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ABSTRACT 

Changes in tissue stiffness are associated with cancer and are primarily driven by 

increased collagen deposition and cross-linking in the extracellular matrix (ECM). 

Dynamic ECM changes further occur during metastasis, where cancer cells 

manoeuvre through mechanical challenges from stiffness and confinement in the 

ECM. Cells can sense and convert external mechanical cues into biochemical 

signals through mechanotransduction, regulating gene expression and cellular 

responses including migration, cell spreading, and differentiation. Moreover, 

mechanical cues can instigate chromatin reorganization, however, how the nuclear 

interior responds, is not fully understood. The nucleus contains gene-regulating 

subnuclear bodies, including stress-induced RNA-protein complexes known as 

paraspeckles. Transcription of the long non-coding RNA Nuclear Paraspeckle 

Assembly Transcript 1 (NEAT1) is indispensable for paraspeckle formation and both 

paraspeckles and NEAT1 are induced in various cancers. Whilst 

mechanotransduction-driven responses have been well described across stem 

cells, whether mechanotransduction is dysregulated in cancer remains 

controversial. In this thesis, I sought to broaden the understanding of cancer 

mechanobiology by exploring whether paraspeckles are sensitive to stiffness and 

confinement, and whether paraspeckles are regulated by the well-described 

mechanosensitive protein complex YAP/TAZ.  

In manuscript I (chapter 3), I examined the effect of stiffness on paraspeckles in 

cells of breast and bone, as well as non-cancerous and cancerous origin, grown on 

polyacrylamide hydrogels of extreme stiffnesses (3 and 40 kPa). I further 

investigated whether these cells were ‘mechanosensitive’ to stiffness, by 

investigating cell morphology, migration and mechanosensitive markers which 

increase in expression (Lamin A) or translocate to the nucleus (YAP/TAZ and 

MRTF-A) on stiff substrates. Our results suggest that paraspeckles, quantitated 

using FISH targeting NEAT1, are inversely proportional to stiffness in cancer. All 

cells displayed increased migration, cell and nuclear area and appeared more 

elongated when cultured on stiff hydrogels, similar to stem cells. However, Lamin 

A, YAP/TAZ and MRTF-A, showed no clear trends between stiffness, thus 

suggesting that paraspeckles may prove as a useful alternative marker for 

mechanotransduction in cancer.  



 ix 

Secondly, in manuscript II (chapter 4), I explored whether paraspeckles in 

metastatic breast cancer cells are sensitive to confinement in wide (10 µm) and 

narrow (3 µm) width microchannels. Next, paraspeckles were transiently increased 

to investigate whether paraspeckles could influence migration, cell morphology, 

actin organization and Lamin A expression, during confined migration. Our results 

suggest that paraspeckles are upregulated in cells confined within wide, but not 

narrow microchannels. Furthermore, increasing paraspeckles led to increased 

permeation and migration speed in cells crossing wide microchannels and these 

cells were overall larger when confined. Paraspeckles also polarized at the leading 

edge, alongside Lamin A, during confined migration across wide microchannels. 

Moreover, distinct F-actin puncta were observed, suggesting that increased 

paraspeckles, may promote confined migration through changes in F-actin 

assembly.  

In manuscript III (chapter 5), I explored whether a relationship exists between 

paraspeckles and the well-known oncogene and mechanosensitive protein 

complex YAP/TAZ, which translocates to the nucleus on stiff substrates. 

Experiments investigating paraspeckles in MCF10A and MDA-MB-231 cells with 

attenuated YAP/TAZ levels, and in YAP gain-of-function mouse skin sections, 

revealed a positive relationship between overexpressed YAP/TAZ and 

paraspeckles. This effect was seen regardless of the stiffness cells were cultured on. 

Furthermore, paraspeckle upregulation via YAP/TAZ, may be dependent on 

YAP/TAZ binding to the transcription factor TEAD, given that paraspeckles 

reduced in abundance in cells overexpressing mutant TAZ with defective TEAD 

binding. However, transiently increasing paraspeckles did not alter YAP expression 

or translocation, thus suggesting that no feedback loop exists. Lastly, the effect of 

YAP/TAZ and paraspeckle upregulation on cell migration and cell morphology was 

investigated. Increased YAP/TAZ led to larger cells and nuclei while both YAP/TAZ 

and paraspeckles increased cell migration.  

In summary, this thesis provides novel insights into the functioning of 

paraspeckles in cancer mechanobiology. Our results suggest that paraspeckles are 

inversely responsive to stiffness, are upregulated and polarize at the leading edge 

of the cell during confined migration in wide microchannels and lead to more 
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enhanced migration across wide microchannels. Finally, I demonstrate a link 

between YAP/TAZ and paraspeckles, irrespective to stiffness, suggesting that gene 

regulation and mechanotransduction is more complex than otherwise thought.  

Given that both paraspeckles and mechanical changes are intrinsic for cancer 

progression, modulating stiffness and paraspeckles may prove as a useful 

therapeutic option for treating cancer in the future.  
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1. Chapter 1: Introduction 
Changes in tissue stiffness are often associated with cancer progression and are 

critical for early cancer detection through palpation (Sinkus et al., 2000). These 

mechanical changes are dictated by the aberrant deposition and cross-linking of 

collagen within the extracellular matrix (ECM), which otherwise provides cells 

with a physical scaffold, and functions in maintaining tissue homeostasis (Paszek 

et al., 2005; Butcher et al., 2009; Frantz et al., 2010). Dysregulated ECM remodelling 

is further implicated during metastasis, whereby cancer cells spread from one part 

of the body to another (Levental et al., 2009; Acerbi et al., 2015). To successfully 

metastasize, cancer cells must adapt to the changes in mechanical properties and 

navigate through the dense and remodelled ECM network (Acerbi et al., 2015). 

It is well established that mechanical changes are prevalent throughout all stages 

of cancer, however, our understanding of how cancer cells undergo 

mechanotransduction, i.e., how cells sense and transduce physical cues to 

influence cell behaviour and function, remains limited (Roca-Cusachs et al., 2017). 

Physical cues from changes in matrix stiffness, geometry and ligand density, are 

translated into biochemical signals, influencing gene expression and cell responses 

including migration, differentiation and proliferation (McBeath et al., 2004; Engler 

et al., 2006; Kilian et al., 2010; Iskratsch et al., 2014; Wen et al., 2014). Cells can sense 

external mechanical stimuli through sensitive molecules located in the cell 

membrane, such as integrins, which directly link the ECM to the cytoskeleton, 

subsequently activating downstream intracellular pathways (Hynes, 2002). These 

signals are further transduced across to the nucleus via linking proteins SUN and 

Nesprin, which form part of the Linker of Nucleoskeleton and Cytoskeleton 

Complex (LINC) (Burridge and Chrzanowska-Wodnicka, 1996; Crisp et al., 2006). 

Mechanotransduction has been well characterized across the stem cell field, 

however, while changes in the mechanical properties have been well characterized 

within cancer tissue, there is much to be explored considering the cross-talk of 

oncogenic signalling and mechanical signalling. It is also unknown whether 

mechanotransduction signalling may be cancer type and stage specific or whether 

mechanotransduction may be perturbed in cancer (Vining and Mooney, 2017; 

Broders-Bondon et al., 2018).  
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Cancer is perhaps most well known to be driven by the accumulation of genetic 

aberrations (Yokota, 2000). Many genetic mutations have been described to alter 

gene regulation in cancer, although the complete extent of how gene regulatory 

changes in cancer is not fully understood (Yokota, 2000). Long non-coding RNAs 

(lncRNAs) can be defined as non-coding transcripts >200 nucleotides in length and 

are ‘newcomers’ to gene regulation (Schmitt and Chang, 2016). Although once 

considered ‘junk,’ lncRNAs are thought to be perturbed in cancer and metastasis 

(Schmitt and Chang, 2016). The lncRNA Nuclear paraspeckle assembly 1 (NEAT1) 

is one such example. NEAT1 is indispensable for the formation of subnuclear 

bodies known as paraspeckles (Fox et al., 2002; Clemson et al., 2009) which are 

RNA-protein organelles involved in an array of physiological processes, including 

development and disease, including cancer (Choudhry et al., 2015; Hennig et al., 

2015; An et al., 2018; Grosch et al., 2020). Although the working mechanism and 

function of paraspeckles is not completely understood, paraspeckles are most 

prominently known for sequestering proteins and regulating gene expression, and 

more recently have been described as phase separated entities (Hirose et al., 2014; 

Hennig et al., 2015). Moreover, paraspeckles have been linked to cancer 

progression, although a definitive role for how paraspeckles are regulated or 

function in cancer is yet to be established (Choudhry et al., 2015).  

Thus, one of the aims of the research presented as part of this thesis, was to identify 

the role of paraspeckles in mechanotransduction, as changes in tissue mechanics 

and lncRNA expression are intrinsic to cancer cells. In this introductory chapter, I 

provide a general overview of the biology underpinning cancer and then focus on 

mechanotransduction. Lastly, I review lncRNAs, paraspeckles, and the implication 

of paraspeckles in physiological processes, including in cancer.  

1.1. Cancer Biology  

Cancer is a multi-faceted disease and a leading cause of death globally (World 

Health Organization, 2018). Cancer can be characterized by the uncontrolled 

growth and spread of abnormal cells, accompanied by the many genetic mutations 

which have been identified to influence cancer progression (Hassanpour and 

Dehghani, 2017). Genes that drive cancer development can be broadly defined as 

‘oncogenes’, referring to dominant genes that accelerate tumour progression, or 
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‘tumour suppressor genes,’ which oppose the function of oncogenes and prevent 

cancer growth (Lee and Muller, 2010). Collectively, these complex changes lead to 

abnormal cellular programming and functions, which have been characterized by 

Hanahan and Weinberg as the ‘hallmarks of cancer’ (Hanahan and Weinberg, 

2000, 2011). 

One of the biggest challenges faced by cancer patients is the development of 

metastasis – the spread and development of cancer at secondary sites (Chaffer and 

Weinberg, 2011). Despite significant advances in cancer research and therapeutics, 

metastasis remains a leading cause of death amongst cancer patients. Metastatic 

breast cancer patients, for example, have a substantially lower survival rate (27% 

at 5 years from diagnosis) compared to patients with early-stage breast cancer 

(98% at 5 years from diagnosis) (American Cancer Society, 2020).  

1.1.1. Hallmarks of cancer 

A framework of six essential biological capabilities that are common amongst all 

cancers, and collectively function to drive cancer progression, were first described 

by Hanahan and Weinberg in the year 2000 (Hanahan and Weinberg, 2000). The 

six hallmarks include, (1) self-sufficiency in growth signals, (2) insensitivity to anti-

growth signals, (3) evading apoptosis, (4) sustained angiogenesis, (5) limitless 

replicative potential and (6) tissue invasion & metastasis. Since publishing the 

review, Hanahan and Weinberg further identified two additional hallmarks, which 

were published in a follow-up review to include, (7) reprogramming energy 

metabolism and (8) evading the immune response (Hanahan and Weinberg, 2011). 

Despite the hallmarks proving seminal in characterizing the common traits 

underlying cancer, on-going research has identified further hallmarks, adding 

complexity. One such hallmark, includes the effect of biophysical and biochemical 

changes that occur during cancer progression and metastasis, such as the 

perturbed remodelling of the ECM, which is the major structural component of the 

tumour microenvironment (Pickup et al., 2014). The implications of the tumour 

microenvironment in cancer progression are discussed in more detail in section 

1.1.3. 
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1.1.2. Cancer metastasis  

Cancer metastasis refers to a cascade of events which lead to the dissemination of 

cancer cells from a primary tumour, and development of secondary tumours at 

distal sites (Lambert et al., 2017). The metastatic cascade can be broadly defined as 

a series of successive steps involving invasion, intravasation and extravasation that 

are preceded by key events such as epithelial-mesenchymal transition (EMT) (Wolf 

et al., 2003; Chaffer and Weinberg, 2011). These sequential steps, as well as EMT 

and other transitionary processes, like mesenchymal to amoeboid transition 

(MAT), are regulated by cell interactions with the surrounding ECM and have a 

key role cancer progression (Friedl and Alexander, 2011). Here, I discuss the events 

involved in the development of metastasis in their chronological order. An 

illustration of the main events that define the metastatic cascade are presented in 

Figure 1.1. 

1.1.2.1. EMT  

EMT is an important process leading to changes in cancer cell plasticity, which can 

initiate invasion and the subsequent metastatic cascade (Thiery, 2002). EMT is 

marked by the concurrent loss of epithelial properties and E-cadherin, and gain of 

mesenchymal properties such as N-cadherin, and is dependent on the cross talk of 

several regulatory networks, involving transcriptional regulation and epigenetic 

modifications (Thiery, 2002). Ultimately, EMT-induced rearrangements in the cell 

cytoskeleton lead to an increase in motility, invasiveness and ability to degrade the 

surrounding ECM (Thiery, 2002; Craene and Berx, 2013). Whilst EMT is generally 

most well understood in the context of single cell migration, cells undergoing 

collective migration are also able to undergo EMT, retaining cell-cell adhesions 

whilst activating mesenchymal migration (Friedl et al., 2012; Aiello et al., 2018). 

Despite previous work suggesting that EMT is crucial during cancer progression, 

recent work has suggested that EMT does not always precede metastasis, therefore, 

whether EMT is critical for metastasis remains controversial (Fischer et al., 2015; 

Williams et al., 2019). In order for tumours to colonize at secondary sites, reversed 

EMT, or MET (mesenchymal to epithelial transition) occurs. These changes 

highlight the dynamic capabilities of cancer cells to switch between epithelial and 

mesenchymal phenotypes, and can collectively be termed as epithelial to 

mesenchymal plasticity (EMP) (Williams et al., 2019). 
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Figure 1.1. Schematic overview of the key events during cancer metastasis.  

(A) A subset of primary tumour cells acquire mesenchymal and invasive properties, 

and disseminate from the primary tumour by first invading through the 

extracellular matrix and basement membrane. (B) Metastatic cancer cells next 

undergo intravasation into the vasculature. Once inside the vasculature, cancer 

cells become circulating tumour cells (CTCs) where they must avoid sheer stress 

and immune attack. (C) To successfully metastasize, CTCs must undergo 

extravasation at secondary tumour sites to escape the vasculature. (D) Lastly, 

cancer cells undergo colonization at distal organs.  

  

Primary Tumour

Secondary Tumour

(1) Invasion
(2) Intravasation

(3) Extravasation

(4) Colonization
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1.1.2.2. Invasion 

Once acquiring a metastatic phenotype through changes associated with EMT, 

cells can undergo dissemination, which subsumes invasion, leading to the 

penetration of the basement membrane and ECM (Lambert et al., 2017)(Figure 

1.1A). This can occur through two mechanisms – through single cell migration or 

through collective cell migration (Clark and Vignjevic, 2015). The diversity in 

modes of migration of both singly and collectively migrating cells, has been 

highlighted in studies of both human and mouse cells undergoing invasion (Clark 

and Vignjevic, 2015).  

Singly migrating cells can be characterised by their lack of cell-cell adhesion and 

are capable of migrating via both mesenchymal and amoeboid migration modes 

(Clark and Vignjevic, 2015; Lintz et al., 2017; Yamada and Sixt, 2019). Mesenchymal 

migration is considered a ‘default’ mode of migration, marked by the formation of 

ECM adhesive lamellipodia at the cell leading edge (Yamada and Sixt, 2019). 

Contrary to mesenchymal cells, amoeboid cells have weak cell-ECM adhesions and 

are marked by the formation of rounded bleb-like structures (Paluch et al., 2016; 

Yamada and Sixt, 2019). Moreover, amoeboid migration can be further categorised 

as A1 or A2 amoeboid migration (Paul et al., 2017). Inhibition of contractile forces 

leads to A1 bleb-based amoeboid migration in cancer cells, while weak or absent 

cell-ECM are thought to undergo rounded A2 amoeboidal migration (Paul et al., 

2017). Aside from differences in the adhesiveness of both mesenchymal and 

amoeboidal migration, a distinguishing feature between the two migration modes 

is in migration speed, i.e., mesenchymal cells are thought to migrate at slower 

speeds compared to amoeboid migration (Clark and Vignjevic, 2015). 

Mesenchymal cells can furthermore undergo transition into amoeboid cells, 

through a process termed mesenchymal to amoeboid transition (MAT). Previous 

work investigating the dynamics of cell migration under confinement (which is 

typical during cancer invasion), revealed that confinement can induce MAT (Balzer 

et al., 2012; Holle et al., 2019). The nucleus plays a crucial role as a 

mechanotransducer in response to confinement, prompting cell shape 

deformation and increased cortical myosin II activity, which leads to increased 

amoeboid migration (Lomakin et al., 2020; Venturini et al., 2020). When nuclear 

size exceeds constriction size of microchannels, the nuclear envelope is subject to 
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unfolding and stretching, and upon reaching a fully unfolded state, the nucleus can 

induce cell contractility  

Collectively migrating cells are also capable of switching to an amoeboid state, by 

undergoing collective to amoeboid transition (CAT), whereby single cells detach 

from a collection of cells and acquire an amoeboid phenotype (Hegerfeldt et al., 

2002). Collective cell migration can be characterized by a group of cells that are 

interconnected through various adhesion molecules and communication 

junctions, and are capable of collectively migrating (Friedl et al., 2012). High levels 

of N-cadherin and E-cadherin promote collective cell migration, and E-cadherin 

has been described in leader cells of collectively migrating cells (Shih and Yamada, 

2012; Cai et al., 2014). The role of E-cadherin in collective cancer migration modes 

is controversial, with recent work suggesting a link between E-cadherin and loss of 

cancer cell proliferation, apoptosis and metastatic outgrowth in mouse and human 

breast cancer models (Padmanaban et al., 2019). Although CAT has not been as 

extensively characterised compared to EMT and MAT, hypoxia has been reported 

to induce CAT (Lehmann et al., 2017).  

1.1.2.3. Intravasation 

Following invasion, cancer cells penetrate across lymphatic or blood vessels 

through intravasation (Figure 1.1B) (Valastyan and Weinberg, 2011). A number of 

molecular changes have been identified to promote cancer cells to cross the 

endothelial cell barriers of microvessels, and thus intravasation. For example, 

proteases, such as matrix metalloproteinases (MMPs), facilitate extravasation by 

degrading the ECM (Kim et al., 1998). Furthermore, enhanced activation of the 

cytokine transforming growth factor-β (TGFβ), has been shown to increase 

intravasation in mammary carcinoma (Giampieri et al., 2009).  

1.1.2.4. Circulating Tumour Cells 

Having intravasated into vasculature, cancer cells become Circulating Tumour 

Cells (CTCs) and must overcome a range of barriers in order to survive and 

progress through the metastatic cascade. Cancer cells are typically larger in 

diameter compared to the size of capillaries and must overcome these physical 

constraints, as well as other barriers from haemodynamic shear stress, 

inflammatory responses and anoikis (apoptosis triggered by an absence of 
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anchorage to substrate)(Guo and Giancotti, 2004; Krog and Henry, 2018). CTCs 

have become a powerful tool for detecting and characterising breast cancers, where 

CTCs analysed from samples taken from patients via liquid biopsy, have 

characterised survival outcomes amongst patients (Cristofanilli et al., 2004). For 

instance, metastatic breast cancer patients who had CTC levels greater than 5 in a 

sample of 7.5 mL, had an overall shorter survival time (10 months), compared to 

patients with CTC levels less than 5 in a 7.5 mL sample (18 months) (Cristofanilli 

et al., 2004). 

1.1.2.5. Extravasation 

Extravasation occurs last in the metastatic cascade and is critical for the successful 

formation of secondary tumours (Figure 1.1C). To extravasate, CTCs first arrest 

within vessels and bind to vessel walls via two main mechanisms (Wirtz et al., 2011). 

Firstly, during physical occlusion when the diameter of the CTC exceeds the vessel 

diameter, leading to the mechanical ‘trapping,’ or, secondly, during ‘rolling-

adhesion’ where the collision of CTCs with the endothelial wall leads to rolling, or 

loose adhesion and consistent collision, and ultimately arrest (Wirtz et al., 2011).  

A more recently proposed model for the extravasation of cells, suggests that flow 

speed may dictate epithelial cell remodelling, subsequently leading to 

extravasation of CTCs (Follain et al., 2018). Interestingly, organs have differing 

affinities for extravasation, due to variations in the composition of the vessel walls 

(Massagué and Obenauf, 2016). For example, organs such as bone and liver, which 

have highly permeable capillaries known as sinusoids, have high rates of 

extravasation and thus metastasis (Fares et al., 2020). Conversely, organs with tight 

barriers such as those of lung capillaries, do not undergo extravasation as 

efficiently, and require the recruitment of other molecules for cells to successfully 

extravasate (Massagué and Obenauf, 2016).  

1.1.2.6. Colonization 

Once cancer cells have extravasated into target organs, they can undergo 

colonization, the final biological event of metastasis (Figure 1.1D) (Valastyan and 

Weinberg, 2011). To successfully colonize, cells must reacquire epithelial properties 

and undergo mesenchymal to epithelial transition (MET) (Banyard and Bielenberg, 

2015). Metastatic colonization is typically considered to be the rate limiting step in 
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the metastatic cascade, given that only a small subset of cells are capable of 

undergoing micro-metastasis and growing into tumours (Chambers et al., 2002). 

Moreover, the vast majority of cancer cells that have undergone extravasation are 

‘dormant,’ and cells must adapt to their new microenvironment by undergoing 

changes in gene expression (Gupta and Massagué, 2006). The transition from 

dormancy to colonization is often organ-specific, with various organ 

microenvironments imposing distinct cues for colonization (Gupta and Massagué, 

2006). 

1.1.3. The tumour microenvironment 

Metastasis is ultimately caused by the crosstalk of two major contributing factors, 

notably, the genetic and epigenetic changes within tumour cells, as well as changes 

in the tumour microenvironment (TME) (Whiteside, 2008). The TME is composed 

of vascular cells, immune cells, inflammatory cells and a variety of tissue cells, as 

well as acellular components, predominantly occupied by the ECM (Baghban et al., 

2020). Here, I provide a summary for major components of the TME and describe 

how they function during cancer progression (Baghban et al., 2020). 

1.1.3.1. Cellular components of the tumour microenvironment 

The TME is made up of a heterogenous population of cells, including cells of the 

immune, vasculature and lymphatic systems, as well as fibroblasts, adipocytes and 

pericytes, which collectively function to promote tumour growth (Balkwill et al., 

2012). Immune cells including tumour-associated macrophages, tumour-

infiltrating lymphocytes, and various tumour fighting effector cells (e.g., natural 

killer cells and CD8 T cells) have paradoxical roles within the TME, leading to an 

immunosuppressive environment and an ineffective immune system (de Visser et 

al., 2006). Meanwhile, sustained tumour growth is dependent on tumour 

angiogenesis, a process leading to the formation of new and abnormal vasculature, 

which is stimulated by the activity of vascular endothelial growth factor 

(VEGF)(Carmeliet and Jain, 2000; Balkwill et al., 2012). These newly formed 

tumours are more susceptible to enhanced blood permeability, due to the 

abnormal tumour vessels which are often marked by larger inter-endothelial 

junctions, increased openings and an abnormal basement membrane (Carmeliet 

and Jain, 2000). Moreover, increased hypoxic conditions can drive cancer 
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angiogenesis, and hypoxia has been linked to genetic instability and cancer 

progression (Harris, 2002). 

Therapies targeting various components of the cellular TME, have proved to be 

promising alternatives to traditional therapies such as chemotherapy (Roma-

Rodrigues et al., 2019). Chemotherapy directly targets cellular processes of cancer 

cells, such as proliferation, and although proving successful for some patients, 

many patients develop chemoresistance (Roma-Rodrigues et al., 2019). Examples 

of therapies targeting the cellular TME, include immunotherapies and therapies 

targeting tumour vasculature (Willett et al., 2004; Hamid et al., 2011). One of the 

first available immune targeting drugs, ipilimumab, exerts its function by blocking 

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) found on T-cells (Hamid et 

al., 2011). Another drug, Bevacizumab, functions by targeting VEGFA and 

inhibiting new blood vessel formation (Willett et al., 2004). 

1.1.3.2. The ECM and other non-cellular components of the tumour 

microenvironment 

Tumour progression is significantly dependent on the interaction of cells with the 

extracellular matrix (ECM), which forms a major structural component of the TME 

(Cox and Erler, 2011). The ECM is a highly dynamic structure composed of proteins 

and non-proteins, such as collagens, glycoproteins and proteoglycans and is 

extensively altered during cancer progression, leading to increased ECM 

deposition, cross-linking and changes in stiffness (Figure 1.2) (Cox and Erler, 2011). 

For instance, increased collagen deposition has been linked to tumour formation 

in several cancers, including ovarian, breast and glioma cancers (Zhu et al., 1995; 

Kauppila et al., 1998; Huijbers et al., 2010). In addition, increased levels of ECM 

protein fibronectin has been associated with breast cancer, and perlecan, a 

proteoglycan, was reported to be upregulated in metastatic melanomas (Cohen et 

al., 1994; Park and Schwarzbauer, 2014).  

Architectural changes in the crosslinking and/or ECM alignment, have further 

been described in late-stage cancers and invasion (Provenzano et al., 2006). 

Analysis of distinct patterns termed Tumour-Associated Collagen Signatures 

(TACS), describing wavy and randomly organised collagen fibres (TACS-1), to 

organised, straight and parallel collagen fibres (TACS-3), revealed a relationship 
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between mouse mammary tumours and straight and parallel collagen fibres 

(TACS-3)(Provenzano et al., 2006). This relationship was also shown in human 

breast cancer, where increased TACS-3 and straightened/aligned collagen, was 

associated with decreased survival (Conklin et al., 2011). Collectively, 

compositional and architectural changes subsequently lead to changes in tissue 

stiffness (Levental et al., 2009; Cox and Erler, 2011).  

Other non-cellular components found within the TME include growth factors, 

cytokines, chemokines and soluble factors (Patel et al., 2018). These molecules 

were typically thought to make the tumour niche more ‘amiable’ for cancer 

progression, however, whether specific molecules are ‘friend or foe’ in cancer, 

remains elusive (Patel et al., 2018). For example, proteomic analysis of 28 cytokines 

within the β-chemokines subfamily (also known as CC chemokine), in tissues from 

various cancers, found no set relationship between chemokines and patient 

prognosis (Uhlén et al., 2015; Korbecki et al., 2020). Increased levels of CC-5 led to 

a better prognosis for patients with thyroid, lung and cervical cancers, though, 

worse prognosis was reported amongst glioma, pancreatic and renal cancers 

(Korbecki et al., 2020).  
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Figure 1.2. Schematic representation of the tumour microenvironment 

(TME) undergoing remodelling during cancer progression. The TME is 

composed of a heterogenous population of fibrillar (primarily as collagen) and 

cellular components (immune vasculature and lymphatic cells). During cancer 

progression, ECM deposition increases, subsequently leading to ECM remodelling, 

and an increase in tissue stiffness.  
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1.2. An overview of Cell Mechanotransduction components 

Mechanotransduction refers to the ability of cells to sense and transduce 

mechanical stimuli into cellular responses and is prevalent throughout normal 

physiology and pathophysiology (Martino et al., 2018). Cells perceive mechanical 

stimuli through a range of mechanosensitive receptors located in the cell 

membrane, including: integrins, G-protein coupled receptors and stretch induced 

ion channels (Hynes, 2002; Martinac, 2004; Tschumperlin et al., 2004; Zou et al., 

2004). Integrins cluster, driving the formation of macromolecular focal adhesions, 

which undergo maturation in response to actomyosin contractile forces (Martino 

et al., 2018). In this section, I focus on providing an overview of 

mechanotransduction; from the mechanical cues that induce 

mechanotransduction responses, key components and signalling pathways, to 

tools that have proved useful for investigations within the field. 

1.2.1. Mechanical cues contributing to mechanotransduction 

Mechanotransduction can be initiated myriad external mechanical cues. These 

forces can either be induced from the surrounding microenvironment, such as 

changes in stiffness, or from other dynamic forces experienced by cells, like shear 

stress (Urbanczyk et al., 2020). Throughout this subsection, I refer to the 

mechanical cues summarised in figure 1.3. 

1.2.1.1. Matrix stiffness 

The human body encompasses tissues with ranges in stiffness, and moreover, 

changes in stiffness are prevalent throughout development, ageing, scarring and in 

diseases such as heart attack and in cancer (Discher et al., 2005; Berry et al., 2006; 

Cox and Erler, 2011; Young and Engler, 2011). Therefore, understanding the 

mechanotransduction responses that occur in response to changes in stiffness, is 

of upmost physiological relevance. From a physiological standpoint, stiffness is 

largely dependent on the composition and the degree of crosslinking of the 

surrounding ECM and can be measured by the Young’s Modulus (E) (Figure 1.3A). 

For example, pre-calcified bone is a lot stiffer (E = 25-40 kPa) (Engler et al., 2006) 

compared to brain tissue (E = 0.1-1 kPa) (Flanagan et al., 2002). Furthermore, 

cancerous breast tissue (~3.7 kPa) is notably stiffer than the surrounding healthy 

breast tissue (E =~1.1 kPa) (Plodinec et al., 2012).  
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Several transcription factors have been described to respond to changes in stiffness 

in mesenchymal stem cells (MSCs), such as Yes-associated protein/Transcriptional 

coactivator with PDZ-binding motif (YAP/TAZ) and Myocardin-related 

transcription factor A (MRTF-A) (Dupont et al., 2011; Huang et al., 2012). Both 

YAP/TAZ and MRTF-A, shuttle to the nucleus in response to stiff substrates and 

activate downstream gene responses. Additionally, matrix-stiffness induced 

changes in gene expression can influence cell responses such as differentiation 

(Engler et al., 2006), migration (Lo et al., 2000), proliferation (Wang et al., 2012) 

and more (these will be covered in section 1.3).   

1.2.1.2. Topography 

The arrangement of neighbouring cells and the ECM provide physical constraints 

that control cell size and shape, commonly referred to as ‘topography,’ (Figure 

1.3B). Topography ultimately describes the nanoscale and microscale cues from the 

ECM, such as integrin ligand binding density (Figure 1.3C), which are often altered 

in diseases such as cancer (Hamidi and Ivaska, 2018; Urbanczyk et al., 2020). The 

organization of cells within tissues is influenced by the surrounding geometrical 

boundaries of the ECM and is often organ type specific. For example, in tendons, 

the ECM is typically in parallel alignment allowing for the efficient transmission of 

force from muscles, compared to the ECM of skin tissue, which is randomly 

aligned, allowing for multidirectional forces to be tolerated (Muiznieks and Keeley, 

2013). Cells can respond to geometrical constraints from the surrounding 

microenvironment, or from varied geometries imposed through micro-contact 

printed protein islands of various sizes and shapes (Kilian et al., 2010; Jain et al., 

2013). Geometric constraints imposed by micro-contact printed islands, leads to 

altered actomyosin contractility, and can modulate stem cell differentiation, as 

well as histone acetylation and gene expression (Kilian et al., 2010; Jain et al., 2013).  

1.2.1.3. Stretch 

Cells are able to sense and transduce signals perceived from mechanical stretch 

(Figure 1.3D) (Riehl et al., 2012). Various tissues with a variety of physiological 

functions are subject to stretch, such as lung tissue during breathing, or blood 

vessels which are subject to contraction and expansion during blood flow 

(Williams, 1998; Chess et al., 2000). Stretch signals can be activated through 



 15 

integrins, such as Integrin-β3, which increases in expression in response to cyclic 

stretch in human umbilical endothelial cells (Suzuki et al., 1997). Several studies 

have investigated the effects of uniaxial and cyclic biaxial stretch, describing both 

forms of stretch to be implicated in differentiation and gene regulation (Zeichen 

et al., 2000; Park et al., 2006; Li et al., 2011). Moreover, cyclic stretch was shown to 

induce responses at the nuclear level, leading to Lamin A remodelling and global 

rearrangements of chromatin, which ultimately led to global gene silencing via the 

silencing of Polycomb repressive complex 2 (Le et al., 2016). 

1.2.1.4. Shear stress   

Shear stress describes the force sensed by endothelial cells located at the interface 

of the vessel wall and blood flow (Figure 1.3E) (Davies, 1995). Several key 

mechanosensitive molecules including VEGF, PECAM-1, Caveolae, VE-β-cadherin 

and integrins (e.g., integrin αVβ3) comprise a mechanosensory complex in 

response to shear stress capable of transducing biochemical signals (Tzima et al., 

2001; Osawa et al., 2002; Shay-Salit et al., 2002; Jin Zheng-Gen et al., 2003; 

Milovanova et al., 2008). Forces exerted from shear stress are crucial for 

maintaining vascular homeostasis, during embryogenesis, as well as directing stem 

cell fate during differentiation (Davies, 1995; Stolberg and McCloskey, 2009). For 

example, in the case of homeostasis, vascular cell adhesion molecule 1 (VCAM-1) is 

downregulated in response to shear stress in mouse lymph node endothelial cells, 

suggesting that shear stress may suppress adhesiveness of lymphocytes and 

endothelial cells (Ando et al., 1994). 

1.2.1.5. Torque 

Although torque is less well understood compared to the other dynamic 

mechanical cues discussed, torque generated rotational forces are analogous to 

haemodynamic forces like shear stress, and can also induce mechanotransduction 

responses (Figure 1.3F) (Liu et al., 2011). One study investigating the transmission 

of force from glycocalyx fibres to endothelial cells, suggested that shear stress force 

exerted onto epithelial cells was torque determined as opposed to force 

determined (Liu et al., 2011). A more recent study in human cardiac cells, using a 

rotating magnetic field to induce torque via a technique known as magnetic torque 
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stimulation, demonstrated that YAP nuclear localisation increased in response to 

torque (Song et al., 2020).  
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Figure 1.3. Illustrated representation of various mechanical cues known to 

activate mechanotransduction signalling. Mechanotransduction can be 

induced from a variety of mechanical cues arising from biomaterial properties (e.g., 

matrix stiffness, topography and ligand density) or from externally applied forces 

(e.g., stretch, shear stress and torque). (A) Changes in matrix stiffness typically 

represent changes in the young’s modulus or the stress-strain of the substrate. (B) 

Topography refers to changes in geometry, typically controlled by changes in the 

surrounding ECM and cells or through micro-patterning. (C) Ligand density 

provides a basis for cell adhesion and modulated ligand density can impact cell-

integrin mechanotransduction signalling. (D) Stretch typically refers to uniaxial 

and biaxial stretching and is common to cells comprising lung tissue and in blood 

vessels (E-F) Blood vessel cells are also subject to mechanical forces arising from 

shear-stress or torque. 
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1.2.2. Mechanotransduction machinery  

Mechanotransduction is dependent on the co-operation of various elements, 

including the ECM, integrins, focal adhesion (FAs), the cytoskeleton and the 

nucleoskeleton. Collectively, these elements make up the mechanotransduction 

machinery and play a critical role in each step of mechanotransduction. An 

overview of the key components involved in mechanotransduction is illustrated in 

Figure 1.4, and each of these components is discussed in further detail in this 

subsection.  

1.2.2.1. The extracellular matrix 

The ECM is a highly heterogenous and dynamic structure, composed of 

macromolecules including fibrous proteins (e.g., collagen), glycoprotein (e.g., 

laminin, fibronectin and elastin), proteoglycans (e.g., keratan sulfate and dermatan 

sulfate) and glycosaminoglycans (e.g., hyaluronan) (Frantz et al., 2010). 

Constituent ECM molecules are composed of distinct biochemical and biophysical 

properties, and cells are capable of sensing and responding to mechanical stimuli 

from the ECM (Frantz et al., 2010). For instance, collagen constitutes ~90% of the 

ECM within bone and is critical for the tensile strength of tissue (Tzaphlidou, 

2008), while arteries like the aorta are marked by high levels of elastin (Cocciolone 

et al., 2018). Although the ECM was once considered to be a static structure, it is 

now apparent that the ECM is highly dynamic and is continuously renewed and 

repaired (Frantz et al., 2010). ECM remodelling is tightly regulated during tissue 

homeostasis, via metalloproteinases (MMPs) and tissue inhibitor of 

metalloproteinases (TIMPs), which function in matrix synthesis, secretion, 

alteration and degradation (Mott and Werb, 2004; Cox and Erler, 2011).  However, 

in diseases such as cancer, an imbalance in protease activity and secretion, leads 

to dysregulated ECM remodelling and subsequent stiffening (Cox and Erler, 2011).  

1.2.2.2. Integrins 

Integrins are ECM transmembrane proteins, capable of detecting changes within 

the ECM and subsequently initiating biomechanical and biochemical signalling 

(Hynes, 2002; Sun et al., 2016). Integrins are heterodimeric mechanical receptors 

with α and β subunits, located at both the extracellular and intracellular regions 

(Sun et al., 2016). Over 24 different pairs of integrin receptors have been identified 
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within mammalian cells, with specific combinations of integrins recognising 

specific ECM ligands (Hynes, 2002; Sun et al., 2016). For instance, integrins α1β1 

and α2β1 bind to collagen (Nykvist et al., 2000), while integrins α5β1 αvβ3 are 

specific for fibronectin (Vogel et al., 1990). Integrin activation is initiated by the 

stable binding of ECM ligands to α and β integrin heads, leading to conformational 

changes at the integrin cytoplasmic tail (Ginsberg et al., 2005). When cells are 

under force, this binding affinity is thought to be even more pronounced 

(Friedland et al., 2009). Once activated, integrins recruit a number of cytoskeletal-

ECM-linker proteins, leading to the formation of ‘focal adhesions’ (FAs) 

(Kanchanawong et al., 2010). FAs most importantly function in mediating cell-ECM 

adhesion and force transmission via cytoskeletal signalling, and are one of the most 

well-studied mechanosensitive components (Bershadsky et al., 2003).  

1.2.2.3. Focal adhesion complex 

Upon mechanical stimulation, FAs form stable structures and serve as a conduit, 

propagating signals in response to mechanical stimuli between the ECM and the 

intracellular compartment (DuFort et al., 2011). FAs ultimately function as a 

complex and physical forces can directly affect FA assembly, size, shape and 

composition (Galbraith et al., 2002). FAs are central in regulating all layers of 

mechanotransduction signalling, from integrin signalling, force transduction and 

ultimately regulating the cell cytoskeleton (DuFort et al., 2011).  In response to 

force, mature FAs form when proteins like talin and paxillin are recruited (Sawada 

et al., 2006; del Rio et al., 2009; DuFort et al., 2011). These proteins are dynamic and 

can either promote stabilization of protein-protein interactions or unravel binding 

sites which are otherwise cryptic. Talin is perhaps most well-known for structurally 

unfolding in response to force, and subsequently exposes vinculin binding sites, 

which are otherwise inaccessible (del Rio et al., 2009). Once vinculin is in its active 

and open form, it is able to bind to Talin at the head, Arp 2/3 at the neck, and 

paxillin and actin at the tail, further stabilizing FAs (Humphries et al., 2007; 

Stricker et al., 2010). The list of focal adhesion proteins is extensive, and over 200 

proteins have been identified to be recruited during FA formation, however the 

importance of both Talin and Vinculin was highlighted in knockout studies, where 

a significant reduction in FAs was seen following Talin and Vinculin knockout 

(Zaidel-Bar et al., 2007; Zhang et al., 2008). MAPK1 also functions in regulating FA 
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adhesion assembly, where MAPK1 binding sites in vinculin were described as 

cryptic, with vinculin knockdown affecting MAPK1 signalling but not FA assembly 

(Holle et al., 2013).  

1.2.2.4. The cytoskeleton: actin, intermediate filaments and microtubules 

The intracellular compartment houses dynamic proteins which provide cells with 

mechanical support, define cell shape and facilitate mechanotransduction signal 

propagation. These cytoskeletal proteins can broadly be categorized into three 

major groups: actin filaments, intermediate filaments and microtubules (Fuchs 

and Karakesisoglou, 2001). Although once thought to function as three separate 

entities, it is now apparent that F-actin, intermediate filaments and microtubules 

co-operate with one another, to modulate the mechano-responsiveness of cells 

(Huber et al., 2015).  

The actin cytoskeleton is the most abundant cytoskeletal element constituting of 

helical polymeric filamentous actin (F-actin), monomeric globular actin subunits 

(G-actin) and actin-binding proteins (Dominguez and Holmes, 2011). Upon 

perceiving mechanical stimuli, G-actin undergoes polymerization leading to F-

actin assembly (Harris et al., 2018). Once formed, F-actin recruits non muscle 

myosin-II which is typically aligned with F-actin, leading to the formation of actin 

stress fibres, generating traction forces and leading to force propagation (Holmes, 

2009; Dominguez and Holmes, 2011). F-actin can also be organised into other 

structures, including cortical actin, which is found as a thin layer beneath the 

plasma membrane and dictates cell shape (Chugh and Paluch, 2018). Both stress 

fibres and cortical actin are sensitive to force and can be altered by changes in 

mechanics (Sitarska and Diz-Muñoz, 2020). Whilst stress fibres are abundant in 

cells undergoing mesenchymal migration, stress fibres are not readily observed in 

cells undergoing amoeboid migration (Holle et al., 2019). Moreover, Myocardin 

Related Transcription Factor A (MRTF-A) is an example of a nucleocytoplasmic 

transcription factor which binds to G-actin and is sensitive to force (Vartiainen et 

al., 2007). Force leads to the depletion of G-actin, subsequently leading to the 

nuclear export of MRTF-A (Vartiainen et al., 2007).  

Intermediate filaments are most prominently known for their role in maintaining 

cell integrity (Sanghvi-Shah and Weber, 2017). Intermediate filaments are the most 



 21 

diverse types of cytoskeletal elements, encoded from over 65 genes and differing 

between various cell types (Fuchs and Weber, 1994). For example, type III 

intermediate filament, vimentin, is ubiquitously expressed in mesenchymal cells 

and has been linked to increased migration, EMT and cancer progression (Liu et 

al., 2015). Vimentin knockdown studies showed that vimentin can regulate the 

actin cytoskeleton and migration through RhoA signalling (Jiu et al., 2017), and 

more recent work, showed a role for vimentin in controlling nuclear deformability 

by protecting the nucleus from mechanical forces (Patteson et al., 2019). Like 

vimentin, nuclear lamins, a type V intermediate filament, are integral for 

maintaining nuclear dynamics and impaired mechanotransduction was observed 

in Lamin A/C deficient mouse embryo fibroblasts in previous work (Lammerding 

et al., 2004). The importance of Lamin A/C in mechanotransduction will be further 

discussed in section 1.2.2.6. 

Microtubules consist of polymers of α- and β-tubulin dimers and are highly 

dynamic cytoskeletal structures known to function in mechanotransduction 

(Watson et al., 1996; Etienne-Manneville, 2013). Mechanical stimuli can promote 

microtubule formation, such as in neonatal cardiac myocytes, where tubulin 

expression was upregulated in response to stretch (Watson et al., 1996). Moreover, 

microtubules are most prominently known for their function in controlling 

directional cell migration (Vasiliev et al., 1970; Etienne-Manneville, 2013). Cell 

migration is dependent on the turnover of FAs and several studies have shown 

microtubules to regulate FAs, through FAK, Rho-GTPase’s or by regulating 

microtubule plus-end tracking proteins (+TIP) (Ezratty et al., 2005; Rooney et al., 

2010; Stehbens et al., 2014). For example, +TIP proteins CLIP-associated proteins 

(CLASP1/2) are recruited to FAs by LL5β (a CLASP binding protein located on the 

cell membrane), promoting FA turnover by localized exocytosis near FAs 

(Stehbens et al., 2014).  
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Figure 1.4. Overview of key components involved in mechanotransduction 

signalling across the cell and nuclear membranes. Mechanical cues are 

perceived by integrins located at the cell membrane. Integrin activation leads to 

the recruitment of various FA proteins such as vinculin, Talin and FAK (Focal 

adhesion kinase), and formation of focal adhesion complexes which transfer 

mechanical signals across the cell cytoskeleton. Upon perceiving mechanical cues, 

F-actin is assembled and binds to non-muscle myosin II, inducing contractile 

forces across the cytoskeleton. The linker of Nucleoskeleton and cytoskeleton 

(LINC) complex is located at the nuclear envelope, and directly propagates forces 

across to the nucleus. Nesprin proteins associate with the cytoplasmic side of the 
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nuclear envelope, while sun domain proteins interact with the nuclear interior by 

binding to Lamin A/C. Emerin also acts as an anchor of the LINC complex, binding 

to the sun domain proteins and Lamin A.  
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1.2.2.5. The linker of nucleoskeleton and cytoskeleton (LINC) complex 

The nucleus is central in mediating mechanotransduction-driven cellular 

responses, and has more recently been described as an active mechanosensing 

organelle (Lomakin et al., 2020; Venturini et al., 2020). Mechanical forces are 

transduced across to the nucleus, via the linker of Nucleoskeleton and 

Cytoskeleton (LINC) complex, which as the name implies, provides a direct link 

from the cytoskeleton to the nucleus (Crisp et al., 2006). The LINC complex 

constitutes of both the inner nuclear membrane (INM) and the outer nuclear 

membrane (ONM) of the nuclear envelope (Crisp et al., 2006; Martino et al., 2018). 

At the ONM, KASH proteins Nesprin-1 and Nesprin-2 bind to SUN1 and SUN2, 

localize at the INM and bind to the nuclear lamina and chromatin (Zhang et al., 

2001; Haque et al., 2006; Chi et al., 2007). Aside from facilitating 

mechanotransduction signals, the LINC complex provides structural integrity for 

the nucleus, and disruption of LINC led to perturbed mechanotransduction 

responses, across various studies investigating nuclear shape, cell migration, 

polarization and gene expression (Luxton et al., 2010; Wu et al., 2014; Alam et al., 

2016; Arsenovic et al., 2016). For example, LINC perturbation of SUN1 in NIH-3T3 

mouse fibroblasts, led to changes in global transcriptional responses (Alam et al., 

2016).  

1.2.2.6. The nucleoskeleton 

The nucleoskeleton is comprised of a meshwork of nuclear lamins and associating 

nuclear membrane proteins, located underneath the nuclear envelope (Burke and 

Stewart, 2013). The nuclear lamina (Lamins A, B and C) form a major structural 

component of the nuclear envelope, and Lamin A/C links the nuclear interior to 

the cytoskeleton, via the LINC complex (Hutchison and Worman, 2004; Crisp et 

al., 2006; Burke and Stewart, 2013). Moreover, Swift et al., showed that increased 

Lamin A/C levels have been correlated with increased tissue stiffness (Swift et al., 

2013). This study investigated a range of solid human and mouse tissues with a 

range in stiffnesses and observed a scaled relationship between Lamin A/C and the 

tissue elasticity (or stiffness). The authors further showed that Lamin A 

knockdown in mesenchymal stem cells led to the preferential differentiation 

towards an adipogenic lineage, similar to culture on soft substrates. Contrarily, 
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Lamin A over expression and culture on stiff substrates, had the opposite effect 

and differentiation towards an osteogenic lineage was observed (Swift et al., 2013). 

Lamin A/C directly interacts with chromatin through lamin binding proteins 

(Mattout-Drubezki and Gruenbaum, 2003). Chromatin can either exist as tightly 

packed and transcriptionally silent ‘heterochromatin’, or as loosely packed and 

transcriptionally active euchromatin (Kouzarides, 2007). Mechanical stimuli can 

induce changes in chromatin state or promote the intermingling between 

chromosomal territories, which can subsequently lead to changes in gene 

expression. These ideas will be discussed in sections 1.3.5.2 and 1.3.5.3. 

1.2.3. Prominent mechanotransduction signalling pathways  

Cellular responses from mechanotransduction are ultimately dependent on the 

engagement of various cytoskeletal and nucleoskeletal components, which are 

central for transducing physical forces (Wang et al., 2009). Mechanotransduction 

signalling pathways are typically initiated following the activation of FAs at the 

cell-matrix interface, leading to changes in binding affinity and activity of the 

above mentioned mechanotransduction machinery (Wang et al., 2009; Panková et 

al., 2010). Mechanotransduction signalling pathways are complex and several 

common signalling pathways have been identified, often interacting with one 

another and occurring in parallel. These signalling pathways are cell type and cell 

function dependent, and collectively regulate various cellular responses.  

1.2.3.1. The FAK-SRC signalling pathway 

FAK is a major signalling component that transmits signals triggered by integrin 

activation, leading to the autophosphorylation of FAK (Wang et al., 2001; Mitra et 

al., 2005; Seong et al., 2013). Subsequently, FAK forms a complex with c-Src, which 

can bind and phosphorylate a diverse range of adaptor proteins, including paxillin 

and p130Cas (Zhao et al., 1998; Mitra and Schlaepfer, 2006). FAK-SRC activation 

promotes cell-cycle progression and cell motility, and moreover, the FAK-SRC 

complex is prevalent in tumour cells, leading to cancer growth and metastasis 

(Zhao et al., 1998; Schlaepfer and Mitra, 2004; McLean et al., 2005). 

1.2.3.2. The MAPK pathway 

The mitogen activated protein kinase (MAPK) pathway, describes two sub-

pathways, namely, extracellular signal-regulated kinase (ERK) signalling and c-jun 
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N-terminal kinase (JNKs) signalling pathways (Pullikuth and Catling, 2007). ERK-

MAPK signalling is predominantly responsible for driving cell proliferation, 

however, is also critical in dictating cell motility, and can be activated by growth 

factor signalling across small GTPase Ras receptors located on the cell surface 

(Pullikuth and Catling, 2007; Mendoza et al., 2011). Ras can then recruit Raf, 

phosphorylating MAPK and ultimately phosphorylating and activating ERK, which 

can regulate gene transcription (Pullikuth and Catling, 2007). Furthermore, ERK-

MAPK signalling can also be activated by the binding of FAK-SRC, to adaptor 

protein Grb2, or via FAK-SRC phosphorylation of p130cas (Schlaepfer et al., 1997). 

On the other hand, JNK-MAPK signalling is involved in development, 

differentiation, as well as in programmed cell death, and moreover, JNK signalling 

can activate MAPKs and a variety of nuclear and cytoplasmic substrates (Zeke et 

al., 2016).  

1.2.3.3.  The Rho-ROCK signalling pathway 

The Rho-ROCK signalling pathway regulates actin cytoskeleton contractility and 

contributes to the majority of the intracellular force generated within cells 

(Provenzano and Keely, 2011). Rho-ROCK can in turn regulate cell morphology, 

migration and proliferation across most cell types (Provenzano and Keely, 2011; 

Lessey et al., 2012). In response to mechanical stimuli, Rho is activated following 

the conversion of Rho proteins from their GDP (inactive) to their GTP (active) state 

(Burridge et al., 2019). GTP-bound RhoA then facilitates actin filaments and 

myosin-II to generate contractile forces, which subsequently engage with Rho-

associated Kinases (ROCK) to stimulate myosin light chain (MLC) 

phosphorylation (Amano et al., 1996; Burridge et al., 2019). The assembly of 

myosin-II into filaments is enhanced by MLC, and moreover, MLC promotes 

ATPase activity, leading to increased contractile forces generated by myosin-II 

onto actin (Amano et al., 1996; Burridge et al., 2019). ROCK phosphorylation can 

also activate the LIM kinase, which in turn inhibits cofilin (an actin-severing 

protein) and leads to enhanced F-actin stability (Maekawa et al., 1999). F-actin 

stability is further enhanced by mDia (an actin nucleating protein part of the 

formin family) involved in F-actin assembly and is also stimulated by RhoA 

(Chrzanowska-Wodnicka and Burridge, 1996). Actomyosin contractility is 

responsible for regulating many cell responses, such as the nucleus and 
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cytoplasmic shuttling of transcription factors YAP/TAZ, in response to force 

(Dupont et al., 2011). This can occur independently or dependently to the 

LATS1/2/Hippo pathway, where YAP/TAZ are known to function as major 

downstream effectors (Piccolo et al., 2014).  

1.2.4. Biomaterial platforms for studying cell mechanobiology  

The development of various platforms has helped accelerate our understanding of 

the cellular processes that are influenced and regulated by mechanotransduction 

(Beri et al., 2018). Diverse platforms incorporating synthetic and non-synthetic 

materials, as well as two-dimensional (2D) and three-dimensional (3D) networks, 

have allowed for various mechanical cues to be investigated at the lab bench (Beri 

et al., 2018). These platforms can be tuned to directly target specific mechanical 

stimuli, such as investigating the effect of changes in stiffness using hydrogels, 

studying the effect of topography and geometry through the use of microprinted 

protein islands, or studying cell migration under confinement through 

microchannels. Although the list of developed platforms goes beyond what is 

discussed here, I focus on discussing platforms that are most useful in elucidating 

the mechanosensitive responses in cancer.  

1.2.4.1. Hydrogels  

Hydrogels are polymer gels composed of synthetic or natural polymers, that are 

chemically and/or physically crosslinked to form mesh network matrices (Annabi 

et al., 2014; Beri et al., 2018). Hydrogels are generally smooth in topography and are 

typically used to study the effects from elasticity and/or viscoelasticity. Examples 

of synthetic hydrogels include, polyacrylamide (PA), polyethylene glycol (PEG) 

and alginate hydrogels, with advantages and disadvantages underlying each type 

(Bauer et al., 2020; Chaudhuri et al., 2020). Synthetic hydrogels are one of the most 

well adopted platforms for studying the effects of stiffness, due to their ability to 

be easily fine-tuned by modulating the crosslinking density and polymer 

concentrations (Tse and Engler, 2010). For example, PA hydrogels can be used to 

achieve varied stiffnesses by altering the bis-acrylamide and acrylamide polymer 

concentration (Tse and Engler, 2010). These hydrogels can then be selectively 

functionalized with various ECM proteins for cell culture (Tse and Engler, 2010). 

Conversely, non-synthetic hydrogels are composed of natural materials comprising 
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of cell-interacting properties, such as collagen and elastin. Whilst natural 

hydrogels have ‘perfect’ mechanical properties in vivo, they are limited by the fact 

that they cannot be easily manipulated, or the same mechanical properties cannot 

be achieved, in vitro (Annabi et al., 2014). More recently, 3D hydrogel platforms 

involving the encapsulation of cells, have allowed for a more sophisticated 

understanding of the complexities underlying the tumour microenvironment 

(Tibbitt and Anseth, 2009; Annabi et al., 2014). Like 2D hydrogel platforms, 3D 

platforms can be fabricated from both synthetic and non-synthetic materials 

(Tibbitt and Anseth, 2009). 3D platforms have been used to study the effect of 

stiffness, ligand density, pore size and fibre alignment, and many of these factors 

can be incorporated into one model (Fraley et al., 2015).  In one study, cell 

protrusion rate and motility were shown to not be dependent on stiffness, but be 

dependent on fibre alignment instead (Fraley et al., 2015).   

1.2.4.2. Micropatterned substrates  

Micro-contact printing involves functionalizing certain patterns on substrates, in 

order to impose custom geometry (size and shape) on cells (Théry and Piel, 2009; 

Paul et al., 2016). Templates of patterns are typically fabricated using 

photolithography and proteins including fibronectin and collagen are commonly 

used (Ruiz and Chen, 2007). Microcontact printing can also be used in 3D hydrogel 

platforms, as 3D hydrogel platforms are limited by the fact that cells are typically 

rounded in shape when encapsulated (Bao et al., 2019). Cell processes such as 

geometry driven differentiation, have been described in studies using 

micropatterned substrates of varying aspect ratios and shapes (McBeath et al., 

2004; Kilian et al., 2010).  Additionally, microcontact printing one-dimensional 

fibronectin lines, has routinely been used to investigate the effect of directional 

and constrained cell migration on a single axis (Doyle et al., 2009).  

1.2.4.3. Microchannel chips 

Micropatterned substrates are reliant on adhesion and thus do not allow the study 

of non-adhesive cell migration. Therefore, platforms such as microchannel chips 

offer an attractive alternative, given that cells can undergo both adhesion-

dependent, and adhesion-independent, migration modes (Rolli et al., 2010; Paul et 

al., 2016). Microchannel platforms are typically composed of polydimethylsiloxane 
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(PDMS), and can vary in length, height and width - features that one dimensional 

micropatterned substrates fail to model (Paul et al., 2016). Microchannel chips are 

particularly useful for studying environments where cells are under physical 

confinement, such as during invasion through the tight ECM network in cancer 

metastasis (Paul et al., 2016). However, microchannel platforms are versatile and 

can be modulated to incorporate certain features – such as chemical gradients (to 

induce chemotaxis), voltage gradients (to induce gradient electric fields) or 

modified with more complex geometries (e.g., gradient geometries or pinch point 

constrictions) (Irimia et al., 2007; Huang et al., 2013; Mak et al., 2013; Cognart et al., 

2020).  

1.3. Cell responses as a result of mechanotransduction 

The development of robust biomaterial platforms has accelerated our 

understanding of how downstream cellular responses occur in response to 

mechanotransduction. But what are the physiological responses that cells 

ultimately endure? And what is the physiological relevance, in both healthy tissue 

and in cancer? In many instances, cancer mechanotransduction is thought to be 

‘blunted,’ as cells have been described to lose their stiffness-sensing capabilities.  

1.3.1. Proliferation  

Cell proliferation is one of the key cell functions influenced by 

mechanotransduction. Studies investigating proliferation in response to stiffness, 

showed an increase in proliferation with increased stiffness, in several cell lines 

including fibroblasts, vascular smooth muscle cells and hepatocytes (Wang et al., 

2000; Peyton et al., 2006; Wells, 2008; Mih et al., 2011). For example, lower 

proliferation was observed in vascular smooth muscle cells cultured on soft 

substrates (13.7 kPa), compared to stiff substrates (423.9 kPa) (Peyton et al., 2006). 

It is speculated that proliferation may be dependent on the generation of 

cytoskeletal tension, where Rho/ROCK Inhibition experiments led to inhibited 

proliferation (Seasholtz Tammy M. et al., 1999; Iwamoto et al., 2000; Zhao and 

Rivkees, 2003). However, mechanotransduction regulated proliferation is thought 

to be dysregulated in cancer cells. Previous work showed that NIH-3T3 mouse 

fibroblasts transformed with HRas Proto-Oncogene (H-ras) oncogene, maintained 

a similar ability to proliferate on both soft and stiff substrates, compared to non-
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transformed fibroblasts which exhibited increased proliferation on stiff substrates 

(Wang et al., 2000). Moreover, one study observed that the proliferation rate in 

glioma cells cultured on 119 and 0.08 kPa hydrogels, was elevated by five-fold in 

cells on stiffer substrates (Ulrich et al., 2009), while in neuroblastoma, proliferation 

was greater on soft substrates (0.1 kPa vs 1000 kPa hydrogels)(Lam et al., 2010). 

Thus, suggesting that proliferation regulated by mechanotransduction, may be cell 

and/or tissue-specific in cancer cells.  

1.3.2.   Apoptosis 

Mechanical forces are further able to regulate apoptosis. An increase in caspase 3/7 

activity (a marker of apoptosis), was observed in human lung fibroblasts cultured 

on low stiffness (0.3 kPa), compared to cells cultured on stiff substrates (55 kPa) 

(Wang et al., 2000; Mih et al., 2011). This trend was further observed in normal 

murine mammary gland epithelial cells (NMuMG), where apoptosis innversely 

correlated with stiffness in cells grown on soft (0.4 kPa), intermediate (5 kPa) and 

stiff (60 kPa) substrates (Leight et al., 2012). Concomitant with the blunted 

proliferation observed in cancer cells, studies investigating apoptosis in 

transformed cells observed similar trends. For instance, when investigating 

apoptosis in normal and H-ras transformed fibroblasts, normal fibroblasts had a 

two-fold increase in apoptosis rate when cultured on soft substrates, but contrary 

to this, H-ras transformed fibroblasts did not show any changes in apoptosis when 

cells were cultured on substrates of different stiffness (Wang et al., 2000).  

1.3.3. Differentiation 

Differentiation is a key characteristic of stem cells, and mechanotransduction has 

been shown to regulate stem cell fate, as well as function in maintaining stem cell 

homeostasis (Argentati et al., 2019). Mechanical cues, in the form of tissue stiffness 

and geometry can regulate how mesenchymal stem cells (MSCs) differentiate 

(Engler et al., 2006; Kilian et al., 2010). MSCs cultured on increased stiffnesses 

favoured differentiation into osteogenic lineages, while MSCs cultured on soft 

substrates differentiated towards adipogenic lineages (Engler et al., 2006). Traction 

forces generated by cells were also more pronounced in MSCs cultured on stiff 

substrates, indicating more tense cells (Engler et al., 2006). Moreover, MSCs 

cultured on rectangle micropatterned substrates with an increased aspect ratio, 
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exhibited osteogenic profiles, while cells cultured on round micropatterned 

geometries displayed more adipogenic profiles (Kilian et al., 2010).  

1.3.4. Migration 

Mechanical cues from the surrounding microenvironment such as stiffness, 

adhesion, topology and confinement have also been shown to influence cell 

migration (Charras and Sahai, 2014). Cell migration has been well studied across a 

variety of mechanical stimuli, with cells capable of biasing their direction and 

mode of migration, in response to external cues.  

1.3.4.1. Random Migration 

Random cell migration occurs in cells subject to low intrinsic directional stimuli. 

Cells undergoing random migration are characterised by the formation of a 

number lamellae at the cell periphery (Pankov et al., 2005). Moreover, random cell 

migration is mediated by increased Rac activity, and loss of Rac has been shown to 

switch random migration into directional migration (Pankov et al., 2005).  

1.3.4.2. Directional Migration 

Directional migration is essential for efficient migration processes. Cells exposed 

to stimuli such as chemoattractant gradients, are capable of switching from 

random migration to directional migration, a term known as chemotaxis. Whilst 

some cells are thought to have a preference to migrate towards stiffer substrates (a 

phenomenon known as durotaxis) (Mitra et al., 2005), recent studies have 

suggested that some cancer cells may be adurotactic, e.g., cells prefer to migrate 

towards softer substrates (Isomursu et al., 2020; Shatkin et al., 2020).  

1.3.4.3. Migration under confinement 

The use of microchannels to study migration has further highlighted the plasticity 

in cell migration. It is now well appreciated that cells undergoing invasion are able 

to switch between migration modes, such as during mesenchymal to amoeboid 

transition (MAT) (discussed in section 1.1.2.1)(Holle et al., 2019). More recently, the 

nucleus has been described to be central in sensing confinement and controlling 

cell responses such as migration in cells under confinement (Lomakin et al., 2020; 

Venturini et al., 2020). 
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1.3.5. Gene expression  

Mechanical forces can propagate across nuclei to regulate gene expression (Uhler 

and Shivashankar, 2017). Gene expression programs are fundamental for 

maintaining tissue homeostasis, and perturbed gene expression often underlie 

diseases such as a cancer (Brock et al., 2015). However, ‘how’ gene expression is 

regulated via mechanical force, is still far from understood. A majority of previous 

work has described forced induced gene expression to be regulated by the nucleo-

cytoplasmic shuttling of transcription factors, however, more recently it has 

become apparent that force induced gene expression can be regulated 

epigenetically, through changes in chromosomal remodelling and chromosome 

‘intermingling’ (Uhler and Shivashankar, 2017).  

1.3.5.1. Force regulated shuttling of transcription factors and gene expression 

When subject to mechanical force, several transcription factors have been shown 

to shuttle between the cytoplasm and nucleus (Finch-Edmondson and Sudol, 

2016). YAP/TAZ are one of the most well-known transcription factors that 

translocate from the cytoplasm to the nucleus in response to force (Dupont et al., 

2011). YAP/TAZ is a coactivator of TEAD, leading to the transcriptional activation 

of various target genes when YAP/TAZ is active in the nucleus (Moroishi et al., 

2015). Similar to YAP/TAZ, myocardin-related transcription factor (MRTF-A), 

translocates to the nucleus in response to force, leading to serum response factor 

(SRF) dependent transcription activation (Zhao et al., 2007). Changes in 

actomyosin contractility mediate nuclear shuttling of both YAP/TAZ and MRTF-

A, which are mutually dependent on each other, with targets from one pathway 

mediated by the other, and vice versa (Foster et al., 2017). However, it is less clear 

as to how force controls the activation of specific genes, prompting more 

mechanistic studies (Mammoto et al., 2012). One study suggested that force-driven 

YAP nuclear translocation, may be mediated by the reduction in mechanical 

restriction of nuclear pores (Elosegui-Artola et al., 2017). Other work, suggested 

that YAP target genes activated in response to force, are dependent on a ‘concerted 

localization resets’ concept, where fast YAP nuclear to cytoplasmic shuttling, 

immediately followed by nuclear re-entry, initiates YAP target gene expression 

(Franklin et al., 2020). Conversely, the authors from this study observed that YAP 
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transcriptional activity was perturbed in cancer, and whether YAP signalling is 

dysregulated in cancer remains debatable.  

1.3.5.2. Gene expression regulation via chromatin remodelling 

Increasing evidence has suggested that mechanical forces are capable of 

remodelling chromatin, subsequently leading to changes in gene expression. 

Chromatin resides within the nucleus, as either transcriptionally active 

‘euchromatin,’ or transcriptionally inactive ‘heterochromatin,’ and epigenetic 

changes through various post-translational modifications including histone 

acetylation and methylation, can influence and switch the state between the two 

(Kouzarides, 2007). Moreover, chromatin states are dynamic, with mechanical 

stimulation leading to decondensation of heterochromatin and subsequently 

increasing gene expression (Le et al., 2016; Miroshnikova et al., 2017). Previous work 

has identified that mechanical forces from stretch, shear stress, tensile loading and 

forces from mechanical beads, can lead to chromatin remodelling and ultimately 

affect gene expression (Iyer et al., 2012; Heo et al., 2016; Le et al., 2016; Tajik et al., 

2016). For instance, one study showed that in response to shear stress, the direction 

and proportion of chromatin stretching was proportional to the transcriptional 

upregulation of dihydrofolate reductase (DHFR) transgene (Tajik et al., 2016). 

Disruption in actomyosin contraction led to abolished DHFR transcription, 

suggesting that cytoskeletal forces can directly regulate chromatin (Tajik et al., 

2016).In more recent work, chromatin was shown to adopt a ‘mechanoprotective’ 

function, altering it’s own mechanical state to insulate genetic material in response 

to forces such as mechanical stretch (Nava et al., 2020).  

1.3.5.3. Geometry and chromosomal intermingling induced gene regulation 

Chromosomes are spatially organised within the nucleus, occupying distinct 

regions known as ‘chromosomal territories,’ (Cremer et al., 2006). Emerging work 

has suggested that ‘intermingling’ between chromosomal territories in response to 

changes in geometry can regulate global gene expression (Wang et al., 2017a). 

These intermingling regions are thought to be ‘transcriptional hot spots,’ enriched 

with RNA polymerase II and histone modification (Maharana et al., 2016). By 

visualizing chromosomes in cells cultured on different micropatterned geometries 

and using fluorescence in situ hybridisation (FISH) to stain for chromosomes, 
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Wang et al. observed that the degree of chromosome intermingling was 

upregulated in response to reduced micropatterned substrate area (Wang et al., 

2017a). More profoundly, the degree of intermingling led to increased global 

transcription, and these regions were located at the interior of the nucleus rather 

than the edge. Although this is an interesting and new phenomenon, ongoing 

research is needed to fully elucidate the mechanisms underlying this. Throughout 

section 1.3, I summarize some of the prominent cellular responses, including 

changes in global gene expression, that occur as a result of mechanotransduction. 

In the following section (section 1.4) I focus on discussing gene regulation in more 

detail, focusing on long non-coding RNAs (lncRNAs).  
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1.4. Long-noncoding RNAs: An overview  

The human genome houses the complex genetic instructions (or DNA) required 

for human physiology. The Encyclopedia of DNA Elements (ENCODE) project was 

launched in 2003 as a response to the first human genome sequence, highlighting 

the complexity of the human genome, where less than 2% of the total human 

genome consisted of protein coding genes (International Human Genome 

Sequencing Consortium, 2004). Considering that humans are functionally and 

developmentally complex, it became quickly apparent that the remainder of the 

genome, which was once dismissed as ‘junk,’ was in fact transcribed into RNA 

without protein coding potential, and these noncoding RNAs (ncRNAs) were 

functionally relevant (Wilusz et al., 2009). 

In general, ncRNAs can be classified as either regulatory, or housekeeping ncRNAs, 

based on their function.  Housekeeping ncRNAs such as ribosomal RNAs (rRNAs), 

transfer RNAs (tRNAs) and small nuclear RNAs (snRNAs), are abundant across 

most cell types and are critical for controlling generic cellular processes (Morey 

and Avner, 2004). Ribosomes are formed from rRNAs, which move along mRNA, 

while tRNAs are adaptor molecules that transfer amino acids necessary for protein 

synthesis to ribosomes (Eddy, 2001). Additionally, spliceosomal snRNAs function 

as co-factors in pre-mRNA splicing, removing intervening sequences or introns 

(Karijolich and Yu, 2010). 

Contrary to the housekeeping ncRNAs, ‘regulatory’ ncRNAs are far less well 

understood. Several types of regulatory RNAs have been identified, including: 

microRNAs (miRNAs), small interfering RNAs (siRNAs) and finally long non-

coding RNAs (lncRNAs). Unlike the smaller ncRNAs, which are conserved across 

species, lncRNAs, are in general not widely conserved (Burchard et al., 2009; 

Friedman et al., 2009). LncRNAs provide a new perspective for gene regulation, by 

influencing multiple levels of gene regulation (Statello et al., 2020). LncRNAs can 

regulate transcription, epigenetic modifications, RNA splicing, translation and can 

form of subnuclear organelles capable of regulating gene expression (Rinn et al., 

2007; Tripathi et al., 2010; Carrieri et al., 2012; Amin et al., 2015; Chujo et al., 2016). 

Each lncRNA has a unique sequence, structure and mode of action, contrasting 

them to miRNAs, that regulate gene expression post-transcriptionally with similar 
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mechanisms for all miRNAs (Bartel, 2004; Statello et al., 2020). LncRNAs are 

associated with a diverse range of diseases, such as cancer, thus making them a 

favourable target for future therapies (Guttman et al., 2009; Wilusz et al., 2009). 

1.4.1. What are long non-coding RNAs?  

LncRNAs can be defined as ncRNA transcripts that exceed 200 nucleotides in 

length (Kung et al., 2013). LncRNAs can further be sub-grouped based on their 

proximity to protein-coding genes (Ning et al., 2017). For example, intergenic 

lncRNAs describes lncRNAs that do not overlap with protein-coding genes and are 

highly conserved across species (Guttman et al., 2009). LncRNAs that overlap with 

protein-coding genes, are sometimes termed ‘lncRNA-coding pairs,’ and are 

associated with alternative splicing patterns (Gonzalez et al., 2015). Increasing 

research over the past decade has demonstrated that lncRNAs are important 

regulators of various biological processes, such as different aspects of development, 

disease and differentiation (Dey et al., 2014; Marchese et al., 2017). 

1.4.2. Mechanisms for long non-coding RNA gene regulation  

Although the mechanisms by which lncRNAs regulate gene expression is far less 

understood compared to other ncRNAs, several modes of action have been 

proposed (Marchese et al., 2017).  Most notably, lncRNAs can regulate genes via 

cis-acting modes, i.e., regulating genes in close proximity in the genome, or 

through trans-acting modes i.e., regulating distant genes (Kornienko et al., 2013; 

Kopp and Mendell, 2018).  

1.4.2.1. Cis acting LncRNAs  

Cis-acting lncRNAs can regulate gene expression through three different 

mechanisms. The first mechanism describes lncRNA transcripts that recruit 

additional protein regulatory factors, leading to the regulation of surrounding 

genes (Kopp and Mendell, 2018). One of the most well studied lncRNAs that acts 

in this manner, is the lncRNA Xist which is expressed from one of the two X 

chromosomes in females, and induces X inactivation in female mammals through 

the recruitment of additional protein complexes that silence one X (Wutz, 2011). 

In this way, dosage compensation of the X chromosome is achieved to match the 

expression that occurs in males, with only a single X chromosome. 
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Secondly, cis-acting lncRNAs can regulate proximal gene expression through 

transcription and/or splicing events, that are independent of the sequence of the 

lncRNA (Kopp and Mendell, 2018). For example, the lncRNA Airn, which overlaps 

the Igfr2 gene including the promoter, can silence Igfr2, which is dependent on the 

transcriptional overlap, but not the Airn sequence itself (Latos et al., 2012). 

The third cis-acting regulatory mode occurs when lncRNAs recruit proteins and 

form RNA-protein complexes, which together influence the transcription of 

neighbouring genes (Kopp and Mendell, 2018). The lncRNA-p21 is a classic example 

of a cis-acting lncRNA that functions this way (Dimitrova et al., 2014). Here, p21, a 

neighbouring gene of lncRNA-p21, is activated by a complex consisting of lncRNA-

p21 and the protein Heterogenous Nuclear Ribonucleoprotein K (hnRNP-k), which 

functions as transcriptional coactivators in the p53 pathway (Dimitrova et al., 

2014). 

1.4.2.2. Trans-acting LncRNAs 

Contrary to the cis-acting lncRNAs, which regulate the expression of nearby genes, 

trans-acting lncRNAs regulate gene expression distally, once the lncRNAs have left 

the site of transcription (Kopp and Mendell, 2018). Three major modes of trans 

acting regulation have been identified.  

The most widespread trans-acting lncRNAs activate gene expression by 

influencing chromatin states and regulating RNA polymerase activity at regions 

located away from the site of transcription (Kopp and Mendell, 2018). The lncRNA 

HOTAIR provides an instructive example and is amongst one of the first described 

lncRNAs to influence gene regulation in trans (Rinn et al., 2007). The lncRNA 

HOTAIR, is transcribed from the HOXC locus and can function as a molecular 

scaffold, repressing transcription by binding to Polycomb Repressive Complex 2 

(PRC2) and Lysine-specific demethylase 1 (LSD1), which catalyses H3K27 

methylation and H3k4 demethylation activity (Rinn et al., 2007; Tsai et al., 2010). 

Several lncRNAs are able to interact and subsequently regulate other RNA 

molecules and/or proteins, thus providing another example of trans regulation. 

Prominent RNA molecules that are regulated by lncRNAs, include miRNAs, which 

prevent the interaction between targets, and lncRNAs are thought to function as 

competing endogenous RNAs (ceRNAs), or ‘sponges,’ in this setting (López-
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Urrutia et al., 2019).  In addition to miRNAs, lncRNAs may regulate other proteins. 

For example, the lncRNA NORAD is thought to function as a sponge for RNA 

binding proteins PUMILIO1/2, whose binding triggers an accelerated mRNA decay 

(Kopp and Mendell, 2018). 

A final subclass of lncRNAs, known as ‘architectural lncRNAs,’ sequester specific 

RNAs and proteins to form subnuclear bodies which are often sites for gene 

regulation (Chujo et al., 2016). A classic example is the lncRNA Nuclear Paraspeckle 

Assembly Transcript 1 (NEAT1), which provides a scaffold for subnuclear bodies 

known as ‘paraspeckles’, where paraspeckle formation is dependent upon NEAT1 

transcription (discussed in section 1.5)(Clemson et al., 2009; Sunwoo et al., 2009; 

Chujo et al., 2016). The gene encoding the lncRNA Metastasis Associated Lung 

Adenocarcinoma Transcript 1 (MALAT1), is located adjacent to the gene for NEAT1, 

and is another well-characterized lncRNA, which localizes to distinct subnuclear 

structures located in close proximity, known as ‘nuclear speckles’ (Wilusz et al., 

2009). Nuclear speckles recruit components of splicing machinery and 

subsequently regulate gene expression through splicing modulation (Spector and 

Lamond, 2011).  

1.4.3. General overview of long non-coding RNAs in cancer  

One of the most critical and well-studied functions of lncRNAs, has been in the 

context of disease, and particularly in cancer (Fang and Fullwood, 2016). LncRNAs 

are master gene regulators, and their perturbation can regulate various hallmarks 

of cancer discussed in section 1.1.1 (Gutschner and Diederichs, 2012).  

In cancer, lncRNAs can mediate target gene expression through both cis and trans 

regulation (Deng et al., 2016). Specific lncRNAs can be either upregulated 

(functioning as oncogenes), or downregulated (functioning as tumour suppressor 

genes) (Ling et al., 2015; Fang and Fullwood, 2016). For example, the lncRNA 

MALAT1 is upregulated in lung, liver and colorectal cancers (Schmidt et al., 2011; 

Xu et al., 2011; Malakar et al., 2017) and the lncRNA Highly Upregulated In Lung 

Cancer (HULC) is upregulated in lung and liver cancer (Panzitt et al., 2007). 

Conversely, lncRNA Papillary Thyroid Carcinoma Susceptibility Candidate 3 

(PTCSC3) is downregulated in thyroid cancer (Fan et al., 2013). Moreover, several 

lncRNAs have been shown to have more complex functions, acting as both 
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oncogenes and tumour suppressor genes across various cancers (Li et al., 2017a). 

The lncRNA NEAT1 is one example, showing characteristics of an oncogene in 

breast cancer (Shin et al., 2019), prostate cancer (Chakravarty et al., 2014) and 

colorectal cancer (Zhang et al., 2018), and tumour suppressive functions in 

pancreatic cancer (Mello et al., 2017).  

1.4.4. An overview of the long non-coding RNA NEAT1 

The lncRNA NEAT1 is one of the most abundantly expressed lncRNAs found within 

mammalian cells (Hutchinson et al., 2007). NEAT1 is involved in a variety of 

physiological functions, from development and differentiation, to disease. The 

gene encoding NEAT1 is located on human chromosome 11 and the NEAT1 lncRNA 

is significantly enriched in the nucleus (Bond and Fox, 2009). Two transcriptional 

variants, namely NEAT1_1 and NEAT1_2, are transcribed from the NEAT1 gene, with 

the latter being essential for the formation of subnuclear organelles named 

‘paraspeckles,’ which sequester distinct proteins to form RNA-protein complexes 

(Bond and Fox, 2009; Hirose et al., 2014). Paraspeckles therefore comprise a useful 

model for addressing how lncRNAs can regulate gene expression through RNA-

protein interactions (Fox et al., 2018). In the following section, I discuss the 

molecular biology underlying paraspeckles, and in the subsequent section, I 

highlight the importance of NEAT1 and paraspeckles in regulating the above-

mentioned physiological and pathological processes.  
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1.5. Paraspeckles: subnuclear bodies seeded by the lncRNA NEAT1 

Paraspeckles were first described as nuclear foci located in the interchromatin 

region of mammalian nuclei, and were named following the observation that they 

were located in close proximity (‘para,’) yet as distinct structures, to nuclear 

speckles (‘speckles’) (Fox et al., 2002). Paraspeckles were initially defined by the 

enrichment of the then novel nuclear protein, paraspeckle component protein 1 

(PSPC1) (Fox et al., 2002). Since their discovery nearly two decades ago, it is now 

apparent that PSPC1 is in fact dispensable for paraspeckle formation. In contrast, 

the lncRNA NEAT1, is both the gold standard marker for paraspeckles, and is 

essential for maintaining the structural integrity of paraspeckles in combination 

with essential paraspeckle proteins (Bond and Fox, 2009). Paraspeckles are thus 

considered ribonucleoprotein organelles. Moreover, paraspeckles are found within 

cells in a variety of tissues, although they are limited to differentiated tissues, as 

they are absent in embryonic stem cells and induced pluripotent stem cells. 

Although absent from stem cells, paraspeckles form when stem cells differentiate 

(Chen and Carmichael, 2009). Paraspeckles are unevenly distributed in the 

nucleus, with approximately 5-20 paraspeckles located within a typical HeLa cell 

nucleus, and are approximately 0.2-1 μm in size (Fox et al., 2002). Here, I focus on 

shedding light as to what constitutes paraspeckles - what are paraspeckles 

composed of? How are they organized? What drives paraspeckle formation? And 

lastly, what do paraspeckles do for the cell once formed? 

1.5.1. The building blocks of paraspeckles 

Paraspeckles are formed through the interaction of the lncRNA NEAT1, in 

conjunction with key paraspeckle proteins. An overview of the essential 

components and steps involved in paraspeckle biogenesis is outlined in Figure 1.5A, 

and images of paraspeckles labelled by NEAT1 and paraspeckle protein, SFPQ, are 

shown in Figure 1.5B.  

1.5.1.1. The lncRNA NEAT1  

Out of the two NEAT1 isoforms (NEAT1_1 and NEAT1_2) which are transcribed 

from the NEAT1 gene, the longer, 23kb, NEAT1_2 isoform is absolutely required for 

paraspeckle composition (Hirose et al., 2014). This was discovered in a study 

investigating paraspeckle formation in NEAT1 knockout mice, where only 
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overexpression of the NEAT1_2 isoform, but not NEAT1_1, could rescue paraspeckle 

formation (Naganuma et al., 2012). Further work revealed that NEAT1_2 

transcription is enabled following the alternative 3’ end processing of NEAT1_1 

(Naganuma et al., 2012). Here, cleavage factors compete for two distinct 3’ end 

processing mechanisms which, 1) lead to the polyadenylation of NEAT1_1, or 2) lead 

to RNaseP-mediated cleavage of NEAT1_2. HnRNP-K is an essential ‘paraspeckle 

protein,’ and can negatively regulate the 3’-end polyadenylation of NEAT1_1, 

allowing for production of NEAT1_2. The transcription of NEAT1_2 provides the 

‘seed’ for paraspeckle formation, as well as the ongoing maintenance of 

paraspeckles, as paraspeckles are dependent on the active transcription of NEAT1 

(Mao et al., 2011). Importantly, the level of NEAT1_2 transcription is directly 

proportional to the average number and length of paraspeckles (Hirose et al., 2014). 

1.5.1.2. Paraspeckle proteins 

Several core ‘paraspeckle proteins,’ namely, non-POU domain-containing 

octamer-binding protein (NONO) and splicing factor proline and glutamine rich 

(SFPQ), were first described to be essential for paraspeckle formation (Bond and 

Fox, 2009; Hirose et al., 2014). However, over ~40 proteins have since been dubbed 

as ‘paraspeckle proteins,’ although their involvement in paraspeckle composition 

and function has only been partially resolved (Naganuma and Hirose, 2013). Some 

of these proteins can alter RNA stability of NEAT1_2, or bind directly to NEAT1_2 

at first, and then allow for additional protein-protein interactions. or in the case of 

hnRNP-K (described above) regulate the alternative 3’end processing of NEAT1 to 

drive paraspeckle formation (Naganuma et al., 2012; Hennig et al., 2015). Studies 

using siRNAs to knockdown individual paraspeckle proteins have shown that some 

of these proteins are ‘essential’ for paraspeckle formation, as paraspeckles do not 

form in their absence (Fox et al., 2018). In one study, NONO and SFPQ were 

deemed essential for paraspeckle formation alongside NEAT1_2 in HeLa and NIH-

3T3 cells (Sasaki et al., 2009). In a follow up study by the same authors, hnRNP-K, 

hnRNP-H3, fused in Sarcoma (FUS), RNA-Binding Motif protein 14 (RBM14), and 

DAZ-associated protein 1 (DAZAP1) were also shown to be essential (Naganuma 

and Hirose, 2013). A limitation worth considering however, is that the majority of 

these studies were done using HeLa (cervical cancer origin) and NIH-3T3 (mouse 

embryonic fibroblast) cell lines. Another group investigating paraspeckles in MCF7 
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cells, noted the unusually different distribution of FUS in these cells, explained by 

the defective methylation in this cell line (Shelkovnikova et al., 2014). Therefore, 

raising speculation whether the ‘cocktail’ of paraspeckle proteins essential for 

paraspeckle structure, could be cell type specific. 

1.5.2. How are paraspeckles organized? 

Paraspeckles are typically visualised through Fluorescence in situ hybridisation 

(FISH), using probes that bind to NEAT1. Electron microscopy first revealed that 

paraspeckles have a constant 360 nm width, but can vary in length (Souquere et 

al., 2010). Specifically, this study showed that paraspeckles can form twisted and 

elongated chains that are constant in width, but up to 1-2 µm in length, however, 

when observing paraspeckles using fluorescence microscopy, paraspeckles 

appeared larger in all dimensions (Souquere et al., 2010). Sequences corresponding 

to the indistinguishable NEAT1_1 and the 5’ end of NEAT1_2, are located at the 

periphery (or ‘shell’) of the paraspeckle, while only the middle sequence of 

NEAT1_2 is located within the core (Souquere et al., 2010). These findings were 

further confirmed through the use of super resolution microscopy, an emerging 

technique that has revolutionized our ability to understand cell biology and has 

particularly been a useful tool for visualizing very small cell structures, with 

unprecedented resolution (West et al., 2016; Pujals et al., 2019). In particular,      

structural illumination microscopy (SIM), a type of super resolution technique 

advantageous for improving lateral resolution by a factor of two and visualizing a 

wide range of fluorescent wavelengths simultaneously, was used to visualize 

paraspeckles (Gustafsson, 2000; West et al., 2016). Analysis of paraspeckles through 

SIM microscopy, further expanded our understanding of how paraspeckles are 

organized. In this study, paraspeckles were described as ‘sausage-like’ structures 

composed of fused aggregates (West et al., 2016). Moreover, it was found that 

within the ‘shell’ sub-compartment of paraspeckles, NEAT1 5’ and NEAT1 3’ formed 

separate regions. Lastly, DBHS proteins (NONO, SFPQ and PSPC1) were found 

localized at the core, separated from the nucleoplasm by the paraspeckle shell 

(West et al., 2016).  
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1.5.3. What drives paraspeckle formation? 

Paraspeckle formation is orchestrated by a series of events, initiated by the 

transcription of NEAT1 and followed by the polymerisation of constituent 

paraspeckle proteins NONO and SFPQ (Bond and Fox, 2009; Hirose et al., 2014). 

More recently, paraspeckles have been described as phase separated structures and 

phase separation is thought to have a role in paraspeckle formation (Hennig et al., 

2015; Fox et al., 2018).  

1.5.3.1. NONO and SFPQ polymerization 

Following the transcription of NEAT1_2, the ‘seed’ for paraspeckles, NONO and 

SFPQ bind directly to NEAT1_2, forming an initial ribonucleoprotein complex. 

Although the precise molecular details are still to be determined, this initial 

binding triggers further NONO and SFPQ polymerization and folding of NEAT1_2 

into a structure where the 5’ and 3’ ends come into closer proximity (West et al., 

2016). Subsequently, additional proteins, such as FUS, are recruited, weaving all 

the sub-compartments together and leading to the maturation of paraspeckles 

(West et al., 2016). It is through the recruitment of FUS that a process known as 

phase separation occurs. 

1.5.3.2. Paraspeckles as phase separated entities  

Liquid-liquid phase separation (LLPS) also known as ‘phase separation,’ is a new 

and emerging area of research in cell biology. Phase separation is thought to be a 

crucial process for the formation of membraneless organelles, such as nuclear and 

cytoplasmic bodies that form in cells without the aid of membranes (Boeynaems 

et al., 2018). Protein low complexity domains (regions with little diversity in amino 

acids that lack a defined structure), are critical for phase separation, leading to the 

condensation of proteins in a continuum of states (e.g., liquid, dynamic gel-like, or 

fibrillar amyloid like structures) (Kaganovich, 2017). Most importantly, these 

structures (composed of proteins or other molecules) are capable of ‘separating’ 

into two or more distinct phases (Kato et al., 2012).  Prion-like domains are a 

subclass of low complexity domains, and are thought to be responsible for phase 

separation in many membraneless organelles, including paraspeckles (Kato et al., 

2012; Hennig et al., 2015; Yamazaki et al., 2018).  
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Recent work has showed that paraspeckles are able to form through phase 

separation. Significantly, over half of the paraspeckle proteins contain prion-like 

domains (Hennig et al., 2015). Using rescue assays, Hennig et al., showed that two 

essential paraspeckle proteins, FUS and RBM14, required prion-like domains to 

build paraspeckles (Hennig et al., 2015). More recently, Yamazaki et al., showed 

that paraspeckles were ablated when cells were incubated with 1,6-hexanediol (1,6-

HD), a compound that specifically disrupts multivalent hydrophobic interactions 

that are typical in phase separation (Yamazaki et al., 2018). Follow up experiments 

showed weakened interactions of NONO and SFPQ, with proteins RBM14 and FUS, 

suggesting their involvement in paraspeckle formation through phase separation 

(Yamazaki et al., 2018). Paraspeckle formation is therefore dynamic, with several 

key events including NEAT1 transcription, paraspeckle protein polymerization, as 

well as phase separation, leading to paraspeckle formation.  
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Figure 1.5. A schematic overview of paraspeckle structure and biogenesis. 

(A) Paraspeckle formation is initiated by the transcription of the NEAT1 gene. After 

the first 3.7kb, NEAT1_1 transcription is terminated following the cleavage and 

polyadenylation of NEAT1_1, the polyadenylation of NEAT1_1 can be prevented by 

binding of hnRNP-K, which allows NEAT1_2 transcription and is critical for 

paraspeckle formation. Paraspeckle proteins SFPQ and NONO, then bind to 

NEAT1_2, stabilizing it, and are an essential feature of paraspeckle formation. 

Additional paraspeckle proteins such as FUS, are then recruited, leading to the 
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assembly of paraspeckles via phase separation. (B) Fluorescence micrograph 

showing paraspeckles located in the nuclei (blue) of a MDA-MB-231 cell, labelled 

by the colocalization of NEAT1_2 as detected by FISH (red) and 

immunofluorescence against the paraspeckle protein SFPQ (green). Images were 

taken using a DeltaVision microscope at 60 ×	magnification, as increments of 0.2 

μm z-sections with maximum intensity projection (MIP) post processing. Scale bar 

= 10 μm. 
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1.5.4. Transcription factors regulating NEAT1 

Given that NEAT1 is indispensable for paraspeckle formation and maturation, 

understanding the signalling pathways that lead to NEAT1 transcription, is pivotal 

for understanding how paraspeckles are formed (Hirose et al., 2014). An array of 

transcription factors have been identified to bind to various locations within the 

NEAT1 promoter region, influencing NEAT1 expression, by either promoting or 

inhibiting NEAT1 transcription (Wang et al., 2020). For example, signal transducer 

and activator 3 (STAT3) binds to a site located 1411-1402 bp upstream of the NEAT1 

transcriptional start site, and enhances NEAT1 transcription in response to herpes 

simplex virus-1, as well as in human hepatocellular carcinoma, via IL-6 signalling 

(Wang et al., 2017b, 2018). Tumour suppressor gene p53 is another example of a 

NEAT1 transcription factor, which binds to the NEAT1 promoter, as shown in 

several studies, using a variety of cancer cell lines of leukaemia, breast cancer, 

osteosarcoma and lung cancer origin (Blume et al., 2015; Adriaens et al., 2016; 

Idogawa et al., 2017). In addition, p53 has been linked to DNA damage and 

paraspeckle formation in breast cancer (Adriaens et al., 2016). This is discussed in 

further detail in section 1.6.3.1. Furthermore, breast cancer susceptibility gene 1 

(BRCA1) is well known for its role as an oncogene in breast and ovarian cancers, 

and can function as a transcriptional regulator of NEAT1 in breast cancer, where a 

study found that NEAT1 is negatively regulated by BRCA1 (Miki et al., 1994; Mullan 

et al., 2006; Lo et al., 2016). Another study investigating NEAT1 in chronic myeloid 

leukemia (CML), described that NEAT1 is significantly repressed via BCR-ABL 

signaling pathways through c-myc (Zeng et al., 2018). There are many transcription 

factors that are known to regulate NEAT1 transcription, and a list summarising the 

currently known NEAT1 transcription factors can be found in Table 1.1. 

1.5.5. Molecular functions of paraspeckles 

Once formed, what do paraspeckles do? Our understanding of paraspeckle biology 

has expanded significantly since their discovery. At the molecular level, 

paraspeckles are thought to function primarily as gene regulators, through RNA 

and protein sequestration, as hubs, as well as in miRNA processing.   
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1.5.5.1. Protein sequestration 

Paraspeckles are most well-known to function in protein and RNA sequestration 

(Hirose et al., 2014). When NEAT1_2 levels increase, paraspeckles become enlarged. 

As paraspeckles get bigger, paraspeckles naturally sequester a greater overall 

quantity of their protein building blocks away from the nucleoplasm. This 

sequestration results in a decrease in the amount of nucleoplasmic protein 

available (Hirose et al., 2014; Imamura et al., 2014). The constituent paraspeckle 

protein SFPQ can act as both a transcriptional activator, or repressor, depending 

on its localisation within the cell and the gene context. When SFPQ is sequestered 

into paraspeckles, it is depleted from the promoter of the adenosine deaminase 

RNA specific B2 (ADARB2) gene, where it normally acts as an activator, therefore 

leading to a reduction of ADARB2 (Hirose et al., 2014). Similarly, when SFPQ is 

sequestered into paraspeckles, it is depleted from the promoter of the IL8 gene, 

where it normally acts as a repressor, leading to an increase in IL8 cytokine 

(Imamura et al., 2014). The pluripotency driver protein, TAR DNA binding protein 

43 (TDP43), is another example of a sequestered paraspeckle protein. Here, 

embryonic stem cell differentiation leads to an increase in paraspeckles, resulting 

in the sequestration of TDP43, helping drive differentiation (Modic et al., 2019). 

This relationship between TDP43 and paraspeckles is discussed further in section 

1.6.1. 

1.5.5.2. RNA nuclear retention 

Aside from proteins, paraspeckles may sequester other types of RNAs, preventing 

them from exiting the nucleus and being translated in the cytoplasm. These 

nuclear retained RNAs typically contain specific RNA motifs, that are recognised 

by NONO and SFPQ (Prasanth et al., 2005). Early work suggested that paraspeckles 

may serve as a depot for specific nuclear retained RNAs that are released under 

stress conditions (Prasanth et al., 2005). More recently, paraspeckles were shown 

to increase in breast cancer cells in response to hypoxia induced factor 2 (HIF-2) 

and hypoxia, leading to the nuclear retention of the F11R receptor RNA, and 

subsequent reduction in F11R protein (Choudhry et al., 2015).  
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1.5.5.3. Paraspeckles as hubs 

A new role for paraspeckles was identified in a study using RNA in situ 

conformation sequencing (RIC-seq), to globally profile RNA-RNA intramolecular 

and intermolecular interactions (Cai et al., 2020). In this study, NEAT1 was 

described to function as an RNA hub, defined by an ability to interact with many 

hundreds of RNA fragments globally (Cai et al., 2020). It was speculated that these 

higher-order interactions between RNAs were associated with marked global 

changes in gene expression.  

1.5.5.4. miRNA processing 

Lastly, paraspeckles are thought to enhance pri-miRNA processing, a step during 

miRNA biogenesis whereby miRNA flanking sequences are excised (Cullen, 2004). 

Pre-miRNA processing is often modulated by RNA binding proteins and NONO-

SFPQ heterodimers have been shown to bind to pri-miRNAs in HeLa cells, leading 

to increased pri-miRNA processing via the Drosha–DGCR8 Microprocessor (Jiang 

et al., 2017).  

Paraspeckles are thus capable of regulating genes by functioning in a multitude of 

ways and can influence an array of compartment proteins and RNAs, via different 

downstream targets. Therefore, there is potential for many different pathways to 

be modulated by paraspeckles. However, the biological context is important, as 

many studies have shown that the consequence of paraspeckle formation is 

different, depending on the cell type, as well as the signals leading to paraspeckle 

induction.    
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Table 1.1. Transcription factors known to regulate NEAT1 transcription. 
Adapted from Wang et al., 2020. 
 

Transcription 

Factor 
Cell Type/s 

Effect on 

NEAT1 

References 

p53 

MCF7 Upregulated (Adriaens et al., 2016) 

H1299 and SaOS2 Upregulated (Idogawa et al., 2017) 

Primary chronic lymphocytic 
leukemia cells 

Upregulated (Blume et al., 2015) 

HIF2α MCF7 Upregulated (Choudhry et al., 2015) 

TDP-43 NSC-34 
Upregulated 

 

(Suzuki et al., 2019) 

 

YY1 Primary microglial cells Upregulated (Han and Zhou, 2019) 

P-TEFb HEK293 Upregulated (Bunch et al., 2019) 

ERα LnCAP and PC3 Upregulated (Chakravarty et al., 2014) 

STAT3 

QGY-7703 Upregulated (Wang et al., 2018) 

HeLa 
Upregulated 

 
(Wang et al., 2017b) 

N5 and N9 Upregulated (Chen et al., 2018) 

HSF1 MCF7 Upregulated (Lellahi et al., 2018) 

P65 
HEK293, Upregulated (Zhou et al., 2018) 

N5 and N9 Upregulated (Chen et al., 2018) 

OCT4 A549 and CL10 
Upregulated 

 
(Jen et al., 2017) 

RUNX1 MCF7 Upregulated (Barutcu et al., 2016) 

BRCA1 MCF10A Downregulated (Lo et al., 2016) 

E2F1 Dendritic cells Downregulated (Zhang et al., 2019) 

CARM1 HeLa Downregulated (Hu et al., 2015) 

c-myc K562 Downregulated (Zeng et al., 2018) 
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1.6. Physiological implications of Paraspeckles and NEAT1 in 

development, cancer and beyond 

Given the large number of cell types where paraspeckles are found and the array 

of stresses and signals that trigger their formation, paraspeckles are intrinsically 

subject to physiological regulation. In what is still a developing field, paraspeckles 

have been shown to be physiologically implicated during development and 

differentiation, and moreover, in various diseases such as in neurodegenerative 

diseases and in viral infections. However, paraspeckles have most prominently 

been described in the pathogenesis and progression of cancer, holding great 

promise as a potential biomarker, or as a therapeutic target.  

1.6.1. Paraspeckles in development and differentiation 

Development is a tightly regulated process consisting of cell division and 

differentiation. The idea that paraspeckles are involved in differentiation, was first 

described by Sunwoo et al., where an increase in paraspeckles was observed 

following differentiation of myoblasts into myotubes (Sunwoo et al., 2009). More 

recently, paraspeckles were revealed to be critical in determining vascular smooth 

muscle cell phenotype, where paraspeckles increased in abundance when vascular 

smooth muscle cells switched from a contractile to a proliferative phenotype 

(Ahmed et al., 2018). Paraspeckles are therefore dynamic, capable of getting 

induced in response to changes in cellular state. This phenomenon is also 

highlighted in a study investigating the development of the corpus luteum during 

pregnancy in NEAT1-knockout mice, where the formation of the corpus luteum 

was discovered to be dependent on paraspeckles (Nakagawa et al., 2014). For a 

corpus luteum to form, normal ovarian epithelial cells must transform into 

progesterone secreting cells, suggesting that paraspeckles may function in 

regulating cell states.   

Paraspeckles may also function in the differentiation of human pluripotent stem 

cells. Previous work has demonstrated that paraspeckles are absent in embryonic 

stem cells and induced pluripotent stem cells and are only expressed in 

differentiated tissue (Chen and Carmichael, 2009). A recent study showed that 

NEAT1 and Paraspeckle protein TDP43 cross-regulate each other, leading to more 

nuanced regulation of the switch from pluripotency to differentiation (Modic et 
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al., 2019). In pluripotent cells, paraspeckle formation was repressed by TDP43, via 

an increase in the polyadenylation of NEAT1_1. TDP43 also promotes pluripotency 

by regulating alternative polyadenylation of pluripotency factors such as Sox2. 

Contrary to this, in differentiated cells, TDP43 is sequestered to paraspeckles 

(explained in section 1.5.5.1), leading to decreased pluripotency.  

Another study suggested that paraspeckles can mediate early cell differentiation in 

human pluripotent stem cells (Grosch et al., 2020). Interestingly, the authors 

described a positive relationship between nuclear size and paraspeckles, when 

evaluating cells both from a population of cells, and amongst different cell types 

(Grosch et al., 2020). Given that paraspeckle formation increases in response to 

differentiation, and differentiated cells appeared larger than undifferentiated cells, 

the authors speculated that paraspeckle formation may be regulated by nuclear 

size (Grosch et al., 2020).  

1.6.2. Paraspeckles in non-cancer pathology 

Paraspeckles have been linked to cell responses in several studies investigating 

neurodegenerative diseases and viral infections. Studies investigating paraspeckles 

in vitro and human post-mortem tissue sections, showed that paraspeckles are 

often upregulated in various neurodegenerative diseases, including: amyotrophic 

lateral sclerosis, frontotemporal dementia, brain injury, as well as in Huntington’s, 

Parkinson’s and Alzheimer’s diseases (An et al., 2018).  

Paraspeckles are further implicated in response to viral infections, either exerting 

anti-viral or pro-viral functions. The first study to suggest that paraspeckles may 

be implicated in viral diseases, reported an anti-viral effect of NEAT1 in human 

immunodeficiency virus (HIV-1), where NEAT1 knockout led to an increase in HIV-

1 expression (Zhang et al., 2013). This occurred in response to increased nuclear to 

cytoplasmic translocation of Rev-dependent instability elements (INS)- HIV-1 

mRNA (Zhang et al., 2013). Conversely, other studies reported that paraspeckles 

may have a pro-viral effect, such as in herpes simplex virus-1 (HSV-1), where HSV-

1 led to increased NEAT1 expression and paraspeckle formation through STAT3  

(Wang et al., 2017b). 
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1.6.3. LncRNA NEAT1 and Paraspeckles in cancer 

LncRNAs as a whole are emerging as important regulators of cancer progression. 

NEAT1 in particular, has been reported to be aberrantly expressed across a 

multitude of cancers. A meta-analysis of 11 studies including 3262 cancer patients, 

revealed that high levels of NEAT1 are associated with poor prognosis in patients 

across a range of cancers, such as breast cancer, ovarian cancer and gastric cancer 

(Zhang et al., 2017). This meta-analysis only included studies that were directly 

linked to investigating NEAT1 expression in malignant tumours, where patients 

had definitive diagnosis of the respective cancer, and where sufficient data was 

available for the computation of hazard ratios with 95% confidence intervals. 

Notably, high levels of NEAT1 expression, correlated with poor overall survival, 

tumour grade and metastasis.  

Mechanistically, NEAT1 functions as an oncogene through several different ways, 

including regulating oncogenic transcription factors, or by functioning as a 

competing endogenous RNA (ceRNA) to modulate microRNAs (miRNAs) (Li et al., 

2017b). In estrogen receptor positive breast cancer cells, forkhead Box N3 (FOXN3) 

was found to physically associate with the SIN3A repressor complex with NEAT1, 

which collectively repressed transcription factor GATA3, and promoted breast 

cancer and metastasis (Li et al., 2017b). Moreover, NEAT1 was shown to promote 

ovarian cancer progression by upregulating B-cell lymphoma 2 (BCL2) and 

sponging miR-343a-5p (Ding et al., 2017). Many studies of NEAT1 and cancer do 

not distinguish between the NEAT1 isoforms, therefore how these findings relate 

to paraspeckles, as opposed to NEAT1_1, is still unclear.  

1.6.3.1. Paraspeckles in breast cancer 

In the context of cancer, a common theme suggests that paraspeckles are induced 

when cancer cells are under cell stress. One of the first studies to characterize the 

relationship between paraspeckles and cancer, showed that hypoxia increased 

paraspeckles via increased NEAT1_2 transcription, through the HIf-2 transcription 

factor in breast cancer (Choudhry et al., 2015). Moreover, paraspeckle formation 

was also shown to be stimulated by p53 in a separate study, where p53 led to a 

reduction in DNA damage and thus increased replication stress in breast cancer 

(Adriaens et al., 2016). Another study in human epidermal growth factor receptor 
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2 (HER-2) positive breast cancer, showed that NEAT1_2 but not NEAT1_1, was 

responsible for poor overall cancer outcome, and this was further confirmed by the 

increase in paraspeckles seen in this setting (Knutsen et al., 2020). Collectively, this 

may point to the idea that the two NEAT1 isoforms may have distinctive roles in 

cancer, however whether this is cancer specific remains an open-ended question.  

1.6.3.2. Paraspeckles and metastasis 

Only a handful of studies have described a clear link between 

NEAT1_2/paraspeckles and metastasis. In the context of prostate cancer, analysis 

of individual NEAT1 isoforms, showed that NEAT1_2 was elevated in response to 

overexpression of oestrogen receptor alpha (ERα), which was linked to increased 

cancer progression and metastasis (Chakravarty et al., 2014). In a separate study, 

high NEAT1_2 levels were further correlated with metastasis in papillary thyroid 

cancer (Sun et al., 2018). NEAT1_2 exerted its oncogenic activity by functioning as 

a ceRNA, leading to the downregulation of miRNA-106b-5p, which subsequently 

regulated the oncogene ATPase family AAA domain-containing protein 2 (ATAD2) 

(Sun et al., 2018). Given the clear role of NEAT1 across a substantial number of 

cancers, and the more recent distinction between the function of the two NEAT1 

isoforms in cancer, paraspeckles may be useful targets for future cancer therapy 

options.   
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1.7. Hypothesis and Aims  

Many questions remain about how cancer cells undergo mechanotransduction, 

despite mechanical cues being prevalent both during the initial development of 

cancer, and in advance-stage cancers. Tumours are often ‘stiffer’ than their 

surrounding healthy tissue counterparts, while cells undergoing invasion and 

metastasis are inherently subject to physical confinement. Cancer is however most 

notably considered a genetic disease, and long noncoding RNAs (lncRNAs) are a 

subclass of molecules implicated in cancer progression. The lncRNA NEAT1 is one 

such example, and further functions in the formation of subnuclear bodies known 

as ‘paraspeckles,’ which are implicated in cancer and in gene regulation. In this 

thesis, I address how cancer cells integrate biochemical and biomechanical 

responses by investigating the mechanosensitivity of ‘paraspeckles’. As part of this 

thesis, I investigated how paraspeckles respond to changes in matrix stiffness in 

manuscript I (chapter 3), and in confinement in manuscript II (chapter 4) and I 

further sought to examine whether a relationship existed between paraspeckles 

and YAP/TAZ, a well described mechanotransduction marker, in manuscript III 

(chapter 5).    

In manuscript I, located in chapter three of this thesis, I begin by examining 

whether paraspeckles marked by NEAT1, are sensitive to matrix stiffness.  

(1)  Using polyacrylamide hydrogels of two extreme physiological stiffnesses (3 

kPa and 40 kPa), I first examined paraspeckles by performing FISH targeting 

NEAT1, in cell lines from cancerous and non-cancerous origin. These cell 

lines included breast epithelial (MCF10-A), osteosarcoma (U2OS) 

metastatic osteosarcoma (143B) as well as metastatic breast cancer (MDA-

MB-231). 

(2) I further examined the ‘mechano-responsiveness’ of these cells, by 

investigating other parameters which have been well defined in respect to 

stiffness, including changes in cell morphology and migration. 

(3) Lastly, I investigate the mechano-responses of various proteins (YAP/TAZ, 

MRTF-A and Lamin A) in the abovementioned cell lines, as these proteins 

have previously been deemed as ‘mechanosensitive’. 
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In manuscript II, located in chapter four of this thesis, I investigated the effect of 

confinement on paraspeckles. Using a ‘cancer-on-chip’ platform, a range of fixed 

and live cell tracking experiments were performed using MDA-MB-231 cells, as well 

as in cells with transiently attenuated paraspeckles. 

(1) Firstly, cells were fixed when crossing microchannels and FISH targeting 

NEAT1 was performed to investigate the effect of confinement on 

paraspeckles. Paraspeckles were analysed before they entered 

microchannels, during confinement and after exiting microchannels.  

(2) The effect of paraspeckles on confined migration was next addressed by 

transiently increasing paraspeckles and comparing migration dynamics in 

MDA-MB-231 cells with increased paraspeckles and their control cells.  

(3) Fixed cell experiments were performed targeting various cellular 

components that are modulated during confined migration, including F-

actin, Lamin A and Vinculin, to investigate whether paraspeckles affected 

these structures during confined migration. 

(4) As front-rear polarization is characteristic of migrating cells, and cells 

confined within microchannels are directionally constrained, intranuclear 

paraspeckle front-rear polarization was explored.  

Lastly, in manuscript III, found in chapter five of this thesis, I sought to examine 

whether a relationship exists between paraspeckles/NEAT1 and the 

mechanoresponsive transcriptional regulators YAP/TAZ, and whether changes in 

stiffness could attenuate these effects. 

(1) First, I investigated whether paraspeckles are influenced by YAP/TAZ by 

performing FISH against NEAT1 in MCF10-A and MDA-MB-231 cell lines 

with altered YAP and TAZ levels (kindly constructed and provided by Dr. 

Hyun Woo Park and Prof. Kun-Liang Guan) cultured on hydrogels of 3 kPa 

and 40 kPa hydrogels. In a published RNA-seq dataset, comparing YAP 

overexpressed MCF10A cells to their control, I further analysed the relative 

expression changes of core constituting paraspeckle components (NEAT1, 

NONO, SFPQ and PSPC1) (Park et al., 2015). Furthermore, the effects of 

YAP/TAZ were investigated in mouse skin sections with gain-of-function 

YAP/TAZ (kindly provided by Dr. Barry Thompson).  
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(2)  Next, I sought to investigate the effects of YAP/TAZ on cell phenotype and 

migration, using YAP/TAZ-altered cell lines cultured on both 3 kPa and 40 

kPa stiffnesses.  

(3) Finally, transfections were performed in MDA-MB-231 cells to transiently 

increase paraspeckles and evaluate whether paraspeckles could affect 

YAP/TAZ expression, or influence cell morphology and migration.  
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2. Chapter 2: Methodology 

2.1. Overview of cell culture techniques 

A range of human non-cancerous and cancerous cell lines were used throughout 

this thesis. Breast epithelial cells (MCF10-A) gifted by Dr. Hyun Woo Park and Prof. 

Kun-Liang Guan, non-metastatic osteosarcoma cells (U2OS) supplied by the Fox 

research group, metastatic osteosarcoma cells (143B) gifted by Dr. Evan Ingley and 

metastatic breast cancer cells (MDA-MB-231) gifted by Prof. Robyn Anderson were 

used in manuscript one (Table 2.1). These cells were selected due to their diverse 

properties, representing tissue of normal/non-cancerous to highly metastatic 

origin. For microchannel experiments in manuscript three, MDA-MB-231 cells 

were selected due to their highly invasive and mesenchymal properties. A range of 

genetically modified YAP or TAZ, MCF10-A and MDA-MB-231 cells, constructed by 

Dr. Hyun Woo Park were used throughout manuscript two and descriptions about 

the vectors used to construct these cell lines can be found in Table 2.2. All cells 

were maintained in an ESCO CelCulture CO2 incubator, set at a temperature of 

37°C and 5% CO2. 

2.1.1. Cell culture:  U2Os, 143-B and MDA-MB-231 cell lines 

U2OS, 143-B and MDA-MB-231 cells (Table 2.1) as well as MDA-MB-231 YAP 

modified cells (Table 2.2) were cultured using DMEM media (Invitrogen) 

supplemented with 10% fetal bovine serum (FBS-AU-015; Serana) and 1% penicillin-

streptomycin (15140148; Gibco). 

2.1.2. Cell culture: MCF10A cell line 

Non-genetically modified MCF10A cells (Table 2.1) and YAP or TAZ modified 

MCF10A cell lines (Table 2.2) were cultured using DMEM/F12 media (Invitrogen), 

supplemented with 5% horse serum (16050130;Invitrogen) + 1% penicillin-

streptomycin (15140148; Gibco) +  EGF (20 ng/ml final) (AF-100-15; Peprotech) + 

Cholera Toxin (100 ng/ml final) (C8052; Sigma-Aldrich) + Hydrocortisone (0.5 

mg/mL final)(H0888; Sigma-Aldrich) and Insulin (1o μg/ml final) (I2643; Sigma-

Aldrich).   
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2.1.3. Cell seeding on glass coverslips and PA hydrogels  

For experiments involving polyacrylamide hydrogels or glass coverslips, one 

hydrogel or glass coverslip was placed into each well of a 6-well plate and UV 

sterilized using a UV transilluminator for 20 minutes (305 nm wavelength) prior to 

seeding. Cells were harvested and seeded at a density of  2 × 10!	cells/ml. Cells 

seeded on glass coverslips and hydrogels were cultured for a total of 48 hours, aside 

from the cells used for mechanomemory experiments, where cells were cultured 

for a total of 96 hours (a detailed description about the mechanomemory 

experiments can be found in section 2.1.5). For experiments using microchannel 

chips, a separate section outlining the methods for cell-seeding can be found in 

section 2.3.3.  

2.1.4. Inhibition of non-muscle myosin II 

Once cells had adhered following 24 hours culture, cells were treated with 50 μM 

Blebbistatin (B0560; Sigma-Aldrich) and cultured for an additional 24 hours. 

Blebbistatin was used to inhibit non-muscle myosin II. Before fixing, cells were 

visualized under the microscope, ensuring that cell shape appeared disorganised 

and disrupted, to confirm the effect of the drug.   

2.1.5. Mechanomemory experimental set up 

MDA-MB-231 cells were used for mechanomemory experiments performed as part 

of the experiments for manuscript I. Polyacrylamide hydrogels were prepared in 6-

well plates and UV sterilized using a UV transilluminator (305 nm) as described in 

section 2.1.3. Cells were cultured (or primed) on either 3 kPa and three 40 kPa 

hydrogels. For each stiffness condition, one hydrogel was cultured for a total of 96 

hours (control), whilst at the 48-hour mark, the other two hydrogels had cells 

dissociated from hydrogels using 0.5 mL of Trypl E Express (12604021; Gibco) for 2 

mins. The resultant cell suspension was transferred onto a new hydrogel of the 

same stiffness and the opposite stiffness for the remainder 48 hours. All cells were 

cultured for a total of 96 hours followed by fixation, fluorescence in situ 

hybridization (FISH) to detect paraspeckles, imaging and analysis as per sections 

2.4.1, 2.5.4 and 2.5.5.  
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Table 2.1. List of non-genetically attenuated cell lines used throughout this thesis.  

Cell line Tissue Description 

MCF10A Breast Normal breast epithelial cell line 

U2OS Bone Non-metastatic osteosarcoma 

143B Bone Metastatic osteosarcoma  

MDA-MB-231 Breast Metastatic triple negative breast cancer  

 

Table 2.2 List of YAP or TAZ attenuated MCF10A and MDA-MB-231 cell lines.  

^ Cells have not previously been published. Detailed information for these cell lines is outlined in the methods section for manuscript III.  

Mutant cell line Abbreviation Description Mutant References 

MCF10A-YAP+ 10A-YAP+ MCF10Acells with YAP overexpression  PQCXIH-Myc-YAP-5SA (Park et al., 2015) 

MCF10A-TAZ+ 10A-TAZ+ MCF10A cells with TAZ overexpression pBABE-Flag-TAZ-4SA 

MCF10A-TAZi+ 10A- TAZi+  MCF10A cells with mutated TAZ/TEAD binding pBABE-Flag-TAZ-

4SA/S51A MDA-MB-231-shYAP 231-shYAP MDA-MB-231 cells with silenced YAP MDA-MB-231-shYAP ^ 

Vector control cell 

line 

Abbreviation Description Vector  

MCF10A-PQCX1H-

VC 

10A-VC Vector control for MCF10A-YAP+ cells PQCX1H (Park et al., 2015) 

MCF10A-PBABE-VC 10A-VC Vector control for MCF10A-TAZ+ and MCF10A-TAZ+i 

cells 

pBABE 

MDA-MB-231-PLKO-

VC 

231-VC Vector control for MDA-MB-231-shYAP cells  PLKO ^ 
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2.2. Polyacrylamide hydrogels  

Polyacrylamide (PA) hydrogels were fabricated and functionalized using a 

published protocol (Tse and Engler, 2010). Polymer solutions containing 10% 

acrylamide (1610140; Bio-Rad) with 0.03% and 0.3% (vol/vol) bis-acrylamide 

(161042; Bio-Rad) were created to create PA hydrogels of 3 kPa and 40 kPa (E: 

Young’s modulus), respectively. Details of the exact constituent polymer solution 

reagents used to create each stiffness are detailed in Supplementary Table 2.1. 

2.2.1.  Fabrication of PA hydrogels 

In order to fabricate hydrogels, glass coverslips (25 mm; Menzel Gläser) were first 

cleaned with a UV Ozone for 1 minute per side and soaked in a solution containing: 

20 ml 100% ethanol, 600 µL acetic acid and 100 µL 3-(trimethoxy silyl) propyl 

methacrylate (44059; Sigma-Aldrich) for 5 minutes. Coverslips were then 

transferred to a second solution containing 20 ml of 100% ethanol for a further 3 

minutes and subsequently removed and allowed to air dry. All PA hydrogel 

fabrication steps were carried out in a fume hood.  Next, glass microscope slides 

(Hurst Scientific) were coated with dichlorodimethylsilane (DCDMS; 44072; 

Sigma-Aldrich) which was then gently spread with a Kimwipe and 1 mL aliquots of 

each of the 3 kPa and 40 kPa polymer solutions were prepared. Working with one 

polymer aliquot at a time, 10 µL of 10% ammonium persulfate (APS; A3678; Sigma-

Aldrich)(wt/vol) was added per aliquot and vortexed quickly, and immediately 

after, 1 µl of N,N,N′,N′- tetramethyl ethylenediamine (TEMED; 1610800; Bio-Rad) 

was added and vortexed once again. Next, 25 µL of the polymer + APS + TEMED 

solution was transferred onto the prepared DCDMS-coated slides per each gel to 

be fabricated, and glass coverslips were placed on top and allowed to polymerize 

for 15 minutes.  

2.2.2. Protein functionalization of PA hydrogels  

Hydrogels were functionalized in order to allow for cell adhesion. Firstly, hydrogels 

were coated with 0.2 mg/mL of sulfosuccinimidyl 6-(4-azido-2-nitrophenylamino) 

hexanoate (sulfo-SANPAH) (803332; Sigma Aldrich) cross-linker diluted in 50 mM 

HEPES (pH 8.5) and placed under a UV transilluminator (365 nm wavelength) for 

10 minutes. Next, HEPES was used to wash the hydrogels twice to remove excessive 

sulfo-SANPAH and hydrogels with coated with 25 µg/mL fibronectin (Sigma-
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Aldrich) at 37°C overnight. Prior to seeding cells, hydrogels were UV sterilized as 

described in section 2.1.3. 

2.2.3. Atomic force microscopy  

The stiffness (or Young’s Modulus) of hydrogels was measured using atomic force 

microscopy (AFM). A two hundred-micrometre chromium/gold-coated, pyrex-

nitride cantilever with triangular-shaped tips (Nano World model PNP-TR) was 

used to probe PBS immerged hydrogels. Samples were probed with 2 nN 

indentations, at approaching and refracting velocities of 2 µm/s and 10 µm/s, 

respectively and ten randomly selected areas were measured for each stiffness 

hydrogel. Data was processed by Dr. Yu Suk Choi, using a custom-written code in 

Igor Pro software to obtain the Young’s Modulus for each reading obtained from 

the linear portion of each force curve. For each 3 kPa and 40 kPa reading, 

measurements were averaged, revealing that stiffnesses obtained were 4.6 kPa and 

45 kPa, respectively (Supplementary Figure 2.1).  

2.3. Polydimethylsiloxane (PDMS) microchannel chips 

Polydimethylsiloxane (PDMS) microchannel chips were fabricated at the Max 

Planck Institute of Medical Research (MPI) (Stuttgart, Germany) as part of a 

collaborating project with Prof. Joachim Spatz’s research group. This work built on 

previous work published by Dr. Andrew Holle, who provided training on 

microchannel chip techniques, during a visit to UWA (Holle et al., 2019). The 

majority of the chips used in this project were fabricated by a PhD Student at the 

MPI, Annika Meid, and shipped to UWA, however I fabricated a portion of the 

chips during a visit to the MPI in 2019. I outline the methods for the 

photolithography fabrication of the microchannel moulds; however, I did not make 

them. 

2.3.1. Fabrication of PDMS microchannel chips  

Polydimethylsiloxane (PDMS; Dow Corning, Wiesbaden, Germany) microchannel 

chips were created using moulds, designed and produced using a two-step 

photolithography technique. A schematic of the mould design and photo of the 

microchannel chips is presented in Supplementary Figure 2.2. 
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A PDMS solution (1:10 base to cross-linker) was centrifuged to remove any excess 

bubbles, poured onto the silicon moulds and allowed to set in an incubator set at 

80°C for ~4 hours. Once set, the PDMS was carefully peeled off from the moulds 

and cut into square ‘chips’, ensuring that the interior and exterior reservoir were 

exposed (Supplementary Figure 2.2). PDMS chips were then bound to glass 

coverslips by first treating both the chips and glass coverslips with oxygen plasma 

(0.7 mbar and 300 W) for 25 seconds. Working quickly, the PDMS chips were then 

placed on top of the glass coverslips, and incubated at 80°C for 30 minutes, leading 

to irreversible binding. Chips were then functionalized by adding Type-1 collage 

(100 µg/mL; Gibco) to the channels and incubated at 4°C overnight and stored in 

PBS until experiments were ready to commence.  

2.3.2. Preparation of microchannel chips for experiments 

Microchannel chips that were used for live-cell imaging experiments were glued to 

the bottom of custom designed 6 well plates using Picodent dental glue (Picodent, 

Wipperfürth, Germany) and allowed to set for 5 minutes. Microchannel chips that 

were required for fixed cell experiments were placed in 6-well plates, and chips in 

both set ups were kept hydrated using PBS. Prior to seeding cells, microchannel 

chips were sterilized using a UV transilluminator (305 nm) for 30 minutes.  

2.3.3. Cell seeding of microchannel chips  

MDA-MB-231 cells were trypsinized and resuspended at a density of 1 × 10!	cells/
ml. Approximately 100 μL of media was first added to each of the four outside 

regions (the ‘outside reservoir’) of each chip, to avoid pressure artificially driving 

cells across channels. Immediately after, 100 μL of cell suspension (approximately 

~1 × 10"	cells) was slowly pipetted into the inside reservoir. Microchannel chips 

were then placed in an ESCO CelCulture CO2 incubator, set at 5% CO2 and 37°C, 

for 2 hours, allowing just enough time for cells to adhere. Wells were then topped 

up with 2 mL of media. Microchannel chips that were prepared for fixed cell 

experiments were placed back into the incubator for a total of 72 hours, while 

microchannel chips prepared for live cell imaging experiments were transferred to 

a Nikon TE 300 Inverted Microscope.  



 86 

2.4. Immunofluorescence experiments 

2.4.1. Immunofluorescence on glass coverslips and PA hydrogels 

Cells seeded on glass coverslips or hydrogels for immunofluorescence experiments 

were washed 3 ×	with PBS (-Calcium/-Magnesium; Gibco) for 3 minutes per wash 

and fixed using 4% paraformaldehyde (sc-281692; Santa Cruz). Following fixation, 

the paraformaldehyde solution was removed, and another 3 ×	PBS washes were 

performed to remove any excess paraformaldehyde. Cells were subsequently 

permeabilized using 1% Triton-x 100 (T8787l; Sigma-Aldrich) in PBS and coverslips 

were transferred to a PDMS coated 6-well plate. Primary antibodies outlined in 

Supplementary Table 2.2 were diluted in 2% bovine serum albumin in PBS (A9418; 

Sigma-Aldrich) at the specified dilutions and incubated at 37 °C for 1 hour. Cells 

were once again washed with 3 × PBS. Secondary and conjugated antibodies 

(detailed in Supplementary Table 2.3) were diluted in 2% BSA/PBS and samples 

were incubated for a second time for 1 hour at 37 °C. Lastly, cells were washed with 

3 ×	with PBS and nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI; 

D9542; Sigma-Aldrich) diluted to a concentration of 0.33 mg/mL in DMDC water 

for 1 minute. Cells were washed once with PBS and mounted onto microscope 

slides (Hurst) using VectaShield mounting medium (Vector laboratories) and 

sealed with nail polish. 

2.4.2. Immunofluorescence in chips 

Immunofluorescence staining was performed using the standard 

immunofluorescence protocol outlined in section 2.4.1, however the incubation 

period for both primary and secondary antibodies was increased to 2 hours for each 

incubation. To add antibodies and for each of the PBS wash steps, 100 µL of the 

respective reagent was slowly added to the exterior and interior reservoirs of the 

chips and allowed to disperse into the channel by surface tension. A vacuum 

suction was used to remove solutions throughout the microchannel 

immunofluorescence staining protocol, by carefully aspirating solutions from the 

interior and exterior microchannel chip sides. Nuclei were stained with DAPI 

diluted in DMDC water for 2 minutes and chips were subsequently rinsed with 

water. Picodent dental glue (Picodent, Wipperfürth, Germany) was used to mount 

the microchannel chips to the bottom of custom cut Petri dishes and allowed to 



 87 

set for 5 minutes. Immediately after, DMDC water was added to each petridish, 

ensuring that the chips were covered with water.  

2.4.3. Imaging of immunofluorescence images 

Immunofluorescence images were acquired using a Nikon C2+ confocal 

microscope and NIS-Elements Advanced Software (4.0) (Nikon). For 

immunofluorescence staining performed on glass coverslips and hydrogels, images 

were acquired using 20 × magnification as z-sections of 2 μm increments. For 

immunofluorescence staining in microchannel chips, images were acquired using 

60 ×	magnification as z-sections of 1 μm increments.  

2.4.4. Quantification of immunofluorescence images  

For images acquired at 20 × magnification (cells cultured on glass coverslips and 

hydrogels) images were subject to maximum projection and quantified using a 

custom-built pipeline on CellProfiler (Kamentsky et al., 2011). Data extracted 

included the integrated intensity of the protein in interest, and morphology data 

for cell area, nuclear area, aspect ratio (major axis/minor axis) and form factor (4 

× π ×	area/perimeter2), obtained from nuclear outlines derived from DAPI staining 

and cell outlines derived from F-actin staining. A pixel to μm conversion factor of 

0.63 μm/px was used to convert measurements from pixels to μm2 for 

measurements of cell and nuclear area measurements.  

Images acquired at 60 ×	magnification (experiments involving microchannel 

chips) were subject to maximum intensity and manually quantified using Fiji. 

Regions of Interest (ROI) were selected for each cell and nucleus, by manually 

tracing around F-actin and DAPI staining, respectively. Measurements were 

acquired for the integrated protein of interest and morphology parameters for cell 

area, nuclear area and form factor. A pixel to μm conversion factor of 0.21 μm/px 

was used to convert measurements from pixels to μm2 for cell and nuclear area. To 

investigate Lamin-A front-rear polarity in cells confined within 10 μm channels, 

the middle Z-stack slice of each nuclei was found, and a plot profile function was 

used to detect the integrated intensity at the front and rear edges. Two peaks were 

generated (one for the front and one for the rear) and the maximum intensity 

values were normalized to the front edge for each cell type.  
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2.5. Fluorescence in situ hybridization (FISH) experiments 

RNA-FISH was performed to detect paraspeckles marked by NEAT1 using the 

Stellaris manufacturers protocol. The protocol for adherent cells was used for cells 

cultured on glass coverslips, hydrogels and microchannel chips, while the protocol 

for paraffin-embedded tissue sections was used for the mouse skin sections.  

2.5.1. FISH on glass coverslips and PA hydrogels 

Cells cultured on glass coverslips and hydrogels were first washed with PBS 3 ×	for 

3 minutes and fixed with 4% paraformaldehyde (Santa Cruz) for 15 minutes in 

preparation for FISH experiments. Three × PBS washes were performed to remove 

residue paraformaldehyde, and 70% ethanol was added to permeabilize cells 

overnight. The Stellaris RNA-FISH protocol (for adherent cells) was performed as 

per the manufacturer’s instructions using a probe targeting human NEAT1 5’ 

labelled with Quaser 570 Dye (SMF-2036-1; Biosearch Technologies) diluted 1:100 

in hybridization buffer (10% Deionized Formamide +  10% 20 × SSC + 20% Dextran 

Sulfate diluted in ddH20; vol/vol). Samples were placed in a humidified chamber 

and incubated overnight at 37°C. The following day, samples were washed with 

wash buffer (10% Deionized Formamide and 10% 20 × SSC diluted in ddH20; 

vol/vol). Cells were counterstained with 4’6-diamidino-2-phenylindole (DAPI; 

D9542; Sigma-Aldrich) diluted to a concentration of 0.33 mg/mL in DMDC water 

for 1 minute. Hydrogels and glass coverslips were then mounted using VectaShield 

mounting medium (Vector Laboratories) and sealed with nail polish in preparation 

for imaging.  

2.5.2. FISH in chips  

Cells in microchannel chips (cultured in 6 well plates) were cultured for 72 hours 

to allow cells to enter channels. The Stellaris RNA-FISH protocol was performed 

using the Stellaris manufacturer’s instructions as outlined in section 2.5.1. A 

vacuum suction was gently used to aspirate solutions from the interior and exterior 

reservoirs of chips throughout the FISH protocol. To apply the stellaris probe 

(diluted in hybridization buffer) to the microchannel chips, 100 µL of probe 

solution was slowly added to the interior and exterior of chips and allowed to 

disperse. The overnight hybridization step was slightly modified due to the design 

of the chips. Chips were kept in 6 well plates and a Kimwipe was soaked in water, 
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twisted and placed around the rim of each well, to ensure that the chips did not 

dry out. 

2.5.3. FISH on murine skin sections 

Murine YAP gain-of-function (Mouse-YAP+) and control (Mouse-WT) skin 

sections were harvested from 10 mice (5 Mouse-WT and 5 Mouse YAP+) and kindly 

gifted from Dr. Barry Thompson. Skin sections were fixed with formaldehyde and 

embedded in paraffin wax on adhesive microscope slides (Trajan Scientific). 10 μm 

sections were cut with a microtome. The RNA-FISH Stellaris protocol for paraffin-

embedded tissue was performed. Sections were first deparaffinized by immersing 

slides in 100% xylene for 10 minutes, followed by 2 × 100% ethanol for 10 minutes, 

and permeabilized in 70% ethanol overnight. Slides were washed with PBS and a 

hydrophobic pen was used to mark around the tissue sections. Next, 100 μL of 

prewarmed (37°C) proteinase K solution was added to each section at a 

concentration of 10 μg/mL (diluted in PBS) and samples were incubated for 20 

minutes at 37°C. A mouse NEAT1 5’ probe labelled with Quaser 570 Dye (VSMF-

3030-5; Biosearch Technologies) was diluted in hybridization buffer (1:100) and 200 

μL of the probe solution was added per each sample and placed in a humidified 

chamber overnight at 37°C. 

2.5.4. Imaging of FISH experiments 

Imaging for all FISH experiments was done using a DeltaVision Elite Imaging 

System and SoftWorx software. Images were acquired using a 60 × objective as Z-

stacks of 0.2 μm increments, and subject to post-processing deconvolution and 

maximum intensity projection (MIP). Before exporting images as tif files for 

quantification, fluorescence maxima and minima parameters were set consistently 

across all images. 

2.5.5. Quantification of paraspeckles 

Paraspeckles were quantified using the NIS-Elements Advanced (4.0) software 

(Nikon). To detect paraspeckles, nuclei were first selected as regions of interest 

(ROI) using DAPI. Paraspeckles were detected within ROIs by using the binary 

threshold function on NIS to detect fluorescently labelled paraspeckles and 

background noise was removed using the ‘clean’ function. Threshold parameters 

and the clean setting were kept constant amongst all images analysed and 
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paraspeckle data was extracted using the ‘Binary in ROI’ automated measurements 

tool. 

Paraspeckle data was obtained for paraspeckles per individual nucleus, yielding 

values of the average number of paraspeckles per nucleus, per condition 

(paraspeckles/nuclei). In addition, total paraspeckle area was calculated, per 

nucleus, being the total paraspeckle fluorescence detected within a nucleus, 

subsequently averaged across all cells (paraspeckle area). Finally, the average 

paraspeckle size was obtained, by calculating the total paraspeckle area/the 

average number of paraspeckles, per nucleus, then averaged across all nuclei. Each 

pixel corresponded to 0.011 µm to present paraspeckle area and size and 

paraspeckle area were presented in µm2. 

2.6. Neon electroporation transfection: NEAT1_1 to NEAT1_2 

isoform switching to increase paraspeckle abundance 

2.6.1. Antisense oligonucleotides 

To transiently increase paraspeckles, transfections were performed to induce 

switching of the NEAT1_1 isoform to the NEAT1_2 transcript, using an antisense 

oligonucleotide (ASO) with a morpholino backbone which binds to the 

polyadenylation site of human NEAT1_1 RNA. This ASO is part of a series of ASO’s 

developed to induce NEAT1 isoform switching, co-developed by Dr. Ruohan Li (Fox 

group), Dr. Archa Fox, Prof. Sue Fletcher and Prof. Steve Wilton and was selected 

for its effectiveness and minimal cell death. The Control ASO sequence had a 

sequence of 5'-CCTCTTACCTCAGTTACAATTTATA and the ‘PSBoost’ ASO had a 

sequence of 5'-TTTATTTGTGCTGTAAAGGG (Gene-Tools)(Naveed et al., 2020). 

2.6.2. Neon electroporation 

In preparation for cell transfections, cells were first harvested at a concentration of 

2.00 × 105 cells/well and the Neon Electroporation (Invitrogen) was used as per the 

manufacturer’s instructions. Transfections were done in MDA-MB-231 cells using 

25 nM of ASOs per reaction and optimized transfection conditions detailed on the 

Invitrogen website for this cell line – Pulse voltage (1400 V), Pulse Width (10 ms) 

and Number of pulses (4). Cells were cultured in DMEM (Invitrogen) + 10% fetal 

bovine serum (FBS-AU-015; Serana) for 24 hours following transfections. This was 
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then replaced with normal culture media for MDA-MB-231 cells, described in 

section 2.1.1. Cells for immunofluorescence and FISH experiments were cultured 

for a further 48 hours (72 hours in total), while cells in chips for live cell tracking 

experiments were cultured for another 24 hours (48 hours in total).  

2.7. Live cell imaging and analysis 

A range of live-cell imaging experiments were performed throughout this thesis. 

For manuscript I and II, migration tracking of various cell lines grown on 

different stiffness hydrogels, as well as tissue culture plates, was obtained using an 

IncuCyte S3 live-cell imaging system (Essen Biosciences). For manuscript III, a 

more sophisticated approach was optimised for live cell imaging experiments using 

microchannel chips and a Nikon TE 300 Inverted Microscope. 

2.7.1. Hydrogels & tissue-culture-plate experimental set up 

An IncuCyte S3 live-cell imaging system (Essen Biosciences) was set to acquire 

images every 15 minutes for 24 hours using 10 ×	magnification. For IncuCyte 

experiments involving hydrogels, hydrogels were first glued to the bottom of 6 well 

plates using a silicon lubricant (Dow Corning) prior to cell seeding, to limit 

movement of the hydrogels. Following the acquisition of images, images were 

exported, and videos were created using Fiji software.  

2.7.1.1. Migration and proliferation analysis for hydrogels and tissue-culture-

plate experiments 

Four randomly selected videos and one reference video were analysed. A total of 

20 cells were analysed per video and a total of 80 cells were analysed per sample. 

Cells were randomly picked by assigning numbers to cells using a random number 

generator. The manual tracking plugin function in Fiji was then used to manually 

track cells, ensuring that any cells that had left the frame were excluded. Cell 

proliferation data was also acquired from these videos, by using the IncuCyte cell 

proliferation assay to determine the occupied area through the % confluence at 

each time point.  

2.7.2. Microchannel chips experimental set up 

Microchannel chip live-cell tracking experiments were performed using a Nikon 

TE 300 Inverted Microscope at 20 × magnification. For these experiments, MDA-
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MB-231 cells with increased paraspeckle abundance (231-NEAT1_2+) and control 

cells (231-Control) were seeded as per section 2.3.3, in chips that were previously 

glued to the bottom of a customized 6-well plate. The 6-well plate was set up in a 

motorized cell culture chamber configured to the microscope and set at 37°C and 

5% CO2. Live cell imaging acquisition experiments were set using phase contrast, 

by specifying XY co-ordinates to be imaged from five fields of view for each channel 

side, every 10 minutes. Videos were exported as AVI files to be analysed with Fiji.  

2.7.2.1. Migration analysis for microchannel chip experiments 

A series of migration parameters were analysed for the live cell microchannel chip 

experiments. These included investigating the proportion of cells interacting with 

the channels through penetration, invasion and permeation and analysing, the 

average velocity and speed taken by cells to cross channels. Lastly, the 

directionality of cells migrating across microchannels was analysed by calculating 

the portion of reversals from the total motion. More detail including definitions 

and specifications for these experiments can be found in in the methods section of 

chapter 4, section 4.3.7. 

2.8. RNA Extraction 

Total RNA was extracted using a NucleoZol kit (Macherey-Nagel), as per the 

manufacturer’s instructions. Cells for each sample were cultured in 2 × wells in a 

6 well plate and lysed with 500 mL of NucleoZol. Contaminants were first 

precipitated, and total RNA was next precipitated using a 1:1 ratio of supernatant 

and isopropanol. GlycoBlue Coprecipitatant (AM9516; Life Technologies) was 

added to aid pellet formation. Following the removal of supernatant, the RNA 

pellet was then 2 × with 75% ethanol and reconstituted in DMDC water at an 

approximate concentration of 1-2 µg/uL. Prior to commencing the reverse 

transcription steps, the RNA purity was checked using a NanoDrop 1000 3.8.1 

(Thermo Scientific) ensuring that both 260/280 and 260/230 ratios were between 

a range of 1.8-2.2. 
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2.9. Quantitative real-time PCR  

2.9.1. Reverse Transcription 

RNA isolates from step 2.8 were Reverse Transcribed using a QuantiTect Reverse 

Transcription (Qiagen) kit as per the manufacturer’s instructions. A total of 1 μg of 

RNA was used. A DNA elimination step was first performed to remove any genomic 

contaminants. The reverse-transcription was then performed to yield cDNA for the 

subsequent qRT-PCR experiments.  

2.9.2. qPCR 

qPCR experiments were then performed with primer pairs designed to target genes 

using a SYBR Green qPCR Master Mix (Thermo-Scientific). All qPCR experiments 

were performed with a Rotor-Gene Q (Qiagen) PCR cycler using PCR conditions 

outlined in Supplementary Table 2.4. Cycle threshold (CT) were obtained from a 

constant fluorescence threshold of 0.075 and genes were analysed using the ΔΔCT 

method, normalized to housekeeping gene RPLPO (Livak and Schmittgen, 2001). 

All primer sequences for genes tested are located in Supplementary Table 2.5. 

2.10. Statistical analysis 

GraphPad Prism 8.0 software was used to conduct statistical analysis throughout 

this thesis unless otherwise stated. All data was performed with a minimum of n=3 

biological replicates, presented as the mean ± SEM. Details for the statistical 

analysis done for each individual experiment can be found in the corresponding 

manuscript methods section.  
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2.11. Supplementary Information 

Supplementary Table 2.1 Constituent polymer solution reagents used for the fabrication of polyacrylamide hydrogels. For each 

stiffness hydrogel (3 kPa and 40 kPa) the total of each reagent needed to make the corresponding stiffness hydrogel is outlined. The final 

acrylamide and bis-acrylamide ratios are listed in bold for the respective stiffness hydrogel. *Actual stiffness achieved through AFM.  

E (kPa) !"	 ×	PBS 
(mL) 

diH2O 
(mL) 

Acrylamide(mL) 
(Bioad; 1610140) 

Bis- Acrylamide 
(mL)(Biorad; 1610142) 

Final 
Acrylamide(%) 

Final 
Bis-acrylamide(%) 

3 (4.62*) 1 6.35 2.5 0.15 10 0.03 

40 (46.79*) 1 5.00 2.5 1.5 10 0.3 
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Supplementary Figure 2.1. Young’s Modulus (E; kPa) measurements of PA hydrogels as acquired from atomic force microscopy. 

Ten force measurements were taken per each stiffness condition fabricated from the polymer solutions outlined in Supplementary Table 2.1. 

The Young’s Modulus was obtained by processing the linear portion of each force curve (n=10) through a custom-made software (Igor Pro). 

These measurements were kindly processed by Dr. Yu Suk Choi. Data presented as mean ± SEM.  
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Supplementary Figure 2.2. Overview of microchannel PDMS chips 

fabricated from a silicon wafer mould to achieve channels with assigned 

widths, length and height. The silicon wafer moulds used in these experiments 

were designed by Dr. Andrew Holle and constructed via two step 

photolithography. Two sides were composed of channel lengths of 150 μm 

encompassing widths of 3 μm and 10 μm, whilst the other two sides were composed 

of channel lengths of 300 μm encompassing widths of 5 μm and 7 μm. (Adapted 

from Holle et al.2018). 
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Supplementary Table 2.2. List of primary antibodies used throughout this 

thesis.  

1° Antibody Dilution Host 

species 

Supplier Catalogue Number 

YAP 1:100 Mouse Santa Cruz 

Biotechnology 

sc-101199 

Lamin A/C 1:100 Rabbit Abcam ab-26300 

MRTF-A 1:100 Mouse Santa Cruz 

Biotechnology 

sc-390324 

Vinculin 1:100 Rabbit Abcam ab-129002 

Anti-TKS5 1:500 Rabbit Sigma-Aldrich 09-403 

NONO 1:500 Mouse House-Made (Souquere et al., 2010) 

 
Supplementary Table 2.3. List of secondary and conjugated antibodies used 

throughout this thesis. 

2°/Conjugated 

Antibody 

Dilution Reactive 

Species 

Supplier Catalogue 

Number AlexaFluor-488 1:200 Anti-Mouse Abcam ab-150113 

AlexaFluor-594 1:200 Anti-Rabbit Abcam ab-150080 

AlexaFluor-647 1:200 Anti-Rabbit Abcam ab-150075 

Rhodamine 

Phalloidin 

1:200 Pre-

conjugated 

Invitrogen R-415 

AlexaFluor-647-

Phalloidin 

1:200 Pre-

conjugated 

Molecular 

Probes 

8940 

 

Supplementary Table 2.4. qPCR cycling program used to perform qPCR 

experiments. *Increasing by 0.5 °C at each step 

Program Temperature Time  Number of 

Cycles Pre-incubation 95°C 15 minutes 1 × 

Amplification 
95°C 30 seconds 

40 × 55°C 30 seconds 

72°C 30 seconds 

Melt Curve 52°C - 95°C *5 seconds (per 

step) 

1 × 
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Supplementary Table 2.5. Primer sequences used throughout. 

 

Gene Primer Sequence 
U6 F CTCGCT TCGGCAGCACA 

R AACGCTTCACGAATTTGCGT 
RPLPO F AGCCCAGAACACTGGTCTC 

R ACTCAGGATTTCAATGGTGCC 
NEAT1 Total F GTGGCTGTTGGAGTCGGTAT 

R TAACAAACCACGGTCCATGA 
NEAT1 Long F GTCTTTCCATCCACTCACGTCTATTT 

R GTACTCTGTGATGGGGTAGTCAGTCAG 
YAP F CCTTCTTCAAGCCGCCGGAG 

R CAGTGTCCCAGGAGAAACAGC 
Vinculin F CGATACCACAACTCCCATCAA 

R AGCTGCCCTCTCATCAAATAC 
Talin F GGGACTTCAGACCCAAGTTATT 

 
R CAGACAGGTGAGCTGATTGTAG 

 
RhoA F GACTCGGATTCGTTGCCTGA 

 
R GCCAACTCTACCTGCTTTCCA 

 
ITGB1 F CAAGCAGGGCCAAATTGTGG 

R GCAGAAGTAGGCATTCCTTCC 
TRPM7 F GTCACTTGGAAACTGGAACC 

 
R CGGTAGATGGCCTTCTACTG 

C-jun F TGGAAACGACCTTCTATGACGA 

 
R GTTGCTGGACTGGATTATCAGG 

Jun-D F CGCCTGGAAGAGAAAGTGAA 
R GTTGACGTGGCTGAGGACTT 

BPTF F GGCATCTTGCAAAGTGAGGC 
R TATGGGCCTGTAAGGAACGG 

PRPF4B F TATGGGCCTGTAAGGAACGG 
R TCTTTTCAGAATTAGCATCTTCCAT 

TCF12 F AACAACGCATGGCCGCTA 
R GGGATCAAGCGCTGCAGA 

RUNX2 F AGCCCTCGGAGAGGTACCA 
R CGGAGCTCAGCAGAATAATTTTC 

DIAPH3 F GCGGGAAAAGGACTTCAGTAT 
R TCTGTCGGCTTCTCTTAAGACTTC 

Vimentin F GAGAACTTTGCCGTTGAAGC 
R TCCAGCAGCTTCCTGTAGGT 

MMP-9 F GAACCAATCTCACCGACAGG 
R GCCACCCGAGTGTAACCATA 

MMP-13 F CTATCCTGGCCACCTTCTTC 
R GGGACCATTTGA GTGTTCTAGG 
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3.1. Abstract 

Cancer progression is influenced by changes in the tumour microenvironment, 

such as the stiffening of the extracellular matrix.  Yet our understanding of how 

cancer cells sense and convert mechanical stimuli into biochemical signals and 

physiological responses is still limited. The long non-coding RNA Nuclear 

Paraspeckle Assembly Transcript 1 (NEAT1), which forms the backbone of 

subnuclear ‘paraspeckle’ bodies, has been identified as a key genetic regulator in 

numerous cancers. Here, we investigated whether paraspeckles, as defined by 

NEAT1 localisation, are mechanosensitive. Using tuneable polyacrylamide 

hydrogels of extreme stiffnesses, we measured paraspeckle parameters in several 

cancer cell lines and observed an increase in paraspeckles in cells cultured on soft 

(3 kPa) hydrogels compared to stiffer (40 kPa) hydrogels. This response to soft 

substrate is erased when cells are first conditioned on stiff substrate, then 

transferred onto soft hydrogels, suggestive of mechanomemory upstream of 

paraspeckle regulation. We also examined some well-characterized 

mechanosensitive markers, but found that Lamin A expression, as well as YAP and 

MRTF-A nuclear translocation did not show consistent trends between stiffnesses, 

despite all cell types having increased migration, nuclear and cell area on stiffer 

hydrogels. We thus propose that paraspeckles may prove of use as mechanosensors 

in cancer mechanobiology. 

3.2. Introduction 

Tissue mechanics change gradually during development and ageing, and even 

more dynamically with disease progression. In cancer, the stiffness of tumour 

tissue increases primarily due to excessive deposition and reorganization of 

extracellular matrix (ECM) proteins, such as collagen, fibronectin and laminin 

(Cox and Erler, 2011; An et al., 2019). These aberrant changes in stiffness and ECM 

are well associated with invasion, metastasis and poor survival in breast cancer 

patients (Acerbi et al., 2015; Zhou et al., 2015). However, how these biomechanical 

changes within the tumour microenvironment alter mechanosensation of cancer 

cells, needs further investigation.  
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The ability of cells to convert mechanical stimuli into biochemical signals, through 

a process known as mechanotransduction, has been well studied using adult stem 

cells such as bone marrow-derived stem cells (BMSCs) and adipose-derived stem 

cells (ASCs) (Engler et al., 2006; Choi et al., 2012; Wen et al., 2014). Stem cell 

mechanosensation ultimately leads to changes in cell fate such as cell morphology, 

proliferation, migration and differentiation (Sheetz et al., 1998; Lo et al., 2000; 

Engler et al., 2006; Dupont et al., 2011; Wei et al., 2015). Several markers including 

YAP/TAZ and MRTF-A, which shuffle between the nucleus and cytoplasm, and 

Lamin A, have been described as being ‘mechanosensitive,’ responding differently 

depending on the stiffness of substrate that cells are cultured on (Hadden et al., 

2017; Kim et al., 2019; Major et al., 2019). Furthermore, BMSCs also showed 

‘mechanomemory,’ responses by retaining the memory of YAP/TAZ nuclear 

translocation experienced on one stiffness, even after cells were transferred to a 

new stiffness environment (Yang et al., 2014). 

Mechanotransduction can also induce structural changes within the nucleus, such 

as changes in chromatin organization and nuclear envelope composition (Dahl et 

al., 2008; Alam et al., 2016; Le et al., 2016). ‘Paraspeckles,’ are stress induced 

subnuclear bodies found within the interchromatin space of mammalian nuclei 

(Fox et al., 2002; An et al., 2019). Paraspeckles are RNA-protein granules marked 

by the long non-coding RNA (lncRNA) Nuclear Paraspeckle Assembly Transcript 1 

(NEAT1), bound by several paraspeckle proteins including paraspeckle component 

1 (PSPC1), non-POU domain containing octamer binding (NONO) and splicing 

factor proline/glutamine-rich (SFPQ) (Fox et al., 2002; Fox et al., 2005; Clemson et 

al., 2009; Naganuma and Hirose, 2013). LncRNAs in general are emerging as 

important gene regulators in cancer and NEAT1 is strongly correlated with poor 

prognosis and metastasis in many cancer subtypes, such as breast, lung and 

prostate cancers (Chakravarty et al., 2014; Sun et al., 2016; Shin et al., 2019). 

Here, we have sought to investigate whether paraspeckles are mechanosensitive to 

substrate stiffness and subject to mechanomemory. Furthermore, we investigated 

whether cancer cells were susceptible to changes in morphology, migration and 

expression and translocation of mechano-markers, upon culture on two extreme 

stiffness substrates. This study expands our understanding of cancer 
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mechanobiology by discovering a role for ECM stiffness in subnuclear organization 

via mechanotransduction. 

3.3. Methods 

3.3.1. Cell Culture 

Cell lines including MCF10A breast epithelial, U2OS osteosarcoma, 143B metastatic 

osteosarcoma and MDA-MB-231 metastatic breast cancer were used for this study. 

U2OS, 143B and MDA-MB-231 cells were cultured in DMEM (Invitrogen) + 10% 

Fetal Bovine Serum (FBS) + 1% Penicillin-Streptomycin. MCF10A cells were 

cultured in DMEM/F12 (Invitrogen) + 2% Horse Serum, 1% Penicillin-

Streptomycin, 0.05% Hydrocortisone, 0.01% Cholera Toxin and 0.1% Insulin. Cells 

were maintained in an ESCO CelCulture® CO₂ incubator at 5% CO2 and 37°C. 

Inhibition experiments (inhibition of myosin-ii forces) were performed by allowing 

cells to adhere for 24 hours and then treating cells with 50 µM blebbistatin (Sigma-

Aldrich) for a further 24 hours. Cells were washed with PBS 3 × 5 minutes and 

immediately fixed using 4% paraformaldehyde (sc-281692; Santa Cruz) in 

preparation for Fluorescence in Situ Hybridization (FISH) and 

Immunofluorescence, as described below.  

3.3.2. Polyacrylamide Gel Fabrication and Functionalization 

Polyacrylamide hydrogels of 3 kPa and 40 kPa (E: Young’s Modulus) were 

fabricated by creating polymer solutions containing 10% acrylamide monomers 

(Bio-Rad) with 0.03% and 0.3% (vol/vol) N,N′-methylene-bis-acrylamide cross-

linker (Bio-Rad), respectively (Tse and Engler, 2010). Petridishes containing 20 mL 

100% ethanol + 600 µL acetic acid + 100 µL 3-(Trimethoxysilyl) propyl methacrylate 

(Sigma- Aldrich) and 20 mL 100% ethanol were prepared. Coverslips (Menzel 

Glasser 25 mm) were subject to UV radiation on both sides for 1 minute on each 

side and were soaked in the methacrylate solution for 5 minutes, followed by 

ethanol for 3 minutes. Coverslips were then removed and allowed to air dry. Glass 

microscope slides (HURST Scientific) were prepared for the fabrication of 

hydrogels by coating with Dichlorodimethylsilane (DCDMS) (Sigma- Aldrich) and 

spreading using a Kimwipe. Aliquots of polymer solutions of 1 mL for each 3 kPa 

and 40 kPa were acquired and 10 μL of 10% (wt/vol) ammonium persulfate (APS) 

(Sigma Aldrich) was added and mixed using a vortex for 1 second. Then, 1 μL of  
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N,N,N′,N′- tetramethylethylenediamine (TEMED) (Bio-Rad) was added to each 

aliquot and mixed for 1 second using a vortex. Working quickly, 250 µL of the 

polymer solution + APS + TEMED was added onto the pre prepared/DCDMS 

coated glass microscope slide for each hydrogel and the ready methacrylated 

coverslips were transferred on top. Gels were allowed to polymerize for 15 minutes 

and then were stored in 6 well plates in PBS. Hydrogels were functionalized using 

0.2 mg/mL sulfosuccinimidyl 6-(4-azido-2-nitrophenylamino) hexanoate (sulfo-

SANPAH) diluted in 50 mM HEPES pH 8.5 and placed under a UVP Benchtop 

transilluminator (365 nm) for 10 minutes. Hydrogels were washed 2 × using (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (Sigma Aldrich) and 

protein coated with 25 µg/mL Fibronectin (Sigma-Aldrich) overnight at 37° C. Prior 

to seeding, hydrogels were placed under the UV transilluminator (305 nm) for 20 

minutes.  

3.3.3. Mechanomemory Experimental Set Up 

MDA-MB-231 cells were cultured for 48 hours on 2 × 3 kPa hydrogels and 2 × 40 

kPa hydrogels prepared as described above. One hydrogel of each stiffness was 

used as a control (control sample) and the other hydrogel of each stiffness was used 

to condition cells and then split onto new hydrogels (conditioning sample). Cells 

for the control sample were seeded at a density of 5000 cells/µm2 and cells for the 

conditioning sample were seeded at a density of 10,000 cells/µm2. At 48 hours, the 

control samples for each stiffness were allowed to grow for a further 48 hours prior 

to fixing, while the conditioning samples were subject to 0.2 mL of TrypLE Express 

(Gibco) to allow for cell detachment. Each cell suspension was split in two and cells 

were seeded on new 3 kPa and 40 kPa hydrogels and allowed to grow for a further 

48 hours.  All cells for the mechanomemory experiment were grown for a total of 

96 hours. 

3.3.4. Fluorescence in situ hybridization 

Cells on hydrogels were fixed with 4% paraformaldehyde (sc-281692; Santa Cruz) 

at 48 hours following seeding for non mechanomemory experiments and 96 hours 

following seeding for mechanomemory experiments. Cells were permeabilized 

with 70% ethanol overnight. Stellaris RNA-FISH was performed as per the 

manufacturer’s instructions using probes targeting 5’ NEAT1 (SMF-2036-1) labelled 
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with Quaser 570 Dye (1:100) (Biosearch Technologies). Cells were stained with 

DAPI (4′,6-diamidino-2-phenylindole) diluted to a concentration of 0.33 mg/mL in 

DMDC water for 1 min at room temperature. VectaShield (Vector Laboratories) 

was used to mount hydrogels onto microscopic slides and coverslips were sealed 

using nail polish. Fluorescence signals were imaged at 60 × magnification using 

the DeltaVision Elite Imaging System and Softworx Software. Images were 

acquired as Z-stacks of 0.2 μm increments and were subjected to deconvolution 

and quick projection. NIS- Elements Advanced (4.0) software (Nikon) was used to 

quantify paraspeckles by identifying the Region of Interest (ROI) (Nuclei) and 

detecting binary thresholds representing paraspeckles, within the ROI. 

Paraspeckle data was presented as: i) Average number of paraspeckles per nuclei, 

ii) Average total paraspeckle area and iii) average paraspeckle size. The pixel to µm 

conversion factor was 0.011.  

3.3.5. Immunofluorescence 

Cells on hydrogels were fixed as previously described and were permeabilized with 

1% Triton-X (Sigma-Aldrich) for 15 minutes at room temperature. Cells were co-

stained using primary antibodies: YAP (sc-101199; Santa Cruz)(1:100), Lamin A (sc-

20681; Santa Cruz), MRTF-A (sc-390324; Santa Cruz) and Vinculin (ab18058; 

Abcam)(1:100) diluted in 2% Bovine Serum Albumin (BSA)(Sigma-Aldrich) in PBS 

for 1 hour at 37° C. Cells were then washed using PBS 3 × 5 min. Secondary 

antibodies including AlexaFluor 594 (ab150116; Thermo Fisher Scientific 

Company)(1:200) and AlexaFluor 647 (ab150095; Thermo Fisher Scientific 

Company) (1:200) were conjugated against primary antibodies along with 

Rhodamine-conjugated phalloidin (r415; Invitrogen)(1:100) for 1 hour at 37° C. DAPI 

(1:15 000)(4′ ,6-diamidino-2-phenylindole) in DEPC water was counterstained for 1 

minute at room temperature and coverslips were washed with PBS. Coverslips were 

mounted onto microscopic slides using VectaShield (Vector Laboratories) 

mounting media and sealed with nail polish.  Imaging was done using a Nikon C2+ 

confocal microscope and NIS-Elements Advanced (4.0) software (Nikon). Images 

were processed using CellProfiler using a custom made pipeline to measure protein 

expression levels and determine nuclear area, cellular area and form factor 

(4*π*Area/Perimeter2). 



 106 

3.3.6. Cell Migration Tracking and Proliferation Analysis 

Following 4 hours post seeding once cells had adhered, hydrogels were placed in 

an IncuCyte S3 Live-Cell Imaging system (Essen Biosciences). The incucyte was set 

to acquire images of each gel at 10 x magnification every 15 minutes for 24 hours 

for both 3 kPa and 40 kPa hydrogels. For the cell migration tracking analysis, 

images were exported, and videos were created using Fiji Software. Four videos of 

randomly selected regions within the gel were analysed and one reference video to 

normalize for shaking of hydrogels that occurred during imaging was obtained. 

Cells were numbered using a random number generator and 20 cells per video were 

selected to be manually tracked. A total of 80 cells per condition were analysed (20 

per video).  Cells were manually tracked using the manual tracking plugin function 

on FIJI, ensuring to exclude any cells that had left the frame. Cell proliferation data 

was acquired using the incucyte proliferation assay to determine cell proliferation 

as occupied area (% confluence) at each time point. Proliferation data was 

presented as % change in confluency over time.  

3.3.7. Statistical analysis 

All data has been presented as mean ± SEM and all experiments were performed 

in triplicates. Data in figures 1 and 2 were analysed using one-way ANOVA, whilst 

all other data was analysed using the students t-test. Multiple comparisons Tukey 

post tests were used where necessary. Data presented was interpreted as * P <0.05, 

** P<0.01, *** P<0.001 and **** P < 0.0001.  
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3.4. Results and Discussion 

3.4.1. Paraspeckles in cancer cells have an inverse relationship to substrate 

stiffness  

As paraspeckles are stress-responsive nuclear bodies that change in abundance 

depending on cellular homeostasis, we sought to investigate paraspeckle 

responsiveness in cells, when grown on soft or stiff substrates. We used a variety 

of cancer cell lines, as well as a normal epithelial cell line. We used FISH against 

the paraspeckle marker, the lncRNA, NEAT1, to measure differences in paraspeckle 

parameters following 48 hours of cell growth on hydrogel substrates tuned to 

either 3 kPa, or 40 kPa stiffness. Figure 3.1 shows that all cancer cell lines examined, 

including U2OS, 143B and MDA-MB-231, displayed a clear difference in 

paraspeckles when grown on soft 3 kPa substrates compared to cells grown on stiff 

40 kPa hydrogels (Figure 3.1A – 3.1C). All cancer cell lines displayed an increased 

paraspeckle number per nucleus, total paraspeckle area (a measure of how much 

nuclear area was represented by paraspeckle-associated fluorescence) and average 

paraspeckle size on soft substrates, compared to stiff (Figure 3.1A – 3.1C). In 

contrast, the non-cancer MCF10A breast epithelial cell line showed no differences 

in paraspeckle parameters between the two stiffnesses, suggesting that paraspeckle 

responses to stiffness may be cancer specific (Figure 3.1A – 3.1C). For the cancer 

cells, the difference in paraspeckle number for cells grown on soft compared to stiff 

substrates was more pronounced for the cell lines of metastatic origin, including 

the metastatic osteosarcoma derived 143B cells (1.8-fold increase in paraspeckles 

on soft vs. stiff substrates) and the metastatic breast cancer MDA-MB-231 cells (2.7-

fold increase in paraspeckles on soft vs. stiff substrates), compared with the non-

metastatic U2OS osteosarcoma cell line (1.3-fold). Thus, paraspeckles in metastatic 

cell lines may be more susceptible to changes in substrate stiffness than in non-

metastatic lines. These observations may be linked to the pre-established 

correlation between NEAT1/paraspeckles and cancer progression and metastasis, 

and to the role for paraspeckles in cell plasticity (Li and Cheng, 2018; Modic et al., 

2019). 
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Figure 3.1. Paraspeckle expression on 3kPa and 40kPa in MCF10A, U2OS, 

143B, and MDA-MB-231 cells. (A) The average number of paraspeckles per 

nucleus was higher in cancer cell lines cultured on 3 kPa hydrogels compared to 

40 kPa hydrogels in U2OS (5.75 vs 4.28), 143B (9.88 vs 5.47) and MDA-MB-231 (9.22 

vs 3.44) cell lines. No difference in paraspeckle number was observed in the 

MCF10A cell line. Treatment of cells cultured on 40 kPa hydrogels with 

blebbistatin, revealed an increase in paraspeckle number in the U2OS (4.28 to 

6.00) and MDA-MB-231 (3.44 to 7.65) cell lines (B) Paraspeckle total area showed 

the same trend in U2OS (0.021 µm2 vs 0.0094 µm2), 143B (0.017 µm2 vs 0.0082 µm2) 
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and MDA-MB-231 (0.055 µm2 to 0.0054 µm2) cell lines but not in the MCF10A cell 

line. Blebbistatin treatment also resulted in increased paraspeckle area in MCF10A, 

143B and MDA-MB-231 cell lines (C) Analysis of paraspeckle size revealed that 

paraspeckles appeared larger in size in cancer cells cultured on 3 kPa hydrogels vs 

40 kPa hydrogels in U2OS (0.0034 µm2 vs 0.0019 µm2), 143B (0.0016 µm2 vs 0.0014 

µm2) and MDA-MB-231 (0.0069 µm2 vs. 0.0015 µm2) cell lines. Blebbistatin 

treatment further increased paraspeckle size in all cell lines. (D) Representative 

images showing paraspeckles (red) in nuclei (blue) taken at 60 × magnification. 

Scale bar = 7.5 µm. Data are shown as mean ± SEM. Numbers of nuclei used in 

analyses were indicated per bar graph. * p<0.05, ** p<0.01, *** p<0.001, and **** 

p<0.0001. 
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3.4.2. Myosin-II traction forces suppress paraspeckle expression 

We reasoned that mechanotransduction may be responsible, at least in part, for 

the suppression of paraspeckle abundance when cells were grown on the stiff 

substrate. When cultured on stiff substrates, cells exhibit greater traction forces 

compared to cells cultured on soft substrates (Lo et al., 2000). Therefore, our data 

suggests an inverse relationship between paraspeckles and traction force, with 

cancer cells cultured on soft substrates exhibiting a greater number, total area and 

average size of paraspeckles, compared to cells cultured on stiff substrates. To test 

paraspeckle responsiveness to mechanotransduction, we treated cells with 

blebbistatin, a non-muscle myosin-2 inhibitor in order to inhibit cytoskeletal 

signal propagation, on cells cultured on the 40 kPa stiffness, then again measured 

paraspeckle parameters. The outline of cells as depicted by actin 

immunofluorescence staining shows the disruption of cell structure following 

blebbistatin treatment in cells cultured on 40 kPa hydrogels.  (Supplementary 

Figure 3.1). We observed that blebbistatin treatment led to an increased number of 

paraspeckles/nuclei in U2OS and MDA-MB-231 cells (Figure 3.1A), increased 

paraspeckle area in MCF10A, U2OS and MDA-MB-231 cells (Figure 3.1B) and 

increased paraspeckle size in all cell lines (Figure 3.1C). Thus, our data indicates 

that traction force-mediated mechanotransduction is playing a role in the 

suppression of paraspeckles in cancer cells cultured on stiff substrates.  

3.4.3. Paraspeckles in cancer cells cultured on soft substrates are more 

heterogeneous in distribution  

Further analysis of our data revealed that paraspeckles in cancer cell lines appear 

more heterogeneous in distribution on soft substrates compared to stiff. Of MDA-

MB-231 cells grown on 40 kPa substrates, 80% contain between zero to 5 

paraspeckles, compared to only 30% of cells when grown on 3 kPa substrate 

(Supplementary Figure 3.1). The other cancer cell lines show the same pattern. 

Again, the non-cancer MCF10A cell line showed no obvious trend in distribution 

with 58% and 61% of cells displaying between zero and 5 paraspeckles per nucleus, 

cultured on 3 kPa and 40 kPa hydrogels, respectively (Supplementary Figure 3.2). 

It is well known that phenotypic and functional heterogeneity is characteristic of 

cancer cells, and in particular, differential expression of lncRNAs between cells has 

been observed in cancer (Meacham and Morrison, 2013). Our data suggests that 
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substrate stiffness may mediate the variation in the distribution of paraspeckles in 

cancer cell lines.  

3.4.4. Paraspeckles show signs of mechanomemory when cultured on stiff 

substrates in MDA-MB-231 metastatic breast cancer cells 

We next explored the possibility that paraspeckle suppression on stiff substrates 

might be subject to mechanomemory, and used the MDA-MB-231 breast cancer 

cell line for these experiments, as they displayed the most obvious paraspeckle 

differences when cultured on different substrates. We cultured cells on one 

substrate for 48 hours, then transferred the cells to a different stiffness substrate, 

as well as the same stiffness substrate as a control. Following a further 48 hours 

culture, we fixed the cells and analysed paraspeckle parameters. As shown in Figure 

3.1, MDA-MB-231 cells showed increased paraspeckle number, total area and 

paraspeckle size when cultured on 3 kPa hydrogels compared to 40 kPa hydrogels 

and these levels remained elevated when cells were transferred from 3 kPa to 3 kPa 

(5.15 to 5.69 average number of paraspeckles/nuclei and 0.011 to 0.010 µm2 total 

paraspeckle area) however significantly decreased when MDA-MB-231 cells were 

transferred from 3 kPa to 40 kPa hydrogels (5.15 to 3.84 average number of 

paraspeckles/nuclei and 0.011 µm2 to 0.0063 µm2 for the total paraspeckle 

area)(Figure 3.2A). Thus, the stiffer substrate was able to change the cellular 

paraspeckle program that had been established on the soft substrate. In contrast, 

when MDA-MB-231 cells were cultured on 40 kPa hydrogels (where paraspeckle 

levels were initially lower than that of the 3 kPa hydrogel condition) and 

transferred onto 3 kPa hydrogels, we observed that paraspeckle parameters did not 

change, suggestive of paraspeckle mechanomemory (Figure 3.2B). Of note, 

paraspeckle size decreased when cells were collected from 3 kPa hydrogels (0.002 

µm2) and transferred onto new 3 kPa (0.0016 µm2) and 40 kPa hydrogels (0.0015 

µm2), indicating that this parameter may be sensitive to cell passaging (Figure 

3.2C). Overall, these data suggest a dominant paraspeckle-suppressive signal that 

occurs in cancer cells when they are grown on stiff substrates, with a memory of 

this suppression that persists even when switched to a softer substrate. Consistent 

with our findings, previous work reported that when hMSCs were cultured on stiff 

substrates, YAP/TAZ localized in the nucleus and that this persisted upon culture 

on soft substrates over a few days (Yang, Tibbitt, Basta, & Anseth, 2014). Further 
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work found that global histone acetylation and chromatin condensation were 

higher in hMSCs cultured on stiff substrates compared to soft, and that this 

persisted following culture on soft substrates for a prolonged period, suggesting 

that epigenetic modifications may provide a means of remembering mechanical 

input (Killaars et al., 2019). We therefore speculate that the mechanomemory 

responses in paraspeckles may be explained by epigenetic changes, likely laid down 

as chromatin marks at the NEAT1 promoter, however this is yet to be tested. 
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Figure 3.2. Paraspeckles in MDA-MB-231 cells following conditioning of cells 

on hydrogels of one stiffness, then transferring cells onto hydrogels of the 

opposite stiffness, as well as a hydrogel of the same stiffness as a control. 

(A) The average number of paraspeckles per nucleus and paraspeckle total area 

remained elevated when cells were conditioned on 3 kPa hydrogels and transferred 

onto new 3 kPa hydrogels, however paraspeckle size decreased. When MDA-MB-

231 cells were conditioned on 3 kPa hydrogels and transferred onto hydrogels of 40 

kPa stiffness, reduced levels of paraspeckle number (5.15 to 3.84), total area (0.011 

µm2 to (0.0063 µm2) and size (0.002 µm2 to 0.001 µm2) were observed. (B) Cells that 

were conditioned on hydrogels of 40 kPa stiffness and transferred onto hydrogels 

of the same 40 kPa stiffness, as well as the opposite 3 kPa stiffness, showed no 

changes in paraspeckle parameters. (C) Representative images showing 

paraspeckles (red) in nuclei (blue) taken at 60 × magnification. Scale bar = 7.5 µm. 

Data are shown as mean ± SEM. ** p<0.01, *** p<0.001, and **** p<0.0001 
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3.4.5. Cells appear larger and morphologically different when cultured on 

stiff substrates 

To further assess mechanotransduction, we investigated cell morphological 

parameters which have previously been linked to cell growth on different stiffness 

substrates. All cancer cell lines, as well as the normal breast epithelial MCF10A cells 

had greater nuclear and cell areas when grown on stiff 40 kPa hydrogels compared 

to cells grown on soft 3 kPa hydrogels (Figure 3.3A – 3.3B). This positive correlation 

between ECM stiffness and nuclear and cell area has been well described in several 

studies, including in breast cancer, and may be explained by the increase in 

traction forces exerted to the ECM via integrins (Hynes, 1987; Yeung et al., 2005; 

Kass et al., 2007; Califano et al., 2008; Mouw et al., 2014; Hadden et al., 2017). 

Comparing different cell sizes, we observed that MDA-MB-231 cells were overall 

smaller than the MCF10A cells, with an average size of 650.03µm2 and 887.26 µm2 

when grown on 3 kPa and 40 kPa respectively, compared to MCF10A cells (3 kPa - 

1150.34 µm2 and 40 kPa – 1428.4 µm2). Previous literature has described both breast 

and osteosarcoma metastatic cells to be smaller than primary non metastatic 

cancer cells (Bell and Waizbard, 1986; Lyons et al., 2016). Since we saw this trend 

in our breast cancer cell lines, but not in the osteosarcoma cell lines, cancer cell 

morphology may be cell-type specific. Next, form factor was used to investigate the 

degree of circularity of cells, with a value closer to one indicating a perfect circle. 

All cell lines, with the exception of U2OS, had a higher form factor when cells were 

cultured on 3 kPa hydrogels, compared to 40 kPa hydrogels indicating that the 

3kpa substrate led to more circular cell shape (Figure 3.3C). Analysis of the aspect 

ratio (major axis/minor axis) revealed no changes in this parameter when cells 

were grown on different stiffness, with the exception being a slight increase the 

aspect ratio for the two metastatic cell lines 143B and MDA-MB-231, when cultured 

on stiff 40 kPa hydrogels compared to soft 3 kPa hydrogels (Figure 3.3D). 

Consistent with our findings, previous work reported that breast cancer cells 

grown on stiff substrates may appear more elongated in shape, potentially assisting 

EMT transition and thus promoting metastasis (Syed et al., 2017). Thus, these data 

show that in terms of morphology, cancer cells respond to stiff substrates by 

increasing cell size and becoming less round, in a similar fashion to what has been 

reported thus far in the field of mechanobiology. 
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Figure 3.3. Nuclear area, cell area, and shape of cells revealed that all cell 

lines appeared morphologically different when cultured on 3 kPa and 40 

kPa hydrogels. (A-B) All four cell lines had larger nuclei and cell area when 

cultured on 40 kPa hydrogels compared to 3 kPa hydrogels. (C) Analysis of form 

factor, representing the circulatory of cells (1 = a perfect circle) showed that 

MCF10A, 143B and MDA-MB-231 cells appeared more circular when cultured on 3 

kPa hydrogels. (D) Aspect ratio (X/Y) revealed that 143B cells had a larger X/Y ratio 
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when cultured on stiff substrates. (E) Representative images of cells and nuclei 

showing differences in size and morphology of the nucleus in cells cultured on 

both conditions. Images were taken at 20 × magnification and visualized in 

multicolor images by CellProfiler using F-actin for cytoplasmic and DAPI for 

nuclear boundary recognition. Scale bar = 100 µm. Data are shown as mean ± SEM. 

Numbers of cells used in analyses were indicated per bar graph. * p<0.05, ** p<0.01, 

and **** p<0.0001. 
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3.4.6. Cells have increased migration on stiffer substrates  

Migration tracking was next used to examine how readily cancer and normal 

epithelial cells moved when cultured on different stiffness hydrogels over 24 hours. 

Migration tracking showed that all 4 cell lines displayed increased migration on 

stiff 40 kPa hydrogels compared to soft 3 kPa hydrogels (Figure 3.4A). This follows 

the same patterns as reported in several other cell types including 3T3 mouse 

fibroblasts and SaI/N transformed fibroblastic cells (Pelham and Wang, 1997; 

Tzvetkova-Chevolleau et al., 2008). Examining cancer subtypes, we found that the 

average distance travelled in the metastatic osteosarcoma cell line 143B was 

significantly greater compared to the average total distance travel by the non-

metastatic osteosarcoma cell line U2OS in cells cultured on both 3 kPa (337 µm for 

143B and 236 µm for U2OS) and 40 kPa hydrogels (963 µm for 143B and 434 µm for 

U2OS) (Figure 3.4B). This is consistent with several previous studies which have 

reported that increased tissue rigidity can increase migration in breast cancer, 

pancreatic cancer, glioma and colorectal cancer (Ulrich et al., 2009; Tilghman et 

al., 2010; Baker et al., 2012; Kraning-Rush and Reinhart-King, 2012; Haage and 

Schneider, 2014; Lin et al., 2018). Overall, these results indicate that cancer and 

epithelial cells respond to stiff substrates by increasing motility, and that overall 

metastatic osteosarcoma cells display increased motility, compared to non-

metastatic osteosarcoma cells.  
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Figure 3.4. Migration tracking of MCF10A, U2OS, 143B and MDA-MB-231 cells 

on 3 kPa vs 40 kPa hydrogels showed increased migratory trends on stiff 

substrates. (A) Rose plots corrected to 0,0 showing representative tracks taken by 

cells cultured on 3 kPa and 40 kPa (n=20). (B) Total distance travelled confirmed 

that cells from all cell lines cultured on 40 kPa hydrogels migrated a greater 

distance (n=80) compared to cells cultured on 3 kPa hydrogels (n=80). Data are 

shown as mean ± SEM. **** p<0.0001 
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3.4.7. Lamin A expression, and YAP and MRTFA nuclear translocation do 

not show consistent changes in cells grown on different stiffness  

We next examined the degree of Lamin A expression, as well as the 

nuclear/cytoplasmic YAP and MRTFA ratios, which have previously had clear 

trends with respect to substrate stiffness described in the stem cell field (Dupont 

et al., 2011; Swift et al., 2013; Hadden et al., 2017; Kim et al., 2019; Major et al., 2019). 

The expression of Lamin A in all cell lines measured showed no clear differences 

when cells were grown on substrates of different stiffness, with the exception of 

MDA-MB-231 cells, that had normalized Lamin A expression ~3 fold higher in cells 

cultured on 40 kPa hydrogels compared to 3 kPa hydrogels, consistent with 

observations made by Swift et al. (2013) (Figure 3.5A). We also considered the 

origins of each line, from different tissues of the body with different innate 

stiffness. We found that U2OS and 143B cells, originating from bone tissue, had 

significantly higher levels of Lamin A as determined by fluorescence intensity, 

compared to MCF10A and MDA-MB-231 cells which originate from   breast tissue 

irrespective of being cultured on 3 kPa or 40 kPa hydrogels (Supplementary Figure 

3.3).  

For YAP and MRTFA nuclear/cytoplasmic ratios we observed no consistent trend 

in subcellular distribution when cells were grown on either stiffness in any of the 

cell lines tested (Figure 3.5B – 3.5C). Although trends between increasing nuclear 

translocation of YAP when cells are grown on increasing stiffness substrates have 

been well accepted in the stem cell field, the role of YAP translocation in the 

context of mechanotransduction and cancer remains controversial (Dupont et al., 

2011; Tan et al., 2018; Qin et al., 2019). A study using colorectal cancer cells showed 

increased YAP translocation into the nucleus when cells were cultured on 

substrates with increased stiffness  (Tan et al., 2018). However, in a separate study 

on the same MDA-MB-231 used here, there was no change observed in YAP 

translocation when cells were grown on substrates of varying stiffness, suggesting 

that YAP nuclear translocation as a result of altered substrate stiffness may be cell 

line specific  (Qin et al., 2019). Although MRTF-A nuclear translocation in the 

context of substrate stiffness has not been as extensively studied as YAP 

translocation, our MRTF-A staining, as with the YAP translocation data, showed 

no clear trend in terms of different behaviour in cells grown on different stiffness. 
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Furthermore, vinculin staining, which is typically enhanced in cells cultured on 

stiff substrates and used to show focal adhesions at the cell-cell and cell-matrix 

junctions, revealed more focal adhesions in cells grown on 40 kPa hydrogels 

compared to soft 3 kPa hydrogels (Supplementary Figure 3.4) (Yamashita et al., 

2014; Omachi et al., 2017). Collectively, the Lamin A expression and YAP and 

MRTF-A nuclear translocation in our cell lines, did not follow typical trends 

between stiffness as previously reported in the stem cell field, suggesting that 

epithelial and cancer cell lines may be influenced by mechanotransduction 

differently. 
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Figure 3.5. No trends between stiffness were observed considering Lamin A 

expression and YAP/TAZ and MRTF-A nuclear translocation. (A) Normalized 

Lamin A expression (n=3,100 cells/repeat) revealed that Lamin A levels did not 

change pending on stiffness in MCF10A, U2OS and 143B cell lines, however the 

MDA-MB-231 cell line showed increased normalized Lamin A expression in cells 
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cultured on 40 kPa hydrogels compared to soft 3 kPa hydrogels. (B-C) 

Quantification of YAP and MRTF-A Nuclear/Cytoplasmic ratio showed no trend 

between stiffness for both markers in MCF10A, U2OS, 143B and MDA-MB-231 cell 

lines (n=3, 100cells/repeat). The ratios between markers followed similar trends 

between cell lines and appeared significantly elevated in the U2OS cell line 

compared to all other cell lines. (D) Representative images of Lamin A, YAP, 

MRTF-A staining in all four cell lines at 3 kPa and 40 kPa stiffness taken using 

confocal microscopy at 20x magnification. (E) Paraspeckle parameters 

(paraspeckle number, total area and average size) in MDA-MB-231 cells cultured 

on 3 kPa, 40 kPa and Glass (E = ~70 GPa) revealed a nonlinear trend between 

stiffness and paraspeckles. This trend was inverse to the relationship between 

Lamin A and the same stiffness conditions. (F) Investigation of cell proliferation 

(determined by % confluency changes) over time) and paraspeckles in MDA-MB-

231 revealed that although cells cultured on 40 kPa and glass exhibited similar 

proliferation rates, paraspeckle abundance in these two conditions differed. Data 

are shown as mean ± SEM. * p<0.05. 
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3.4.8. Mechanosensation of MDA-MB-231 on non-physiological stiffness 

Interestingly, paraspeckle parameters (number, total area and average size) in 

MDA-MB-231 cells cultured on plastic plates or glass coverslips showed levels in 

between what was observed in MDA-MB-231 cells cultured on 3kPa and 40kPa 

conditions (Figure 5E). Although inverted, the trend was very consistent with 

Lamin A levels in the same stiffness conditions. As paraspeckle parameters on glass 

did not match either of 3 kPa or 40 kPa, previous culture on plastic or coverslip 

had minimum effect on mechanomemory experiments. This comparison between 

hydrogels and coverslips clearly highlights the importance of the physiological 

environment in cellular and molecular biology.  

Furthermore, substrate stiffness can lead to differences in proliferation rates in 

various cell lines, including MDA-MB-231, however, no correlation between 

proliferation and paraspeckle expression was observed in our data (Figure 5E and 

F). Cells on glass had a similar proliferation rate to cells on 40 kPa, however, cells 

on glass had more paraspeckles with an increased heterogeneous distribution 

compared to cells on 40 kPa. Tilghman et al. (2010), showed no significant 

differences in cell cycle (G1, S, and G2 phases) between MDA-MB-231 cells on 0.15 

vs. 4.8 kPa. Moreover, Fox et al. showed loss of paraspeckles only during telophase 

(Fox et al., 2005), a cell cycle stage that would typically only take up a very small 

proportion of the overall cell cycle. If there was a subpopulation of cells arrested in 

telophase on the 40 kPa hydrogels, we should have had 2 distinct populations in 

paraspeckle numbers. However, we had a relatively normal distribution of 

paraspeckles in the 40 kPa condition (Figure 5F and Supplementary Figure 2) 

which suggests a very limited representation of cells in telophase in our 

experiment. 

3.4.9. Proposed mechanisms for paraspeckle mechanosensation 

Paraspeckle abundance and size is determined by the level of NEAT1 lncRNA 

(Hirose et al., 2014; Wang et al., 2018). Although our study did not characterize the 

mechanisms underlying paraspeckle mechanosensation to substrate stiffness, we 

speculate that the reduced levels of paraspeckles in response to stiffness is the 

result of suppression in NEAT1 transcription.  
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Our data presents an opposing view on what is considered ‘traditional’ in the field 

of mechanobiology, given most mechanosensitive markers have shown positive 

correlations with stiffness e.g., increased Lamin A expression, increased nuclear 

localization of YAP and MRTF-A, faster migration and larger nuclei. Although 

counterintuitive, several other studies have reported similar ‘non-traditional’ 

trends which are in-line with our study. A study investigating the nuclear 

translocation of protein four-and-a-half LIM domains 2 (FHL2) using human 

foreskin fibroblasts, showed an increase in nuclear localization of FHL2 when cells 

were cultured on soft (8.78kPa) substrates compared to mid (20.2kPa) and stiff 

(75.3kPa) hydrogels (Nakazawa et al., 2016). Furthermore, research investigating 

matrix models of scars revealed that in mesenchymal stem cells (MSCs), a strong 

muscle actin repressor, NKX2.5, slowly exited the nucleus on rigid matrices (Dingal 

et al., 2015). The overexpression of NKX2.5 overrode rigid phenotypes, inhibiting 

strong muscle actin and cell spreading, whereas cytoplasm-localized NKX2.5 

mutants degraded in well-spread cells.  

On-going work in understanding the role of mechanotransduction in altering gene 

expression in response to force, have highlighted the role of chromatin 

remodelling and subsequent epigenetic regulation in gene expression. A recent 

study described that chromatin reorganization in response to force, can induce 

Polycomb repressive complex 2 (PRC-2) mediated global transcription silencing. 

This study reported a concomitant increase in H3K27me3, a gene-silencing marker, 

and decrease in active RNA-polymerase-II, upon prolonged strain in epithelial 

stem cells (ESCs) (Le et al., 2016). Publicly available RNA-seq data from this study 

revealed that NEAT1 levels decreased ~2 fold in response to strain in ESCs in this 

context (data not shown). We therefore speculate that decreased paraspeckle 

expression in response to stiffness is due to the suppression in NEAT1 

transcription, which may be the result of PRC2-H3K27me3 linked epigenetic 

silencing. This suppression of transcription may counter-act the more usual 

induction of NEAT1/paraspeckles that is observed with many other cell stresses 

(An et al., 2019) .   
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Future experiments testing a role for such epigenetic regulation of NEAT1 will be 

important to determine factors upstream of NEAT1 in this context. The field of 

mechanobiology is expanding and alternative mechanisms inducing gene 

expression, aside from traditional activation of mechanotransduction signaling 

pathways are becoming apparent. Although further research should investigate 

this, we believe that our study along with the studies mentioned above, all showing 

non classic mechano- responses, may be of benefit one day.  We believe these 

‘counterintuitive’ findings, although currently posing as a challenge, will 

potentially assist in identifying other mechanotransduction pathways that may 

currently be unknown.  

3.4.10. Summary 

In summary, here we showed that paraspeckles are mechanosensitive in U2OS, 

143B and MDA-MB-231 cancer cell lines, with greater fold changes observed in 

metastatic cancer cell lines. The paraspeckle trend showed a consistent inverse 

relationship with morphological and migratory properties, confirming their 

mechanosensitivity. We propose that paraspeckles may be a better marker of 

mechanotransduction for cancer cells, in contrast to Lamin A expression and the 

nuclear translocation of YAP and MRTFA that showed no obvious changes in cells 

cultured on different substrate stiffnesses.  
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3.5. Supplementary Information 

 

Supplementary Figure 3.1. Representative images of cells showing 

differences in size and morphology on blebbistatin treatment compared to 

control. Images were taken at 20 × magnification and visualized in multicolour 

images by CellProfiler using F-actin for cell boundary recognition. Scale bar = 100 

µm. 
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Supplementary Figure 3.2. Distribution of the number of cells with 

paraspeckles in MC10A, U2OS, 143B and MDA-MB-231 cells cultured on 3 kPa 

and 40 kPa hydrogels. Paraspeckles were grouped in bins based on how many 

paraspeckles were per cell. The distribution of paraspeckles in the breast epithelial 

MCF10A cell line did not change pending on the stiffness cells were cultured on 

however paraspeckles in the U2OS, 143B and MDA-MB-231 cells appeared more 

heterogeneous in distribution when cultured on 3 kPa hydrogels compared to 40 

kPa hydrogels.  
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Supplementary Figure 3.3. Lamin A intensity in cells of bone origin (143B and 

U2OS) was collectively greater than in cells of breast (MCF10A and MDA-MB-

231) origin. Data was presented for cells cultured on 3 kPa and 40 kPa hydrogels. 
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Supplementary Figure 3.4. Immunofluorescence staining of Vinculin in 

MCF10A, U2OS, 143B and MDA-MB-231 cultured on 3 kPa and 40 kPa 

hydrogels. Focal adhesions located at the edges of individual cells appeared more 

prominent in cells culture on 40 kPa hydrogels compared to 3 kPa hydrogels. 

Images were taken using confocal microscopy at 20x magnification. Scale bar = 100 

µm. 
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4.1. Abstract 

Metastatic cancer cells experience confinement as they manoeuvre through the 

extracellular matrix. The nucleus functions as a ‘ruler,’ directing cell responses 

such as in cellular migration during confinement. However, our understanding of 

how the nuclear interior responds is limited. The long non-coding RNA Nuclear 

Paraspeckle Assembly Transcript 1 (NEAT1) seeds subnuclear ‘paraspeckles’, which 

function in cancer and gene regulation. Given that paraspeckles are matrix-

stiffness sensitive and are associated with increased nuclear size, we investigated 

whether paraspeckles function in confined migration. Using metastatic breast 

cancer cells, we show that paraspeckles increase as cells cross wide microchannels 

(10 µm), but not narrow ones (3 µm). Increasing paraspeckles by modulating 

NEAT1 using antisense oligonucleotides, led to increased cellular migration speeds, 

permeation and fewer reversals of directions, when confined in wide 

microchannels only. Cells with increased paraspeckles also exhibited an 

upregulation of many genes associated with migration and the cytoskeleton, and 

both cells and nuclei appeared larger when confined. We further demonstrate that 

paraspeckles and Lamin A, display front-rear intranuclear polarization during 

confinement in wide microchannels, localizing more at the front of the nucleus. 

Collectively, we demonstrate a role for paraspeckles in confined migration, 

polarization and potentially in gene regulation during metastasis.  
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4.2. Introduction 

Cancer metastasis accounts for the majority of cancer-related deaths and involves 

long migratory journeys of cancer cells from primary tumour locations to distant 

sites (Chaffer and Weinberg, 2011). Invasion occurs first and foremost in the 

‘metastatic cascade,’ and once disseminated, cancer cells can undergo single or 

collective cell migration, as discussed in a comprehensive review by Friedl et al. 

(Friedl and Alexander, 2011). In order to invade, cancer cells must navigate through 

the confined space of the extracellular matrix (ECM), which is predominantly 

composed of type-1 collagen and is continuously remodelled during cancer 

progression (Cox and Erler, 2011). Previous work using intravital generation 

microscopy, revealed that the collagen meshwork forming the ECM is 

heterogeneously spaced (Wolf et al., 2009; Weigelin et al., 2012). For example, in 

mouse mammary gland tissue, pore size was shown to range between 1- 20 µm in 

diameter, and previous work investigating melanoma cell invasion, demonstrated 

collagen fibre/channel-like tracks ranging between 5 – 30 µm in width (Wolf et al., 

2009; Weigelin et al., 2012). Typically, metastasis is initiated by the dissemination 

of individual cancer cells, and single cell migration has been reported to drive 

breast cancer metastasis (Hanahan and Weinberg, 2000; Chod et al., 2008; 

Giampieri et al., 2009). Upon successful invasion, cancer cells can enter circulatory 

or lymphatic vessels via intravasation, becoming circulating tumour cells, where 

they must survive physical stress and immune attack in order to extravasate and 

invade at distal regions.  

Migrating cancer cells are inherently subject to physical confinement. Therefore, 

the use of various ‘cancer-on-chip’ assays to model invasion and cell migration in 

vitro, is beneficial in characterising the complex changes that occur during 

metastasis (Paul et al., 2016; Zuela-Sopilniak and Lammerding, 2019). 

Microchannel chips have been widely used to study single cell migration and are 

composed of channel passages varying in length, width and height (Irimia and 

Toner, 2009; Rolli et al., 2010; Balzer et al., 2012; Holle et al., 2019). The use of 

microchannels has successfully modelled some of the dynamic changes that cancer 

cells experience during confined migration, such as increased migration speed, cell 

polarization and changes in cell morphology (Rolli et al., 2010; Balzer et al., 2012; 
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Pathak and Kumar, 2012; Tong et al., 2012; Holle et al., 2019). Previous studies have 

also demonstrated that microchannel confinement can induce mesenchymal to 

ameboid transition (MAT), the switch between adhesive mesenchymal migration, 

to non-adhesive amoeboid migration (Balzer et al., 2012; Paluch et al., 2016; Holle 

et al., 2019).  

As the largest and stiffest organelle, the nucleus is subject to deformation during 

cell confinement (Caille et al., 2002; Wolf et al., 2013; Davidson et al., 2014; Lomakin 

et al., 2020; Venturini et al., 2020). The nucleus also senses and mediates cellular 

responses to constriction accordingly, with many constriction sizes appearing 

smaller than the nuclear diameter (Lomakin et al., 2020; Venturini et al., 2020).  

For example, vertical constriction of 3 µm, narrower than the cell nucleus diameter, 

induced cell blebbing and triggered ameboid migration (Lomakin et al., 2020; 

Venturini et al., 2020). The nucleus is composed of the nuclear envelope, consisting 

of an inner and outer nuclear membrane, which together with the nuclear lamina, 

provide a shell for the nucleus (Burke and Stewart, 2013; Denais et al., 2016). Lamin 

A/C form part of the nuclear lamina and have previously been shown to decrease 

in expression when cells are confined within microchannels, leading to enhanced 

migration (Swift et al., 2013; Davidson et al., 2014; Harada et al., 2014; Kirby and 

Lammerding, 2018). Lamins also link the nuclear envelope to chromatin, mediating 

epigenetic responses to mechanical stimuli. For example, strain, magnetic twist 

cytometry, dynamic tensile loading and geometry, have been shown to induce 

changes in chromatin statewhich consequently led to changes in gene expression 

globally (Iyer et al., 2012; Jain et al., 2013; Le et al., 2016; Tajik et al., 2016). Changes 

in gene expression are not only associated with changes in chromatin compaction 

but are also linked to altered subnuclear organisation. This subnuclear 

organisation is marked by the appearance of nuclear bodies, including 

paraspeckles, a type of nuclear body associated with gene regulation under cell 

stress conditions (Morimoto and Boerkoel, 2013).  

Paraspeckles are RNA-protein granules formed primarily via the transcription of 

the long non-coding RNA (lncRNA) NEAT1 (Hirose et al(Hennig et al., 2015)., 2014). 

Additionally, paraspeckles can assemble through liquid-liquid phase separation 

and we have recently shown that paraspeckles are sensitive to matrix stiffness in 
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metastatic cancer cells (Hennig et al., 2015; Todorovski et al., 2020). The lncRNA 

NEAT1 is composed of two isoforms, the short NEAT1_1 isoform and the long 

NEAT1_2 isoform, with the latter being fundamental for paraspeckle formation 

(Clemson et al., 2009; Naganuma et al., 2012). It is possible to transiently increase 

paraspeckle abundance by altering the ratio of these NEAT1 isoforms, using specific 

targeted antisense oligonucleotides (Naveed et al., 2020). This transient increase 

in paraspeckles is a good mimicry of the natural, transient, stress-induced 

induction of paraspeckles, an induction that is generally linked to increased cell 

viability in the face of stress (Hirose et al., 2014). Paraspeckles are gene regulators 

that sequester specific proteins and RNAs, altering transcriptional and post-

transcriptional regulation (Bond and Fox, 2009; Hirose et al., 2014; Jiang et al., 2017) 

Paraspeckle formation has been linked to the progression of numerous diseases 

including breast cancer, although the precise mechanisms linking paraspeckles to 

cancer progression are yet to be fully elucidated (Choudhry et al., 2015). Recently, 

Paraspeckle Protein Component 1 (PSPC1), a non-essential paraspeckle protein, has 

been reported to function with NEAT1 to control migration and facilitate cell 

motility by activating mechanosensitive integrins (Shin et al., 2019; Jen et al., 2020).  

Given our recent observations showing stiffness-sensitive responses of 

paraspeckles, and previous work from others, demonstrating a link between 

paraspeckles and nuclear size, we speculated that paraspeckles may also be 

sensitive in cancer cells confined in microchannels (Grosch et al., 2020; Todorovski 

et al., 2020). As the nucleus senses and regulates confined migration, we further 

examined whether transiently increasing paraspeckles by altering NEAT1 levels, 

might regulate migration properties during confinement (Lomakin et al., 2020; 

Venturini et al., 2020). Here we show that paraspeckles are upregulated in 

metastatic breast cancer cells, as they cross wide (10 µm) but not narrow (3 µm) 

microchannels. Consistent with the changes observed across wide microchannels, 

we also demonstrate that transiently increasing paraspeckles can modulate 

confined migration in wide but not narrow channels, with increased permeation 

and velocity observed. Paraspeckles and Lamin A also polarized at the leading edge 

of the nucleus, in respect to the direction of migration. Collectively, we provide 

new insights into how gene-regulatory subnuclear bodies may be regulated during 

cancer metastasis and during confined migration.  
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4.3. Methods and Materials 

4.3.1. Microchannel chip fabrication 

Microchannel chips were fabricated using polydimethylsiloxane (PDMS) and 

photolithographed moulds as previously described (Holle et al., 2019). Each chip 

was composed of four sides. Two sides were 150 µm in length, with 3 and 10 µm 

wide channels, and the other two sides were 300 µm in length, composed of 5 and 

7 µm wide channels. PDMS Chips were treated with oxygen plasma to permanently 

bind to glass coverslips and subsequently coated in Collagen Type I in PBS (100 

µg/mL) (Gibco, Carlsbad, CA, USA) overnight at 4 °C.  

4.3.2. Cell culture 

MDA-MB-231 metastatic breast cancer cells were used throughout this study and 

were chosen given their mesenchymal and invasive properties. Cells were cultured 

in DMEM media (Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) 

and 0.05% Penicillin-Streptomycin. Cells were maintained in ESCO CelCulture® 

CO₂ incubator set at 37°C and 5% CO2. 

4.3.3. Transfection: Increasing paraspeckle abundance through NEAT1_1 to 

NEAT1_2 isoform switching  

Cells were harvested at a concentration of 1.00 ×	106 cells/mL for each 

microchannel chip to be seeded (see section 4.2.4 for details on cell seeding). 

Transfections were performed using a Neon Transfection System (Invitrogen) as 

per the manufacturer’s instructions with optimized conditions for MDA-MB-231 

cells: Pulse voltage (1400 v), Pulse Width (10 ms) and Number of pulses (4). 

Antisense oligonucleotides (ASOs) with a morpholino backbone were used at a 

concentration of 25 nM, to switch the NEAT1_1 isoform to the NEAT1_2 isoform by 

binding to the polyadenylation site of human NEAT1 RNA. The sequence of the 

Control ASO (phosphonodiamidite morpholino oligomer) was 5'-

CCTCTTACCTCAGTTACAATTTATA and the sequence of the BoostPS ASO was 5'-

TTTATTTGTGCTGTAAAGGG (Gene-Tools)(Naveed et al., 2020).   
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4.3.4. Cell seeding in microchannel chips 

For chips used in immunofluorescence and FISH experiments, chips were placed 

in 6 well plates, while chips used in live-cell imaging experiments were glued to 

the bottom of a 6 well plate with custom cut squares using Picodent dental glue 

(Picodent, Wipperfürth, Germany). Regardless of the experimental set up, all chips 

were sterilized using a UV transilluminator (305 nm) for 30 mins prior to cell 

seeding. Cells were seeded at a density of 1 ×	105 cells/mL, to ensure sparse 

distribution of cells, whilst still encouraging interaction with microchannels. 

Immediately prior to seeding cells, 100 µL of media was pipetted to the outside 

reservoir of the chips, to prevent pressure driving cells through the microchannels. 

Then, 100 µL of the prepared cell suspension (100,000 cells in total) was pipetted 

to the inside reservoir. Cells were left to adhere in an ESCO CelCulture® CO₂ 

incubator set at 37°C and 5% CO2 for 2 hours before 2 mL of media was added to 

each well. Cells were either left in the incubator for 72 hours, for 

immunofluorescence and FISH experiments, or transferred to a Nikon TE 300 

Inverted Microscope for live-cell imaging experiments.  

4.3.5. Fluorescence in situ hybridisation  

Following 72 hours after seeding, cells in chips, or on glass coverslips, were washed 

with PBS × 3 and fixed using 4% paraformaldehyde for 10 min (Santa Cruz). Cells 

were next permeabilized with 70% ethanol overnight. Paraspeckles were detected 

using a Stellaris RNA-FISH protocol performed as per the manufacturer’s 

instructions (Stellaris, Biosearch Technologies) using a human NEAT1 5’ probe 

labelled with Quaser 570 dye (VSMF-2036-1; Biosearch Technologies). Nuclei were 

stained with 4′,6-diamidino-2-phenylindole (DAPI) diluted to a concentration of 

0.33 mg/mL (Sigma-Aldrich) in DMDC treated water for 2 minutes. Chips were 

glued to the bottom of 35 mm petridishes (Greiner) using Picodent dental glue 

(Picodent, Wipperfürth, Germany) and glass coverslips were mounted onto 

microscopic slides (Hurst) using VectaShield (Vector Laboratories) and nail polish 

to seal. All images of paraspeckles were obtained using a DeltaVision Elite Imaging 

system and Softworx software. Images were taken using 60 × magnification as a 

series of 0.2 µm incremented Z-stacks and subject to deconvolution and quick 

projection post-processing tasks. The same threshold parameters were applied for 

all images. Paraspeckles were subsequently quantified using the NIS-Elements 
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Advanced (4.0) software (Nikon) by identifying each nucleus as a region of interest 

(ROI) and detecting paraspeckles as binary thresholds within nuclei. Paraspeckle 

parameters were analysed and presented as: Paraspeckles/nuclei (the average 

number of paraspeckles per nucleus), total paraspeckle area (the average number 

of total fluorescence occupied by paraspeckles per nucleus in µm2) and average 

paraspeckle size (the average size of paraspeckles in µm2, calculated by dividing 

the total paraspeckle area by the number of paraspeckles). For experiments 

investigating the polarization of paraspeckles in 10 µm wide microchannels, the 

same protocol for analysis was performed, however the ROI function was used to 

identify front and rear halves of nuclei, by measuring and splitting the length of 

the nucleus into two equal halves.  

4.3.6. Immunofluorescence  

Cells were fixed using 4% paraformaldehyde for 10 min (Santa Cruz) and 

permeabilized using 1% Triton-x 100 (Sigma-Aldrich) for 15 mins. Primary 

antibodies: Lamin A (sc-20681, Santa Cruz) and Vinculin (ab129002, Abcam), were 

diluted (1:10o) in 2% Bovine Serum Albumin (BSA)(Sigma-Aldrich) in PBS and 

incubated for 2 hours at 37°C. Chips were washed with PBS × 3 and secondary 

antibodies: AlexaFluor 488  (ab150113, Abcam) and F-Actin AlexaFluor 568 (a12380, 

Invitrogen) were conjugated against primary antibodies in 2% BSA (1:200 dilution) 

for 2 hours at 37°C. Chips were washed with PBS × 3 and nuclei were stained with 

4′,6-diamidino-2-phenylindole (DAPI; 0.33 mg/mL)(Sigma-Aldrich) in DMDC 

treated water for 2 mins. Chips were transferred and glued to the bottom of 35 mm 

petridishes (Greiner) with custom cut squares using Picodent dental glue 

(Picodent, Wipperfürth, Germany). After allowing the glue to dry for 5 min, DMDC 

water was added to the chips in preparation for imaging. Cells were imaged using 

confocal microscopy and NIS-Elements Advanced (4.0) software (Nikon). Images 

were obtained using 60 × magnification as a series of 1 µm incremented Z-sections. 

Cells were analysed by obtaining MIP images and manually detecting cells (from 

F-actin staining) and nuclei (based on DAPI staining) using FIJI software to 

determine F-Actin and Lamin A expression levels as well as determine cell area 

(from F-actin staining), nuclear area (from DAPI staining) and form factor (4 × π × 

area/perimeter2). To analyse Lamin A expression at the front and rear edge of 

nuclei confined within 10 µm wide microchannels, a single middle Z-stack slice was 
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found, and a plot profile function was executed on Fiji. The intensities for the front 

and rear edge of each nuclei were measured and normalized to the front edge.  

4.3.7. Live-cell imaging and analysis 

Phase contrast live cell tracking was performed using a Nikon TE 300 Inverted 

Microscope configured with a motorized stage and cell culture chamber (set at 

37°C and 5% CO2). A live cell imaging acquisition experiment was set up by 

specifying X,Y co-ordinates from 5 fields of view, per channel, taken every 10 

minutes over 72 hours. Videos were exported as AVI files and subsequently 

analysed using FIJI. For calculating the proportion of cells penetrating (where cells 

had partially entered and exited), invading (where cells had completely entered 

and exited) and permeating (where cells had completely crossed channels) cells 

were manually tallied for each cell type and channel condition. The proportion of 

each motion from the total of all movements was presented as a percentage. Cells 

that had been identified as permeating were then tracked using the manual 

tracking plugin on FIJI, by tracking the leading edge of each cell as it entered and 

reached the outside reservoir of the channel. Cell speeds were presented as the 

average velocity (the velocity taken by each cell to cross the channel, averaged 

across all cells) and average speed (the average speed of each step taken by a single 

cell, averaged across all cells). To calculate the proportion of reversals taken in each 

group, the total number of movements was tallied for each cell, irrespective of 

forward or backward direction. Cells with forward movement were represented 

with positive values, while cells with backwards movement were negative. The 

proportion of reversals was calculated by finding the proportion of negative values 

amongst the total number of all movements and averaged across all cells.  

4.3.8. RNA isolation and qRT-PCR 

A NucleoZol kit (Macherey-Nagel) was used to extract total RNA as per the 

manufacturer’s instructions. A QuantiTect Reverse Transcription kit (Qiagen) was 

then used to perform reverse transcription, as per the manufacturer’s instructions 

followed by qRT-PCR experiments using Sybr green master-mixes (Applied 

Biosystems). Primer sequences are described in Supplementary Table 4.1.  
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4.3.9. Statistical Analysis  

Statistics were analysed using GraphPad Prism software (8.0). For Figures 4.1 - 4.3, 

4.5C, Supplementary Figures 4.1 and 4.3, two-way ANOVAs with multiple 

comparison tests were performed, while all other data was analysed using a 

student’s t-test. Results are presented as mean ± SEM.  
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4.4. Results 

4.4.1. Paraspeckles are upregulated when cells experience microchannel 

confinement, dependent on microchannel width 

We first investigated whether paraspeckles exhibited mechanosensitive responses 

during cell confinement in microchannels using MDA-MB-231 (231) metastatic 

breast cancer cells. These microchannel chips were coated with collagen and are 

the same chips previously used by Holle et al., 2019, showing MDA-MB-231 

undergoing MAT during confinement (Holle et al., 2019). Collagen has been used 

as an ECM to functionalize other cancer-on-chip models using MDA-MB-231 cells 

(Ma et al., 2018). After culturing cells in microchannel chips composed of 3, 5, 7 

and 10 µm widths for 72 hours, we fixed cells and performed FISH against NEAT1 

to detect paraspeckles. We next quantified paraspeckle parameters 

(paraspeckles/nuclei, total paraspeckle area/nuclei and average paraspeckle size) 

in cells located in the inside reservoir (where cells were seeded initially), as well as 

in cells confined within channels, and in cells located in the outside reservoir 

(where cells localized following permeation through channels). 

First, we examined paraspeckle abundance in cells migrating through 150 µm long 

channels with 3 and 10 µm widths (Figure 4.1A). When confined within 10 µm 

channels, paraspeckles increased in abundance compared to when cells were 

unconfined and located within either the inside, or outside reservoir (Figure 4.1B 

and 4.1C). Comparing paraspeckle parameters in this setting, the average number 

of paraspeckles/nuclei increased from 3.6 ± 0.3 in the inside reservoir to 6.9 ± 0.5 

in the microchannels, subsequently decreasing to 3.7 ± 0.3 in the outside reservoir; 

total paraspeckle area increased from 0.54 ± 0.06 μm2 in the inside reservoir, to 

1.40 ± 0.13 μm2 in the microchannel, and then decreased to 0.55 ± 0.05 μm2 in the 

outside reservoir, and paraspeckle size increased from 0.15 ± 0.01 μm2 in the inside 

reservoir, to 0.40 ± 0.06 μm2 in the microchannel, and decreased to 0.15 ± 0.01 μm2 

in the outside reservoir. However, no changes in paraspeckle parameters were 

observed when comparing cells confined within 3 µm channels, to cells not 

confined in either the inside or outside reservoirs (Figure 4.1B and 4.1C).  

We also investigated paraspeckle parameters in 231 cells migrating through 300 µm 

long channels with 5 and 7 µm widths (Supplementary Figure 4.1A). Consistent 



 145 

with our observations in the 10 µm channels, an increase in the average number of 

paraspeckles/nuclei and total paraspeckle area/nuclei was observed in cells 

confined within 7 µm channels, compared to the inside and outside reservoirs, 

although no significant changes in paraspeckle size were evident (Supplementary 

Figure 4.1B and 4.1C). The average number of paraspeckles increased from 3.5 ± 0.3 

to 6.5 ± 0.5, comparing the inside reservoir to confinement in 7 µm channels, and 

decreased to 3.2 ± 0.4 in the outside reservoir. Furthermore, total paraspeckle area 

increased from 0.64 ± 0.06 μm2 to 1.14 ± 0.12 μm2 and decreased to 0.49 ± 0.07 μm2 

in the same setting. Similar to the 3 µm microchannels, when comparing 

paraspeckle abundance across all parameters tested in cells permeating 5 µm 

channels, no changes were observed (Supplementary Figure 4.1B and 4.1C).  
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Figure 4.1. Paraspeckles increase in abundance when confined within 10 μm 

wide microchannels. (A) Schematic of cells permeating across 10 μm and 3 μm 

wide microchannels (length = 150 μm). (B) Paraspeckles are marked by NEAT1 (red) 

and nuclei are labeled with DAPI (blue). Cells were imaged when located in the 

inside cell reservoir (where they were seeded), when confined within 

microchannels of both widths, and after permeating across to the outside cell 

reservoir for each channel. Images at each location were acquired at 60 

×	magnification. (C) Paraspeckles/nuclei (the average number of paraspeckles per 

nucleus), paraspeckle area (total NEAT1 fluorescence per nucleus averaged across 

cells) and paraspeckle size, appeared elevated in cells confined within 10 μm 
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channels, while all parameters remained constant across 3 μm channels. The total 

number of nuclei analyzed per condition are indicated in each bar graph and data 

are presented as mean ± SEM. † = p < 0.01, significantly different from all other 

conditions. 

  



 148 

4.4.2. Increased paraspeckle abundance leads to increased permeation and 

velocity of cells permeating across 10 μm wide microchannels 

Our other work has also identified that increasing paraspeckle abundance in 231 

cells promoted increased migration in cells cultured on tissue culture plastic (2D 

substrates) (chapter 5). We therefore investigated the effect of increased 

paraspeckles on migration under confinement using 231 cells with increased 

paraspeckle levels. To achieve an increase in paraspeckles, we used ASO 

oligonucleotides that altered RNA processing to switch the NEAT1_1 isoform to the 

NEAT1_2 isoform, transiently increasing paraspeckle abundance in 231 cells (231-

NEAT1_2+). We confirmed the effect of the ASOs by measuring the proportion of 

NEAT1_1 and NEAT1_2 isoforms by RT-qPCR in the 231-Control (cells transfected 

with the control sequence ASO) and 231-NEAT1_2+ (cells transfected with the 

NEAT1 specific ASO) (Supplementary Figure 4.2A) and further performed FISH 

and observed increased paraspeckle abundance in 231-NEAT1_2+ cells compared to 

control cells (231-Control) (Supplementary Figure 4.2B).  

We performed time lapse imaging and compared migration dynamics in 231-

Control and 231-NEAT1_2+ cells when passing through either 10 μm channels, or 3 

μm channels. We chose these channel widths for comparison, as opposed to the 5 

μm and 7 μm channels, as cells exhibited the most dramatic changes in paraspeckle 

parameters in these settings. For each cell type, we quantified the total number of 

interactions cells had with the channels for that condition. We first measured the 

proportion of cells that completely permeated across each channel (i.e., cells that 

had completely crossed from the interior reservoir to the exterior reservoir) (Figure 

4.2A). In 10 µm wide channels, we found that 231-NEAT1_2+ cells showed increased 

permeation compared to 231-Control cells (64.1 ± 4.9% vs. 46.6 ± 3.8%) (Figure 4.2A 

and 4.2B). In contrast, the percentage of cells permeating across the 3 µm channels 

did not change between the two cell types (Figure 4.2A and 4.2B). Next, we 

investigated penetration, which we defined as cells interacting with channels (but 

not fully entering); as well as invasion, which we defined as cells completely 

entering channels and then exiting back out, without crossing to the other side of 

the channel (Supplementary Figure 4.3A). Fewer 231-NEAT1_2+ cells penetrated 10 

µm channels (24.1 ± 3.5%) compared to either cell type penetrating 3 µm channels 

- 231-Control (49.1 ± 3.1%) and 231-NEAT1_2+ cells (49.3 ± 7.8%) and these trends 
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were further observed in 231-Control cells penetrating 10 µm channels 

(Supplementary Figure 4.3B). Considering invasion, no changes were observed 

between the 231-Control cells and 231-NEAT1_2+ cells in both channel conditions, 

although 231-Control cells showed an increased trend compared to 231-NEAT1_2+ 

cells (Supplementary Figure 4.3B). Thus, the increased permeation of 231-

NEAT1_2+ cells compared to 231-Control cells across 10 µm channels (Figure 4.2B) 

was deemed to be the result of a combined decrease in invasion and penetration.  

Next, we explored whether paraspeckles affected the velocity of 231 cells 

permeating across 3 and 10 µm channels. First, we investigated the average velocity 

of cells permeating across channels (i.e., the velocity taken for the leading cell edge 

to enter and subsequently exit), by calculating the time taken for each cell to cross 

each channel in respect to the total displacement taken by each cell. This was 

averaged across all cells for each condition and revealed that 231-NEAT1_2+ cells 

permeated across 10 µm channels faster (0.52 ± 0.03 µm/min) compared to 231-

Control cells (0.32 ± 0.02 µm/min) (Figure 4.2C). Despite no changes having been 

observed between the two cell types permeating across 3 µm channels (231-Control 

cells: 0.50 ± 0.28 µm/min and 231-NEAT1_2+ cells: 0.49 ± 0.22 µm/min), both cell 

types migrated faster compared to the 231-Control cells crossing 10 µm channels. 

Interestingly, the velocity taken by cells to permeate 3 µm channels, matched that 

of 231-NEAT1_2+ cells permeating 10 µm channels. Next, the average speed was 

calculated by finding the speed taken in each 10-minute interval, by a single cell, 

and subsequently averaging this amongst all cells tested, where we observed 

similar trends (Supplementary Figure 4.3C). Examining phase time-lapse images in 

2D and the distance travelled vs. time for individual cells in Figure 4.2E, it is clear 

that 231-Control cells took a longer time to permeate 10 µm channels, compared to 

231-NEAT1_2+ cells.  
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Figure 4.2. Cells with increased paraspeckles have increased permeation 

and migration velocity across 10 µm channels. (A) Schematic of a cell 

undergoing permeation i.e., crossing a channel from the interior reservoir to the 

outside reservoir. (B) Proportion (as a percentage) of cells observed permeating in 

live cell tracking experiments, compared to the total interactions (permeation, 

penetration and invasion) for that condition. 231-NEAT1_2+ cells permeated across 

10 µm channels more profoundly (64%) compared to 231-Control cells (46%) as 

well as 231-NEAT1_2+(40%) and 231-Control (31%) cells permeating across 3 µm 

channels. Data was analyzed across three biological repeats (n=3) and the total 

number of cells interacting per each group were: 181 (10 μm channels, 231-Control), 

276 (10 μm channels, 231-NEAT1_2+), 92 (3 μm channels, 231-Control) and 127 (3 μm 
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channels, 231-NEAT1_2+). (C) The average velocity taken for 231-Control and 231-

NEAT1_2+ cells to permeate across 10 µm and 3 µm wide microchannels. Velocity 

was measured using live-cell tracks, by finding the time taken to permeate across 

each channel and averaged across all cells for each condition. 231-NEAT1_2+ cells 

permeated across faster compared to 231-Control cells yet at similar speeds to cells 

permeating across 3 µm channels (D) Phase time-lapse images taken every 10 

minutes of 231-Control and 231-NEAT1_2+ cells permeating across 10 μm and 3 μm 

channels, showing that 231-NEAT1_2+ cells permeated faster compared to 231-

Control cells crossing 10 μm width channels. (E) Time vs. Distance graphs showing 

paths taken at 10 min intervals by individual 231-Control and 231-NEAT1_2+ cells to 

permeate across 3 µm and 10 µm wide microchannels. The time taken for 231-

Control cells to permeate across 10 µm channels was significantly longer and less 

direct compared to 231-NEAT1_2+  cells. Considering 3 µm channels, 231-control and 

231-NEAT1_2+  cells had similar paths. All data are presented as mean ± SEM. *, p < 

0.05; **, p < 0.01; ***, p < 0.001, and ****, p < 0.0001. 
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4.4.3. Increasing paraspeckles in cells leads to larger and more elongated 

cells when confined within microchannels 

Cells under confinement are inevitably subject to changes in cell morphology, 

which are associated with cell polarization and increased migration (Pathak and 

Kumar, 2012). The nucleus is sensitive to cell shape changes, and is capable of 

controlling cell morphology to regulate cell migration (Venturini et al., 2020). 

Given that another recent study reported a direct link between nuclear size and 

paraspeckles (Grosch et al., 2020), we first investigated whether increasing 

paraspeckles was linked to larger cell area, comparing cells under confinement, or 

unconfined. In general, when comparing cell area, all unconfined cells appeared 

larger (231-Control: 408.7 ± 20.3 μm2 and 231-NEAT1_2+: 435.5 ± 22.0 μm2) compared 

to confined cells, either in 10 μm channels (231-Control: 155.3 ± 10.4 μm2 and 231-

NEAT1_2+: 299.4 ± 14.2 μm2) or within 3 μm channels (231-Control: 78.6 ± 6.4 μm2 

and 231-NEAT1_2+: 178.2 ± 13.5 μm2) (Figure 4.3A and 4.3G). Strikingly, however, we 

found that, upon confinement in both 3 and 10 μm channels, 231-NEAT1_2+ cells 

were larger, compared to 231-Control cells (1.9-fold increase in 10 μm channels and 

2.3-fold increase in 3 μm channels) (Figure 4.3A and 4.3G). In contrast, in 

unconfined cells, no changes in cell area were observed when comparing 231-

NEAT1_2+ to 231-Control cells. Thus, our data suggests that transiently increasing 

paraspeckles, leads to larger cells in cells confined within 10 and 3 μm channels.  

Considering the cell aspect ratio (major axis/minor axis), all cells under 

confinement, with the exception of 231-Control cells confined in 10 μm wide 

channels, had clear increases in aspect ratios (Figure 4.3B and 4.3G). Comparing 

control cells to those with increased paraspeckles, we observed that 231-NEAT1_2+ 

cells had a higher aspect ratio compared to the 231-Control cells, when confined in 

both channel widths. However, no changes between 231-NEAT1_2+ and 231-Control 

cells were observed in cells that were unconfined. The aspect ratio for 231-Control 

and 231-NEAT1_2+ cells, respectively, was 2.9 ± 0.2 and 4.2 ± 0.2 in 10 μm channels, 

and 6.0 ± 0.4 and 9.00 ± 0.7 in 3 μm channels (Figure 4.3B and 4.3G). Form factor 

was next investigated as a measure of cell circularity, with a form factor of 1 

depicting a perfect circle. When unconfined, 231-NEAT1_2+ cells had a slightly 

higher form factor (0.5 ± 0.02) compared to 231-Control cells (0.4 ± 0.02), indicating 

slightly increased circularity. However, when cells were confined within 
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microchannels of both widths, the opposite trend was observed, with 231-NEAT1_2+ 

cells displaying a much-reduced circularity, compared to 231-Control cells (Figure 

4.3C).  

Using DAPI staining to measure nuclear area, cells displayed similar trends to cell 

area. When unconfined, 231-NEAT1_2+ nuclei showed increased trends considering 

nuclear area (108.7 ± 3.5 μm2) compared to 231-Control cells (93.8 ± 3.1 μm2) (Figure 

4.3D and 4.3G). However, this effect was made more dramatic upon confinement, 

where, in 10 μm channels, nuclear area was greater in 231-NEAT1_2+ cells (91.4 ± 2.4 

μm2) compared to 231-Control cells (65.8 ± 3.6 μm2) and in 3 μm channels, nuclear 

area was greater in 231-NEAT1_2+ cells (61.8 ± 3.2 μm2) compared to 231-Control 

cells (45.0 ± 2.6 μm2)(1.4-fold increase across both channel widths) (Figure 4.3D 

and 4.3G). Comparing the nuclear aspect ratio, no changes were observed between 

231-Control cells and 231-NEAT1_2+ cells under any condition (Figure 4.3E and 

4.3G). However, as expected, all cells confined within 3 μm channels had 

significantly elongated nuclei and nuclear form factor appeared lower in 231-

NEAT1_2+ cells, compared to 231-Control cells in all conditions, suggesting the cells 

with increased paraspeckles had fewer circular nuclei (Figure 4.3F). In summary, 

these observations suggest that paraspeckles may regulate cell and nuclear 

morphology in cells confined within microchannels.  
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Figure 4.3. When confined, cells with increased paraspeckles appear larger 

in cell and nuclear spreading area and are more elongated compared to 

control cells. (A) Quantitative fluorescence microscopy of nuclear and 

cytoplasmic markers enabled the measurement of cell morphology of 231-Control, 

and 231-NEAT1_2+ cells fixed and imaged in reservoirs or within microchannels. 

Confinement led to smaller cell spreading area in 231-Control and 231-NEAT1_2+ 
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cells confined within 10 μm and 3 μm wide microchannels, however no changes in 

cell area were observed between the two cell types not confined. Comparing the 

two cell types under confinement, cell spreading area was greater in 231-NEAT1_2+ 

cells in both channels. (B) Cell aspect ratio (X/Y) did not differ between the two 

cell types, however upon confinement in both 10 μm and 3 μm channels, 231-

NEAT1_2+ cells appeared more elongated compared to 231-control (C) Form factor 

(1 = circle) results suggested that 231-NEAT1_2+ cells appear more round compared 

to 231-Control cells, however upon confinement in both channel widths, this is 

reversed. (D) Nuclear area was smaller in both cell types confined in 10 μm and 3 

μm channels, yet the nuclear area of 231-NEAT1_2+ cells is larger compared to 231-

Control cells in both settings. (E) Nuclear aspect ratio (X/Y) did not differ when 

cells were confined in 10 μm channels, however, was profoundly greater in cells 

confined within 3 μm channels. (F) Nuclear form factor revealed that nuclei of 231-

NEAT1_2+ cells are slightly less round when not confined and confined in 3 μm 

channels, indicated by the lower form factor. Form factor of cell under 10 μm 

confinement suggested that 231-NEAT1_2+ cells are rounder. (G) Cell and nuclei 

outlines were detected using F-actin immunofluorescence staining (cell) and DAPI 

staining (nuclei). Cells were imaged at 60 x magnification and images were subject 

to MIP. All parameters in A-F were analyzed using Fiji and all results are displayed 

as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001, and ****, p < 0.0001. 
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4.4.4. Paraspeckles polarize to the leading edge of the cell during 

microchannel migration and are associated with fewer reversals during 

confined migration   

In order to migrate, cells must adopt front-rear polarity (Gandalovičová et al., 2016; 

Ladoux et al., 2016). As cells with increased paraspeckles had increased migration 

(permeation and velocity) across 10 μm channels, and paraspeckles were 

upregulated when cells were confined within 10 μm channels, we next investigated 

whether confinement altered the intranuclear polarization of paraspeckles in this 

setting. We addressed this by quantifying the proportion (%) of paraspeckles in 

the front and rear segments of individual nuclei (in the context of the migration 

direction from the interior to the exterior cell reservoir) of 231-Control and 231-

NEAT1_2+ cells. Nuclei were divided into front and rear halves by measuring the 

length of the nucleus and dividing this into two. In all cells, we observed an 

increased proportion of paraspeckles/nuclei and total paraspeckle area in the front 

half of the cell. 231-Control cells had 60% of paraspeckles/nuclei and 56% of 

paraspeckle area, occurring in the front of the nucleus, respectively. This pattern 

was even more pronounced in 231-NEAT1_2+ cells, where 70% of the 

paraspeckles/nuclei and 61% of paraspeckle area, occurred in the front of the 

nucleus (Figure 4.4B and 4.4C). No changes in the average paraspeckle size was 

observed, suggesting this intranuclear polarization may be driven by increased 

NEAT transcription (Figure 4.4B and 4.4C).  

Since these observations were made in fixed cells, we examined the directionality 

of cells migrating through microchannels to investigate whether the cells were 

travelling in the anticipated direction of migration (i.e., from the inner reservoir to 

the outer reservoir). Using the same time-lapse tracks used in Figure 4.2, we 

calculated the total number of steps taken by each cell to permeate across each 

channel. For each cell, the total proportion (%) of reversals (i.e., steps taken 

backwards) was calculated from the total steps taken. Considering the 10 µm 

channels, 231-NEAT1_2+ cells migrated more uni-directionally, as indicated by 

fewer reversals taken by each cell (average of 10.0 ± 1.1%) compared to 231-Control 

cells (average of 13.9 ± 1.2%) (Figure 4.4D and 4.4E). Thus, whilst we cannot be 

certain that any given fixed cell is indeed travelling towards the outer reservoir, 

our live cell imaging would suggest at least 90% of 231-NEAT1_2+ cells and 86% 231-
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Control cells are travelling in the anticipated direction of migration, at any given 

time. 

Given that increased numbers of paraspeckles are primarily driven by the 

transcription of NEAT1 (Hirose et al., 2014), we speculated that the front of the 

nucleus may be a more permissive environment for transcription with less compact 

chromatin. As a simple proxy for chromatin compaction we qualitatively 

investigated the distribution of DAPI fluorescence intensity in nuclei of confined 

cells (Schmid et al., 2017). A heatmap produced from DAPI intensity, revealed 

lower intensities in the regions where paraspeckles were, suggesting more 

euchromatin (loosely packed and transcriptionally active) in these areas 

(Supplementary Figure 4.4).  

4.4.5. Lamin A polarizes at the leading edge of the nucleus during confined 

migration 

As Lamin A is a major structural component of the nucleus, we next investigated 

whether Lamin A was affected during confined migration (Supplementary Figure 

4.5A and 4.5B). Whilst Lamin A appeared elevated in 231-NEAT1_2+ cells compared 

to 231-Control cells not confined, 10 μm confinement did not alter Lamin A 

expression, while 3 μm confinement led to a significant reduction in Lamin A in 

both cell types. However, when investigating Lamin A polarization in cells 

permeating across 10 µm channels, we observed Lamin A polarizing at the leading 

edge. To examine Lamin A front-rear distribution, we first found the middle image 

of a Z-stack of Lamin A immunofluorescence staining and used Fiji to run a plot 

profile analysis from the front to the back of each image in both cell types (Figure 

4.4E and 4.4F). Having identified the peak intensities at the leading edge and rear 

edge of nuclei, we next found the relative proportion of Lamin A intensity at the 

front and rear edges, by normalizing values to the front edge. We observed 

increased Lamin A intensity at the front edge of 231-Control cells (front to rear, 1.00 

± 0.09 to 0.73 ± 0.08) and these trends were more pronounced in 231-NEAT1_2+ 

cells (front to rear, 1.00 ± 0.10 to 0.86 ± 0.11) but not quite as dramatic (Figure 4.4G).   
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Figure 4.4. Paraspeckles and Lamin A polarize at the leading edge of the 

nucleus during confined migration and are associated with more direct 

movement. (A) Schematic showing front-rear portions of a nucleus under 

confined migration. (B) Paraspeckles appeared polarized at the front portion of the 

nucleus in 231-Control cells and were more prominently polarized in 231-NEAT1_2+ 

cells. In 231-Control cells, 60% of paraspeckles appeared localized at 1the front 

portion of the nucleus, while 70% of paraspeckles localized in the front portion in 
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231-NEAT1_2+ cells. These trends were also seen when investigating paraspeckle 

area (56% and 61% of paraspeckle area appeared at the front portion of nuclei in 

231-Control and 231-NEAT1_2+ cells, respectively). Paraspeckles appeared equal in 

size irrespective of their occurrence in front or rear areas of the nucleus. (C) Images 

showing paraspeckles (red) polarizing at the front of nuclei (blue) in 231-Control 

and 231-NEAT1_2+ cells confined within 10 μm channels. Images were acquired 

using a DeltaVision Elite imaging microscope at 60 × magnification. (D) The 

average proportion of reversals (or backwards steps) taken by 231-Control and 231-

NEAT1_2+ cells permeating across 10 μm channels (taken at 10 min intervals). (E) 

Single middle slice of representative nuclei showing Lamin A immunofluorescence 

straining of 231-Control and 231-NEAT1_2+ cells confined within 10 μm channels 

taken at 60 x magnification. (F) Plot profile of Lamin A intensity of images in E, 

showing increased Lamin A intensity in 231-Control cells and a more profound 

increase in 231-NEAT1_2+ cells. (G) Lamin A intensity at the front and rear edges of 

nuclei, normalized to the front edge for both of 231-Control and 231-NEAT1_2+ cells. 

Lamin A was higher at the front edge in 231-NEAT1_2+ cells (1.00 ± 0.09 vs 0.73 ± 

0.08) and similar trends were seen in 231-Control cells. 231-Control cells (n=24) and 

231-NEAT1_2+ cells (n=27). Data are presented as mean ± SEM. *, p < 0.05; ** and 

****, p < 0.0001. 
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4.4.6. Cells with increased paraspeckles have increased mRNA expression of 

focal adhesion associated genes and MMPs 

Since we have observed that 231-NEAT1_2+ cells undergo faster migration when 

cultured on tissue culture plastic (Chapter 5) and more profoundly during 

confinement in 10 μm channels, we sought to elucidate the mechanisms 

underpinning this. First, we identified genes that could be contributing to 

migration of MDA-MB-231 cells using data from an imaging-based RNAi 

phenotypic cell migration screen in 231 cells and selected several candidate genes 

based on the fold change of genes reported in this study (Koedoot et al., 2019). 

Genes from this screen included: TRPM7, PRPF4B, RUNX2, ITGB1, BUD31, BPTF 

and TCF12. In this same study, Koedoot et al., found that PRPF4B, BUD31 and BPTF 

were critical for cell migration and further affected genes involved in ECM-

interaction pathways and focal adhesions. We therefore selected Talin, Vinculin, 

RhoA, and FAK as further candidates, along with MMP-9, MMP-2, Jun-C, and Jun-

D which are also implicated in ECM interacting pathways and migration in 231 cells 

(Chen et al., 2009; Maity et al., 2011). Having selected our candidate genes, we 

investigated the mRNA expression of these genes in 231-NEAT1_2+ cells, relative to 

the 231-Control cells. RT-qPCR data for MMP-9 and MMP-2 showed these genes 

were 3.96 (± 0.28) fold and 1.66 (± 0.24) fold elevated in 231-NEAT1_2+ cells, relative 

to the 231-Control cells respectively. Moreover, increased expression of ITGB1 (1.45 

± 0.03), RhoA (1.47 ± 0.02) and BPTF (1.25 ± 0.02) were also observed in 231-

NEAT1_2+ cells, relative to the 231-Control cells (Figure 4.5A). Focal adhesion 

elements, Vinculin, Talin and FAK, were 2.35 (± 0.41), 1.50 (± o.17) and 1.47 (± 0.16) 

fold elevated in 231-NEAT1_2+ cells, relative to the 231-Control cells, respectively, 

while intermediate filament vimentin remained unchanged in both cell conditions 

(Figure 4.5A). Hence our data suggests that several genes involved in migration are 

elevated in 231-NEAT1_2+ cells, providing a molecular explanation for why cells 

with increased paraspeckle migrate faster.  

4.4.7. Increased paraspeckles leads to F-actin reorganization and increased 

F-actin expression during microchannel confinement  

Cells under physical confinement experience changes in cytoskeletal structures 

and moreover, these changes are dependent on the type of migration experienced 

by confined cells (Balzer et al., 2012). We hence investigated the organization of F-
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actin by analyzing patterns in the F-actin immunofluorescence. We first 

qualitatively examined F-actin in unconfined 231-Control and 231-NEAT1_2+ cells 

in the reservoir. We observed prominent stress fibers with a few puncta in both 

cell groups (Figure 4.5B). Upon confinement within 10 μm channels, F-actin 

staining of 231-NEAT1_2+ cells revealed stress fibers at the rear edge of the cell, with 

multiple distinct puncta at the leading edge of the cell. In contrast, 231-Control 

cells also showed some fibrous actin and puncta, but to a lesser extent (Figure 

4.5B). When comparing F-actin organization between 231-Control and 231-

NEAT1_2+ cells confined in 3 μm channels, F-actin localized at the leading and 

trailing edges of cells, in line with bleb like structures across both cell types (Figure 

4.5B). 

4.4.8. Focal adhesions are reduced in confined cells 

Cells under confinement have fewer focal adhesions, and this is more pronounced 

when cells migrate across narrow microchannels (Balzer et al., 2012; Holle et al., 

2019). Despite confinement leading to a decrease in focal adhesions, previous work 

has showed that cells migrating across 10 μm channels are still capable of 

undergoing mesenchymal migration (Holle et al., 2019). Since we observed an 

increase in the migration velocity and speed of 231-NEAT1_2+ cells across 10 μm 

channels, we investigated whether a difference in focal adhesions was apparent 

between these two cell types. Our RT-qPCR analysis identified focal adhesion 

complex proteins Vinculin, Talin and FAK to be upregulated in 231-NEAT1_2+ cells, 

compared to control cells (Figure 4.5A), hence we next investigated focal adhesion 

distribution qualitatively through immunofluorescence staining of vinculin. In line 

with our qPCR results, larger and more prominent focal adhesions were observed 

in 231-NEAT1_2+ cells compared to 231-control cells when unconfined in the 

reservoir (Figure 4.5D). Upon confinement, focal adhesions were reduced in both 

231-NEAT1_2+ cells and 231-control cells. Whilst focal adhesions were observed on 

the lateral edges in both cell types confined within 10 μm channels, no obvious 

changes in focal adhesions were observed between the two cell types. Moreover, 

Vinculin did not colocalize with the F-actin puncta at the leading edge of 231-

NEAT1_2+ cells confined within microchannels (Figure 4.5D). The fact that vinculin 

and F-actin do not colocalize in these puncta raises the possibility that other actin 

rich structures such as an invadosomes may have a role in promoting migration of 
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231-NEAT1_2+ cells under microchannel confinement, although this is yet to be 

investigated. In summary, these data show that paraspeckles can regulate F-actin 

organization through differing mechanisms in cells that are not-confined and 

confined in 10 µm channels. 
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Figure 4.5. Increased focal adhesions are present in cells with increased 

paraspeckles, yet no relationship is observed in confined cells. (A) mRNA 

expression of candidate migration genes in 231-NEAT1_2+ cells, normalized to 231-

Control cells (indicated by dashed line). Increased paraspeckles led to an 

upregulation of focal adhesion associated genes (Vinculin, Talin, FAK, ITGB1) as 

well as RhoA, and MMPs appeared profoundly upregulated (MMP-9 ~3.9 fold and 

MMP-2 ~1.7 fold). (B) Maximum projection of representative cells showing F-actin 

immunofluorescence staining taken at 60 × magnification. Increased F-actin stress 

fibers are seen in 231-NEAT1_2+ cells compared to 231-Control cells not confined. 

Upon confinement, 231-NEAT1_2+ cells showed increased F-actin puncta near the 

leading edge (shown in inlet), which were not prominently observed in 231-Control 

cells. F-actin organization appeared similar in both 231-Control and 231-NEAT1_2+ 
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cells confined within 3 μm channels with bleb-like structures observed in both cell 

types. (C) Total F-actin intensity increased when 231-NEAT1_2+ cells were confined 

within 10 μm channels, but no changes in F-actin were observed in 231-Control 

cells. Confinement in 3 μm channels, led to decreased total F-actin in both cell 

types. (D) More prominent focal adhesions (shown through vinculin 

immunofluorescence staining) were observed in 231-NEAT1_2+ cells compared to 

231-Control cells when not confined. Upon confinement in 10 μm channels, a loss 

in focal adhesions was observed in both cell types. Thus, the data show that cells 

with increased paraspeckles have more prominent focal adhesions when not 

confined, however upon confinement in 10 μm channels, focal adhesions are 

reduced but no differences in focal adhesions are seen between the two cell types. 
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4.5. Discussion 

The use of microchannel assays to study cancer invasion, has led to our 

appreciation that cells under confinement are subject to various changes (Rolli et 

al., 2010; Balzer et al., 2012; Holle et al., 2019). Although these studies have mainly 

focused on understanding the changes that occur in the context of cell migration, 

the nucleus has more recently been reported to dictate how cells respond during 

confinement (Lomakin et al., 2020; Venturini et al., 2020). Yet, how the nuclear 

interior is mediated during this process, is not yet fully understood Here, we show 

that subnuclear paraspeckles in metastatic breast cancer cells are upregulated in 

cells confined within wide microchannels. Moreover, transiently increasing 

paraspeckles in metastatic breast cancer cells promoted directed migration 

through 10 μm microchannels and was associated with changes in cell and nuclear 

morphology. Our study may thus provide clues as to how gene regulatory nuclear 

bodies are regulated during cancer invasion and metastasis, and how they may, in 

turn, drive these processes. 

4.5.1. Paraspeckles increase in abundance when cells are confined within wide 

channels 

We first show that paraspeckles seeded by the lncRNA NEAT1 increase in 

abundance when confined in 10 μm and 7 μm (‘wide’) channels but not in 3 μm and 

5 μm (‘narrow’) channels. Paraspeckles are known for being dynamic and are 

induced in response to cellular stress (An and Shelkovnikova, 2019). One study 

investigating paraspeckles in response to cell stress, observed that paraspeckles 

typically formed 4-6 hours (240-360 minutes) following cellular stress (An and 

Shelkovnikova, 2019). In line with this study, our cells took between 250 – 1000 

minutes to permeate across channels (i.e., the time that cells were confined), 

suggesting that adequate time had passed for paraspeckles to form. Changes in 

gene expression are sensitive to various mechanical cues, including to confinement 

and geometry, which could explain why paraspeckles are upregulated in wide 

channels (Jain et al., 2013; Jacobson et al., 2018). For example, in neutrophil-like 

cells confined within 5 μm and 14 μm constrictions, changes in chromatin 

conformation and transcriptional activity were observed (Jacobson et al., 2018). 

Recent work describing the nucleus as a mediator of cell responses to confinement, 
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showed that increased nuclear size was associated with increased nuclear stretch 

and higher cortical myosin II levels (Lomakin et al., 2020; Venturini et al., 2020). 

Given our observation that 231-NEAT1_2+ nuclei are larger in size, we speculate that 

231-NEAT1_2+ cells are subject to greater nuclear stretch and changes to chromatin 

states, leading to increased NEAT1 transcription and increased paraspeckles. The 

relationship between nuclear size and increased transcription has been well 

accepted across the field (Webster et al., 2009) and more recently, nuclear size has 

been correlated with increased paraspeckles in various human pluripotent stem 

cell associated cell types (Grosch et al., 2020). After exiting ‘wide’ microchannels, 

paraspeckle parameters returned to ‘normal’, i.e., the levels observed in the outside 

cell reservoir, were in line with what was seen in the inside cell reservoir. 

Considering the above ideas, we speculate that paraspeckles are epigenetically 

regulated through changes in chromatin states under confinement. In line with 

our speculation, Venturini et al., noted that NE stretching was reversable upon 

confinement release (Venturini et al., 2020). 

Contrary to the changes in paraspeckles seen in response to confinement within 7 

and 10 μm channels, we observed no changes in paraspeckle parameters in cells 

confined within 3 and 5 μm channels. Previous work using the same microchannel 

chips used in our study, showed that 231 cells undergo MAT, a switch between 

mesenchymal migration when migrating across 10 μm channels, to anchorage-

independent ameboid migration, when migrating across 3 μm channels (Holle et 

al., 2019). We therefore speculate that paraspeckle regulation in response to 

microchannel confinement is dependent on adhesion. Previous work investigating 

paraspeckles within hematopoietic stem cells (HSCs) and progenitor cells, 

demonstrated a significant variation amongst the NEAT1_1 and NEAT1_2 isoforms 

(Fallik et al., 2017). More specifically, NEAT1_2, which is essential for paraspeckle 

formation, was found to be up to 3-fold lower compared to NEAT1_1 in these cell 

types. Previous work has described HSCs to be weakly adherent (Zhang et al., 2019). 

Given the significantly reduced NEAT1_2 levels reported across a range of 

hemopoietic cell types, this suggests that paraspeckles may not be active in weakly-

adherent amoeboid migration modes under confinement (Jiang and Papoutsakis, 

2013). Another explanation for why we see fewer paraspeckles in cells within 

narrow channels, could be that the paraspeckle biogenesis is perturbed in these 
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settings, as previous work has associated 3 μm constricted channel confinement 

with the depletion of nuclear proteins, such as, DNA repair proteins and nucleases 

(Irianto et al., 2016). In that study nuclear proteins were not depleted in cells under 

8 μm constriction, thus constriction size or nuclear size, may indicate a threshold 

for nuclear deformability.   

4.5.2. Paraspeckles lead to more efficient confined migration across wide 

microchannels 

It has well been established that channel width is inversely correlated to the 

velocity and speed of cells during confined migration i.e., cells confined within 

narrow channels migrate with faster speeds compared to cells migrating across 

wider channels (Holle et al., 2019). Moreover, cells migrating across wide 

microchannels are thought to undergo adhesive mesenchymal migration, while 

cells migrating across narrow channels have been demonstrated to switch to non-

adhesive amoeboid migration (Holle et al., 2019). In line with this idea, we observed 

cells migrating across 3 μm channels with a faster speed and ‘bleb’ structures, 

typical of amoeboid movement, were present at the front and rear of both 

231_Control and 231_NEAT1_2+ cells. Moreover, total Lamin A expression decreased 

in both cell types migrating across 3 μm channels, potentially suggesting a role for 

Lamin A in mediating amoeboid migration (Supplementary Figure 4.5). Contrary 

to what was seen in 3 μm channels, we observed increased velocity/speed in 

231_NEAT1_2+ cells migrating across 10 μm channels, compared to 231_Control 

cells. Increased paraspeckles were further observed to influence migration on 2D 

in our previous work (Chapter 5), albeit not to the same extent.  

To potentially explain why paraspeckles may increase migration under 

confinement in 10 μm microchannels, the relative expression of several candidate 

migratory genes was investigated in 231-NEAT1_2+ cells through qPCR. We showed 

focal adhesion complex markers (vinculin, talin and FAK), RhoA as well as ECM 

degrading enzymes MMP-9 and MMP-2 to be upregulated in 231-NEAT1_2+ cells. 

Subsequent vinculin and F-actin immunofluorescence staining confirmed the 

increase in vinculin/focal adhesions in non-confined 231-NEAT1_2+ cells, compared 

to 231-Control cells. As expected, focal adhesions decreased in cells undergoing 10 

μm confinement in both cell types, yet focal adhesions were not absent altogether, 
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as cells typically still undergo mesenchymal migration in 10 μm wide 

microchannels (Holle et al., 2019). Furthermore, no obvious differences in focal 

adhesions were seen between the two cell types. Intriguingly, we observed distinct 

F-actin puncta in our data in Figure 4.5 (inset in Figure 4.5B), at the leading edge 

of 231-NEAT1_2+ cells. We speculate these puncta could be invadopodia, given the 

significant increase in MMP levels (~2 fold for MMP-2 and ~4  fold for MMP-9) 

observed in our qPCR analysis and recent evidence suggesting that invadopodia 

can be formed in confinement via MMPs (Wang et al., 2013; Infante et al., 2018). 

Invadopodia are cancer specific protrusions localized at cell-substrate contact 

points and are most well known for their matrix degrading activity. In previous 

work, invadopodia formation was found to trigger membrane type 1-MMP (MT1)-

MMP polarization at the anterior-nuclear edge, the same location in which we 

observed the F-actin puncta, and this was dependent on the LINC complex and 

nuclear-microtubule linkage via Lis1. Remarkably, Lis1 knockdown inhibited 

invadopodia formation and MT1-MMP based invasion, and was associated with a 

significant reduction in invasion speed (Infante et al., 2018). Hence, we speculate 

that paraspeckles may increase migration velocity/speed in 231 cells through 

increased activity of MMPs at invadopodia. To address whether these puncta are 

indeed invadopodia, future experiments should target invadopodia markers TKS5 

or cortactin, through immunofluorescence staining and investigate their 

localization in respect to the F-actin puncta. 

4.5.3. Paraspeckles and Lamin A polarize at the leading edge of the nucleus 

during cell migration within microchannels  

Cell front-rear polarity is crucial for efficient migration and is associated with the 

polarization of F-actin in the direction of migration (Pathak and Kumar, 2012). 

Here, we show that paraspeckles in cells confined within microchannels appear to 

adopt front-rear intranuclear polarization, with increased paraspeckles localizing 

at the leading edge of the nucleus. We speculate that this effect is seen in response 

to increased NEAT1 transcription at the front region of nuclei, given that we did 

not observe changes in paraspeckle size and by using DAPI as a proxy for 

chromatin compaction, we observed more loosely packed and transcriptionally 

active chromatin in the regions where paraspeckles were located. This is in line 
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with previous work which showed that paraspeckles exclude chromatin as they 

assemble through phase separation (Shin et al., 2018). 

To our knowledge, no studies have described polarization of the nuclear interior 

during confined migration, however several studies have characterized the 

relationship between confinement and cytoskeletal polarization. For example, one 

study showed that increased confinement of cells leads to increased migration 

speed, induced by the polarization of actomyosin traction forces along the axis of 

migration in glioma cells (Pathak and Kumar, 2012). Another study investigating 

the distribution of F-actin in neutrophil-like HL60 cells in confined migration 

using microfluidic chips, found that the front portion of the cell assembled ‘actin-

rich slabs’ (Wilson et al., 2013). Considering front-rear nuclear polarization, a 

recently published study investigating front-rear nuclear polarity using 

micropatterned lines, identified Emerin as an integral component in intranuclear 

polarization (Nastały et al., 2020). Emerin is located at the nuclear envelope, 

alongside Lamin-A and several lamin-binding proteins, which were also enriched 

at the front of the nucleus, and collectively function to tether chromatin and in 

gene expression regulation (Brachner and Foisner, 2011; Berk et al., 2013; Nastały et 

al., 2020). This is in line with our study, as we also observed lamin-A polarization 

at the front of the nucleus. Interestingly, the same study found nuclear actin, RNA 

polymerase II and chromatin marker H3K4me3, which are all linked to active 

transcription, to be enriched at the front of the nucleus. Considering that those 

observations were derived from cells cultured on micropatterned lines, which did 

not account for cell force exhibited from the side walls of channels, we therefore 

present novel findings on how physical constraints from confinement may affect 

intranuclear polarization, as typified by paraspeckles. These experiments should 

ideally be validated using live cell imaging experiments with paraspeckles labeled, 

where we would expect to see paraspeckles form at the front of the nucleus, linked 

to dynamic changes in migration. Current live-cell markers involve paraspeckle 

proteins fused to GFP, which do not provide a quintessential marker for 

paraspeckles and ideally NEAT1 should be tracked. However, live-cell imaging of 

RNAs involves intricate imaging systems, such as the CRISPR-Cas13 system, thus 

performing such experiments in the future would be technically challenging  (Yang 

et al., 2019). 
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4.5.4. Summary 

In summary, here we provide evidence for the regulation of gene-regulatory 

nuclear bodies known as paraspeckles during confined migration. Our findings 

suggest that paraspeckles are upregulated when cells are confined within wide 

channels but not narrow channels, suggesting that paraspeckle upregulation in 

confinement is dependent on channel width. Moreover, we report that 

paraspeckles and Lamin A undergo polarization at the leading edge of the nucleus 

in confined migration. Since paraspeckles are seeded by the lncRNA NEAT1, which 

is located on chromosome 11, we speculate that chromatin remodeling and 

subsequent epigenetic regulation facilitated through the polarization of Lamin A, 

contributes to the polarization of paraspeckles. Lastly, we describe a role for 

paraspeckles in confined migration, where cells with transiently increased 

paraspeckles were more likely to permeate across wide channels and permeated 

across channels with increased migration velocity/speed, compared to control 

cells. This is supported by the increase in candidate migration genes detected 

through qPCR (Vinculin, Talin, FAK, RhoA, MMP-2 and MMP-9) in cells with 

increased paraspeckles. We also speculate that invadopodia may be increased in 

cells with increased paraspeckles confined within 10 μm channels, as we observe 

distinct F-actin puncta in the leading edge of these cells. Given that paraspeckle 

abundance is associated with nuclear size, our findings also support the work of 

others suggesting that the nucleus can mediate cellular responses in confinement, 

and potentially explains a role for paraspeckles in modulating confined migration 

in cancer cells. Thus, this work could potentially explain a role for paraspeckles in 

regulating cancer invasion and helps further our understanding of how oncogenes 

are regulated under confinement. 
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4.6. Supplementary Information 

Supplementary Figure 4.1. Paraspeckles are upregulated when confined 

within 7 μm channels, but not 5 μm channels. (A) Schematic showing cells 

permeating across 7 μm and 5 μm channels (300 μm in length). (B) Representative 

images of paraspeckles (red) in nuclei labelled by DAPI (blue) taken at 60 

×	magnification, showing an upregulation of paraspeckles in 231 cells when 

confined within 7 μm channels compared to the inside and outside reservoirs. 

Paraspeckles appeared consistent considering confinement and non-confinement 

in 5 μm channels. (C) An increase in paraspeckles/nuclei and paraspeckle area were 

observed when 231 cells were confined within 7 μm channels, while paraspeckle 

size remained constant. Numbers in bar graphs indicate the total number of nuclei 
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analysed for that condition. Data are presented as mean ± SEM. presented as mean 

± SEM. † =  p < 0.01, significantly different from all other conditions.   
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Supplementary Figure 4.2. ASOs that alter RNA processing are capable of 

switching the NEAT1_1 isoform to the NEAT1_2 isoform, leading to transient 

increases in paraspeckles. (A) Relative ratios of NEAT1_1 and NEAT1_2 isoforms 

from qPCR experiments (n=3) showed an increase in the proportion of the 

NEAT1_2 isoform in the ASO treated cells (231-NEAT1_2+ cells) compared to the 

control cells (231-Control). (B) Paraspeckles were quantitated and an increase in 

paraspeckles/nuclei and paraspeckle area was observed in 231-NEAT1_2+ cells 

compared to 231-Control cells. Paraspeckles/nuclei increased from 5.53 ± 0.29 to 

10.74 ± 0.67 and paraspeckle area increased from 0.96 ± 0.06 to 1.89 ± 0.12, while 

paraspeckle size remained consistent between 231-Control and 231-NEAT1_2+ cells. 

Data is presented as mean ± SEM and numbers in bars indicate the total number 

of cells analyzed for each condition, ****, p < 0.0001. (C) Representative images of 

paraspeckles (red) in nuclei (blue), taken at 60 × magnification, showing more 

paraspeckles in 231-NEAT1_2+ cells compared to 231-Control cells.  
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Supplementary Figure 4.3.  231-Control and 231-NEAT1_2+ cells penetrate 

across 3 μm channels more readily that 10 μm channels, whilst invasion does 

not change for both cell types. (A) Schematic showing cells penetrating 

(partially entering and subsequently exiting) and invading (completely entering 

and subsequently exiting) microchannels. (B) Analysis from live cell imaging of 

various cells interacting with different channel widths. Graphs show the 

proportion (%) of cells penetrating and invading out of the total interactions 

(permeating, invading and penetrating). Cells interacting with 3 μm channels 

penetrated more readily compared to cells interacting with 10 μm channels. Half 

of all interactions of both 231-Control and 231-NEAT1_2+ cells with 3 μm channels 

were categorized as penetration, whilst only 29% and 24% of these cells penetrated 

across 10 μm channels, respectively. Between 11-24% of all cell types underwent 

invasion, and this behaviour did not differ between the cell types or channels. Data 

was analysed across three biological repeats (n=3). The total number of cells 

interacting per each group were: 181 (10 μm channels, 231-Control), 276 (10 μm 

channels, 231-NEAT1_2+), 92 (3 μm channels, 231-Control) and 127 (3 μm channels, 

231-NEAT1_2+). (C) Average speed was calculated by finding the speed taken for 

individual steps within cells. 231-NEAT1_2+ cells permeated across 10 μm channels 

(0.71 ± 0.03 μm/min) faster than 231-Control cells. (0.54 ± 0.02 μm/min). Speed did 

not differ between the two cell types crossing 3 μm channels. Numbers in bar 

graphs indicate the total number of cells analysed for that condition and all data 

are presented as mean ± SEM. *, p < 0.05 and ****, p < 0.0001. 
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Supplementary Figure 4.4. Images of nuclei marked with DAPI (blue) and 

paraspeckles (red), used to generate DAPI intensity heatmaps as a proxy for 

chromatin compaction. Qualitative observations of heatmaps generated using 

Fiji, suggest that nuclei appeared less condensed in the front region of the nucleus 

(considering the direction of movement from the inside cell reservoir to the 

outside cell reservoir), as indicated by lower levels of DAPI. Regions with lower 

DAPI intensity are often used as a simple proxy for transcriptionally active 

chromatin, which appeared localized at similar regions to where paraspeckles are 

located.  
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Supplementary Figure 4.5. Lamin A expression decreases in both 231-Control 

and 231-NEAT1_2+ cells confined within 3 μm channels but does not change 

in both cell types confined within 10 μm channels and when not confined. 

(A) Comparing total Lamin A expression in non-confined cells (231-Control: 1.95 ± 

0.15 and 231-NEAT1_2+ cells: 2.66 ± 0.17) Lamin A intensity decreased in both 231-

Control (0.85 ± 0.07) and 231-NEAT1_2+ cells (0.94 ± 0.10) confined within 3 µm 

channels. No changes were observed in 231-Control cells confined within 10 µm 

channels, however decreased trends were seen in in 231-NEAT1_2+ cells. The 

numbers in bar graphs are indicative of the total number of nuclei analyzed per 

condition. (B) Representative images showing Lamin-A immunofluorescence 

staining taken using 60 × magnification using confocal microscopy. Data are 

presented as mean ± SEM. *, p < 0.05; ** and ****, p < 0.0001. 
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5.1. Abstract 

Cancer progression is facilitated by an accumulation of genetic mutations, altering 

biochemical and biomechanical signals. YAP/TAZ transcriptional cofactors and 

the long non-coding RNA NEAT1, which forms subnuclear ‘paraspeckle,’ bodies are 

candidate oncogenes and have both previously been described as 

mechanosensitive. Here, we investigated whether a relationship exists between the 

two, dependent on matrix stiffness. Using cell lines with attenuated YAP/TAZ 

levels cultured on 3 kPa and 40 kPa polyacrylamide hydrogels, as well as in vivo 

YAP gain-of-function mouse skin sections, we observed an increase in paraspeckles 

with YAP/TAZ overexpression in these various models, irrespective of stiffness. 

Furthermore, paraspeckles decreased in cells with inhibited TAZ-TEAD 

interaction, suggesting that the TAZ-TEAD complex drives transcription of NEAT1 

to increase paraspeckle formation. When comparing cell phenotype and 

migration, both Paraspeckles and TAZ promoted migration, while YAP/TAZ led to 

larger cells, larger nuclei and more elongated cells. Lastly, we investigated whether 

a feedback loop existed, by transiently increasing paraspeckles using NEAT1 

targeted antisense oligonucleotides, however we saw no changes in YAP/TAZ, 

although these cells did show enhanced migration. Thus, our study shows 

YAP/TAZ-TEAD can induce paraspeckles independent of matrix stiffness and that 

both TAZ and paraspeckles can affect phenotypic and migratory changes in cancer 

cells. 
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5.2. Introduction 

Cancer progression is influenced by the interplay of biochemical and 

biomechanical changes leading to the transformation of healthy tissue to 

cancerous tissue (Butcher et al., 2009). Specifically, increased tissue stiffness has a 

pivotal role in cancer diagnostics and prognostics amongst breast cancer patients 

(Boyd et al., 2014). 

These changes in cancer tissue dynamics are primarily caused by the perturbation 

of the extracellular matrix (ECM), which forms a structural scaffold within the 

tumour microenvironment and normally otherwise functions to maintain tissue 

homeostasis (Cox and Erler, 2011). Moreover, increased stiffness in cancer tissue is 

associated with cancer progression and increased epithelial-mesenchymal 

transition (EMT) and invasion have been reported in hepatocellular carcinoma, 

breast cancer and colon cancers (Dong et al., 2019; Bauer et al., 2020; Berger et al., 

2020). Despite these biophysical changes being prevalent in cancer, our 

understanding of how cancer cells exert downstream responses to ECM-mediated 

stiffness changes needs further understanding (Bauer et al., 2020). 

Yes-associated protein (YAP) and its homologous protein WW-domain-containing 

transcription regulatory 1 (WWTR1) (TAZ) are candidate oncogenes and are best 

known for their role as downstream effectors regulated by the Hippo Pathway (Yu 

et al., 2015). In addition, YAP/TAZ responds to stiff substrates and becomes 

translocated to the nucleus to activate transcription (Dupont et al., 2011; Hadden 

et al., 2017; Kim et al., 2020). This force-mediated response is characteristic of a 

process known as mechanotransduction, by which externally applied forces are 

transmitted across cells via integrin-mediated signalling, leading to cellular 

responses such as changes in migration, differentiation and gene expression 

(Sheetz et al., 1998; Itano et al., 2003; Engler et al., 2006). When sequestered to the 

nucleus, YAP/TAZ can induce transcription, however as YAP/TAZ lacks a DNA 

binding site, it must bind to transcription factors in order to initiate transcription. 

The Transcriptional Enhanced Associated Domain (TEAD) family of transcription 

factors, composed of TEAD1, TEAD2, TEAD3 and TEAD4, are predominantly 

responsible for YAP/TAZ induced transcription, although the WW domain of 

YAP/TAZ has been reported to be implicated in YAP-dependent gene expression 
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(Vassilev et al., 2001; Zhao et al., 2008, 2009; Huh et al., 2019). However, the role of 

YAP/TAZ is not limited to that as a mechanotransducer, and YAP/TAZ/TEAD 

activation has been correlated with tumour progression and metastasis, as well as 

increased cancer phenotypic changes including: increased migration, 

transformation and proliferation, irrespective of mechanotransduction (Lamar et 

al., 2012). 

Another subclass of regulatory molecules implicated in cancer, are long non-

coding RNAs (lncRNAs), which are defined as non-coding transcripts >200 

nucleotides in length (Ponting et al., 2009). The lncRNA NEAT1 (Nuclear 

Paraspeckle Assembly Transcript 1) is one such example and has been described as 

an oncogene in several cancers including breast cancer, hepatocellular carcinoma 

and gastric cancer (Choudhry et al., 2015; Fu et al., 2016; Fang et al., 2017). The 

function of NEAT1 is to form subnuclear membraneless organelles termed 

paraspeckles. Paraspeckles form by a process of liquid-liquid phase separation and 

sequester gene-regulatory proteins and thereby inhibit their downstream 

functions in transcription and splicing (Fox et al., 2002, 2005; Clemson et al., 2009; 

Sasaki et al., 2009; An and Shelkovnikova, 2019). NEAT1 is composed of two RNA 

isoforms, the short NEAT1_1 (3.7kb) and the long NEAT1_2 (23kb) and specifically, 

the long NEAT1_2 binds to several core paraspeckle proteins including NONO, 

SFPQ and PSPC1 to form paraspeckles (Fox et al., 2002, 2005; Naganuma and 

Hirose, 2013). Paraspeckle abundance is linked to cellular homeostasis and 

increased levels of paraspeckles have been observed during cell-stress (An and 

Shelkovnikova, 2019). Moreover, the number of paraspeckles per cell are primarily 

dictated by the transcription of NEAT1, whereas individual paraspeckle size is a 

more complex question and is regulated by both transcription and post-

transcription/RNA processing of NEAT1 (Hirose et al., 2014). 

Our previous work has identified that paraspeckles are sensitive to matrix stiffness 

and subject to mechanomemory in cancer cells (Todorovski et al., 2020). Since YAP 

is a well-established regulator of mechanotransduction, we investigated whether 

there is a direct relationship between YAP/TAZ and Paraspeckles. As biophysical 

changes are prevalent during cancer progression and both YAP/TAZ and 

Paraspeckles have been described as mechanosensitive and oncogenic, 
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understanding the integrated upstream and downstream functions of these genes, 

should be useful in characterising mechanisms underpinning tumorigenesis and 

mechanotransduction. 

5.3. Methods 

5.3.1. Cell Culture and Transfections 

YAP, or TAZ, modulated MCF10A cell lines were described previously (Park et al., 

2015). MDA-MB-231 cells stably expressing shRNA-YAP were generated by 

lentiviral transduction. HEK 293T packaging cells were transfected with plasmids 

encoding lentiviral packaging plasmid; pMD2.G and psPAX2, along with 

constructs cloned into a retroviral pLKO.1 lentiviral vector (shRNA-YAP).The 

shRNA sequence and further details for the production of the shRNA-YAP cell line 

can be found in the methods described by Zhao et al (Zhao et al., 2008). Media 

containing viral particles were harvested 48 hours post-transfection and filtered 

through a 0.45-μm membrane. Cells were transduced with the virus by incubation 

for 24 h. Transduced cells were incubated with fresh media for 24 hours and then 

selected with hygromycin or puromycin. All cell lines used are listed in Table 2.1. 

MCF10A derived cells were cultured in DMEM/F12 (Invitrogen), 2% Horse Serum, 

1% Penicillin-Streptomycin, 0.05% Hydrocortisone, 0.01% Cholera Toxin and 0.1% 

Insulin, while MDA-MB-231 derived cells were cultured in DMEM (Invitrogen), , 

10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin. All cells were 

maintained in an ESCO CelCulture® CO₂ incubator set at 37°C and 5% CO2. All cell 

lines used are listed in Table 2.1. MCF10A derived cells were cultured in DMEM/F12 

(Invitrogen), 2% Horse Serum, 1% Penicillin-Streptomycin, 0.05% Hydrocortisone, 

0.01% Cholera Toxin and 0.1% Insulin, while MDA-MB-231 derived cells were 

cultured in DMEM (Invitrogen), 10% Fetal Bovine Serum (FBS) and 1% Penicillin-

Streptomycin. All cells were maintained in an ESCO CelCulture® CO₂ incubator set 

at 37°C and 5% CO2. 
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Table 2.1. Cell lines and mutants used in Manuscript III. 

Cell Line Mutant Abbreviation Vector 

Control 

Abbreviation 

MCF10A PQCXIH-Myc- 

YAP-5SA 

10A-YAP+ PQCX1H 10A-VC 

pBABE-Flag- 

TAZ-4SA 

10A-TAZ+ pBABE 10A-VC 

pBABE-Flag- 

TAZ-4SA/S51A 

10A-TAZi+ pBABE 10A-VC 

MDA-MB-231 MDA-MB-231 

shYAP 

231-shYAP PLKO 231-VC 

 

5.3.2. Polyacrylamide Gel Fabrication and Functionalization 

Polyacrylamide hydrogels were fabricated by creating polymer solutions 

containing 10% acrylamide monomers (Bio-Rad) with 0.03% and 0.3% (vol/vol) 

N,N′-methylenebis- acrylamide (Bio-Rad), for 3 kPa and 40 kPa hydrogels, 

respectively (Tse and Engler, 2010). Coverslips (Menzel Glasser 25 mm) were 

subject to UV radiation on each side for 1 minute and soaked in methacrylate 

solution containing 20 mL 100% ethanol, 600μL acetic acid and100 μL 3-

(Trimethoxysilyl) propyl methacrylate (Sigma-Aldrich), followed by 100% ethanol 

for 5 min and allowed to air dry. Dichlorodimethylsilane (DCDMS) (Sigma-

Aldrich) was applied to glass microscope slides (HURST Scientific) and spread 

using a Kimwipe. One mL Aliquots of polymer solutions for each 3 kPa and 40 kPa 

were diluted with 10 μL of 10% (wt/vol) ammonium persulfate (APS) (Sigma-

Aldrich) and 1 μL of N,N,N′,N′- tetramethylethylenediamine (TEMED) (Bio-Rad) 

and vortexed. 25 μL of polymer + APS + TEMED solution was added on the DCDMA 

coated microscope slides, for each hydrogel. Methacrylated coverslips were placed 

on top and gels were allowed to polymerise for 15 min. Hydrogels were stored in 

PBS solution until ready for functionalisation. Hydrogels were functionalized by 

first adding 0.2 mg/mL sulfosuccinimidyl 6-(4-azido-2-nitrophenylamino) 

hexanoate (sulfo-SANPAH) diluted in 50 mM HEPES pH 8.5 andplacing sulfo-

SANPAH coated hydrogels under a UV Benchtop transilluminator (365 nm) for 10 

min. Next, hydrogels were washed 2 x using (4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid) (HEPES) (Sigma-Aldrich) and incubated in 25 
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μg/mL Fibronectin (Sigma-Aldrich) overnight at 37°C. The following day, 

hydrogels were placed under the UV transilluminator (305 nm) for 20 min 

immediately prior to seeding. 

5.3.3. Fluorescence in situ hybridization 

Cultured cells were fixed with 4% paraformaldehyde (sc-281692; Santa Cruz) at 48 

hours following seeding, then permeabilized with 70% ethanol overnight. RNA-

FISH was performed as per the manufacturer’s instructions (Stellaris, Biosearch 

Technologies). To detect paraspeckles in human cells, a probeset targeting the 5’ 

of NEAT1 (VSMF-2036-1; Biosearch Technologies) labelled with Quaser 570 Dye 

was used. Nuclei were stained using DAPI (4′,6-diamidino-2-phenylindole) 

(1:15,000) in DEPC water for 1 min. Cells on coverslips were mounted onto 

microscope slides (Hurst) using VectaShield (Vector Laboratories) mounting 

media and sealed using nail polish. Murine skin sections from previously 

established YAP transgenic mice (Vincent-Mistiaen et al., 2018) were harvested 

from 10 mice (5 – control and 5 – YAP gain of function) and fixed in 10% (vol/vol) 

formaldehyde. Tissue sections were embedded in paraffin and sectioned at 10 μm. 

To detect paraspeckles in mouse sections, three tissue sections per mouse were 

subject to RNA-FISH as per the manufacturer’s instructions using a murine NEAT1 

probeset, targeting the 5’ of NEAT1 (VSMF-3030-4; Biosearch Technologies) 

labelled with Quaser 570 Dye. Nuclei were stained and sections were mounted as 

described above for the cell lines. The DeltaVision Elite Imaging System and 

Softworx software were used to detect fluorescent signals in cell lines and mouse 

section FISH-stained samples. Images were acquired at 60x magnification as Z-

stacks of 0.2 μm increments and were subjected to deconvolution and quick 

projection post-processing tasks. The same acquisition parameters were used for 

all cultured cell samples and mouse sections. NIS- Elements Advanced (4.0) 

software (Nikon) was used to quantify paraspeckles by detecting binary thresholds 

representing paraspeckles, within the Nuclei identified as Region of Interest (ROI). 

The same thresholds were used for all images. Paraspeckle parameters investigated 

included Paraspeckles/Nuclei (the average number of paraspeckles within a 

nucleus), Paraspeckle Area (the average amount of total NEAT1 fluorescence 

within a nucleus) and average paraspeckle size. 
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5.3.4. Immunofluorescence 

Cells were fixed with 4% Paraformaldyde and were permeabilized with 1% Triton-

X (Sigma-Aldrich) for 15 min at room temperature. Primary antibodies: YAP (sc-

101199;Santa Cruz)(1:100) and Lamin A (sc-20681; Santa Cruz) diluted in 2% Bovine 

Serum Albumin in PBS (BSA)(Sigma-Aldrich) were stained for 1 hour at 37° C. Cells 

were washed with PBS 3 x 5 min and counterstained using secondary anbtibodies: 

AlexaFluor 594 (ab150116; Thermo Fisher Scientific Company)(1:200), AlexaFluor 

647 (ab150095; Thermo Fisher Scientific Company) (1:200) and conjugated 

Rhodamine-conjugated phalloidin (r415; Invitrogen)(1:100) for 1 hour at 37° C. 

Nuclei were stained using DAPI (1:15 000)(4′ ,6-diamidino-2-phenylindole) in 

DEPC water for 1 minute at room temperature and coverslips were washed with 

PBS. VectaShield (Vector Laboratories) mounting media was used to mount 

coverslips onto glass microscope slides (Hurst) and coverslips were sealed with nail 

polish. Images were acquired using a Nikon C2+ confocal microscope and NIS-

Elements Advanced (4.0) software (Nikon). Images were processed using 

CellProfiler using a custom-made pipeline to measure protein expression levels 

and determine nuclear area, cellular area and aspect ratio (major axis/minor axis). 

5.3.5. Cell Migration Tracking 

Cells were seeded either on hydrogels, or glass coverslips in 6 well plates (Corning). 

Once adhered (~4 hours) the 6 well plate was placed in an IncuCyte S3 (Essen 

Biosciences) and set to acquire images at 10 x magnification every 15 minutes for 

24 hours for all conditions where migration tracking was performed. Images were 

exported and videos were created using Fiji Software. Four videos of randomly 

selected regions within a coverslip were analysed and one reference video was used 

to normalize for shaking. Cells were numbered using a random number generator 

and 20 cells per video were selected to be manually tracked and a total of 80 cells 

per condition were analysed. Using the manual tracking plugin function on FIJI, 

cells were manually tracked, ensuring to exclude any cells that had left the frame. 

RNA Extraction and quantitative real time PCR (qRT-PCR). Total RNA was 

extracted from samples using the NucleoZOL (Macherey-Nagel) kit as per the 

manufacturer’s instructions. Reverse Transcription was then performed using the 

QuantiTect Reverse Transcription kit (Qiagen) and subsequent qRT-PCR 

experiments was performed using the SYBR Green qPCR Master Mixes (Thermo- 
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Scientific). All mRNA levels were normalised to RPLPO expression, which was used 

as a house-keeping gene. Primer sequences are shown in table 2.2. 

Table 2.2. Primer sequences used in Manuscript III. 

 Gene  Primer  Sequence 

NEAT1 Total F GTG GCT GTT GGA GTC GGT AT 

R TAA CAA ACC ACG GTC CAT GA 

NEAT1_2 F GTC TTT CCA TCC ACT CAC GTC TAT TT 

R GTA CTC TGT GAT GGG GTA GTC AGT CAG 

YAP F CCT TCT TCA AGC CGC CGG AG 

R CAG TGT CCC AGG AGA AAC AGC 

RPLPO F CTC GCT TCG GCA GCA CA 

R AAC GCT TCA CGA ATT TGC GT 

 

5.3.6. Transfection of antisense oligonucleotide for NEAT1_1 to NEAT1_2 

Isoform Switching to increase paraspeckle abundance 

Cells for transfection were harvested to obtain a concentration of 2.00 x 105 

cells/well. Transient transfections were performed using the Neon Transfection 

System (Invitrogen) using 25 nM antisense oligonucleotides with a morpholino 

backbone. These antisense oligonucleotides bind to the polyadenylation site of 

human NEAT1 RNA to decrease the NEAT1_1:NEAT1_2 ratio, increasing 

paraspeckle abundance (Naveed et al., 2020). Control ASO (phosphorodiamidate 

Morpholino oligomer) has sequence 5'-CCTCTTACCTCAGTTACAATTTATA and 

BoostPS ASO 5'-TTTATTTGTGCTGTAAAGGG (Gene-Tools). 

5.3.7. Statistical analysis 

All data has been presented as mean ± SEM and all experiments were performed 

in triplicates. Data in figure 5.3 and 10A-TAZ+ data in figure 5.4 were analysed using 

oneway ANOVA, whilst all other data was analysed using the students t-test. 

Multiple comparisons Tukey post tests were used where necessary. Data presented 

was interpreted as * P <0.05, ** P<0.01, *** P<0.001 and **** P < 0.0001. 
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5.4. Results/Discussion 

5.4.1. YAP leads to increased paraspeckle formation irrespective of matrix 

stiffness 

As YAP and paraspeckles are both implicated in cancer and have previously been 

described as being mechanosensitive (Todorovski et al., 2020), we sought to 

investigate whether a relationship existed between the two. We first investigated 

whether paraspeckles are sensitive to YAP, by looking at paraspeckle abundance in 

a breast epithelial cell line (MCF10A) with stably overexpressed YAP (10-YAP+) and 

its vector control (10-VC), as well as in a mesenchymal triple negative breast cancer 

cell line, MDA-MB-231, stably expressing a shRNA against YAP (231-shYAP) and its 

vector control (231-VC) (Park et al., 2015). As YAP has previously showed clear 

mechanosensitive responses on 3 kPa and 40 kPa stiffness conditions, we cultured 

cells on hydrogels of these stiffnesses (Dupont et al., 2011; Todorovski et al., 2020). 

After confirming the enhanced YAP levels (Supplementary Figure 5.1) we 

performed FISH against the paraspeckle marker, NEAT1, and looked at paraspeckle 

parameters including paraspeckles/nuclei (the average number of paraspeckles per 

nucleus), total paraspeckle area (the average total amount of NEAT1 fluorescence 

occupied within a nucleus) and average individual paraspeckle size (paraspeckle 

area/number of paraspeckles per cell). We observed a clear increase in paraspeckle 

abundance in the 10A-YAP+ cell line compared to the 10A-VC cell line and a clear 

decrease in paraspeckle abundance in the 231-shYAP cell line compared to the 231- 

VC, when cultured on 3 kPa hydrogels (Figure 5.1A and 5.1C). Specifically, the 

average number of paraspeckles/nuclei increased from 4.5 ± 0.3 to 8.0 ± 0.5, the 

total paraspeckle area increased from 0.6 ± 0.7 x 10-1 μm2 to 2.6 ± 3.0 x 10-1 μm2 and 

average paraspeckle size increased from 0.1 ± 0.7 x 10-2 to 0.3 ± 2.0 x 10-2 μm2, 

respectively, when comparing 10A-VC to 10A-YAP+ (Figure 5.1A and 5.1C). In 

contrast, a reduction in paraspeckle parameters was observed in 231-shYAP 

compared to 231-VC where paraspeckles/nuclei decreased from 5.5 (± 0.5) to 3.2 (± 

0.3); total paraspeckle area decreased from 1.8 ± 2.0 x 10-1 μm2 to 0.8 ± 0.1 x 10-1 μm2 

and average paraspeckle size decreased from 0.3 ± 0.2 x 10-2 μm2 to 0.2 ± 0.1 x 10-2 

μm2 (Figure 5.1A and 5.1C). When the 10A-VC and 10A-YAP+ were grown on 40 kPa 

hydrogels instead, we observed the same YAP-dependent changes in 
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paraspeckles/nuclei, total paraspeckle area and paraspeckle size, compared to cells 

grown on 3 kPa hydrogels (Figure 5.1B and 5.1C). Furthermore, the 231-shYAP cells 

cultured on 40 kPa hydrogels also followed the same trend observed in 3 kPa 

hydrogels, with fewer paraspeckles/nucleus in cells devoid of YAP. Of note, when 

231-VC was cultured on 3 kPa and 40 kPa hydrogels, our previous observation of 

cancer-cell stiffness-sensitive paraspeckles was apparent, with fewer paraspeckles 

on hard 40 kPa hydrogels than soft 3 kPa (Supplementary Figure 5.2). However, 

this stiffness sensitivity of paraspeckles was lost in the 231 cells with reduced YAP, 

indicating that endogenous YAP may play some role in this cancer-specific 

paraspeckle mechanosensitivity. Overall, however, our data indicates that YAP 

levels dictate paraspeckle abundance, and that it is primarily YAP levels, rather 

than stiffness, that is the dominant feature directing paraspeckle abundance in this 

setting. 

We next investigated the RNA levels of the constituent paraspeckle molecules in a 

published RNA-seq data set, comprising of the same 10A-YAP+ and 10A-VC cells 

(Park et al., 2015). As paraspeckles are composed around the lncRNA NEAT1 in 

combination with core paraspeckle proteins including NONO, SFPQ and PSPC1, 

we sought to investigate the relative expression of these molecules (Fox et al., 2002, 

2005; Clemson et al., 2009). Commensurate with our imaging observations, the 

RNA-seq showed that NEAT1 levels increased in expression by ~3.5 fold in the 10A- 

YAP+ compared to the 10A-VC (Figure 5.1D). Furthermore, no changes in 

expression of the paraspeckle proteins, NONO, SFPQ and PSPC1, were observed in 

the same RNA-seq data set (Supplementary Figure 5.3). Since we observed changes 

in NEAT1 levels following the alteration of YAP levels but did not observe any 

changes in the expression levels of paraspeckle proteins, our data suggests that 

paraspeckle up-regulation by YAP is driven by NEAT1. In line with our work, 

previous work has identified that NEAT1 levels, not paraspeckle protein levels, 

dictate paraspeckle abundance (Hirose et al., 2014). When investigating mouse-

YAP+ sections, all paraspeckle parameters were elevated in the mouse-YAP+ 

compared to the Mouse-WT: paraspeckles/nuclei (1.3 ± 4.0 x 10-2 to 2.55 ± 6.0 x 10-

2); total paraspeckle area (0.48 ± 2.3 x 10-2 μm2 to 1.4 ± 0.42 x 10-2μm2) and average 

paraspeckle size (3.6 x 10-2 ± 1.0 x 10-3 μm2 to 5.56 x 10-2 ± 1.4 x 10-3 μm2)(Figure 5.2). 
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Thus, suggesting that paraspeckle abundance is regulated by YAP, both in cell lines 

and in vivo. 
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Figure 5.1. Paraspeckles increase with YAP overexpression in MCF10A and 

MDA-MB-231 cell lines, irrespective of matrix stiffness. (A) Paraspeckles were 

stained using FISH probes targeting NEAT1 and paraspeckle parameters 

quantitated in MCF10A-YAP+ vs 10A-VC and MDA-MB-231-shYAP vs 231-VC. An 

increase in paraspeckles/nuclei, total paraspeckle area and paraspeckle size was 

observed in 10A-YAP+ compared to 10A-VC, while a decrease in all paraspeckle 

parameters measured was observed in 231-shYAP compared to the 231-VC when 

cultured on 3 kPa hydrogels. (B) The same cell lines as measured in Panel A, but 

cultured on 40 kPa hydrogels, were stained and quantitated for paraspeckles, with 

similar trends observed. The numbers at the base of each column in A and B 

indicate the number of nuclei imaged and quantitated over three biological 

repeats. Data are shown as mean ± SEM. students t-test: *, p < 0.05; ***, p < 0.001; 

and ****, p < 0.0001. (C) Representative fluorescence micrographs of a cell from 

each of the datasets used to generate the data in Panel A and B, showing 
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paraspeckles (as visualised with FISH targeting NEAT1, in red) and DAPI labelled 

nuclei; blue. Scale bar 10 μm. (D) RNA-seq data showing an increase in NEAT1 RNA 

expression by ~3.5 fold in 10A-YAP+ cells compared to 10A-VC (Park et al., 2015). 

Data is presented as mean ± SEM (n=3). students t-test: ****, p < 0.0001. 
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Figure 5.2. Paraspeckles increase in expression in YAP gain-of-function 

transgenic mouse skin sections. (A) Paraspeckles were stained using FISH probe 

sets targeting murine NEAT1 in transgenic YAP gain-of-function and WT murine 

skin sections. Paraspeckles parameters (paraspeckles/nuclei, total paraspeckle area 

and paraspeckle size) as quantified from the FISH staining were elevated in YAP 

gain-of-function skin sections compared to WT. Numbers at base of columns 

indicate nuclei counted from 3 skin sections from 5 different mice per condition. 

Data are presented as mean ± SEM. ****, p < 0.0001.  (B) Randomly selected images 

showing representative nuclei (stained blue with DAPI and paraspeckles, RNA-

FISH against NEAT1 in red) in YAP gain-of-function and WT skin sections taken 

using a confocal microscope at 10 x magnification. Single nuclei images showing 

paraspeckles were taken using a DeltaVision at 60 x magnification. Scale bars as 

indicated.  
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5.4.2. TAZ leads to increased paraspeckle expression via the TAZ-TEAD 

domain irrespective of matrix stiffness 

As YAP often functions alongside, or redundantly, to its homologue TAZ, we next 

examined whether paraspeckles were also sensitive to TAZ in MCF10A cells by 

comparing constitutively TAZ overexpressing cells (10A-TAZ+) to their vector 

control (10A-VC) (Park et al., 2015). We first investigated whether TAZ 

overexpression led to an increase in YAP levels and found a direct relationship 

between YAP levels and TAZ levels (Supplementary Figure 5.4). When we 

examined paraspeckle parameters, our observations were in line with what we saw 

in the 10-YAP+, where the 10-TAZ+ also displayed a significant increase in 

paraspeckle number per nucleus (~3-fold increase; 5.6 ± 0.4 to 16.4 ± 1.3) and total 

paraspeckle area (1.3 ± 0.1 to 3.5 ± 0.5 μm2) when cultured on 3 kPa hydrogels 

(Figure 5.3A and 5.3C). These increases in paraspeckles were also observed when 

the cells were cultured on 40 kPa hydrogels; Paraspeckles/nuclei increased (5.5 ± 

0.3 to 26.9 ± 2.0) and total paraspeckle area increased (1.1 ± 0.9 to 2.9 ± 0.5 μm2) 

(Figure 5.4B and 5.4-C). Contrary to our results for the 10A-YAP+, the average size 

of individual paraspeckles was unchanged in 10A-TAZ+ cells, compared to the 

vector control cell line, when cells were cultured on both stiffness conditions 

(Figure 5.3A and 5.3B). Of note, the effect of overexpressing TAZ in the MCF10A 

has induced some stiffness sensitive paraspeckle numbers/nucleus, indicating that 

in this aspect these normal cells now somewhat mimic attributes of cancer cells, 

exhibiting cancer-cell specific paraspeckle stiffness sensitivity. However, as with 

our observations presented for the 10A-YAP+, paraspeckle abundance driven by 

TAZ was primarily not dependant on matrix stiffness, as the most prominent 

changes in paraspeckle levels were observed when TAZ levels were changed, but 

not stiffness. 

Our data has thus far established that YAP and TAZ can upregulate paraspeckles. 

Since YAP and TAZ do not harbour a DNA-binding domain, and YAP and TAZ 

primarily regulate gene expression via binding to the TEAD domain, we 

investigated paraspeckle parameters in a TAZ overexpressing TEAD-binding-

defective mutant cell line (10A-TAZi+) (Vassilev et al., 2001; Zhao et al., 2008; Park 

et al., 2015). We observed a decrease in paraspeckle abundance in the 10A-TAZi+ 

compared to the 10A-TAZ+, where paraspeckle levels mimicked those seen in the 
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10A-VC, suggesting that NEAT1/Paraspeckles are regulated via the TAZ-TEAD 

complex (Figure 5.3A and 5.3C). YAP levels also appeared to be dependent on TAZ 

that is competent for TEAD binding (Supplementary Figure 5.4). The 

YAP/TAZ/TEAD complex has previously been associated with cellular 

transformation and cancers including breast cancer, hepatocellular carcinoma and 

ovarian cancer. The involvement of NEAT1 is also implicated in various cancers 

including breast cancer, hepatocellular carcinoma and ovarian cancers, potentially 

highlighting a concomitant involvement of YAP/TAZ and NEAT1/paraspeckles in 

cancer progression (Xia et al., 2014; Choudhry and Mole, 2016; Fang et al., 2017).  

Interestingly, a much greater increase in paraspeckle number was observed in the 

10-TAZ+ compared to the 10A-YAP+. An increase in paraspeckle number is largely 

driven by increased NEAT1 transcription, whereas increased paraspeckle size is 

driven by post-transcriptional regulation (Wang et al., 2018). One explanation for 

why TAZ drives greater transcription of NEAT1 than YAP, could be the differing 

mechanisms by which YAP and TAZ bind to TEAD (Hau et al., 2013). YAP-TEAD 

binding occurs via α-helix and Ω-loops, which are often linked together (Chen et 

al.,2010; Li et al., 2010). Meanwhile, TAZ-TEAD binding occurs via a TAZ Ω-loop 

which on its own, has a binding affinity almost five times greater than YAP (Hau 

et al., 2013). Moreover, TAZ-TEAD can interact and form a heterotetrametric 

complex which can induce stronger target gene expression by exerting an additive 

affect, but YAP-TEAD does not have this property. Future chromatin-

immunoprecipitation experiments could be performed to test if any differential 

NEAT1 promoter- occupancy of YAP-TEAD, compared to TAZ-TEAD is occurring. 
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Figure 5.3. Paraspeckles increase in response to TAZ overexpression and are 

reduced following inhibition of TAZ-TEAD binding, irrespective of matrix 

stiffness. (A) Paraspeckles were stained using FISH probes targeting NEAT1 and 

paraspeckle parameters quantitated in MCF10A-VC, MCF10A-TAZ+ and MCF10A-
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TAZi+ cells cultured on 3 kPa hydrogels. Paraspeckles/nuclei and total paraspeckle 

area were increased in 10A-TAZ+ compared to 10A-VC and decreased when 

comparing 10A-TAZ+ to 10A-TAZi+. Paraspeckle size did not change amongst the 

three cell lines. (B) Paraspeckle parameters in 10A-VC, 10A-TAZ+ and 10A-TAZi+ 

cultured on 40 kPa hydrogels showed the same trends as described in A. Numbers 

at the bottom of bars in A and B reflect number of nuclei quantitated over three 

biological repeats. Data are presented as mean ± SEM. Students t-test ****, p < 

0.0001. (C) Representative fluorescence micrographs of a cell from each of the 

datasets used to generate the data in Panel A and B, showing paraspeckles (as 

visualised with FISH targeting NEAT1, in red) and nuclei stained with DAPI (blue). 

Scale bar 10uM. 
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5.4.3. Lamin A expression is associated with YAP/TAZ 

Lamin A forms part of the nuclear lamina which serve a major role in maintaining 

the structural integrity of the nucleus and, furthermore, Lamin A has been 

described as sensitive to matrix stiffness, increasing in expression with increased 

stiffness (Liu et al., 2000; Lammerding et al., 2004; Swift et al., 2013; Hadden et al., 

2017; Kim et al., 2020). As YAP/TAZ mechanosensation also follows the same trend 

as Lamin A, with increased nuclear localisation occurring on stiff substrates, we 

investigated whether a relationship between Lamin A and YAP/TAZ existed in the 

YAP/TAZ overexpression cell lines. Lamin A expression appeared 2.2-fold higher 

in 10A-TAZ+ compared to the 10A-VC and decreased by 2.3-fold when comparing 

the 10A-TAZ+ and 10A-TAZi+ cultured on 3 kPa hydrogels, and these trends were 

also observed on 40 kPa hydrogels (Supplementary Figure 5.5A and 5.5C). 

Furthermore, we observed an increased trend in Lamin A expression when 

comparing 10A-VC to the 10A-YAP+, and a decreased trend in the 231-VC to 231-

shYAP cultured on 3 kPa and 40 kPa hydrogels (Supplementary Figure 5.5A and 

5.5B). As Lamin A functions in maintaining nuclear integrity, and we observed a 

positive relationship between Lamin A expression and YAP/TAZ, our data suggests 

that YAP/TAZ, especially TAZ, may lead to nuclear stiffening (Lammerding et al., 

2004). Although no studies to our knowledge have investigated the effect of 

YAP/TAZ on Lamin A, a number of studies have looked at the effect of Lamin A on 

YAP/TAZ. One study reported a non-linear relationship between Lamin A against 

YAP, where a decrease in YAP levels was observed following both Lamin A 

knockdown and Lamin A over expression (Swift et al., 2013). Additionally, another 

study reported that Lamin A redistribution may mediate YAP localization via 

nuclear deformation (Koushki et al., 2020). Since we have observed a relationship 

between TAZ-TEAD and Lamin A, and several other studies have reported a 

relationship between YAP/TAZ and Lamin-A, further investigation could look at 

elucidating whether a feedback loop exists. 
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5.4.4. YAP /TAZ leads to changes in cell morphology and increased cell 

migration  

We next investigated whether YAP/TAZ overexpression could induce changes in 

cell morphology (cell area, nuclear area and the aspect (X/Y) ratio), as well as 

changes in cell migration, as these changes often occur during cellular 

transformation or cancer progression (Friedl and Alexander, 2011; Lyons et al., 

2016). We found the 10A-TAZ+ cell area increased profoundly from 1150 ± 38 to 2818 

± 89 μm2 in cells cultured on 3 kPa hydrogels, compared to the 10A-VC cells (Figure 

5.4A and 5.4C, left panels). Cell area then decreased in the 10A-TAZi+ cells where 

cell area was similar to the 10A-VC (1213 ± 32 μm2) (Figure 5.4A and 5.4C, left 

panels). The 10A-YAP+ showed the same trend with increased cell area compared 

to 10A-VC (1043 ± 35 to 1488 ± 75 μm2), matched by the 231-shYAP cells, which 

appeared smaller (853 ± 36 μm2) compared to the 231-VC (1051 ± 39 μm2) (Figure 

5.4A and 5.4C, right panels). 

When investigating nuclear area, we observed similar trends in the 10A-TAZ+ and 

10-YAP+ cells, with a more profound increase observed in 10A-TAZ+ cells (10A-VC: 

178 ± 4 μm2, 10A-TAZ+: 878 ± 76 μm2, 10A-TAZi+: 258 ± 4 μm2) when cultured on 3 

kPa hydrogels (Figure 5.4A and 5.4C). Considering the aspect ratio (major axis / 

minor axis), where a higher number indicates a more elongated cell shape, 10-YAP+ 

had a higher aspect ratio (1.9) compared to the 10A-VC (YAP) (1.7) in cells cultured 

on 3 kPa hydrogels, while similar trends were observed in the 10A-TAZ+ and 231-

shYAP cell lines (Figure 5.4A and 5.4C). These trends were further observed when 

the same cells were cultured on 40 kPa hydrogels (Figure 5.4B and Figure 5.4C). 

In line with our study, previous literature has also reported the correlation between 

YAP/TAZ and cell spreading, driven by the maturation of focal adhesion, as well as 

in cell volume (Nardone et al., 2017; Plouffe et al., 2018; Major et al., 2019; Perez- 

Gonzalez et al., 2019). However, no studies have looked at the relationship between 

YAP/TAZ and nuclear area and volume despite previous work reporting strong 

trends between cell volume and nuclear volume (Major et al., 2019). This increase 

in nuclear area and volume is very pertinent for considering factors that direct 

paraspeckle abundance. Recently the Drukker lab showed that paraspeckle 

abundance increases with increasing nuclear area in a variety of different cell types, 
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including in vivo, and in culture (Grosch et al., 2020). It is interesting to speculate 

that YAP/TAZ may be a master regulator of nuclear area by increasing 

transcription of a multitude of transcripts, such as NEAT1 that forms paraspeckles. 

As cells with overexpressed TAZ showed the most dramatic changes in all the 

parameters we had thus far investigated (paraspeckle abundance, Lamin A 

expression and cell size), we next investigated whether TAZ affected cell migration. 

By tracking live cells over time, we observed that TAZ positively affected migration, 

such that 10A-TAZ+ cells migrated a total distance of 478 ± 16 μm over 24 hours 

compared to the 10A-VC, which migrated 399 ± 19 μm (Figure 5.4D and 5.4E). 

Others have shown, using the same 10A-TAZ+ cells, that TAZ positively affected 

migration via TEAD using a wound-healing assay (Zhang et al., 2009). Our 

observations thus add to several other studies supporting the oncogenic activity of 

YAP/TAZ, noting that YAP/TAZ can promote migration, invasion, cell proliferation 

and epithelial to mesenchymal transition, ultimately inducing cancer-like changes 

in MCF10A (Overholtzer et al., 2006; Chan et al., 2008; Lei et al., 2008). 
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Figure 5.4. YAP/TAZ overexpression leads to increased cell area, nuclear 

area, more elongated cells and increased migration. (A) Cell and nuclear 

morphology (cell area, nuclear area and cell shape) was investigated in the 

MCF10A-VC, 10A-TAZ+ and 10A-TAZi- (left), MCF10A-VC vs 10A-YAP+ (middle) and 

231-shYAP vs 231-VC (right), when cultured on 3 kPa hydrogels. Cell area was 

defined with immunofluorescence using conjugated F-Actin antibody and nuclear 

area with DAPI staining. Cell and nuclear area increased in 10A-TAZ+ and 10A-YAP+ 

compared to their control cell lines. Cell area decreased in 10A-TAZi+ and 231-

shYAP compared to their control lines. Cell aspect ratio increased in 10A-YAP+ cells 

but did not change in 10A-TAZ+ or 231-shYAP cells. (B) Cell and nuclear 
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morphology as described in A were investigated in cells cultured on 40 kPa 

hydrogels. Cell and nuclear area increased in 10A-TAZ+ compared to 10A-VC and 

decreased in 10A-TAZ+ vs 10A-TAZi+ Aspect ratio did not change in 10A-TAZ+. 

Nuclear area and aspect ratio increased in 10A-YAP vs 10A-VC while no changes in 

cell area were observed. No changes in cell morphology were observed in 231-

shYAP vs 231-VC cells cultured on 40 kPa hydrogel aside from a decreased aspect 

ratio. (C) Representative outlined images were produced using a custom-built 

pipeline on CellProfiler from DAPI staining (for nuclei) and F-actin staining (for 

cytoplasm), showing changes in morphology in cell lines. (D) Wind-rose plot 

showing increased migrations tracks in 10A-TAZ+ vs 10A-VC cultured on tissue 

culture plate over 24 hours (n=20). (E) Quantification of the total migration 

distance in 10A-TAZ+ vs 10A-VC travelled a greater total distance over 24 hours 

compared to 10A-VC cells (n=80 per group). **, p < 0.01 
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5.4.5. Increasing paraspeckles with NEAT1 antisense oligonucleotides 

enhances migration 

Since we established that YAP/TAZ can upregulate paraspeckles, we next sought 

to investigate whether paraspeckles upregulated YAP, and whether a feedback loop 

existed. We used antisense oligonucleotides (‘BoostPS’) that alter NEAT1 RNA 

processing to switch the NEAT1_1 to the NEAT1_2 isoforms, thereby transiently 

increasing paraspeckles in MDA-MB-231 cells (231-NEAT1_2+) (Naveed et al., 2020). 

RT-qPCR measurements confirmed that the antisense oligonucleotides were 

effective at increasing NEAT1_2 (Figure 5.5A). Measuring total NEAT1 levels 

(NEAT1_1 and NEAT1_2) as well as NEAT1_2, it was revealed that despite total 

NEAT1 levels remaining the same in the control oligonucleotide cells (231-Control) 

and the BoostPS oligonucleotide treated cells (231-NEAT1_2+), the latter showed 

elevated levels of NEAT1_2 (Figure 5.5A). Paraspeckle quantification confirmed 

increased levels of paraspeckles in the 231-NEAT1_2+ cells (6.20 ± 0.52 

paraspeckles/nucleus) compared to the 231-Control cells (4.73 ± 0.29) when 

cultured on 3 kPa hydrogels and 40 kPa hydrogels (231-NEAT1_2+: 6.89 ± 0.55 and 

231-Control: 3.40 ± 0.25) (Figure 5.5B). Having established that the BoostPS 

antisense oligonucleotide was effective at increasing paraspeckle abundance, we 

first looked at YAP mRNA expression in the 231-NEAT1_2+ and 231-Control cells 

where we observed a slight decrease in YAP expression (Figure 5.5C). However, 

there was no change of YAP protein expression or nuc/cyto YAP ratio (Figure 5.5D 

and E). Moreover, no relationship between paraspeckle abundance and nuclear 

area, cell area or aspect ratio was observed on both stiffness conditions (Figure 

5.5E- F). Of note, the 231-NEAT1_2+ cells no longer exhibited stiffness-sensitivity of 

paraspeckles, displaying similarly high numbers of paraspeckles/nucleus when 

grown on either soft 3 kPa, or stiff 40 kPa hydrogels, indicating that forcing 

abundant paraspeckles over-rides the normal paraspeckle-suppressive pathways in 

231 cells when grown on 40 kPa hydrogels. Collectively, however, overall, our data 

suggests that whilst YAP/TAZ changes increase paraspeckles, paraspeckles in turn 

do not regulate YAP or cell morphology and thus a feedback loop does not exist. 

Lastly, we investigated whether paraspeckle increases were also able to induce 

migratory changes. The 231-NEAT1_2+ cells showed increased migration trends 

with a total distance travelled over 24 hours of 330 ± 13 µm compared to the 231- 
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control cells (264 ± 15 µm) (Figure 5.5G-H). To date, no studies have looked at the 

effect of paraspeckles on migration, however a previous study using MDA-MB-231 

correlated NEAT1 with increased migration and invasion using a transwell assay 

(Jiang et al., 2018). Our work therefore suggests that YAP/TAZ, and paraspeckles 

to a smaller extent, may induce cancer phenotypic changes, although we did not 

test for other parameters such as cell apoptosis or invasion. 
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Figure 5.5. Increased paraspeckle abundance does not affect YAP expression 

but leads to increased migration. (A) MDA-MB-231 cells treated with NEAT1 

targeted antisense oligonucleotides resulted in isoform switching of the two NEAT1 

isoforms. Analysis of NEAT1 isoform expression using RT-qPCR showed total 

NEAT1 levels (combined NEAT1_1 and NEAT1_2) remained the same in both the 
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control (231-Control) and NEAT1 treated oligonucleotide treated cells (231-

NEAT1_2+). In the 231-NEAT1_2+, an increased proportion of NEAT1_2 compared to 

NEAT1_1 was observed (n=3, per sample). (B) Quantitation and representative 

fluorescence micrographs showing paraspeckles, as defined by NEAT1 RNA-FISH, 

increased in 231-NEAT1_2+ cells cultured on both stiffness conditions, compared to 

231-Control cells. NEAT1 RNA-FISH (red), nuclei stained with DAPI (blue). Data 

shown are mean ± SEM over three biological samples and 100 nuclei quantified. *, 

p <0.05 and ****, p < 0.0001. (C) RT-qPCR analysis of YAP showed a slight decrease 

in YAP mRNA expression in the 231-NEAT1_2+ cells compared to the 231-Control 

cells (n=3, mean ± SEM) (D) Quantified YAP immunofluorescence staining 

revealed no changes in total YAP or YAP nuclear/cytoplasmic ratio in 231-NEAT1_2+ 

cells vs 231-Control (n=3, mean ± SEM). (E) Representative images of YAP 

immunofluorescence staining and outlines of nuclei (obtained from DAPI staining 

using cell profiler) and cells (obtained from F-actin staining using cell profiler). (F) 

Cell area, nuclear area or aspect ratio were analysed using a custom-built pipeline 

on cell profiler and revealed no changes in any of the morphological parameters 

tested in 231-NEAT1_2+ vs 231-Control. (G) Wind-rose plots (corrected to 0,0) 

produced following time-lapse over 24 hours (images taken every 15 mins) showing 

migration tracks taken by 231-NEAT1_2+ compared to 231-VC (n=20). (H) Analysis 

of the total distance migrated by 231-NEAT1_2+ vs 231-Control revealed that 231-

NEAT1_2+ migrated a greater distance compared to 231-Control cells over 24 hours 

(n=80, mean ± SEM, **, p < 0.0).  
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5.4.6. Proposed mechanisms for YAP/TAZ induced Paraspeckle formation 

We have established that Paraspeckles/NEAT1 are regulated by YAP/TAZ in 

hydrogels of extreme stiffness ranges (3 kPa and 40 kPa), with NEAT1 levels and 

not stiffness, shown to be the dominant driver in the YAP-TAZ upregulation of 

paraspeckles. While hydrogels with similar stiffness ranges have routinely been 

used to showcase stiffness-mediated cellular responses, such as in the expression 

of Lamin A in MSCs (0.3 kPa and 40 kPa) (Swift et al., 2013), YAP/TAZ in MSCs 

(Dupont et al., 2011) and in our recent work showing stiffness sensitivity of 

paraspeckles (Todorovski et al., 2020), understanding the stiffness responses in 

cancer is not clear. Recent work into the understanding of stiffness induced 

responses of YAP/TAZ has suggested that cellular reprograming of MCF10-A cells 

with overexpressed HER2 or k-RAS was blunted in cells cultured on hydrogels with 

0.5 kPa (Panciera et al., 2020). Thus, highlighting that stiffness mediated YAP/TAZ 

activity may be molecule specific. 

Furthermore, we show that paraspeckles induced via the TEAD domain, however 

a feedback loop does not exist. Since TEAD complexes on their own exhibit 

minimal transcription activity, the idea that YAP/TAZ/TEAD must interact with 

other signalling pathways and transcription factors in order to induce gene 

expression, such as NEAT1 transcription, has become apparent (Xiao et al., 1991). 

Transcription factors that have been identified to interact with the 

YAP/TAZ/TEAD complexes in order to induce gene expression, include OCT4, 

TGF- β/SMAD 2/3, MRTF/SRF, TCF4 and AP-1 (Beyer et al., 2013; Zanconato et al., 

2015; Jiao et al., 2017; Kim et al., 2017). We investigated ENCODE data for the 

transcription factor binding site tracks of the above transcription factors in the 

proximal regulatory region upstream of NEAT1 (ENCODE, 2012). Of the 

transcription factors identified above, the AP-1 family of proteins (JUN, JUND, 

FOS), showed multiple binding sites in the NEAT1 promoter across several cell 

lines including MCF10A, and this was further observed in a separate study in MDA-

MB- 231 cells (Zanconato et al., 2015). In addition, the E2F transcription factors, 

which have previously been described to promote gene expression in co-operation 

with TEAD2/YAP in pancreatic ductal adenocarcinoma, were also located in the 

proximal regulatory region of NEAT1 (Ehmer and Sage, 2016) As both AP-1 and E2F 

family proteins are found in clusters along with TEAD2 in the NEAT1 proximal 
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promotor region, we speculate that NEAT1 transcription may be orchestrated by 

E2F/AP- 1/TEAD2 (Gerstein et al., 2012). 

Moreover, paraspeckle formation is driven by many factors, including the liquid-

liquid phase separation (LLPS, that drives formation of liquid-like dynamic 

complexes in the cell) of both the protein and RNA components (Yamazaki et al., 

2018). A recent study found that TAZ, but not YAP, is able to form transcription-

associated nuclear condensates via LLPS and induce transcriptional activation (Lu 

et al., 2020). As we saw more pronounced changes in paraspeckle abundance in our 

TAZ overexpressing cells, compared to YAP overexpressing, future experiments 

might address any potential for TAZ-mediated LLPS to play a role in enhancing 

NEAT1 transcription. 

5.4.7. Summary 

YAP/TAZ and Paraspeckles seeded by the long non-coding RNA NEAT1 are both 

associated with cancer progression, and moreover, have both been described as 

sensitive to matrix stiffness. Here, we report that paraspeckles/NEAT1 are 

regulated by YAP/TAZ via TAZ-TEAD interactions, independent of matrix 

stiffness. Although both YAP and TAZ were found to have a positive relationship 

with NEAT1, cell size, nuclear size and shape, the effect of TAZ was more profound 

and TAZ further led to increased cell migration. Lastly, we questioned whether a 

feedback loop existed between Paraspeckles and YAP and found no changes in YAP 

expression, cell size, nuclear size and shape in 231-BoostPS cells with transiently 

increased paraspeckle abundance, despite these cells expressing increased 

migration trends. Understanding how cancer genes such as YAP/TAZ and 

NEAT1/Paraspeckles integrate biochemically as well as biomechanically could 

further help elucidate the biology underpinning cancer progression. 
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Supplementary Figure 5.1. Validation of YAP levels in 10A-YAP+ and 231-

shYAP cells. (A-B) 10A-YAP+, 10A-VC, 231-shYAP and 231-VC cells were subject to 

immunofluorescence staining using an anti-mouse YAP primary antibody and ant-

mouse AlexaFluor 564 secondary antibody to validate expression of YAP in YAP 

mutant cell lines. Data is presented from three biological repeats with a total of 100 

cells quantified and shows an increase in total YAP expression 10A-YAP+ cells 

compared to 10A-VC, while YAP levels decreased in 231-shYAP cells compared to 

231-VC, cultured on both 3 kPa and 40 kPa hydrogels. Data are shown as mean ± 

SEM. *, p < 0.05; **, p < 0.01. (C) Randomly selected images showing elevated YAP 

immunofluorescence staining in 10A-YAP+ vs 10A-VC and reduced YAP staining in 

231-shYAP vs 231-VC. Images were taken using confocal microscopy at 20 x 

magnification. 
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Supplementary Figure 5.2. Paraspeckle sensitivity to stiffness in 231-Control 

cells is lost in 231-shYAP cells. Paraspeckle parameters (paraspeckles/nuclei, 

total paraspeckle area and paraspeckle size) from Figure 5.1A-B were analysed with 

respect to stiffness (comparing 3 kPa to 40 kPa) in 231-VC and 231-shYAP. The 231-

VC cells showed increased levels for all paraspeckle parameters when cultured on 

3 kPa hydrogels compared to 40 kPa hydrogels, however there was no difference in 

paraspeckle parameters for 231-shYAP cells when cultured on the different stiffness 

hydrogels.  
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Supplementary Figure 5.3. Expression of core paraspeckle proteins: NONO, 

SFPQ and PSPC1 are not altered by YAP overexpression. Expression of core 

paraspeckle proteins NONO, SFPQ and PSPC1 was investigated in a publicly 

available RNA-seq data set using 10A-YAP+ and 10A-VC cells (Park et al., 2015). No 

changes in mRNA expression in any of the proteins was observed in 10A-YAP+ cells 

compared to 10A-VC cells. Data are presented as mean ± SEM (n=3).   
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Supplementary Figure 5.4. YAP levels increase in TAZ overexpressing cells, 

but not in cells overexpressing a TAZ mutant with defective TEAD binding. 

(A-B) Immunofluorescence staining for YAP was quantified in 10A-VC, 10A-TAZ+ 

and 10A-TAZi+ cultured on 3 kPa (left) and 40 kPa (right) hydrogels. YAP 

expression appeared significantly higher in 10A-TAZ+ compared to 10A-VC, but 

YAP expression was reduced in 10A-TAZi+ compared to 10A-TAZ+, in both stiffness 

conditions. Data are shown as mean ± SEM from n=100 cells over three biological 

repeats. *, p<0.05; **,p<0.01. (C) Representative images of YAP 

immunofluorescence staining in 10A-VC, 10A-TAZ+ and 10A-TAZi+ cells cultured 

on both stiffness conditions taken using a confocal microscope as 20 x 

magnification. Scale bar as indicated. 
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Supplementary Figure 5.5. Lamin A levels increase in TAZ overexpressing 

cells, but not in cells overexpressing a TAZ mutant with defective TEAD 

binding. (A-B) Immunofluorescence staining for Lamin A revealed increased 

Lamin A expression in 10A-TAZ+ compared to 10A-VC and decreased Lamin A 

Expression in 10A-TAZi+ compared to 10A-TAZ+. No trends in Lamin A expression 

were seen in 10A-YAP+ vs 10A-VC and 231-shYAP vs 231-VC in both stiffness 

conditions (Left, 3 kPa and right, 40 kPa). Data are shown as mean ± SEM from 

n=100 cells over three biological repeats. *, p < 0.05; **, p < 0.01. (C) Representative 

images of Lamin A immunofluorescence staining taken using confocal microscopy 

at 20x magnification. Scale bar as indicated. 
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6. Chapter 6: General discussion 
Cancers cells are subject to a wide range of mechanical challenges; from forces 

induced by changes in tissue stiffness that are dictated by aberrant ECM 

remodelling, to confinement, as cancer cells manoeuvre through the tight ECM 

network to undergo invasion and metastasis (Butcher et al., 2009; Friedl and 

Alexander, 2011). Mechanical forces can be transmitted across cells and converted 

into biochemical signals, regulating gene expression and cell function, through 

mechanotransduction (Martino et al., 2018).  Cancer is better known to function as 

a genetic disease, and emerging gene regulators such as lncRNAs, are one class of 

molecules that function as a driving force for cancer progression. LncRNAs are 

capable of regulating all facets of gene regulation, including transcription, 

epigenetics and by forming subnuclear bodies such as paraspeckles, which are 

linked to cancer and cell stress (Choudhry et al., 2015; An and Shelkovnikova, 2019; 

Statello et al., 2020). Cancer is therefore a ‘multifaceted disease,’ linked to not only 

dysregulated gene expression, but to changes in cell mechanics and the 

surrounding physical microenvironment (Butcher et al., 2009). 

 

In this thesis, I describe a novel link between paraspeckles seeded by the lncRNA 

NEAT1, and mechanotransduction, in cancer and metastasis. In manuscripts I 

and II, I show that paraspeckles are mechanosensitive to changes in matrix-

stiffness, and in microchannel confinement, respectively. Both of these mechanical 

challenges are physiologically linked to cancer progression and metastasis. In 

manuscript III, I describe a link between paraspeckles/NEAT1 and the well-

known mechanosensitive protein complex and oncogene, YAP/TAZ. Overall, this 

project expands our understanding of how gene-regulatory bodies like 

paraspeckles, may be regulated by mechanotransduction in cancer, as well as 

potentially provides a new ‘marker’ for mechanotransduction in cancer cells. 

Throughout this general discussion, I discuss the main themes reported 

throughout this thesis, and how these fit in with what is currently known in the 

mechanobiology, paraspeckle, lncRNA fields and beyond. Lastly, I suggest future 

experiments to bridge gaps and expand on how paraspeckles are implicated in 

mechanotransduction in cancer. 
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6.1. Paraspeckles as matrix-stiffness sensitive organelles 

In manuscript I, we show that paraspeckles respond to matrix stiffness, with an 

increase in paraspeckle abundance observed in osteosarcoma (U2OS and 143B) and 

breast cancer cells (MDA-MB-231) cultured on soft substrates (~3 kPa), compared 

to stiff substrates (~40 kPa). To investigate the mechanosensitivity of these cancer 

cells, in the context of what is already known in the literature about stem cells, we 

investigated whether stiffness could induce changes in migration and cell 

morphology. We also examined the expression of several mechanosensitive 

proteins that have previously been described to respond to stiffness in stem cell 

studies, by either increasing in expression (Lamin A), or translocating to the 

nucleus (YAP/TAZ and MRTF-A), in response to stiff substrates (Zhao et al., 2007; 

Dupont et al., 2011; Swift et al., 2013). All cell lines (MCF10A, U2OS, 143B and MDA-

MB-231) showed increased responses to stiff substrates when comparing changes 

in migration and cell morphology, however, no clear trends between stiffness were 

observed when investigating Lamin A expression and the nuclear/cytoplasmic 

shuttling of YAP/TAZ and MRTF-A. This suggests that paraspeckles may be better 

markers of mechanotransduction in cancer cells.  

6.1.1. An inverse relationship between paraspeckles and stiffness 

One of the most prominent observations from the results in manuscript I, is that 

paraspeckles are negatively correlated to stiffness. These findings may be deemed 

‘non-traditional’ to other work within the mechanobiology field, where increased 

stiffness is correlated with increased Lamin A expression, or increased YAP/TAZ 

and MRTF-A nuclear translocation (Zhao et al., 2007; Dupont et al., 2011; Swift et 

al., 2013). This ‘controversial finding,’ could be a result of the complexity of 

mechanotransduction and gene regulation.  Gene expression is not only regulated 

by the activity of transcription factors and their transcriptional apparatus, but by 

changes in chromatin states and epigenetics too (Lee and Young, 2013). Whilst the 

majority of studies have described mechanotransduction driven gene regulation to 

occur in response to the translocation of transcription factors, such as in the case 

of YAP/TAZ, recent work has highlighted that mechanical forces can induce 

changes in chromatin state and thus transcription (Dupont et al., 2011; Le et al., 

2016). Therefore, gene regulation in response to mechanotransduction is a lot more 

complex than previously thought. There are several plausible reasons as to ‘why’ 
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paraspeckles are upregulated on soft substrates (or down regulated in response to 

stiff substrates), which are summarized in Figure 6.1 and discussed in this section. 

6.1.1.1. Could force induce the dissociation of paraspeckles? 

Paraspeckles are subnuclear RNA-protein complexes and it is possible that  

paraspeckles are physically dissociated in response to force (Figure 6.1A) . One 

study has demonstrated that subnuclear Cajal bodies, which are marked by the 

presence of the Coilin and Survival of Motor Neuron (SMN) proteins, are 

susceptible to dissociation in response to dynamic cyclic forces and stiffness in 

HeLa cells (Poh et al., 2012). Cajal bodies are similar to paraspeckles in many ways: 

they are ~0.5 - 1 µm in size, function in gene regulation, are ‘stress’ induced such 

as through DNA damage, and are involved in phase separation (Platani et al., 2000; 

Trinkle-Mulcahy and Sleeman, 2016). Using fluorescence resonance energy 

transfer (FRET) experiments, CFP-SMN intensity within Cajal bodies, was 

observed to increase, whilst YFP-coilin intensity decreased in response to dynamic 

cyclic force, indicating the dissociation of SMN and Coilin from each other.  In 

separate experiments using collagen coated hydrogels of 0.6 kPa, 2 kPa and 8 kPa 

stiffness, the results observed in response to FRET were commensurate with the 

cyclic force FRET experiments. SMN-coilin dissociated in response to increased 

stiffness (2 kPa and 8 kPa) but not in cells grown on 0.6 kPa. Traction force 

measurements (obtained using traction force microscopy) indicated that increased 

intracellular traction forces were present in cells cultured on 2 and 8 kPa 

substrates, but not in 0.6 kPa, suggesting that intracellular forces are necessary for 

Cajal body structure. Subsequent experiments aimed at finding a mechanistic link, 

disrupted myosin-II forces with blebbistatin, and microtubules with colchicine, as 

well as used plectin-knockout mice fibroblast cells to investigate the role of plectin 

– a protein linking the nuclear envelope with intermediate filaments. 

Mechanistically, Cajal body protein dissociation in response to force was shown to 

be the result of F-actin-LINC signalling, while microtubules or plectin did not show 

any effects (Poh et al., 2012). Although we did not investigate the effect of 

microtubules, or plectin, in paraspeckle formation, we did perform blebbistatin 

experiments, and our results also suggested that paraspeckle formation was 

dependent on F-actin force transmission (Manuscript I, Fig. 1.1).  
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Whilst it is worth investigating whether the loss of paraspeckles in response to 

increased stiffness, could be driven by force-mediated dissociation, the authors 

reported that other Cajal body protein pairs tested, exhibited various degrees of 

disassociation. Previous work investigating the dissociation susceptibility of 

Paraspeckles, Cajal bodies and speckles, using actinomycin D, revealed that 

paraspeckles were the least susceptible to disassociation (Sasaki et al., 2009). 

Therefore, whether paraspeckle components are subject to the same dissociation, 

would need to be investigated in the future.   

6.1.1.2. Gene regulation in response to force-induced chromatin 
changes  

Several recent studies have demonstrated that chromatin is remodelled in 

response to force, which can subsequently regulate gene expression (Figure 6.1B) 

(Heo et al., 2016; Le et al., 2016; Tajik et al., 2016). Given that NEAT1 has also been 

described to function in epigenetic regulation, this could potentially explain ‘how’ 

paraspeckles undergo mechanosensation (Chakravarty et al., 2014; West et al., 

2014). Despite both Heo et al., and Tajik et al., reporting clear changes in chromatin 

state and gene expression in response to strain (dynamic tensile loading) and 

stretch (magnetic twist cytometry), respectively, both studies were done across a 

short time scale, ranging from 5 seconds to 10 minutes (Heo et al., 2016; Tajik et al., 

2016).  The cells in our study were cultured for a total of 48 hours, and previous 

work showed that paraspeckle formation occurred at a minimum of 2 hours 

following ‘cell stress’ treatment with NaAsO2 (An and Shelkovnikova, 2019). In 

addition, an increase in paraspeckles was observed 24 hours following NaAsO2 

treatment (Wang et al., 2018), thus suggesting that paraspeckles would not have 

had sufficient time to form in the studies done by Heo et al., and Tajik et al.  

Only one study to the best of my knowledge has looked at the effect of mechanical 

force on chromatin state over a longer time scale (12 hours) of strain (cyclin stretch 

using a FlexCell tension system) (Le et al., 2016). This study was discussed in 

manuscript I as a proposed mechanism for paraspeckle silencing on stiff 

substrates. In this study, Le et al., showed that force-induced changes in chromatin 

organisation, catalysed by Polycomb repressive complex 2 (PRC-2), led to global 

transcription silencing. Emerin (a nuclear envelope protein located on both the 

INM and ONM) accumulated on the ONM in response to force, leading to 
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defective binding of heterochromatin and Lamin A, which ultimately led to a 

switch between H3k9me2,3 to H3K27me3 (a gene silencing marker). Interestingly, 

Le et al., reported a decrease in RNA Pol II upon strain, and RNA-seq data revealed 

a two-fold decrease in NEAT1 expression. Therefore, it could be speculated that 

paraspeckles are suppressed on stiff substrates through epigenetic PRC-2/ 

H3K27me3 mediated gene silencing.  

6.1.1.3. Changes in cell and nuclear area regulate gene expression 
through chromatin rearrangements or chromatin 
intermingling  

Another idea that could potentially explain a role for the epigenetic regulation of 

paraspeckles, is to do with changes in nuclear and cell morphology. In manuscript 

I, we observed that cells and nuclei appeared larger and more elongated on stiff 

substrates, compared to cells cultured on soft substrates. Previous work 

investigating the effect of micropatterned substrates of various shapes and sizes 

(500 – 2000 μm2), where resting cell size is 1300 μm2, observed that chromosome 

configuration and gene expression can be modulated by geometric constraint (Jain 

et al., 2013). In this study, changes in gene expression were associated with changes 

in nuclear size (positively correlated with micropatterned substrate area) and 

linked to alterations in histone acetylation and deacetylation via actomyosin 

contractility (Jain et al., 2013). While we did not culture cells on substrates with 

varied topography, it is generally accepted that cell responses to stiffness and 

micropatterned size are similar (Dupont et al., 2011). For instance, YAP/TAZ 

nuclear translocation was shown to increase in response to both stiff substrates 

and micropatterned substrate size in mesenchymal stem cells (MSCs) (Dupont et 

al., 2011). In manuscript I, our cells, and more importantly the nuclei in our cell 

lines, were significantly smaller on soft hydrogels, yet had more paraspeckles. This 

finding is seemingly at odds with the paper by Grosch et al., where paraspeckle 

abundance increased with nuclear size during human pluripotent stem cell (hPSC) 

differentiation (Grosch et al., 2020). Clearly there are unknown factors that 

influence both nuclear size and paraspeckles, sometimes together, or 

independently, with perhaps one factor becoming more dominant than the other 

in stem cell vs. cancer cell conditions. In addition, paraspeckles have also been 

linked to cell homeostasis and, in the work abovementioned by Jain et al., genes 
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associated with cell homeostasis were upregulated in response to reduced sized 

micropatterns (Jain et al., 2013). 

Furthermore, another study showed that microcontact printed substrates of varied 

size and shape, could regulate the degree of chromosomal intermingling, which in 

turn regulates gene expression (Wang et al., 2017). These investigations were done 

using NIH-3T3 mouse fibroblasts, cultured on either anisotropic rectangular 

substrates that were 1800 μm2 in size, or on isotropic circular substrates that were 

500 μm2 in size and significantly smaller than the resting cell size (1500 μm2). 

Chromosomal territories were detected using FISH and were shown to undergo 

changes in position and orientation. Moreover, the degree of overlap between 

chromosomal territories, a phenomenon known as ‘chromosomal intermingling,’ 

was also observed and correlated with increased transcription and RNA-Pol II 

enrichment in. Although chromosomal intermingling was only investigated in 

select chromosomes and did not include chromosome 19 (where NEAT1 is located 

on the mouse genome) chromosomal activity of all chromosomes was analyzed in 

cells grown on both anisotropic and isotropic substrates. Interestingly, 

transcriptional activity appeared elevated in chromosome 19 when cells were 

cultured on both substrates. Given that both our cell and nuclei appeared smaller 

and rounder on 3 kPa hydrogels, and that isotropic substrates are rounder and 

significantly smaller than resting cell size, it is possible that paraspeckles are 

upregulated in response to increased chromosomal intermingling. (Figure 6.1C). 
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Figure 6.1. Proposed mechanisms for paraspeckle mechanosensation in response to stiffness and confinement. (A) Paraspeckles 

may be regulated from changes in chromatin state. It is possible that chromatin is silenced when cells are grown on stiff substrates, similar 

to previous work showing that chromatin was silenced in response to strain (Le et al., 2016). Chromatin silencing was associated with increased 

H3K27me3 (a gene silencing marker) and reduced NEAT1 expression, therefore, paraspeckles may respond to stiffness in a similar way. (B) 
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Increased chromosomal intermingling may upregulate NEAT1 transcription on soft substrates where nuclei are rounder and smaller. Smaller 

and rounder nuclei have previously been associated with increased chromosome intermingling and increased gene expression (Wang et al., 

2017). (C) Paraspeckles may dissociate in response to increased stiffness, similar to Cajal bodies which have been shown to dissociate in 

response to increased intracellular forces generated from increased stiffness (Poh et al., 2012). (D) Confinement in wide microchannels may 

lead to the upregulation of paraspeckles in response to changes in chromatin state. Polarization of paraspeckles at the leading edge may also 

be the result of H3K27me3 polarizing at the rear edge, leading to gene silencing at the rear of nuclei, as shown in previous work investigating 

front-rear polarity using micropatterned lines (Nastały et al., 2020).  (E) Confinement could potentially induce chromosome intermingling in 

cells confined in wide channels, which could lead to the reorganization of chromosome territories and localization of chromosome 11 (where 

NEAT1 is transcribed) at the leading edge, similar to panel C. 



 229 

6.2. Mechanically sensitive lncRNAs in various physiological 
processes 

To date, only a handful of studies have investigated the effect of 

mechanotransduction on lncRNAs. These studies have demonstrated lncRNAs to 

function in mechanotransduction across various physiological contexts, such as in 

vascular smooth muscle cells, stem cell differentiation, in blood flow and in 

cartilage degradation (Liu et al., 2016; Yu et al., 2018; Chen et al., 2020; Stanicek et 

al., 2020). These lncRNAs displayed many similarities to our work and NEAT1 gene 

regulation. 

6.2.1. An inverse relationship between stiffness and Malat1 

A study investigating the stiffness sensitive transcriptome in vascular smooth 

muscle cells (VSMCs), reported an inverse relationship between stiffness (2-5 kPa 

vs 25 kPa) and the lncRNA Metastasis Associated Lung Adenocarcinoma Transcript 

1 (MALAT1),  identified through an unbiased gene enrichment analysis for lncRNAs 

involved in stiffness sensing  (Yu et al., 2018). Interestingly, MALAT1 is located in 

close proximity to NEAT1 in the genome, and the genes for the two lncRNAs are 

syntenically conserved in mammals (ENCODE, 2012). Like NEAT1, which forms 

paraspeckles, MALAT1 localises to subnuclear bodies located in close proximity to 

paraspeckles known as ‘speckles,’ and previous work has shown that MALAT1 and 

NEAT1 co-localize at many of the same active gene loci (Hutchinson et al., 2007; 

West et al., 2014). Moreover, the two lncRNA’s have been dubbed as ‘hubs’ of 

transcription in a recent RIC-seq study (Cai et al., 2020). Investigating the response 

of VSMCs to stiffness, Yu et al., showed that cells cultured on stiff substrates were 

linked to increased migration. The inverse relationship between MALAT1 

expression and stiffness and positive relationship between stiffness and migration, 

is in line with our study, where stiffness was inversely correlated to 

NEAT1/Paraspeckles, yet positively correlated to migration. Furthermore, the gene 

enrichment analysis performed in this study, also flagged NEAT1 to be involved in 

stiffness sensing, and subsequent Ingenuity Pathway Analysis predicted a stiffness 

dependent function of NEAT1 in  cancer, nuclear formation, and cellular assembly 

and organisation, amongst others (Yu et al., 2018). Given the similarities between 

NEAT1 and MALAT1, this study is interesting, considering the results obtained in 

our study followed the same inverse trends with respect to stiffness, yet positive 
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trends to migration. However no further mechanistic experiments or inhibition 

experiments were performed. 

6.2.2. Mechanotransduction and other lncRNAs 

Another study described a role for lncRNA LINC00458 in mediating endoderm 

differentiation in human pluripotent stem cells (hPSCs), in response to substrate 

stiffness (Chen et al., 2020). These observations were confirmed using LINC00458 

gain/loss-of function experiments, LINC00458 expression was higher in cells 

grown on soft (3 kPa) vs hard (165 kPa) substrates.  This is inverse relationship 

between LINC00458 expression and stiffness is consistent with our results.  

Another example, is lncRNA LASSIE, which was shown to regulate shear stress 

sensing of the endothelial barrier in HUVEC cells during blood flow (Stanicek et 

al., 2020). Increased LASSIE expression correlated with increased shear stress 

(Stanicek et al., 2020), and in another study, GO enrichment analysis suggested 

that NEAT1 functioned in fluid shear stress. This is in line with the role of 

paraspeckles in regulating cell stress responses (An and Shelkovnikova, 2019). 

Moreover, cyclic tensile strain activated lncRNA MSR and subsequently Thymosin 

β-4 (TMSβ4) in chondrocytes, which led to a disruption in actin filament 

polymerization and increased MMPs (Liu et al., 2016). Mechanistically, lncRNA 

MSR functioned as a competing endogenous RNA (ceRNA) for microRNAs 

(miRNAs) to upregulate TMSβ4, which promoted cartilage degradation. Given that 

NEAT1 functions as a ceRNA to regulate miRNAs in many cancers (Klec et al., 2019), 

and our qPCR analysis also identified MMPs and several cytoskeletal elements to 

be elevated following paraspeckle overexpression, this is consistent with our 

results. Collectively, lncRNAs have been shown to function in 

mechanotransduction across a range of physiological and pathophysiological 

settings, with many comparable functions to NEAT1. 
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6.3. Paraspeckles are responsive under microchannel 
confinement 

In manuscript II, I next explored whether paraspeckles are sensitive to 

microchannel confinement.  Several key findings were found as part of this 

chapter, which are discussed in this section.  

6.3.1. Paraspeckles are upregulated when confined within microchannels 

One of the key results in manuscript II, was that paraspeckles were upregulated 

when cells were confined within ‘wide’ microchannels (i.e., 10 μm and 7 μm), but 

not when confined within ‘narrow’ microchannels (i.e., 3 μm and 5 μm). This was 

observed when comparing paraspeckle parameters in cells confined within 

microchannels, with those cells not confined and located within the reservoir. 

These results raise two main questions. Firstly, why are paraspeckles upregulated 

in cells moving within wide channels, but not narrow? And secondly, what causes 

an upregulation of paraspeckles in cells under confinement in wide 

microchannels?  

6.3.1.1. Why are paraspeckles upregulated in cells moving within wide, 

but not narrow channels? 

One of the most obvious differences between confined migration in ‘narrow’ vs 

‘wide’ microchannels is in the cell migration mode. Several studies have 

demonstrated a loss in adhesive mesenchymal migration when cells are confined 

within microchannels, and an even greater loss (and switch to ameboid, adhesion 

independent migration) when cells are confined within channels of extreme 

narrow widths (Balzer et al., 2012; Holle et al., 2019). This potentially suggests that 

paraspeckle abundance is reliant on cell adhesion and is perhaps migration mode 

dependent.  

It is also worth considering whether the severity of constriction in the 3 μm 

channels inhibits active NEAT1 transcription. Recent work by Irianto et al., 

demonstrated that increased cell constriction (3 μm) led to a loss of mobile nuclear 

proteins (transcription, repair, epigenetic and nuclease factors), which occurred 

irrespective of  nuclear rupture, that was seen in other studies (Denais et al., 2016; 

Hatch and Hetzer, 2016; Irianto et al., 2016). No separation in mobile nuclear 

proteins was observed in cells experiencing constrictions of 8 μm pores, suggesting 

that the effect of migration on mobile proteins within the nucleus varies depending 
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on the width of constriction.  More recently, it has become apparent that the 

nucleus functions in mediating cellular responses in confinement (Lomakin et al., 

2020; Venturini et al., 2020). Therefore, it may be nuclear size, as opposed to 

constriction size, that controls loss of mobile nuclear proteins under confinement. 

This could also impact transcription, such that increased nuclear size corresponds 

to increased transcription.  

6.3.1.2. What leads to paraspeckle upregulation in cells under 

confinement? 

Cells confined within wide microchannels are inevitably subject to changes in 

geometry, albeit not to the same extent as cells confined within narrow channels. 

Several studies, including the ones discussed in sections 6.1.1.2/6.1.1.3, speculating 

‘why paraspeckles could be regulated in response to soft substrates,’ suggest that 

gene expression can be epigenetically regulated in response to changes in 

geometry. In particular, changes in chromatin compaction that were mediated by 

the redistribution of histone deacetylase 3 (HDAC3) induced transcriptional 

responses in one study, while a second study described that chromosomal 

intermingling in response to geometric constraint, can lead to increased 

transcription (Jain et al., 2013; Wang et al., 2017). These ideas could point to how 

paraspeckles are regulated under microchannel confinement and are discussed in 

more detail in section 6.1.1.2. In our microchannel experiments, we observed that 

cells under confinement are significantly smaller compared to when they are not 

confined. Given that substrate size can induce changes in chromatin configuration 

and chromosomal intermingling, both of which can regulate gene expression, this 

could potentially explain why paraspeckles are upregulated when cells are confined 

within wide microchannels (Figure 6.1D and 6.1E). 

6.3.2. Paraspeckles polarize at the leading edge during confined migration 

One of the most striking observations in manuscript II, was that paraspeckles 

polarized at the front of the nucleus when cells were undergoing confined 

migration. To date, no studies have investigated nuclear polarity in the context of  

microchannel confinement, however, one recent publication reported that Emerin 

(a nuclear envelope protein) is a central regulator of front-rear nuclear polarity in 

human retinal epithelial cells, when moving unidirectionally on 10 μm micro-

patterned lines (Nastały et al., 2020). Emerin was identified as a possible candidate 
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for regulating front-rear nuclear polarity in human epithelial cells (hTERT RPE-1), 

based on several factors, including its localization on both the INM and ONM, 

prior role in cell polarity, role in tethering chromatin, and role in gene regulation. 

Immunofluorescence experiments showed the emerin localised at the front tip of 

the nucleus, as marked by the positioning of the Golgi apparatus at the leading 

edge. Moreover, emerin knockdown led to a disrupted cytoskeleton, marked by a 

loss in F-actin and focal adhesions. Interestingly, H3K27me3, a gene silencing 

marker, was localised at the rear of the nucleus in the epithelial cell study. If the 

same H3K27me3 pattern existed in our 231 cells moving within channels, this could 

suggest that NEAT1 transcription was silenced at the rear of the nuclei, providing 

an explanation for why paraspeckles polarized at the front edge of the migrating 

nuclei. Furthermore, Lamin A was also localised at the front tip of the nucleus, 

consistent with our findings where we observed increased Lamin A expression at 

the front of the 231-cell nucleus compared to the rear (Nastały et al., 2020). In 

subsequent FISH experiments in the same study, chromosomes 3, 12, 18 and 22, 

appeared unevenly distributed, highlighting the spatial plasticity in chromatin 

arrangement, though no data was presented for chromosome 11 where NEAT1 is 

found on the human genome. Furthermore, knockdown of other nuclear envelope 

elements, also led to changes in front-rear nuclear polarity. E.g., Lamin B 

knockdown led to a loss of Nesprin1 frontal enrichment and furthermore, LAP2α 

and MAN1 knockdown led to altered Nesprin1 distribution, despite frontal 

enrichment of nesprin1 remaining. Thus, suggesting that Emerin may not be the 

sole molecular element integral for regulating front-rear polarity. Future 

experiments should be performed to address whether a link exists between 

paraspeckles and Emerin and are discussed in more detail in section 6.5.3.  

6.3.3. Paraspeckles in migration 

Another prominent observation presented in this thesis, was that transiently 

increasing paraspeckles in cells led to increased cell migration (manuscript III) 

on tissue culture ware. Upon confinement, migration was further pronounced in 

cells confined within 10 μm channels, but no changes in migration were observed 

in cells confined within 3 μm channels (manuscript II). Cell migration is 

associated with dynamic actin rearrangements (Gardel et al., 2010). Mesenchymal 

migration, which is typical  in cells migrating on 2D substrates, is marked by the 
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turnover of focal adhesions and (Ridley et al., 2003). Upon confinement, cells lose 

mesenchymal properties, which is associated with a loss in focal adhesions (Balzer 

et al., 2012; Holle et al., 2019).  This loss in focal adhesions is more pronounced in 

narrow microchannels (3-5 μm wide), where cells undergo mesenchymal to 

ameboid transition (MAT), transitioning into non-adhesive amoeboid cells that are 

marked by bleb protrusions (Paluch et al., 2016; Holle et al., 2019). Whilst both 231 

control cells, and 231-NEAT1_2+ cells (cells with upregulated paraspeckles), 

exhibited a loss of focal adhesions upon confinement, 231-NEAT1_2+ cells 

developed distinct F-actin puncta at the leading edge when confined within 10 μm 

channels. This was the same setting where we observed a profound increase in 

migration during confinement, and based on qualitative observations, we 

speculated that the puncta could be invadopodia. As well as the changes in F-actin 

organisation, total F-actin was significantly higher in 231-NEAT1_2+ cells confined 

within 10 μm channels, compared to non-confined cells, however, contrary to this, 

cell area decreased. Given that in all other conditions, total F-actin intensity 

followed similar trends to cell area, this highlights the dynamic changes in F-actin 

that occurred in 231-NEAT1_2+ cells in response to 10 μm confinement.  

6.3.3.1. Could paraspeckles regulate migration across 10 μm channels 

through the formation of invadopodia? 

We speculated that the changes in F-actin organisation and speculative 

invadopodia observed, could indicate a functional role for paraspeckles in 

regulating migration under confinement. Invadopodia are associated with highly 

invasive cells and 231 cells are readily used in studies investigating invadopodia 

(Infante et al., 2018). In one study, knockdown of Lis1 (a dynein adaptor protein 

linking the nucleus and microtubules), which is required for invadopodia 

formation, led to a reduction in migration speed (Infante et al., 2018). Moreover, 

confined migration also triggered MT1-MMP (MMP14) polarization ahead of the 

nucleus, which could potentially be linked to our findings where we observed 

paraspeckles to polarize, discussed in section 6.3.2. Given the high expression of 

MMP2/9 in cells with increased paraspeckles, we speculate that invadopodia 

formation may function downstream of paraspeckles, to increase migration speed 

in response to 10 μm confinement. During migration across 3 μm channels, no 

changes in migration were observed in response to paraspeckles, nor were any 



 235 

changes in F-actin dynamics evident. Unlike the 10 μm channels, paraspeckles were 

not upregulated when cells were confined within 3 μm channels, thus this 

collectively may suggest that paraspeckles in cells confined within 3 μm channels, 

are subject to loss of sensitivity and/or function.  

6.3.3.2. Paraspeckles and migration at the molecular level 

At the molecular level, increased paraspeckles were associated with increased 

expression of several migratory genes, including the MMP2 and MMP9 mentioned 

above, as well as several cytoskeletal elements. Paraspeckles could potentially 

regulate these genes through several different mechanisms, discussed in the 

introduction chapter section 1.5.5. The most simplistic explanation could be that 

paraspeckles function as hubs, leading to increased RNA interactions as well as 

increased transcription machinery at these genes, leading to increased 

transcription (Cai et al., 2020). To address whether this effect is specific to 

migration genes however, RNA-seq should be performed in the future to analyse 

genes globally (discussed in future directions section 1.5.2.1). 

6.4. The relationship between YAP/TAZ and paraspeckles 

In manuscript III of this thesis, I describe that paraspeckles are positively 

regulated by YAP/TAZ via TEAD. The transcriptional activity of YAP/TAZ-TEAD, 

is often regulated in co-operation with other transcription factors, and in 

manuscript III, we speculated that YAP/TAZ-TEAD activity on NEAT1, may be 

regulated in conjunction with the AP-1 complex and E2F transcription factors. 

Moreover, no relationship was observed when investigating whether YAP/TAZ is 

downstream of paraspeckles, suggesting that no feedback loop exists. The 

relationship between YAP/TAZ and NEAT1/Paraspeckles bridges a connection 

between the two candidate oncogenes, however, our results suggest that this 

relationship is independent to mechanotransduction of matrix stiffness as similar 

results were observed when cells were cultured on either 3 kPa, or 40 kPa 

substrates. In manuscript I, we showed that paraspeckles are upregulated on soft 

substrates, yet YAP/TAZ translocation showed no changes between stiffness. This 

may be considered ‘counterintuitive’ to our results in manuscript III, where we 

observed a relationship between YAP/TAZ and paraspeckles in a YAP/TAZ over-

expression model. This may also highlight the complexity in gene regulation in 
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response to mechanotransduction, suggesting that paraspeckles may over-power 

the stiffness sensing capabilities of YAP/TAZ.  

6.4.1. Could YAP/TAZ mechanotransduction be dysregulated in cancer 

cells? 

Whether mechanotransduction is blunted in cancer is an on-going debate. Given 

our counterintuitive findings, it may be worth considering whether YAP/TAZ 

mechanotransduction may be perturbed in our cells. Previous work across several 

cancer types as well as transformed cell lines, has suggested that cancer cells lose 

their stiffness sensing capabilities based on blunted features, such as in 

proliferation and apoptosis (Lin et al., 2015). More recently, mechanotransduction 

was reported to occur independently to YAP in breast cancer (Lee et al., 2019). 

Therefore, it is possible that the other mechanisms discussed in section 6.1.1, 

speculating how paraspeckles are regulated in response to mechanotransduction, 

could mask the effect of YAP/TAZ in response to mechanotransduction in cancer. 

In response to stiffness, YAP/TAZ typically translocates to the nucleus via inhibited 

LATS1/2 phosphorylation, mediating mechanotransduction signalling (Dupont et 

al., 2011). Whether various factors throughout this pathway are perturbed in cancer 

would require future experiments.  

6.4.2. A counterintuitive relationship between paraspeckles and YAP/TAZ 

Although a clear connection for the ‘counterintuitive’ results presented in 

manuscript I is not justified, these results emphasize that gene regulation is a lot 

more complex in cancer cells. There are many transcription factors that are known 

to activate NEAT1 transcription (outlined in the introduction chapter, Table 1.1) 

under a variety of conditions, yet gene regulation in cancer is often a lot more 

complex. Cancer cells often evolve their own repertoire when it comes to gene 

regulation, creating dependencies on transcription factors that could make them 

more ‘insensitive’ to inhibition, leading to tumour growth (Bradner et al., 2017). In 

manuscript III, the effect of YAP/TAZ knockdown on paraspeckles in MDA-MB-

231 cells, was not as dramatic compared to the changes in paraspeckles observed in 

MCF10A cells. Given that the MDA-MB-231 cells are metastatic breast cancer cells 

and MCF10A cells are breast epithelial cells, it is possible that YAP/TAZ 

overexpression becomes dominant over any stiffness effect in non-cancer cells. 
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Whilst in cancer cells, there may be other regulatory factors or direct physical 

chromatin factors, affecting NEAT1 transcription and over-powering the effect of 

YAP/TAZ. 

6.4.3. YAP/TAZ-TEAD regulated paraspeckles  

Our results further suggest that paraspeckles regulated by YAP/TAZ are dependent 

on the co-transcriptional activity of TEAD, which is often required for YAP/TAZ 

gene regulation (Vassilev et al., 2001). As discussed in manuscript III, TEAD 

commonly functions alongside other transcriptional coactivators, including the 

AP-1 complex (JUN, JUND and FOS) and E2F transcription factors, to regulate gene 

expression. Upon investigating transcription factor binding sites from publicly 

available ChIP-seq data (Supplementary Figure 6.1), as well as a published ChIP-

seq data that had used the same MDA-MB-231 cells, we observed both the AP-1 and 

E2F transcription factors to be bound within the proximal region of the NEAT1 

promoter (ENCODE, 2012; Zanconato et al., 2015). Given that both AP-1 and E2F 

factors were found in clusters within the NEAT1 promoter region alongside TEAD2, 

it is possible that YAP/TAZ-TEAD can regulate NEAT1 through AP-1/E2F 

transcription factors (Gerstein et al., 2012). Ultimately, this could provide an 

explanation for how paraspeckles are regulated by YAP/TAZ. Future experiments 

testing these ideas are described below. 

6.5. Future research directions 

Throughout this thesis, I provide novel insights into the mechanosensitive 

dynamics of paraspeckles in cancer cells. Yet there are many avenues that are worth 

being pursued in the future, in order to elucidate the mechanisms behind 

paraspeckle mechanosensation and to expand on these results. For the suggested 

experiments in this section, cells should be prepared according to the methods and 

materials of this thesis.  

6.5.1. Does YAP/TAZ function alongside the AP-1 and E2F transcription 

factors to regulate NEAT1 transcription? 

As discussed in section 6.4.3 and manuscript III, it is possible that YAP/TAZ-TEAD 

functions alongside AP-1 and E2F transcription factors to regulate NEAT1 

transcription. To elucidate this, siRNA experiments targeting the AP-1 (Fos and 

Jun) transcription factors, as well as E2F transcription factors, could be performed 
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in YAP/TAZ overexpressed cell lines and in 10-TAZi+ cells. Paraspeckles should 

then be quantified, and, if the hypothesis is correct, a reduction in paraspeckles in 

YAP/TAZ overexpressed cells with AP-1 or E2F siRNA would be apparent in 

YAP/TAZ over-expressed cells, similar to the results in the control cells and the 

10A-TAZi+ cells (the cell line with a TEAD mutant on TAZ). Moreover, no changes 

in paraspeckles upon AP-1 or E2F siRNA would be expected in the 10-TAZi+ cells.  

6.5.2. Investigating the mechanisms for paraspeckle stiffness sensitivity  

There are several proposed reasons for ‘how’ paraspeckles undergo 

mechanotransduction, discussed throughout this general discussion. Several of 

these mechanisms may be responsible for changes in paraspeckles in response to 

both stiffness and in microchannel confinement, therefore, the experiments 

suggested in section 6.5.2.2 and 6.5.2.3 should be addressed in both settings. 

6.5.2.1. Are paraspeckles subject to dissociation in response to force?  

In section 6.1.1.1, I discuss a study reporting the dissociation of Cajal bodies in 

response to cyclic force and substrate stiffness (Poh et al., 2012). Given that 

paraspeckles are RNA-protein granules, and the many similarities that exist 

between the two, whether paraspeckles also dissociate in response to increased 

substrate stiffness should also be considered (Figure 6.1A). A similar approach to 

Poh et al., should be adopted to answer these questions. This would involve 

performing FRET against NEAT1 and core paraspeckle proteins (NONO, SFPQ and 

PSPC1) in cells cultured on 3 kPa and 40 kPa hydrogels. Furthermore, traction force 

microscopy should be performed to investigate intracellular traction forces 

between stiffness conditions.  

6.5.2.2. Do mechanical stimuli regulate paraspeckle formation 

through epigenetic gene silencing?  

A number of studies discussed in section 6.1.1.2 and 6.1.1.3, point to the idea that 

mechanical cues from force and geometry can lead to global changes in 

transcription. Given that NEAT1 is downregulated via Polycomb-mediated gene 

silencing in response to prolonged strain (discussed in section 6.1.1.2), it would be 

worth establishing whether stiffness or microchannel confinement, can 

epigenetically regulate NEAT1 expression (Figure 6.1B) (Le et al., 2016). These 

questions could be answered through RNA-sequencing experiments to investigate 
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NEAT1 expression, as well as western blots against RNA Pol II phosphorylated on 

ser II (RNA Pol II S2p) (a marker of active transcription) and histone modification 

markers such as H3K27me3 (a gene silencing marker) and H3K9me2,3 (a marker 

of silenced constitutive heterochromatin tethered to Lamin A). Subsequently, 

chromatin immunoprecipitation (ChIP) experiments could be undertaken to 

investigate whether these markers are localised within the NEAT1 promoter region. 

It could be hypothesised, that cells cultured on stiff substrates would be marked 

with an increase in H3K27me3 at the promoter region of NEAT1, concomitant with 

decreased RNA Pol II S2p levels, and that the opposite would be observed in cells 

cultured on soft hydrogels. The data from RNA-sequencing experiments could also 

be analysed with respect to the role of paraspeckles in mediating migration, as 

discussed in section 6.3.3.2. 

It would also be interesting to perform the abovementioned measurements using 

cells passing through microchannel chips, however this is technically challenging 

due to small numbers of cells. One option may be to use single-cell RNA 

sequencing (sc-RNA-seq) techniques, however no studies to my knowledge have 

managed to perform this specifically on confined cells. Despite the development 

of several microfluidic systems that are compatible with sc-RNA-seq, microfluidic 

systems are associated with uneven hydrostatic forces, compared to microchannel 

chips, where hydrostatic pressure is equal on both sides (Kimmerling et al., 2016; 

Holle et al., 2019; Sarma et al., 2019). They are also often multi-chambered, thus 

using similar approaches with microchannels would not be feasible.   

6.5.2.3. Could chromatin intermingling stimulate NEAT1 

transcription and paraspeckle upregulation?  

Another idea that has recently gained widespread attention, is that changes in 

substrate geometry can regulate chromatin compaction and induce chromosomal 

intermingling, which is associated with increased transcription (Jain et al., 2013; 

Wang et al., 2017). This idea was speculated as potential reasons for paraspeckle 

upregulation in response to soft substrates and confinement in wide 

microchannels (Figure 6.1B and 6.1.E). These ideas are perhaps more plausible 

considering gene regulation in response to microchannel confinement, where we 

observed nuclei to decrease in size. Whereas, in substrate stiffness experiments, 

smaller and rounder nuclei were following culture on soft substrates would be a 
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secondary effect. Nonetheless, these ideas are worth exploring. Future experiments 

could address where paraspeckles are regulated through this ‘chromosomal 

intermingling’ phenomenon, by performing FISH to detect chromosomes via 

‘chromosome painting,’ concurrently with immunofluorescence staining for RNA 

Pol II, and subsequent super resolution imaging techniques. Follow up 

computational analysis should then be used to analyse the degree of intermingling. 

Intriguingly, Jain et al., reported that transcription factor p65, was upregulated in 

cells on isotropic substrates (smaller and rounder compared to resting cell size). 

Given that p65 can also regulate NEAT1 transcription (Table 1.1), investigating 

whether p65 is localised within the NEAT1 promoter region should also be 

examined using ChIP.  

6.5.3. Paraspeckle polarization under confinement 

A key finding in manuscript III, showed that paraspeckles appear polarised at the 

leading edge of the nucleus when migrating across 10 μm wide microchannels. 

Ideally these findings, along with our observations that paraspeckles are 

upregulated during confinement in wide channels, should be confirmed using live-

cell imaging to visualize fluorescently labelled paraspeckles in cells as they 

permeate across microchannels. While paraspeckles can be tracked through 

paraspeckle proteins fused to GFP, these markers are not a perfect model for 

paraspeckles, and to optimally track paraspeckles, NEAT1 should be targeted.  This 

is however technically challenging, given that current systems for tracking RNAs, 

such as the CRISPR-Cas13 system are incredibly complex (Yang et al., 2019).  

Although not much literature has been published considering nuclear front-rear 

polarity, in section 6.3.2, I referred to a recent study using micropatterned lines, 

which suggested a role for emerin (a nuclear envelope protein) in mediating front-

rear polarity (Nastały et al., 2020). Future experiments aimed at elucidating 

paraspeckle polarity, should consider examining paraspeckles in epithelial cells on 

micropatterned lines to confirm that paraspeckle polarization occurs in response 

to directional migration and is not just the result of physical confinement. To 

establish a mechanistic link for paraspeckle polarity, subsequent experiments 

could consider performing emerin knockdown, as well as Lamin-B, LAP2α and 

MAN1 knockdown experiments, as these elements were also identified to mediate 

front-rear polarity. Furthermore, immunofluorescence staining of histone 
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acetylation/acetylation markers and RNA Pol II, could be performed alongside 

FISH against NEAT1 to establish whether changes in these markers could 

epigenetically regulate paraspeckle polarization. Moreover, the experiments 

suggested in section 6.5.2.2, should also be considered, to examine whether 

directional migration could direct chromosomal intermingling at specific regions 

of the nucleus. 

6.5.4. Could paraspeckles induce invadopodia leading to enhanced 

migration in confined cells? 

A final set of experiments should be directed at elucidating how paraspeckles 

regulate migration under confinement. Whilst our qPCR and immunofluorescence 

staining data suggested a clear role for paraspeckles in regulating 2D cell migration 

through the formation of focal adhesions, a clear role for confined migration was 

not found. Changes in F-actin dynamics were observed in 231-NEAT1_2+ cells 

confined within 10 μm wide microchannels. As mentioned in section 6.3.3, it was 

speculated that these F-actin puncta could be invadopodia. Follow up experiments 

should therefore investigate whether paraspeckles could regulate migration across 

10 μm wide microchannels through the formation of invadopodia. This would 

involve quantifying immunofluorescence staining of F-actin and TKs5 (a protein 

often used to detect invadopodia) in 231-Control cells and 231-NEAT1_2+ cells 

permeating across 10 μm wide microchannels. Furthermore, it would also be 

worthwhile to verify these effects, as well as the results obtained throughout 

manuscript III, with NEAT1 siRNA experiments. The hypothesis is that NEAT1 

siRNA in cells would show the opposite effects to the antisense oligo mediated 

paraspeckle-increase experiments. These siRNA experiments were planned to be 

undertaken, however, an impact of COVID-19 meant difficulty in obtaining 

microchannel chips, which were fabricated and shipped from the Max Planck 

Institute of Medical Research in Germany as part of a collaboration. These chips 

inevitably deteriorate with time, despite all efforts having been made to preserve 

them, and are sometimes faulty due to a failed plasma reaction which is needed to 

adhere PDMS chips to glass coverslips. Although a TKS5 antibody (to mark 

invadopodia) had been obtained and optimised for immunofluorescence staining, 

the remainder of microchannel chips that were necessary for these experiments 

failed after cell seeding. 



 242 

6.6. Concluding remarks 

In summary, the results in this thesis demonstrate novel downstream functions of 

paraspeckles in a variety of cellular contexts in cancer; from mechanosensation to 

polarization and migration. Given the clear effects observed in response to matrix-

stiffness and confinement, paraspeckles may thus be useful as ‘markers’ of 

mechanotransduction in cancer. The lncRNA NEAT1, is both crucial for 

paraspeckle structure, and has been linked to cancer progression in an abundance 

of previous work, therefore, paraspeckles may provide clues about how other 

oncogenes are regulated in mechanical environments. Further work presented in 

this thesis also revealed a role for paraspeckles in front-rear polarization and 

confined migration. Whilst a clear mechanism for how paraspeckles are regulated 

in response to mechanical cues is yet to be elucidated, it has more recently become 

appreciated that gene expression in mechanotransduction is not only the result of 

the direct activation of transcription factors, but through epigenetic modifications 

too. This could explain why paraspeckles appeared to overpower the stiffness 

sensing capabilities of YAP/TAZ, as a clear relationship between YAP/TAZ-TEAD 

and paraspeckles, but no trends in stiffness mediated YAP/TAZ was observed.  The 

work presented in this thesis, highlights the need for interdisciplinary research and 

would not have been possible without the use of hydrogels and microchannel 

chips, allowing for in vivo cancer microenvironments to be mimicked. Most 

importantly, the results from this thesis suggests that paraspeckles may prove as 

useful targets in future cancer therapies and expands on our understanding of 

cancer as a multifaceted disease, across the RNA biology, mechanobiology and 

cancer biology fields. 
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Supplementary Figure 6.1. An overview of the TEAD, AP-1 and E2F transcription factor binding site tracks located within the NEAT1 

promoter region shown by the UCSC browser. Transcription factor binding site tracks for TEAD, AP-1 (JUN, JUN, JUNB and FOS) and 

E2F (E2F1, E2F4 and E2F6) are displayed, alongside CTCF which marks the upper boundary of the NEAT1 regulatory region (indicated with 

an arrow). These results were obtained using the publicly available ChIP seq data from the ENCODE project (ENCODE, 2012). 
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Matrix stiffness-sensitive long noncoding RNA 
NEAT1 seeded paraspeckles in cancer cells

ABSTRACT Cancer progression is influenced by changes in the tumor microenvironment, 
such as the stiffening of the extracellular matrix. Yet our understanding of how cancer cells 
sense and convert mechanical stimuli into biochemical signals and physiological responses is 
still limited. The long noncoding RNA nuclear paraspeckle assembly transcript 1 (NEAT1), 
which forms the backbone of subnuclear “paraspeckle” bodies, has been identified as a key 
genetic regulator in numerous cancers. Here, we investigated whether paraspeckles, as de-
fined by NEAT1 localization, are mechanosensitive. Using tunable polyacrylamide hydrogels 
of extreme stiffnesses, we measured paraspeckle parameters in several cancer cell lines and 
observed an increase in paraspeckles in cells cultured on soft (3 kPa) hydrogels compared 
with stiffer (40 kPa) hydrogels. This response to soft substrate is erased when cells are first 
conditioned on stiff substrate, and then transferred onto soft hydrogels, suggestive of mech-
anomemory upstream of paraspeckle regulation. We also examined some well-characterized 
mechanosensitive markers, but found that lamin A expression, as well as YAP and MRTF-A 
nuclear translocation did not show consistent trends between stiffnesses, despite all cell 
types having increased migration, nuclear, and cell area on stiffer hydrogels. We thus propose 
that paraspeckles may prove of use as mechanosensors in cancer mechanobiology.

INTRODUCTION
Tissue mechanics change gradually during development and aging, 
and even more dynamically with disease progression. In cancer, the 
stiffness of tumor tissue increases primarily due to the excessive de-
position and reorganization of extracellular matrix (ECM) proteins, 
such as collagen, fibronectin, and laminin (Cox and Erler, 2011; An 
et al., 2019). These aberrant changes in stiffness and ECM are well 
associated with invasion, metastasis, and poor survival in breast can-
cer patients (Acerbi et al., 2015; Zhou et al., 2015). However, how 

biomechanical changes within the tumor microenvironment alter 
mechanosensation of cancer cells needs further investigation.

The ability of cells to convert mechanical stimuli into biochemical 
signals, through a process known as mechanotransduction, has 
been well studied using adult stem cells such as bone marrow–de-
rived stem cells (BMSCs) and adipose-derived stem cells (Engler 
et al., 2006; Choi et al., 2012; Wen et al., 2014). Stem cell mechano-
sensation ultimately leads to changes in cell fate such as cell mor-
phology, proliferation, migration, and differentiation (Sheetz et al., 
1998; Lo et al., 2000; Engler et al., 2006; Dupont et al., 2011; Wei 
et al., 2015). Several markers including YAP/TAZ and MRTF-A, which 
shuffle between the nucleus and cytoplasm, and lamin A, have been 
described as being “mechanosensitive.” These markers respond 
differently depending on the stiffness of substrate that cells are cul-
tured on (Hadden et al., 2017; Kim et al., 2019; Major et al., 2019). 
Furthermore, BMSCs also showed “mechanomemory” responses 
by retaining the memory of YAP/TAZ nuclear translocation experi-
enced on one stiffness, even after cells were transferred to a new 
stiffness environment (Yang et al., 2014).

Mechanotransduction can also induce structural changes within 
the nucleus, such as changes in chromatin organization and nuclear 
envelope composition (Dahl et al., 2008; Alam et al., 2016; Le et al., 
2016). “Paraspeckles” are stress-induced subnuclear bodies found 
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within the interchromatin space of mammalian nuclei (Fox et al., 
2002; An et al., 2019). Paraspeckles are RNA–protein granules 
marked by the long noncoding RNA (lncRNA) nuclear paraspeckle 
assembly transcript 1 (NEAT1), bound by several paraspeckle 
proteins including paraspeckle component 1 (PSPC1), non-POU 
domain-containing octamer binding (NONO), and splicing factor 

FIGURE 1: Paraspeckle expression on 3 kPa and 40 kPa in MCF10A, U2OS, 143B, and MDA-
MB-231 cells. (A) The average number of paraspeckles per nucleus was higher in cancer cell lines 
cultured on 3 kPa hydrogels compared with 40 kPa hydrogels in U2OS (5.75 vs. 4.28), 143B (9.88 
vs. 5.47), and MDA-MB-231 (9.22 vs. 3.44) cell lines. No difference in paraspeckle number was 
observed in the MCF10A cell line. Treatment of cells cultured on 40 kPa hydrogels with 
blebbistatin revealed an increase in paraspeckle number in the U2OS (4.28 to 6.00) and 
MDA-MB-231 (3.44 to 7.65) cell lines. (B) Paraspeckle total area showed the same trend in U2OS 
(0.021 µm2 vs. 0.0094 µm2), 143B (0.017 µm2 vs. 0.0082 µm2), and MDA-MB-231 (0.055 µm2 to 
0.0054 µm2) cell lines but not in the MCF10A cell line. Blebbistatin treatment also resulted in 
increased paraspeckle area in MCF10A, 143B, and MDA-MB-231 cell lines. (C) Analysis of 
paraspeckle size revealed that paraspeckles appeared larger in size in cancer cells cultured on 
3 kPa hydrogels vs. 40 kPa hydrogels in U2OS (0.0034 µm2 vs. 0.0019 µm2), 143B (0.0016 µm2 vs. 
0.0014 µm2), and MDA-MB-231 (0.0069 µm2 vs. 0.0015 µm2) cell lines. Blebbistatin treatment 
further increased paraspeckle size in all cell lines. (D) Representative images showing 
paraspeckles (red) in nuclei (blue) taken at 60! magnification. Scale bar = 7.5 µm. Data are 
shown as mean ± SEM. Numbers of nuclei used in analyses were indicated per bar graph. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001, and ****, p < 0.0001.

proline/glutamine-rich (SFPQ) (Fox et al., 
2002, 2005; Clemson et al., 2009; Naganuma 
and Hirose, 2013). lncRNAs in general are 
emerging as important gene regulators in 
cancer, and NEAT1 is strongly correlated 
with poor prognosis and metastasis in many 
cancer subtypes, such as breast, lung, and 
prostate cancers (Chakravarty et al., 2014; 
Sun et al., 2016; Shin et al., 2019).

Here, we have sought to investigate 
whether paraspeckles are mechanosensitive 
to substrate stiffness and subject to mecha-
nomemory. Furthermore, we investigated 
whether cancer cells were susceptible to 
changes in morphology, migration, and ex-
pression, and translocation of mechanomark-
ers, upon culture on two extreme stiffness 
substrates. This study expands our under-
standing of cancer mechanobiology by dis-
covering a role for ECM stiffness in subnu-
clear organization via mechanotransduction.

RESULTS AND DISCUSSION
Paraspeckles in cancer cells have an 
inverse relationship to substrate 
stiffness
As paraspeckles are stress-responsive nu-
clear bodies that change in abundance de-
pending on cellular homeostasis, we sought 
to investigate paraspeckle responsiveness 
in cells, when grown on soft or stiff sub-
strates. We used a variety of cancer cell 
lines, as well as a normal epithelial cell line. 
We used fluorescence in situ hybridization 
(FISH) against the paraspeckle marker, the 
lncRNA, NEAT1, to measure differences in 
paraspeckle parameters following 48 h of 
cell growth on hydrogel substrates tuned to 
either 3 kPa or 40 kPa stiffness. Figure 1 
shows that all cancer cell lines examined, 
including U2OS, 143B, and MDA-MB-231, 
displayed a clear difference in paraspeckles 
when grown on soft 3 kPa substrates com-
pared with cells grown on stiff 40 kPa hydro-
gels (Figure 1, A–C). All cancer cell lines dis-
played an increased paraspeckle number 
per nucleus, total paraspeckle area (a mea-
sure of how much nuclear area was repre-
sented by paraspeckle-associated fluores-
cence), and average paraspeckle size on 
soft substrates, compared with stiff (Figure 
1, A–C). In contrast, the noncancer MCF10A 
breast epithelial cell line showed no differ-
ences in paraspeckle parameters between 
the two stiffnesses, suggesting that para-
speckle responses to stiffness may be can-

cer specific (Figure 1, A–C). For the cancer cells, the difference in 
paraspeckle number for cells grown on soft compared with stiff sub-
strates was more pronounced for the cell lines of metastatic origin, 
including the metastatic osteosarcoma-derived 143B cells (1.8-fold 
increase in paraspeckles on soft vs. stiff substrates) and the 
metastatic breast cancer MDA-MB-231 cells (2.7-fold increase in 
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paraspeckles on soft vs. stiff substrates), compared with the non-
metastatic U2OS osteosarcoma cell line (1.3-fold). Thus, paraspeck-
les in metastatic cell lines may be more susceptible to changes in 
substrate stiffness than in nonmetastatic lines. These observations 
may be linked to the preestablished correlation between NEAT1/
paraspeckles and cancer progression and metastasis, and to the 
role for paraspeckles in cell plasticity (Li and Cheng, 2018; Modic 
et al., 2019).

Myosin-II traction forces suppress paraspeckle expression
We reasoned that mechanotransduction may be responsible, at 
least in part, for the suppression of paraspeckle abundance when 
cells were grown on the stiff substrate. When cultured on stiff sub-
strates, cells exhibit greater traction forces compared with cells cul-
tured on soft substrates (Lo et al., 2000). Therefore, our data sug-
gests an inverse relationship between paraspeckles and traction 
force, with cancer cells cultured on soft substrates exhibiting a 
greater number, total area, and average size of paraspeckles, com-
pared with cells cultured on stiff substrates. To test paraspeckle re-
sponsiveness to mechanotransduction, we treated cells with bleb-
bistatin, a nonmuscle myosin-2 inhibitor in order to inhibit 
cytoskeletal signal propagation on cells cultured on the 40 kPa stiff-
ness, then again measured paraspeckle parameters. The outline of 
cells as depicted by actin immunofluorescence staining shows the 
disruption of cell structure following blebbistatin treatment in cells 
cultured on 40 kPa hydrogels (Supplemental Figure 1). We observed 
that blebbistatin treatment led to an increased number of para-
speckles/nuclei in U2OS and MDA-MB-231 cells (Figure 1A), in-
creased paraspeckle area in MCF10A, U2OS, and MDA-MB-231 
cells (Figure 1B), and increased paraspeckle size in all cell lines 
(Figure 1C). Thus, our data indicates that traction force–mediated 
mechanotransduction is playing a role in the suppression of para-
speckles in cancer cells cultured on stiff substrates.

Paraspeckles in cancer cells cultured on soft substrates 
are more heterogeneous in distribution
Further analysis of our data revealed that paraspeckles in cancer cell 
lines appear more heterogeneous in distribution on soft substrates 
compared with stiff. Of the MDA-MB-231 cells grown on 40 kPa 
substrates, 80% contain between zero and five paraspeckles, com-
pared with only 30% of cells when grown on 3 kPa substrate (Sup-
plemental Figure 1). The other cancer cell lines show the same pat-
tern. Again, the noncancer MCF10A cell line showed no obvious 
trend in distribution with 58% and 61% of cells displaying between 
zero and five paraspeckles per nucleus, cultured on 3 kPa and 40 
kPa hydrogels, respectively (Supplemental Figure 2). It is well known 
that phenotypic and functional heterogeneity is characteristic of 
cancer cells, and in particular, differential expression of lncRNAs be-
tween cells has been observed in cancer (Meacham and Morrison, 
2013). Our data suggests that substrate stiffness may mediate the 
variation in the distribution of paraspeckles in cancer cell lines.

Paraspeckles show signs of mechanomemory when 
cultured on stiff substrates in MDA-MB-231 metastatic 
breast cancer cells
We next explored the possibility that paraspeckle suppression on 
stiff substrates might be subject to mechanomemory, and used the 
MDA-MB-231 breast cancer cell line for these experiments, as they 
displayed the most obvious paraspeckle differences when cultured 
on different substrates. We cultured cells on one substrate for 48 h, 
and then transferred the cells to a different stiffness substrate, as 
well as the same stiffness substrate as a control. Following a further 

48 h culture, we fixed the cells and analyzed paraspeckle parame-
ters. As shown in Figure 2, MDA-MB-231 cells showed increased 
paraspeckle number, total area, and paraspeckle size when cultured 
on 3 kPa hydrogels compared with 40 kPa hydrogels, and these 
levels remained elevated when cells were transferred from 3 kPa to 
3 kPa (5.15 to 5.69 average number of paraspeckles/nuclei and 
0.011 to 0.010 µm2 total paraspeckle area); however, they signifi-
cantly decreased when MDA-MB-231 cells were transferred from 
3 kPa to 40 kPa hydrogels (5.15 to 3.84 average number of para-
speckles/nuclei and 0.011 µm2 to 0.0063 µm2 for the total para-
speckle area; Figure 2A). Thus, the stiffer substrate was able to 
change the cellular paraspeckle program that had been established 
on the soft substrate. In contrast, when MDA-MB-231 cells were 
cultured on 40 kPa hydrogels (where paraspeckle levels were initially 
lower than that of the 3 kPa hydrogel condition) and transferred 
onto 3 kPa hydrogels, we observed that paraspeckle parameters did 
not change, suggestive of paraspeckle mechanomemory (Figure 
2B). Of note, paraspeckle size decreased when cells were collected 
from 3 kPa hydrogels (0.002 µm2) and transferred onto new 3 kPa 
(0.0016 µm2) and 40 kPa hydrogels (0.0015 µm2), indicating that this 
parameter may be sensitive to cell passaging. Overall, these data 
suggest a dominant paraspeckle-suppressive signal that occurs in 
cancer cells when they are grown on stiff substrates, with a memory 
of this suppression that persists even when switched to a softer sub-
strate. Consistent with our findings, previous work reported that 
when human mesenchymal stem cells (hMSCs) were cultured on stiff 
substrates, YAP/TAZ localized in the nucleus and that this persisted 
upon culture on soft substrates over a few days (Yang et al., 2014). 
Further work found that global histone acetylation and chromatin 
condensation were higher in hMSCs cultured on stiff substrates 
compared with soft, and that this persisted following culture on soft 
substrates for a prolonged period, suggesting that epigenetic mod-
ifications may provide a means of remembering mechanical input 
(Killaars et al., 2019). We therefore speculate that the mecha-
nomemory responses in paraspeckles may be explained by epigen-
etic changes, likely laid down as chromatin marks at the NEAT1 pro-
moter; however, this is yet to be tested.

Cells appear larger and morphologically different when 
cultured on stiff substrates
To further assess mechanotransduction, we investigated cell mor-
phological parameters that have previously been linked to cell 
growth on different stiffness substrates. All cancer cell lines, as well 
as the normal breast epithelial MCF10A cells, had greater nuclear 
and cell areas when grown on stiff 40 kPa hydrogels compared with 
cells grown on soft 3 kPa hydrogels (Figure 3, A and B). This positive 
correlation between ECM stiffness and nuclear and cell area has 
been well described in several studies, including in breast cancer, 
and may be explained by the increase in traction forces exerted to 
the ECM via integrins (Hynes, 1987; Yeung et al., 2005; Kass et al., 
2007; Califano et al., 2008; Mouw et al., 2014; Hadden et al., 2017). 
Comparing different cell sizes, we observed that MDA-MB-231 cells 
were smaller overall than the MCF10A cells, with an average size of 
650.03 µm2 and 887.26 µm2 when grown on 3 kPa and 40 kPa, re-
spectively, compared with MCF10A cells (3 kPa, 1150.34 µm2, and 
40 kPa, 1428.4 µm2). Previous literature has described both breast 
and osteosarcoma metastatic cells to be smaller than primary non-
metastatic cancer cells (Bell and Waizbard, 1986; Lyons et al., 2016). 
Because we saw this trend in our breast cancer cell lines, but not in 
the osteosarcoma cell lines, cancer cell morphology may be cell-
type specific. Next, form factor was used to investigate the degree 
of circularity of cells, with a value closer to one indicating a perfect 
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circle. All cell lines, with the exception of U2OS, had a higher form 
factor when cells were cultured on 3 kPa hydrogels, compared with 
40 kPa hydrogels indicating that the 3 kPa substrate led to a more 
circular cell shape (Figure 3C). Analysis of the aspect ratio (major 
axis/minor axis) revealed no changes in this parameter when cells 
were grown on different stiffness, with the exception being a slight 
increase in the aspect ratio for the two metastatic cell lines 143B and 
MDA-MB-231, when cultured on stiff 40 kPa hydrogels compared 
with soft 3 kPa hydrogels (Figure 3D). Consistent with our findings, 
previous work reported that breast cancer cells grown on stiff sub-
strates may appear more elongated in shape, potentially assisting 
epithelial-to-mesenchymal transition and thus promoting metastasis 
(Syed et al., 2017). Thus, these data show that in terms of morphol-
ogy, cancer cells respond to stiff substrates by increasing cell size 
and becoming less round, in a similar manner to what has been re-
ported thus far in the field of mechanobiology.

Cells have increased migration on stiffer substrates
Migration tracking was next used to examine how readily cancer 
and normal epithelial cells moved when cultured on different stiff-
ness hydrogels over 24 h. Migration tracking showed that all four 
cell lines displayed increased migration on stiff 40 kPa hydrogels 
compared with soft 3 kPa hydrogels (Figure 4A). This follows the 
same patterns as reported in several other cell types including 3T3 
mouse fibroblasts and SaI/N transformed fibroblastic cells (Pelham 

FIGURE 2: Paraspeckles in MDA-MB-231 cells following conditioning of cells on hydrogels of 
one stiffness, then transferring cells onto hydrogels of the opposite stiffness, as well as a 
hydrogel of the same stiffness as a control. (A) The average number of paraspeckles per nucleus 
and paraspeckle total area remained elevated when cells were conditioned on 3 kPa hydrogels 
and transferred onto new 3 kPa hydrogels; however, paraspeckle size decreased. When 
MDA-MB-231 cells were conditioned on 3 kPa hydrogels and transferred onto hydrogels of 
40 kPa stiffness, reduced levels of paraspeckle number (5.15 to 3.84), total area (0.011 µm2 to 
0.0063 µm2), and size (0.002 µm2 to 0.001 µm2) were observed. (B) Cells that were conditioned 
on hydrogels of 40 kPa stiffness and transferred onto hydrogels of the same 40 kPa stiffness, 
as well as the opposite 3 kPa stiffness, showed no changes in paraspeckle parameters. 
(C) Representative images showing paraspeckles (red) in nuclei (blue) taken at 60! magnification. 
Scale bar = 7.5 µm. Data are shown as mean ± SEM. **, p < 0.01; ***, p < 0.001; and 
****, p < 0.0001.

and Wang, 1997; Tzvetkova-Chevolleau 
et al., 2008). Examining cancer subtypes, we 
found that the average distance traveled in 
the metastatic osteosarcoma cell line 143B 
was significantly greater compared with the 
average total distance traveled by the non-
metastatic osteosarcoma cell line U2OS in 
cells cultured on both 3 kPa (337 µm for 
143B, and 236 µm for U2OS) and 40 kPa hy-
drogels (963 µm for 143B, and 434 µm for 
U2OS; Figure 4B). This is consistent with 
several previous studies that have reported 
that increased tissue rigidity can increase 
migration in breast cancer, pancreatic can-
cer, glioma, and colorectal cancer (Ulrich 
et al., 2009; Tilghman et al., 2010; Baker 
et al., 2012; Kraning-Rush and Reinhart-
King, 2012; Haage and Schneider, 2014; Lin 
et al., 2018). Overall, these results indicate 
that cancer and epithelial cells respond to 
stiff substrates by increasing motility, and 
that overall metastatic osteosarcoma cells 
display increased motility, compared with 
nonmetastatic osteosarcoma cells.

Lamin A expression, and YAP and 
MRTF-A nuclear translocation do not 
show consistent changes in cells grown 
on different stiffness
We next examined the degree of lamin A 
expression, as well as the nuclear/cytoplas-
mic YAP and MRTF-A ratios, which have pre-
viously had clear trends with respect to sub-
strate stiffness described in the stem cell 
field (Dupont et al., 2011; Swift et al., 2013; 
Hadden et al., 2017; Kim et al., 2019; Major 
et al., 2019). The expression of lamin A in all 

cell lines measured showed no clear differences when cells were 
grown on substrates of different stiffness, with the exception of 
MDA-MB-231 cells, that had normalized lamin A expression ap-
proximately threefold higher in cells cultured on 40 kPa hydrogels 
compared with 3 kPa hydrogels, consistent with observations made 
by Swift et al. (2013) (Figure 5A). We also considered the origins of 
each line, from different tissues of the body with different innate 
stiffness. We found that U2OS and 143B cells, originating from bone 
tissue, had significantly higher levels of lamin A as determined by 
fluorescent intensity, compared with MCF10A and MDA-MB-231 
cells, which originate from breast tissue, irrespective of being cul-
tured on 3 kPa or 40 kPa hydrogels (Supplemental Figure 3).

For YAP and MRTF-A nuclear/cytoplasmic ratios, we observed 
no consistent trend in subcellular distribution when cells were grown 
on either stiffness in any of the cell lines tested (Figure 5, B and C). 
Although trends between increasing nuclear translocation of YAP 
when cells are grown on increasing stiffness substrates have been 
well accepted in the stem cell field, the role of YAP translocation in 
the context of mechanotransduction and cancer remains controver-
sial (Dupont et al., 2011; Tan et al., 2018; Qin et al., 2019). A study 
using colorectal cancer cells showed increased YAP translocation 
into the nucleus when cells were cultured on substrates with in-
creased stiffness (Tan et al., 2018). However, in a separate study on 
the same MDA-MB-231 used here, there was no change observed 
in YAP translocation when cells were grown on substrates of varying 
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stiffness, suggesting that YAP nuclear translocation as a result of al-
tered substrate stiffness may be cell line specific (Qin et al., 2019). 
Although MRTF-A nuclear translocation in the context of substrate 
stiffness has not been as extensively studied as YAP translocation, 
our MRTF-A staining, as with the YAP translocation data, showed no 
clear trend in terms of different behavior in cells grown on different 
stiffness. Furthermore, vinculin staining, which is typically enhanced 
in cells cultured on stiff substrates and used to show focal adhesions 
at the cell–cell and cell–matrix junctions, revealed more focal ad-
hesions in cells grown on 40 kPa hydrogels compared with soft 

FIGURE 3: Nuclear area, cell area, and shape of cells revealed that all cell lines appeared 
morphologically different when cultured on 3 kPa and 40 kPa hydrogels. (A, B) All four cell lines 
had larger nuclei and cell area when cultured on 40 kPa hydrogels compared with 3 kPa 
hydrogels. (C) Analysis of form factor, representing the circulatory of cells (1 = a perfect circle) 
showed that MCF10A, 143B, and MDA-MB-231 cells appeared more circular when cultured on 
3 kPa hydrogels. (D) Aspect ratio (X/Y) revealed that 143B cells had a larger X/Y ratio when 
cultured on stiff substrates. (E) Outlines of nuclear and cell images showing differences in size 
and morphology of cell cultured on both conditions. Outlines were obtained from images taken 
at 20! magnification and visualized in multicolor images by CellProfiler using F-actin for 
cytoplasmic and DAPI for nuclear boundary recognition. Scale bar = 100 µm. Data are shown 
as mean ± SEM. Numbers of cells used in analyses were indicated per bar graph. *, p < 0.05; 
**, p < 0.01; and ****, p < 0.0001.

3 kPa hydrogels (Supplemental Figure 4; 
Yamashita et al., 2014; Omachi et al., 2017). 
Collectively, the lamin A expression and YAP 
and MRTF-A nuclear translocation in our cell 
lines, did not follow typical trends between 
stiffness as previously reported in the stem 
cell field, suggesting that epithelial and can-
cer cell lines may be influenced by mecha-
notransduction differently.

Mechanosensation of MDA-MB-231 on 
nonphysiological stiffness
Interestingly, paraspeckle parameters (num-
ber, total area, and average size) in MDA-
MB-231 cells cultured on plastic plates or 
glass coverslips showed levels in between 
what was observed in MDA-MB-231 cells cul-
tured on 3 kPa and 40 kPa conditions (Figure 
5E). Although inverted, the trend was very 
consistent with lamin A levels in the same 
stiffness conditions. As paraspeckle parame-
ters on glass did not match either of 3 kPa or 
40 kPa, previous culture on plastic or cover-
slip had minimum effect on mechanomem-
ory experiments. This comparison between 
hydrogels and coverslips clearly highlights 
the importance of the physiological environ-
ment in cellular and molecular biology.

Furthermore, substrate stiffness can lead 
to differences in proliferation rates in various 
cell lines, including MDA-MB-231; however, 
no correlation between proliferation and 
paraspeckle expression was observed in our 
data (Figure 5, E and F). Cells on glass had a 
similar proliferation rate to cells on 40 kPa; 
however, cells on glass had more para-
speckles with an increased heterogeneous 
distribution compared with cells on 40 kPa. 
Tilghman et al. (2010), showed no signifi-
cant differences in cell cycle (G1, S, and G2 
phases) between MDA-MB-231 cells on 
0.15 versus 4.8 kPa. Moreover, Fox et al. 
showed loss of paraspeckles only during 
telophase (Fox et al., 2005), a cell cycle 
stage that would typically only take up a 
very small proportion of the overall cell cy-
cle. If there was a subpopulation of cells ar-
rested in telophase on the 40 kPa hydrogels, 
we would expect to have two distinct popu-
lations in paraspeckle numbers. However, 
because we had a relatively normal distribu-
tion of paraspeckles in the 40 kPa condition 

(Figure 5F and Supplemental Figure 2), our data suggests a very 
limited representation of cells in telophase in our experiment.

Proposed mechanisms for paraspeckle mechanosensation
Paraspeckle abundance and size is determined by the level of the 
lncRNA NEAT1 (Hirose et al., 2014; Wang et al., 2018). Although our 
study did not characterize the mechanisms underlying paraspeckle 
mechanosensation to substrate stiffness, we speculate that the re-
duced levels of paraspeckles in response to stiffness are the result of 
suppression in NEAT1 transcription.
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Our data presents an opposing view on what is considered 
“traditional” in the field of mechanobiology, given most mecha-
nosensitive markers have shown positive correlations with stiffness 
(e.g., increased lamin A expression, increased nuclear localization 
of YAP and MRTF-A, faster migration, and larger nuclei). Although 
counterintuitive, several other studies have reported similar “non-
traditional” trends that are in line with our study. A study investi-
gating the nuclear translocation of protein four-and-a-half LIM 
domains 2 (FHL2) using human foreskin fibroblasts, showed an 
increase in nuclear localization of FHL2 when cells were cultured 
on soft (8.78 kPa) substrates compared with mid (20.2 kPa) and 
stiff (75.3 kPa) hydrogels (Nakazawa et al., 2016). Furthermore, re-
search investigating matrix models of scars revealed that in mes-
enchymal stem cells (MSCs), a strong smooth muscle actin repres-
sor, NKX2.5, slowly exited the nucleus on rigid matrices (Dingal 
et al., 2015). The overexpression of NKX2.5 overrode rigid pheno-
types, inhibiting smooth muscle actin and cell spreading, whereas 
cytoplasm-localized NKX2.5 mutants degraded in well-spread 
cells.

Ongoing work in understanding the role of mechanotransduc-
tion in altering gene expression in response to force, have high-
lighted the role of chromatin remodeling and subsequent epigen-
etic regulation in gene expression. A recent study described that 
chromatin reorganization in response to force, can induce poly-
comb repressive complex 2 (PRC-2) mediated global transcription 

FIGURE 4: Migration tracking of MCF10A, U2OS, 143B, and MDA-MB-231 cells on 3 kPa vs. 
40 kPa hydrogels showed increased migratory trends on stiff substrates. (A) Rose plots 
corrected to 0,0 showing representative tracks taken by cells cultured on 3 kPa and 40 kPa 
(n = 20). (B) Total distance traveled confirmed that cells from all cell lines cultured on 40 kPa 
hydrogels migrated a greater distance (n = 80) compared with cells cultured on 3 kPa hydrogels 
(n = 80). Data are shown as mean ± SEM. ****, p < 0.0001.

silencing. This study reported a concomitant 
increase in H3K27me3, a gene-silencing 
marker, and decrease in active RNA poly-
merase II, upon prolonged strain in epithelial 
stem cells (ESCs; Le et al., 2016). Publicly 
available RNA-seq data from this study re-
vealed that NEAT1 levels decreased approx-
imately twofold in response to strain in ESCs 
in this context (unpublished data). We there-
fore speculate that decreased paraspeckle 
expression in response to stiffness is due to 
the suppression in NEAT1 transcription, 
which may be the result of PRC2-H3K27me3–
linked epigenetic silencing. This suppression 
of transcription may counteract the more 
usual induction of NEAT1/paraspeckles that 
is observed with many other cell stresses (An 
et al., 2019).

Future experiments testing a role for 
such epigenetic regulation of NEAT1 will be 
important to determine factors upstream of 
NEAT1 in this context. The field of mecha-
nobiology is expanding, and alternative 
mechanisms inducing gene expression, 
aside from traditional activation of mecha-
notransduction signaling pathways, are be-
coming apparent. Although further research 
should investigate this, we believe that our 
study along with the studies mentioned 
above, all showing nonclassic mechanore-
sponses, may be of benefit one day. We be-
lieve these “counterintuitive” findings, al-
though currently posing as a challenge, will 
potentially assist in identifying other mecha-
notransduction pathways that may currently 
be unknown.

Summary
In summary, here we showed that paraspeckles are mechanosensi-
tive in U2OS, 143B, and MDA-MB-231 cancer cell lines, with 
greater fold changes observed in metastatic cancer cell lines. The 
paraspeckle trend showed a consistent inverse relationship with 
morphological and migratory properties, confirming their mecha-
nosensitivity. We propose that paraspeckles may be a better marker 
of mechanotransduction for cancer cells, in contrast to lamin A ex-
pression and the nuclear translocation of YAP and MRTF-A that 
showed no obvious changes in cells cultured on different substrate 
stiffnesses.

MATERIALS AND METHODS
Cell culture
Cell lines including MCF10A breast epithelial, U2OS osteosar-
coma, 143B metastatic osteosarcoma, and MDA-MB-231 meta-
static breast cancer were used for this study. U2OS, 143B, and 
MDA-MB-231 cells were cultured in DMEM (Invitrogen) + 10% 
fetal bovine serum + 1% penicillin-streptomycin. MCF10A cells 
were cultured in DMEM/F12 (Invitrogen) + 2% horse serum, 1% 
penicillin-streptomycin, 0.05% hydrocortisone, 0.01% cholera 
toxin, and 0.1% insulin. Cells were maintained in an ESCO CelCul-
ture CO2 incubator at 5% CO2 and 37°C. Inhibition experiments 
(inhibition of myosin-II forces) were performed by allowing cells to 
adhere for 24 h and then treating cells with 50 µM blebbistatin 
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(Sigma-Aldrich) for a further 24 h. Cells 
were washed with phosphate-buffered sa-
line (PBS) three times for 5 min and imme-
diately fixed using 4% paraformaldehyde 
(PFA; sc-281692; Santa Cruz) in prepara-
tion for FISH and immunofluorescence, as 
described below.

Polyacrylamide gel fabrication 
and functionalization
Polyacrylamide hydrogels of 3 kPa and 
40 kPa (E: Young’s modulus) were fabri-
cated by creating polymer solutions 
containing 10% acrylamide monomers 
(Bio-Rad) with 0.03% and 0.3% (vol/vol) 
N,N!-methylene-bis-acrylamide cross-linker 
(Bio-Rad), respectively (Tse and Engler, 
2010). Petri dishes containing 20 ml 100% 
ethanol + 600 µl acetic acid + 100 µl 3-(tri-
methoxysilyl)propyl methacrylate (Sigma-
Aldrich) and 20 ml 100% ethanol were pre-
pared. Coverslips (Menzel Glasser; 25 mm) 
were subject to UV radiation on both sides 
for 1 min on each side and were soaked in 
the methacrylate solution for 5 min, fol-
lowed by ethanol for 3 min. Coverslips 
were then removed and allowed to air dry. 
Glass microscope slides (HURST Scientific) 
were prepared for the fabrication of hydro-
gels by coating with dichlorodimethylsilane 
(DCDMS; Sigma-Aldrich) and spreading us-
ing a kimwipe. Aliquots of polymer solu-
tions of 1 ml for each 3 kPa and 40 kPa were 
acquired and 10 µl of 10% (wt/vol) ammo-
nium persulfate (APS; Sigma-Aldrich) was 
added and mixed using a vortex for 1 s. 
Then, 1 µl of N,N,N!,N!- tetramethylethyl-
enediamine (TEMED; Bio-Rad) was added 
to each aliquot and mixed for 1 s using a 
vortex. Working quickly, 250 µl of the poly-
mer solution + APS + TEMED was added 
onto the pre prepared/DCDMS-coated 
glass microscope slide for each hydrogel, 
and the ready methacrylated coverslips 
were transferred on top. Gels were al-
lowed to polymerize for 15 min and then 
were stored in six-well plates in PBS. Hy-
drogels were functionalized using 0.2 mg/
ml sulfosuccinimidyl 6-(4-azido-2-nitrophe-
nylamino) hexanoate (sulfo-SANPAH) di-
luted in 50 mM HEPES, pH 8.5, and placed 
under a UVP Benchtop transilluminator 
(365 nm) for 10 min. Hydrogels were 
washed twice using (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (HEPES; 
Sigma-Aldrich) and protein coated with 25 
µg/ml fibronectin (Sigma-Aldrich) over-
night at 37°C. Prior to seeding, hydrogels 
were placed under the UV transilluminator 
(305 nm) for 20 min.

FIGURE 5: (A) Normalized lamin A expression (n = 3, 100 cells/repeat) revealed that lamin A 
levels did not change pending on stiffness in MCF10A, U2OS, and 143B cell lines; however, the 
MDA-MB-231 cell line showed increased normalized lamin A expression in cells cultured on 
40 kPa hydrogels compared with soft 3 kPa hydrogels. (B, C) Quantification of YAP and MRTF-A 
nuclear/cytoplasmic ratio showed no trend between stiffness for both markers in MCF10A, 
U2OS, 143B, and MDA-MB-231 cell lines (n = 3, 100 cells/repeat). The ratios between markers 
followed similar trends between cell lines and appeared significantly elevated in the U2OS cell 
line compared with all other cell lines. (D) Representative images of lamin A, YAP, and MRTF-A 
staining in all four cell lines at 3 kPa and 40 kPa stiffness taken using confocal microscopy at 20" 
magnification. (E) Paraspeckle parameters (paraspeckle number, total area, and average size) in 
MDA-MB-231 cells cultured on 3 kPa, 40 kPa, and glass (E = GPa range) revealed a nonlinear 
trend between stiffness and paraspeckles. This trend was inverse to the relationship between 
lamin A and the same stiffness conditions. (F) Investigation of cell proliferation (determined by % 
confluency changes over time) and paraspeckles in MDA-MB-231 revealed that although cells 
cultured on 40 kPa and glass exhibited similar proliferation rates, paraspeckle abundance in 
these two conditions differed. Scale bar = 50 µm. Data are shown as mean ± SEM. *, p < 0.05.
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Mechanomemory experimental setup
MDA-MB-231 cells were cultured for 48 h on 2 ! 3 kPa hydrogels 
and 2 ! 40 kPa hydrogels prepared as described above. One hydro-
gel of each stiffness was used as a control (control sample) and the 
other hydrogel of each stiffness was used to condition cells and then 
split onto new hydrogels (conditioning sample). Cells for the control 
sample were seeded at a density of 5000 cells/µm2 and cells for the 
conditioning sample were seeded at a density of 10,000 cells/µm2. 
At 48 h, the control samples for each stiffness were allowed to grow 
for a further 48 h before fixing, while the conditioning samples were 
subject to 0.2 ml of TrypLE Express (Life Technologies) to allow for 
cell detachment. Each cell suspension was split in two and cells were 
seeded on new 3 kPa and 40 kPa hydrogels and allowed to grow for 
a further 48 h. All cells for the mechanomemory experiment were 
grown for a total of 96 h.

FISH
Cells on hydrogels were fixed with 4% PFA (sc-281692; Santa Cruz) 
at 48 h following seeding for nonmechanomemory experiments 
and 96 h following seeding for mechanomemory experiments. 
Cells were permeabilized with 70% ethanol overnight. Stellaris 
RNA-FISH was performed as per the manufacturer’s instructions 
using probes targeting 5" NEAT1 (SMF-2036-1) labeled with 
Quaser 570 Dye (1:100; Biosearch Technologies). Cells were 
stained with DAPI (4",6-diamidino-2-phenylindol; 1:15,000) in di-
ethylpyrocarbonate (DEPC) water for 1 min at room temperature. 
VectaShield (Vector Laboratories) was used to mount hydrogels 
onto microscope slides and coverslips were sealed using nail pol-
ish. Fluorescence signals were imaged at 60! magnification using 
the DeltaVision Elite imaging system and SoftWoRx software. Im-
ages were acquired as Z-stacks of 0.2 µm increments and were 
subjected to deconvolution and quick projection. NIS-Elements 
Advanced (4.0) software (Nikon) was used to quantify paraspeckles 
by identifying the region of interest (ROI; nuclei) and detecting bi-
nary thresholds representing paraspeckles, within the ROI. Para-
speckle data was presented as (i) average number of paraspeckles 
per nuclei, (ii) average total paraspeckle area, and (iii) average 
paraspeckle size. The pixel to µm conversion factor was 0.011.

Immunofluorescence
Cells on hydrogels were fixed as previously described and were 
permeabilized with 1% Triton-X (Sigma-Aldrich) for 15 min at 
room temperature. Cells were costained using primary antibod-
ies: YAP (sc-101199; Santa Cruz; 1:100), lamin A (sc-20681; Santa 
Cruz), MRTF-A (sc-390324; Santa Cruz), and vinculin (ab18058; 
Abcam; 1:100) diluted in 2% bovine serum albumin (Sigma-
Aldrich) in PBS for 1 h at 37°C. Cells were then washed using PBS 
three times for 5 min. Secondary antibodies including Alexa Fluor 
594 (ab150116; Thermo Fisher Scientific Company; 1:200) and 
Alexa Fluor 647 (ab150095; Thermo Fisher Scientific Company; 
1:200) were conjugated against primary antibodies along with 
rhodamine-conjugated phalloidin (r415; Invitrogen; 1:100) for 1 h 
at 37°C. DAPI (1:15,000; 4",6-diamidino-2-phenylindole) in DEPC 
water was counterstained for 1 min at room temperature and cov-
erslips were washed with PBS. Coverslips were mounted onto mi-
croscope slides using VectaShield (Vector Laboratories) mounting 
media and sealed with nail polish. Imaging was done using a 
Nikon C2+ confocal microscope and NIS-Elements Advanced 
(4.0) software (Nikon). Images were processed using CellProfiler 
using a custom made pipeline to measure protein expression 
levels and determine nuclear area, cellular area, and form factor 
(4 ! # ! area/perimeter2).

Cell migration tracking and proliferation analysis
Following 4 h post seeding once cells had adhered, hydrogels were 
placed in an IncuCyte S3 live-cell imaging system (Essen Biosci-
ences). The IncucCyte was set to acquire images of each gel at 10! 
magnification every 15 min for 24 h for both 3 kPa and 40 kPa hydro-
gels. For the cell migration tracking analysis, images were exported 
and videos were created using Fiji software. Four videos of ran-
domly selected regions within the gel were analyzed and one refer-
ence video to normalize for shaking of hydrogels that occurred dur-
ing imaging was obtained. Cells were numbered using a random 
number generator and 20 cells per video were selected to be manu-
ally tracked. A total of 80 cells per condition were analyzed (20 per 
video). Cells were manually tracked using the manual tracking plu-
gin function on Fiji, ensuring to exclude any cells that had left the 
frame. Cell proliferation data was acquired using the IncuCyte pro-
liferation assay to determine cell proliferation as occupied area (% 
confluence) at each time point. Proliferation data was presented as 
% change in confluency over time.

Statistical analysis
All data has been presented as mean ± SEM and all experiments 
were performed in triplicate. Data in Figures 1 and 2 were analyzed 
using one-way ANOVA, while all other data was analyzed using the 
Students t test. Multiple comparisons of Tukey post tests were used 
where necessary. Data presented was interpreted as *, p < 0.05; 
**, p < 0.01; ***, p < 0.001; and ****, p < 0.0001.
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