitate other applications via cell-cell interactions such 

as bone, nerve or vasculature systems for designable clinical translation 

outcomes. For the main focus of biomaterial view, stretch induced- or CRISPR-

responsive PDMS biomaterials have created engineered platform carrying 

modification of phenotypic and regenerative characters of cells. In particular, 

signalling cascade induced cell motile including proliferation and contractility 

have been shown that deserve a future consideration of integration of complexity 

for the best possible functionalise biomaterial with a given propose. Examples of 

combined the generating biointerfaces science and engineering in this research 

project as following; 

 I, The use of CRISPR-responsive biomaterial with smart stimuli (i.e. 

stretching) to augment its advantage that unlock the biological and mechanical 

properties of the cellular microenvironment. 

 II, Developing of the CRISPR-multiplex system that can activate or inhibit 

expression of gene regulatory complex and the consequent phenotypic behaviours 

from a known effect in stretch-activated growth.    

 

These tools have been exploit and hold promise as alternative biodegradable 

scaffold with biological/functional actives for tissue replacement and 

regeneration. This is open-window for clinical translation especially skin 

regeneration and would healing. Though significant progress has been made, there 

is still a need to explore these complex microenvironments, particularly in in vivo 
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study to defined microenvironment that compatibility and response to innate 

immune system to generating powers of organisation and self-repair. 
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A.1 Plasmid Vector Construction 

Figure A-1. Full graphic map of pTetCriRosa1 vector used to transfect the cells 
via CRISPRi system. The order and connection of sequence conformation were 
plots on Serial Cloner. The mainstream focus such as cloning site for AAVS1 
(position 1-17) and EMD insertion site (position 2033-2108), sequence specific 
region for Puromycin resistance (position 2579-3178), KRAB (position11279-11464) 
and restriction enzyme cleavage sites (e.g. HINDIII) were highlighted.  
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A.2 Transfection efficiency in HEK293 cells via AAVS1 sgRNA  

 

 

 

 

 

 

 

 

 

 

 

 

A.3 PCR bands of monoclonal selection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-3. PCR products after selection of transfected A) BJ1-hTERT B) 
HEK293 cells in 1% agarose gel/0.5x TBE buffer. The transfected cells were 
seeded at less than 1 cell/well in 96well-plate, expanded and gel extraction 
(arrow indicates the location of area bands for DNA sequencing). Abbreviation; 
WT, wild-type and EMD knockout clones (C3, E9, F4, B2, G11 and B3 for BJ1 cells 
and 1D1, D4S, H5S, C10S for HEK293 cells).  

Figure A-2. Efficient transfection of HEK293 cells, delivered into AAVS1 
transgene insertion site. The cells were transfected with core complex including 
mRNA encoding Cas9 and dCas9/KRAB plasmid together with AAVS1-sgRNA (dark 
blue) and without AAVS1-sgRNA (light blue) as a control. 
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A.4 Selection and screening from the transfected HEK293 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4. Sanger sequencing of EMD knockout clones isolated from 
transfected HEK293 cells. Detailed sequences of distribution in 6 mutants, 
resulting frame deletion (expanded from Figure 4-14), 5 clones-containing wild-
type (as highlighted in grey boxes) in mixture were discarded from further 
analysis. The 20nt-matching sgRNA sequence (blue) and PAM region (Top line).  
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A.5 Transfection efficiency via CRISPRko approach  

 

Table A-1. The determination of transfection efficiency of sgRNAs-coupling 

CRISPR/Cas9 in editing the human cell lines. Detection of %INDELs 

represented in this table as a result from In Silico ‘ICE’ analysis. 

 

Cell	lines	 The	percentage	of	INDELs	
normal	media	 5ug/ml	of	PuroR-media	

(2nd	Trypsinisation)	
5ug/ml	of	PuroR-media	
(4th	Trypsinisation)	

BJ1-hTERT	 5%	 52-54%	 65%	
HEK293	 22%	 81%	 n.t.	
MCF-7*	 25%	 91%	 n.t.	

	
*The	transfected	cells	were	performed	for	comparison	in	the	panel	of	human	cell	lines	
transfection	efficiency	with	this	approach	and	sgRNA	tested.	
	
n.t.;	Not	tested	
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