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Abstract……> 
 

 The complexity of the cancer is created by the fine interplay between cancer cells 

and their microenvironment. Cancer cells interact with various stromal cell types and 

extracellular matrix components during tumour growth and development of metastasis. 

Many signalling pathways influence the cross talk between cancer cells and their 

environment. For example, YAP1/TAZ signalling has already been shown to be an 

important determinant of cancer progression in both cancer and stromal cells. Nuclear 

YAP1 drives transcription but little is known about the dynamics and regulation of YAP1 

protein shuttling in and out of nucleus. Furthermore, so far there is no method activating 

YAP1 signalling specifically in a subset of tumour or stromal cells. 

 I used several approaches to address these outstanding questions in YAP1 biology.  

Imaging of migrating fibroblasts revealed the tight temporal coupling of cell shape 

change and YAP1 localization. With the help of high throughput screening and follow up 

in-depth hit characterisation, I identified exportin 1 (XPO1/CRM1) as the main export 

factor of YAP1 in human and murine cells. I showed that even upon knockdown of XPO1 

nuclear YAP1 remains subject to actomyosin and Src-family kinase regulation. In a 

similar screen investigating molecular motors I identified DYNLL1 and KLC1 

microtubule motors as regulators of YAP1 cytoplasmic stability and mRNA transcript. I 

also demonstrated DYNLL1 and KLC1 importance in functionality of cancer associated 

fibroblasts, independently of the effect on YAP1. Finally, I developed an optogenetic 

approach to specifically modulate nucleocytoplasmic shuttling with single cell resolution. 

I described opto-release system where I modulate YAP1/TAZ signalling by translocation 

of YAP1 or TAZ into the nucleus with light. Opto-release tool is used alongside 

mathematical modelling to study YAP1/TAZ protein dynamics and nucleocytoplasmic 

shuttling. The results suggest faster nucleocytoplasmic shuttling of TAZ protein in 

comparison to YAP1, and indicate potential importance of this protein in regulation of 

keratinocyte biology. Overall, the results presented in this thesis improve current 

knowledge of YAP1/TAZ signalling in cell biology.
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Impact Statement 
 In the first part of my thesis results I present new insights into the YAP1/TAZ 

signalling pathway, which change the current view of the field and improve our 

knowledge of YAP1. I show that during migration of fibroblasts YAP1 is rapidly 

changing localisation and that these changes are closely correlated with alterations in cell 

shape, directly linking dynamic cell behaviours with mechanotransduction – a concept 

where the mechanical properties of the extracellular environment are converted into a 

chemical input is the cell interior to regulate cell function. In the second section, I identify 

Exportin 1 as the main export factor for YAP1 protein, which not only clarifies the 

mechanism of YAP1 export, but also provides a potential future avenue for altering YAP1 

localisation indirectly. This is a particularly attractive concept, as nuclear YAP1 is seen 

in many solid cancers, and direct inhibition of YAP1 has so far proven unachievable. By 

targeting the subcellular localisation of this protein, for example by boosting nuclear 

export or inhibiting nuclear import, one could hope to alter YAP1 driven transcription 

and downstream functions of promoting proliferation and inhibiting apoptosis, both 

crucial for cancer progression. Additionally, I improve our understanding of YAP1 

regulation by Src-family kinases and the actomyosin cytoskeleton, which is a cause of 

much debate in the field. I show that Src and actomyosin regulate YAP1 export and 

separately regulate YAP1 transcriptional competence, which can occur in the cell 

nucleus. The first two chapters of my thesis are included in a Cell Systems publication, 

which re-evaluates YAP1 protein regulation. 

 In the latter part of my thesis I reveal further details of YAP1 control, which could 

form publications in the future and further improve our understanding of the signalling 

pathway. Firstly, I identify two new regulators of YAP1 cytoplasmic stability which 

surprisingly control fibroblast functionality independently from my protein of interest. 

This finding is surprising, as the microtubule motors in question have not been 

demonstrated to control YAP1 before. Also, any new insights into altering cancer 

associated fibroblast (CAF) functionality are welcome in the field of cancer research, as 

they could potentially lead to development of drugs specifically targeting this cell 

population, without impact on other normal cells of the body. This is particularly 

important, as CAFs are active collaborators in tumour development and metastasis.  
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 In the final part of my thesis, I describe a new methodology to study protein 

nucleocytoplasmic shuttling with the use of an optogenetic technique. It has several 

advantages, including avoiding bleaching the fluorophore and allowing acquisition of cell 

parameters before and after drug perturbation, or a change in a cell’s environment. It is 

also a technique which permits analysis of two proteins at the same time, which could 

provide information about co-activators of transcription, such as YAP1 and TAZ, in one 

cell. This technique is widely applicable to any other shuttling proteins, which creates 

opportunity of further more complex analysis. It is also a great tool to show the wider 

public, as it is very visually effective and can encourage interest in science. 
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Chapter 1. Introduction 

1.1 Tumour microenvironment 

 Cancer is a complex and multifactorial disease. The causes lie in hereditary and 

somatic mutations as well as environmental influences such as exposure to tobacco smoke 

or diet. The view of cancer has much changed over the last 20 years (Hanahan and 

Weinberg, 2011, Hanahan and Weinberg, 2000). From the simple view of abnormally 

proliferating cell clusters, cancer has progressed to a multifactorial tissue model with its 

complexity sometimes surpassing normal tissue, and where a mixture of neoplastic cells 

coexists with normal nonmutated cells. It is now known that the complexity of the disease 

is created by a fine interplay between the cancer cells and their microenvironment, in 

addition to the genetic alterations from the neoplastic cells (Quail and Joyce, 2013). 

Therefore, normal cells of the tissue can be subverted by cancer cells to serve as their 

active collaborators in tumour development. In fact, it is now considered that the tumour 

microenvironment constitutes one of the hallmarks of cancer (Hanahan and Weinberg, 

2011), together with evading growth suppression and maintaining proliferation, 

angiogenesis and changes in metabolism. Figure 1-1 shows a schematic illustrating this 

concept.  

 The microenvironment provides essential support services needed by the cancer 

cells to survive (Dvorak, 1986). During the metastatic cascade, the interactions between 

cancer cells and their microenvironment become even more crucial (Quail and Joyce, 

2013). In particular, 3D extracellular matrix (ECM) and endothelial cells pose a physical 

challenge for cell migration and extravasation. Deciphering the mechanism of metastasis 

is particularly important, as it is the cause of 90% mortality from cancer (Quail and Joyce, 

2013, Hoye and Erler, 2016).  

 A tumour is sometimes described as a wound that never heals (Dvorak, 1986), 

with infiltration of immune cells to the site and constant induction of healing/proliferation 

response. Various cell types are found in tumour stroma. Aside from neoplastic cells, 

blood vessels comprising of endothelial cells and pericytes, normal and injured epithelial 

cells, as well as immune infiltrates are found in this complex tissue. Besides the cellular 

components, the ECM is an important player in the tumour microenvironment (Hoye and 

Erler, 2016). Components such as collagen, fibronectin, laminins and proteoglycans 
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provide a network which scaffolds the tissue by giving tensile support, but can also 

provide direct ligands for cell receptor binding, and limit the delivery of various 

molecules by their sequestration. For example, α5β1 integrin receptors on the fibroblast 

cell surface directly bind to tripeptides composed of Arg-Gly-Asp (RGD) on ECM 

protein fibronectin (Wang, 2017), and this binding is crucial for the response of 

fibroblasts to changes in tissue stiffness. 

 

 

Figure 1-1: The tumour microenvironment. Many cells constitute the tumour 

microenvironment. Cancer cells are contacted by immune infiltrate, fibroblasts, epithelial cells of 

the tissue, adipocytes and endothelial cells. Blood vessels are depicted as a red line and not drawn 

to scale. 

 

 Tumour microenvironment cells are an attractive target of cancer therapy, as they 

are not mutated and therefore will not easily become resistant to therapies, in contrast to 

cancer cells (Quail and Joyce, 2013, Engels et al., 2012). The microenvironment 

importance in cancer treatment has become even more apparent in recent years with the 

success of cancer immunotherapy with anti-CTLA-4 and anti-PDL1 antibodies targeting 

immune checkpoint between cancer cells and immune effector cells, which is inhibited 

in many cancers (Yu and Cui, 2018, Galluzzi et al., 2018). Vasculature and stromal 

composition are emerging as having significant impact on the immunotherapy outcome 

(Yu and Cui, 2018), which although has success in many patients, leaves others without 

any response to treatment. Indeed, there is already some indication that co-inhibition of 
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immune checkpoint together with TGF released from the microenvironment leads to 

improved survival (Tauriello et al., 2018, Mariathasan et al., 2018). 

1.1.1 Cancer associated fibroblasts (CAFs) 

 As a part of the stroma, cancer associated fibroblasts (CAFs) are an example of a 

cell type influencing cancer cell development and metastasis. Fibroblasts are spindle-

shaped non-inflammatory, non-epithelial and non-vascular cells of the connective tissue, 

which when activated in cancer usually constitutes the most abundant cell population of 

tumour stroma (Ohlund et al., 2014, Kalluri and Zeisberg, 2006, Ishii et al., 2016, Kalluri, 

2016). From all the cell types in the tumour microenvironment, fibroblasts are perhaps 

the most enigmatic. Possibly the most intriguing aspect of CAFs is their lineage, which 

at present divides the field into two main fractions. On one side, they could be arising 

from mesenchymal stem cells of the resident tissue, or directly by resident quiescent 

fibroblasts simply becoming activated (Kalluri, 2016). Alternatively, monocyte 

precursor-derived mesenchymal cells could infiltrate tumours from bone marrow and 

differentiate into CAFs (Kalluri, 2016). An intriguing idea has also arisen suggesting that 

cancer cells can transdifferentiate into CAFs by undergoing epithelial-to-mesenchymal 

transition (EMT) (Quail and Joyce, 2013, Ohlund et al., 2014). This program involves 

cells acquiring a more mesenchymal-like morphology through Twist-Zeb-Snail 

transcription factor arc. Cells transition from a typical epithelial morphology 

characterised by polygonal cell shape and interconnection between cells, to a more 

spindle-shaped morphology and cells becoming detached from each other. In addition, 

they lose typical epithelial markers such as E-cadherin and start expressing a different 

junction protein N-cadherin, acquire vimentin intermediate filament expression, lose 

apicobasal polarity, and finally develop invasive and migratory properties (Ye and 

Weinberg, 2015, Nieto, 2013). The exact mechanism of CAF formation, however, 

remains to be elucidated. 

 Many different signalling pathways have been implicated in tumour development 

and the progression to metastasis, both coming from cancer cells and stroma, and 

reinforcing their connection. Cancer evolution is dependent on these autocrine and 

paracrine loops of signalling between and within tumour stroma and cancer cells. 

Specifically in CAF emergence and activation, multiple growth factors such as TGFβ, 
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FGF2, EGF, PDGF were described (Ohlund et al., 2014). In addition, also ECM 

remodelling, the presence of reactive oxygen species or hypoxia can lead to fibroblast 

activation (Kalluri, 2016). Interestingly, in hepatocellular carcinoma TGFβ and PDGF, 

which when released by cancer cells activate CAFs, also have a reciprocal role in 

inducing EMT of cancer cells and promoting metastasis (van Zijl et al., 2009). Similarly, 

in squamous cell carcinoma, TNFα signalling promoted invasion of cancer cells through 

an autocrine signalling loop, and also influenced CAFs through paracrine signalling, 

inducing matrix remodelling and further stimulating cancer cell invasion (Chaudhry et al., 

2013).  

 In this section I will explore the importance of CAFs in cancer as well as various 

signalling pathways implicated in the crosstalk between CAFs and cancer cells, which 

are often recycled from development and used in tumour progression. 

1.1.2 CAFs in facilitating cancer cell migration 

 CAFs “lead the way” in cancer cell migration. Fibroblasts were demonstrated to 

produce and remodel ECM (Rhim et al., 2014, Gaggioli et al., 2007, Calvo et al., 2013). 

CAFs can form tracks in the ECM by matrix remodelling and metalloprotease activity, 

which is particularly important for subsequent epithelial cancer cell invasion and 

migration (Gaggioli et al., 2007). Fibroblasts use Rho-ROCK signalling and focal 

adhesion integrins to generate the force needed for physical remodelling of the matrix. It 

was later demonstrated that certain fibroblasts can cross the basement membrane 

depending only on actomyosin forces exerted through focal adhesions, and independently 

from matrix metalloprotease activity (Glentis et al., 2017). It is possible that 

metalloprotease involvement is determined by the tissue of cancer origin, or that it is an 

accessory mechanism in formation of tunnels through ECM. Furthermore, ECM 

deposition seemed equally important in facilitating cancer cell invasion as remodelling. 

The same group additionally demonstrated that fibroblasts without the ability to produce 

and assemble fibronectin deposits were unable to generate basement membrane 

permissive for migration even though they maintained the ability to remodel ECM (Attieh 

et al., 2017). 

 Another hint of actomyosin involvement in mechanotransduction during CAF 

activation was demonstrated in a study investigating caveolin-1 presence in the stroma, 
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and caveolin-1 downstream activation of actomyosin contractility and Rac1 through 

p190RhoGAP (Goetz et al., 2011). Caveolin-1 expression was crucial for the matrix 

remodelling by CAFs and correlated with more aggressive cancers in human patients 

when detected in the stroma. Two years later, another study illustrated that for the 

generation of force CAFs rely on YAP1-mediated mechanotransduction (Calvo et al., 

2013). Fibroblasts isolated from mammary carcinoma progression in the MMTV-PyMT 

mouse model displayed increased YAP1 nuclear localisation and actomyosin contractility 

during transition from normal fibroblasts, through hyperplasia- and adenoma- associated 

fibroblasts, to CAFs (Calvo et al., 2013). The change in YAP1 localisation corresponded 

to an increase in matrix remodelling ability, that was dependent on actomyosin and 

YAP1, and further reinforced by YAP1 transcriptional activity regulating cytoskeletal 

gene expression. In addition, this phenotype was also Src-dependent. It is probable that 

factors secreted by cancer cells as well as an increase in the stiffness of surrounding tissue 

during tumour growth induces fibroblasts to become CAF-like, and then in a positive 

feedback loop YAP1 drives the full conversion and long-term maintenance of the CAF 

phenotype. It was later demonstrated that YAP1-TEAD transcription in CAFs co-depends 

and co-regulates MRTF-SRF-driven transcription (Foster et al., 2017).  

 In a recent study, CAFs were demonstrated to exert physical force on cancer cells 

and pull them from tumour-like spheroid assemblies (Labernadie et al., 2017). The 

interaction between two cell types is established through E-cadherin-N-cadherin 

heterotypic contact. Adherens junctions formed by these molecules are reinforced by 

recruitment of -catenin, -catenin and vinculin in both cell types, leading to a stable 

interaction permitting collective migration. However, CAF-cancer cell interaction and 

matrix remodelling are not always tumour-permissive. In a mouse model of pancreatic 

cancer, sonic hedgehog (SHH) controlled the molecular pathway leading to matrix 

deposition by stromal cells (Rhim et al., 2014). When SHH was perturbed, this led to less 

ECM deposition and an enhanced more aggressive tumour growth, which points to a 

restrictive role of fibroblasts and ECM in this tumour type. Interestingly, when SHH was 

inhibited, this led to increased tumour vascularisation through VEGF secretion by the 

stroma. Even though the authors do not explore this in detail, one could speculate that by 

creating more space for vessel growth and inhibiting CAF mediated matrix deposition, 

fibroblasts could direct their function more towards cytokine production. Alternatively, 
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cytokines from CAFs would become more accessible to cancer cells in the absence of 

stroma. In another study, authors showed that by ablating SMA-positive CAFs from 

stroma of a pancreatic cancer mouse model, the cancer became more aggressive (Ozdemir 

et al., 2014). This effect is slightly counter-intuitive, because even though it occurs 

through immune evasion, there is actually more immune infiltrate consisting of regulatory 

T-cells in those aggressive tumours than in the control tumours. In addition, de-

differentiation and EMT of cancer cells was activated upon SMA-positive CAF 

ablation. Interestingly, anti-CTLA-4 immunotherapy increased survival of SMA-

negative CAF pancreatic cancer adenocarcinomas in mice, suggesting that reactivation of 

immune surveillance after stroma depletion could potentially have a beneficial effect in 

therapy. 

1.1.3 CAFs and angiogenesis 

 Already in 1998, a group described fibroblasts as cells producing vascular 

endothelial growth factor (VEGF) in tumours, using a transgenic mouse model expressing 

GFP from the VEGF promoter (Fukumura et al., 1998). This is very important in 

neovascularisation of tumours, since VEGF promotes endothelial cell proliferation 

thereby enabling angiogenesis that is permissive for metastasis as well as nutrient 

delivery to the site. Because of the limited technology at the time, fibroblasts were mostly 

described through their morphology. Now, CAFs are characterised by expression of genes 

such as SMA, S100A4/FSP1 or FAP, but those genes might not necessarily relate to 

any of their functions (Sugimoto et al., 2006). Another study investigating CAFs from 

human breast cancer identified stromal-cell derived factor 1 (SDF-1, also known as 

CXCL12) which recruited endothelial progenitor cells and stimulated neovascularisation 

of tumours in vivo (Orimo et al., 2005), further highlighting the role of CAFs in 

angiogenesis. 

1.1.4 Heterogeneity of CAFs in the tumour microenvironment 

 Several studies demonstrated that even though CAFs were usually seen as “the 

bad guys” of tumour development, their involvement is indeed much more complex. 

CAFs, and all fibroblasts in general, are potentially not just one lineage, but several 

subtypes so far being identified together as one due to the lack of knowledge in 
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distinguishing markers. In mouse models of breast and pancreatic cancer, mesenchymal 

markers FAP, SMA, vimentin, PDGFR, NG2 or S100A4/FSP1, typically used to 

identify fibroblasts, failed to always co-localise together and to cells morphologically 

resembling CAFs (Sugimoto et al., 2006). Furthermore, CAF heterogeneity in non-small 

cell lung cancer was demonstrated in a study investigating their T-cell modulatory role 

(Nazareth et al., 2007). In addition, CAFs not only differentially express markers such as 

FAP and SMA, but also differ in expression of PD-L1/2 surface molecules and 

production of soluble factors, which lead to pleiotropic roles in regulating tumour-

associated T-cells (Nazareth et al., 2007). 

 During development of pancreatic ductal adenocarcinoma pancreatic stellate cells 

convert to two broadly defined CAF phenotypes: inflammatory and contractile (Ohlund 

et al., 2017). The authors argued that contractile myofibroblast population resides closer 

to the tumour, and is characterised by high SMA expression. In contrast, inflammatory 

CAFs localised further from the tumour mass, and produced cytokines and chemokines 

such as IL-6, IL-11 and LIF, which have an immune-modulating role. Indeed, fibroblasts 

were already demonstrated to modulate immune function previously (Kraman et al., 

2010). In this work, the authors study ablating fibroblast activation protein  (FAP)-

positive cells in a model of lung cancer, which led to rapid killing of now unprotected 

tumour by induction of hypoxic necrosis through sudden sensitivity to TNF- and IFN- 

present in the tumour microenvironment. 

 However, only two CAF subtypes might not be the entire story. Recently, a study 

investigating human breast cancer identified four CAF subtypes in tumour stroma through 

RNA sequencing and subsequent analysis (Costa et al., 2018), which differed in 

expression of typical fibroblast markers as well as localisation in the tumour tissue and 

distribution between breast cancer subtypes. Interestingly, two subtypes of CAF, both 

expressing SMA and localising near or within the tumour mass, had completely 

opposing immunomodulatory roles in recruitment of T-lymphocytes, which is 

contradictory to findings in the pancreas. 

1.1.5 Modulation of drug response and metastatic site 

 What is the physiological outcome of CAFs being permissive or suppressive in 

tumour growth? One of their main functions is the promotion of metastasis through 
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facilitating invasion, described above. Indeed, it has been demonstrated that co-injection 

of cancer cells and CAFs leads to increased metastasis of cancer cells in multiple mouse 

models (Engels et al., 2012, Kalluri, 2016).  

 CAFs also modulate response to therapy. During melanoma therapy with BRAF 

inhibitors, which is initially very effective but ultimately leads to relapse, stromal 

fibroblasts create a “safe haven” for cancer cells in their vicinity (Hirata et al., 2015). 

Melanoma associated fibroblasts exhibited a paradoxical activation of ERK pathway after 

treatment with BRAF inhibitor, most likely due to elevated basal receptor tyrosine kinase 

signalling, usually involved in driving proliferation of BRAF mutant melanoma cells. 

Through a signalling cascade of integrin 1 and focal adhesion kinase (FAK)/Src-family 

kinase back to ERK, CAFs conferred drug tolerance to cancer cells and allowed them to 

persist in the tumour long enough to develop resistance. Lately, a study outlined a specific 

CAF subset relevant in breast and lung cancer that promotes chemoresistance and 

maintenance of cancer stem cell niche (Su et al., 2018). Similarly to the study in 

melanoma, CAFs were resistant to docetaxel or cisplatin and conferred this resistance to 

cancer cells through secretion of IL-6 and IL-8 which they maintain through constitutive 

activation of NF-B. 

 In terms of metastatic niche priming, CAFs were necessary for VEGF-A and 

tenascin C production at the metastatic site, which was necessary for colonisation by 

cancer cells in a mouse model of breast and colorectal cancer (O'Connell et al., 2011). 

Later, two interesting studies outlined the role of CAF activation in the secondary 

metastatic site in a breast cancer mouse model metastasising to the lung (Malanchi et al., 

2011, Del Pozo Martin et al., 2015). Cancer cells caused CAFs both in the primary 

tumour, and at the metastatic niche, to express periostin – an ECM protein, which then 

led to upregulation of WNT pathway in the tumour cells and maintenance of cancer stem 

cell population. This highlights the central role of CAFs not only at the site of initial 

cancer lesion, but also in the establishment of tumour growth in distant organs.  

 In conclusion, it can be said with certainty that we are just beginning to understand 

the role of CAFs in tumour progression. Hopefully, the future will bring greater 

understanding of various CAF subtypes in tumour biology and how they can be coaxed 

into more tumour inhibitory function.  
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1.2 YAP1/TAZ signalling 

 One of the pathways important in the crosstalk between cancer cells and tumour 

stroma is YAP1/TAZ signalling. YAP1 (Yes associated protein 1) was first identified as 

a 65kDa binding partner of Yes kinase (Sudol, 1994). The same year, the YAP1 

orthologue Yorkie was first identified in Drosophila as part of the Hippo kinase cascade. 

Inactivating each of the Hippo pathway components Warts, Salvador and Hippo, or 

conversely overexpressing Yorkie, led to gross overgrowth phenotypes hence the name 

hippo – from hippopotamus (Justice et al., 1995, Xu et al., 1995). These findings were 

later confirmed in mammals, showing that YAP1/TAZ are conserved throughout the 

animal kingdom (Oka et al., 2008). In mice, overexpression of Yap1/Taz or knockout of 

Mst1/2 (Hippo in Drosophila) caused liver overgrowth and hepatocellular carcinoma, 

reminiscent of the overgrowth phenotypes in the fly (Zhou et al., 2009). YAP1/TAZ, 

MST and LATS are very well conserved and a knockout in Drosophila can be rescued 

by the corresponding mammalian variant (Zhao et al., 2010a). Interestingly, even yeasts 

have proteins related to Warts/LATS, showing that this pathway is in fact conserved 

throughout eukaryotes (Justice et al., 1995, Xu et al., 1995). 

 The core mammalian Hippo pathway is a kinase cascade composed of two 

modules. MST1/2 (Mammalian STE20-like protein kinase 1/2) forms the first and it binds 

to SAV1/WW45 (Salvador family WW domain-containing protein) to form an active 

complex. This active complex phosphorylates LATS1/2 (Large tumour suppressor 1/2) 

which is in a complex with MOB1A/B (MOB kinase activator) – the second module. In 

turn, LATS1/2 phosphorylate YAP1/TAZ (Piccolo et al., 2014, Johnson and Halder, 

2014). The Hippo signalling cascade is a negative regulator of YAP1, and the induced 

phosphorylation will contribute to YAP1 cytoplasmic retention and TAZ degradation 

(Zhao et al., 2010b). The YAP1 protein shuttling between nucleus and cytoplasm is a 

main regulatory mechanism of its function as a transcriptional co-activator, while TAZ is 

mainly regulated by degradation. Additionally, YAP1/TAZ can be retained in the 

cytoplasm by binding to 14-3-3 protein (Kanai et al., 2000) or the β-catenin destruction 

complex (Azzolin et al., 2012, Azzolin et al., 2014) as well as being a subject to 

proteasomal degradation. YAP1 phosphorylation on Ser384, performed by casein kinase 

1 (CK1), mediates YAP1 ubiquitination through -TrCP ubiquitin ligase-containing 
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complex which directs it for digestion in the proteasome (Zhou et al., 2011). LATS1/2-

mediated phosphorylation on YAP1 Ser127 facilitates 14-3-3 binding (Ren et al., 2010), 

and it can be inhibited by a competing phosphorylation on Ser128 (Hong et al., 2017, 

Moon et al., 2017). 

 By mutating the LATS1/2 sites of phosphorylation from Serine to Alanine 

(YAP1_5SA/8SA, TAZ_4SA), YAP1/TAZ mutants are generated with insensitivity to 

the Hippo pathway, constitutive activation, and nuclear localisation in many cellular 

contexts (Piccolo et al., 2014). Interestingly, it has now become clear that the pathway is 

much more complex and those same sites are targeted by other kinases, in addition to 

layers of regulation by the actomyosin cytoskeleton, cell junctions and polarity (Johnson 

and Halder, 2014, Piccolo et al., 2014).  

 YAP1/TAZ are transcriptional co-activators, and they can accumulate in the 

nucleus to facilitate transcription by binding to transcription factors such as TEADs, 

leading to expression of genes needed for cell proliferation and inhibition of apoptosis 

(Piccolo et al., 2014, Johnson and Halder, 2014). This chapter will describe YAP1/TAZ 

regulation in more detail as well as outline its known functions in cancer cells and tumour 

stroma. A simple view of the pathway is depicted in Figure 1-2. 
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Figure 1-2: YAP1/TAZ and the Hippo pathway. YAP1/TAZ are controlled by various inputs 

from cell membrane, GPCRs, cell junctions and cell-matrix adhesions, polarity complexes, 

actomyosin cytoskeleton and Src-family kinases (SFK). The Hippo pathway is a kinase cascade 

which negatively regulates YAP1/TAZ, and can also be influenced by the myriad of signals 

influencing YAP1/TAZ.  

1.2.1 Structure of YAP1 and TAZ 

 Both YAP1 and TAZ contain a TEAD binding domain at the N terminus. 

YAP1/TAZ do not have a DNA-binding domain and therefore need to interact with 

transcription factors to facilitate expression of target genes (Piccolo et al., 2014). The 

TEAD-binding domain is followed by a 14-3-3 binding domain, a WW domain (or two 

WW domains in case of some YAP1 isoforms), a coiled-coiled domain, and a 
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transcription activation domain containing a phosphodegron and a PDZ-binding domain 

at the C-terminus (Piccolo et al., 2014). These domains facilitate binding of YAP1/TAZ 

to a myriad of proteins and regulators, some of which are highlighted in Figure 1-3 

together with the most relevant phosphorylation sites. 

 Eight splicing isoforms have been reported for YAP1, which differ in length and 

inclusion or exclusion of an additional WW domain, plus a variable region in the 

transactivation domain (Gaffney et al., 2012). All isoforms were detected at mRNA level 

in cells, but interestingly most studies use the longer isoforms, containing both WW 

domains. However, there is still a lot of disagreement in the field about YAP1/TAZ 

regulation, which could be explained by different isoforms used in studies – the WW 

domain can potentially modulate binding to regulators of YAP1/TAZ, such as AMOT, 

and WW domains show different binding properties towards partner proteins, and can 

strengthen or even restrict binding to partners within the domain (Iglesias-Bexiga et al., 

2015). 

 

Figure 1-3: The molecular structure of human YAP1 and TAZ.  Each protein domain is 

demonstrated on the diagram together with colour-coded corresponding mutations (above) and 

several binding partners (below, in bold) described in literature (Piccolo et al., 2014, Zhao et al., 

2010a). PD – phosphodegron, SH3 – SH3-binding domain, TAD – transcription activation 

domain. 
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1.2.2 Upstream of YAP1/TAZ – extracellular ligands  

 For a long time, the upstream regulators of YAP1/TAZ and the Hippo pathway 

remained elusive. Finally, after 17 years after the discovery of YAP1, G-protein coupled 

receptors (GPCRs) were identified as Hippo pathway regulators. Lysophosphatidic acid 

(LPA) and sphingosine 1-phosphophate (S1P), as well as phosphoinositides and PA bind 

to GPCRs, those in turn activate G12/13 family of G proteins and inhibit LATS1/2, 

therefore allowing YAP1/TAZ to enter the nucleus and facilitate transcription. This is 

mediated through RhoA small GTPase and in turn by actomyosin cytoskeleton 

remodelling. LPA is a prominent component of serum, therefore serum starvation 

followed by serum treatment can also activate YAP1/TAZ driven transcription. In 

contrast, the Gs family receptors, glucagon, epinephrine or dihydrexidine activate 

LATS1/2 and lead to YAP1/TAZ exclusion from the nucleus (Yu et al., 2012).  

 Later, in cancer cells, the cholesterol-producing mevalonate pathway emerged as 

required for YAP1/TAZ nuclear localisation (Sorrentino et al., 2014). Unexpectedly, this 

was discovered during a screen of known FDA-approved drugs on YAP1 localisation, 

and brings hope to altering YAP1 localisation in cancer. Statins, drugs used for high 

cholesterol treatment, effectively change YAP1 localisation form nuclear to cytoplasmic 

and decrease YAP1 activity measured with a TEAD reporter, as well as expression of 

downstream target genes. Looking into the specific mechanism of this phenotype, the 

modification responsible for the effect on YAP1 localisation is geranylgeranylation of 

RhoA, which enables RhoA membrane localisation. Interestingly, this effect was 

independent both from LATS and the actomyosin cytoskeleton, contradicting previous 

findings and pointing to some other mode of RhoA on YAP1/TAZ, perhaps through a yet 

unidentified kinase.  

 In the meantime, mass spectrometry analysis of the Drosophila Hippo interactome 

led to identification of numerous inputs and outputs to both Yorkie and the Hippo kinase 

cascade in flies (Kwon et al., 2013), as well as in mammals (Couzens et al., 2013, Wang 

et al., 2014), which sped up the discovery of additional signals. Many of these 

mechanisms linked YAP1 to actomyosin and Rho GTPase regulation of YAP1, which 

will be explored in more detail in the next section. In addition, the simple regulation via 

the “conventional” Hippo core kinase cascade of MST1/2 signalling through LATS1/2 

and YAP1/TAZ has been put into question. Already in 2009 YAP1 regulation in mouse 
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embryonic fibroblasts was demonstrated to depend on LATS kinases, but not MST, 

hinting at another level of regulation (Zhou 2009). Besides “traditional” inputs from the 

MST regulation, MAP4K kinases have been implicated in activating LATS (Meng et al., 

2015, Meng et al., 2018). MAP4K1/2/3 are homologues of Happyhour, and MAP4K4/6/7 

of Misshapen in Drosophila. They regulate LATS activity, and therefore YAP1/TAZ 

downstream. A level of redundancy exists between MST and MAP4K families in the 

regulation of LATS, as only combined CRISPR-Cas9 knockout of the two kinase families 

results in near-complete dephosphorylation of LATS. The remaining phosphorylation on 

LATS1/2 suggests that additional kinases are likely to be present. The authors first 

suggest TAO-1 kinase as an upstream regulator of both MST1/2 and MAP4K branches 

(Meng et al., 2015), but then show small GTPase RAP2 as the activator of MAP4K 

specifically (Meng et al., 2018) 

1.2.3 Actomyosin regulation and mechanotransduction 

 The actin cytoskeleton is the main force-generator in cells. It is composed of 

filaments (F-actin, filamentous), polymerised from monomeric G-actin (globular). G-

actin is added to the growing filament at the barbed end, resulting in hydrolysis of actin-

bound ATP to ADP. The filament is disassembled at the other end of the structure, also 

known as the pointed end. Actin filaments can arrange into branched polymers, such as 

found at the lamellipodia edge, or filament bundles such as found in filopodia and stress 

fibres. The actin network is crucial for cell migration, division, shape and membrane 

stability. Interaction with nonmuscle myosin II filaments allows actin filaments to exert 

protrusive and pulling forces needed to propel cells forward during migration, and 

forming structures such as cortex, stress fibres or the cytokinetic contractile ring. As a 

molecular motor, myosin is also important in organelle transport along the branched actin 

network around the cell (Chugh and Paluch, 2018, Svitkina, 2018). 

 Various proteins facilitate actin filament assembly and disassembly. Formins and 

Ena/VASP proteins are actin elongation factors, which facilitate polymer assembly and 

protect it from proteins such as cofilin and gelsolin, the actin-severing molecules 

disrupting formation of actomyosin filaments. Another way to stop filament growth is by 

capping the “free” growing end, facilitated by proteins such as CapZ. The Arp2/3 

complex mediates branching of the filaments along the leading edge of cells, which 
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allows lamellipodial extension and cell protrusion (Chugh and Paluch, 2018, Svitkina, 

2018). This short list is by no means exhaustive - many other actin binding proteins 

contact the network and regulate its function. 

 Rho family small guanosine triphosphatases (GTPases) are actin modulators 

which control actin dynamics in cells. GTPases bind and hydrolyse GTP to GDP, and the 

GTP-bound form exerts activating or inhibiting functions on Rho effectors. For example, 

Rho-associated protein kinase (ROCK) is a very important Rho family effector, which 

when activated leads to phosphorylation of myosin on myosin regulatory light chain 

(MLC), and the formation of stress fibres. Guanine nucleotide exchange factors (GEFs) 

and GTPase activating proteins (GAPs) regulate GTPase binding to GTP, with GEFs 

promoting the GDP/GTP exchange and GAPs increasing probability of GTP hydrolysis. 

From 20 known members of this protein family in human genome, three “classical” 

factors emerge as the main regulators of actomyosin structures: RhoA, Cdc42 and Rac1. 

RhoA leads predominantly to formation of actin stress fibres and contractility, for 

example at the cell rear during lamellipodium-based migration or during amoeboid type 

of migration. Rac1 increases actin branching through regulation of Arp2/3 and others, 

and leads to formation of lamellipodia, broad actin-based membrane protrusions. Cdc42 

promotes actin polymerisation via N-WASP, PAK2 and association with formins, and 

facilitates formation of filopodia, which are thin F-actin rich cytoplasmic extensions. 

Therefore, Rho GTPases can be considered molecular switches for actomyosin 

cytoskeleton rearrangements needed for all cellular functions of this network (Lawson 

and Ridley, 2018, Ridley, 2015, Narumiya and Thumkeo, 2018). 

 Perplexingly, YAP1/TAZ are regulated both by actomyosin and Rho GTPases. In 

2011, a ground-breaking study revealed that ECM stiffness, through actomyosin tension, 

can influence YAP1/TAZ subcellular localisation (Dupont et al., 2011). Cells plated on 

stiff hydrogels (15-40kPa) had predominantly nuclear YAP1/TAZ, while cells plated on 

soft hydrogels (0.7-1kPa) had predominantly cytoplasmic YAP1/TAZ. Surprisingly, this 

effect was independent from the canonical Hippo kinase cascade. In addition, not only 

stiff ECM but also cell shape changes and cell spreading influenced YAP1/TAZ 

subcellular localisation, which appeared to be regulated on the level of YAP1 nuclear 

export leading to nuclear retention. This observation is more important when considering 

a different publication, where a direct functional outcome in the differentiation of 
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mesenchymal stem cells (MSCs) has been linked to the matrix stiffness and cell shape 

(Engler et al., 2006, McBeath et al., 2004). Indeed, Dupont and colleagues also observed 

a similar phenotype dependent on YAP1/TAZ, where on a stiff matrix MSCs differentiate 

into cell types from stiff tissues such as bone (osteoblasts), while on a soft matrix into 

cells from soft tissues such as fat (adipocytes). Engler and colleagues reported that MSCs 

differentiation mechanism on those differing matrices was mediated through myosin, and 

Dupont et al. confirmed that YAP1/TAZ nuclear localisation is dependent on actomyosin 

cytoskeleton stability. Also, McBeath and colleagues implicated RhoA and ROCK 

actomyosin modulators, and actomyosin itself in the regulation of this process as well 

(McBeath et al., 2004). This was a direct example of a phenomenon known as 

mechanotransduction – the conversion of mechanical force from cell outside into a 

chemical input on the cell inside, regulating cell function (Bosch-Fortea and Martin-

Belmonte, 2018). 

 Later, another study suggested that mechanoregulation is in fact the main 

mechanism regulating YAP1/TAZ in cells, and it overrides all the other forms of 

regulation (Aragona et al., 2013). Cells grown at high density supressed YAP1/TAZ 

nuclear localisation, which could only be recovered by stretching of cell monolayer, and 

not by known inputs from -catenin, p120-catenin, LATS1/2 phosphorylation, GPCR 

signalling or WNT. This regulation was directly mediated by the actomyosin 

cytoskeleton, and could be disrupted with perturbation of cofilin, gelsolin and CapZ (-

actinin), which are involved in regulating the actin network (Aragona et al., 2013). 

Moreover, LATS1/2 needed functional actomyosin cytoskeleton to exert their function 

on YAP1/TAZ. Another group investigated mechanotransduction in yet a different way, 

by using a cyclic stretching regime of a monolayer on a soft pliable substrate (Codelia et 

al., 2014). YAP1 activity was increased by the stretch, perhaps unsurprisingly in light of 

previous literature, but surprisingly this was regulated by inhibition of LATS kinases 

independently from MST regulation. c-jun N-terminal kinase (JNK) was identified as the 

one controlling YAP1 activation, phosphorylation and nuclear localisation in this 

scenario. The adaptor link between JNK and LATS turned out to be LIMD1 (LIM 

domains containing 1), a negative regulator of LATS kinase activity. 

 In cells, the link between ECM and actomyosin is mediated by focal adhesions, 

which are complexes composed of cell membrane spanning integrins, binding to ECM 
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on the cell outside, and various proteins on the cell inside (e.g. talin, vinculin), linking it 

to actin (Bosch-Fortea and Martin-Belmonte, 2018). First, YAP1 was shown to react to 

changes in cell attachment to the substrate in epithelial cells. When cells de-attached from 

ECM, YAP1 was excluded from cell nucleus and this change was shortly followed by 

anoikis (Zhao et al., 2012). The same study demonstrated that an increase in RhoA, Rac1 

or Cdc42 activity caused YAP1 to become less phosphorylated and therefore more 

nuclear, linking ECM interaction to actomyosin rearrangement inside the cell. Src, FAK, 

PI3K and Integrin 1 at focal adhesions were found to regulate YAP1 localisation in 

keratinocytes (Elbediwy et al., 2016). In a screen investigating at novel actin cytoskeletal 

and kinase regulators of YAP1/TAZ, focal adhesion turnover linked to cell spreading also 

influenced YAP1/TAZ localisation (Sero and Bakal, 2017). -PIX, Rac1/Cdc42 GEF, 

and downstream effector kinases of Rac1/Cdc42, namely PAK2 and PAK4, were positive 

regulators of YAP1/TAZ signalling. These studies provide novel details into the known 

involvement of Cdc42 and Rac1, and their effector kinases, which act on removing YAP1 

S127 phosphorylation. However, the authors point out that these are by no means the only 

regulators of YAP1 localisation, and YAP1 can still become nuclear even in their 

absence. 

 YAP1 localisation was then shown to depend on cell shape, which was conveyed 

through actin stress fibres presence and regulation of LATS1/2 downstream (Wada et al., 

2011). Later, it was demonstrated that YAP1 nuclear localisation potentially depended 

on an intact actin cytoskeleton, and not actomyosin contractility, even in the absence of 

cell-cell and cell-matrix contacts in mouse embryonic fibroblasts and breast epithelial 

cells (Das et al., 2016). When cells were sparse, blebbistatin or ROCK inhibitor treatment 

did not cause YAP1 exclusion form the nucleus, and only Latrunculin A that 

disassembled actin cytoskeleton did. This study also demonstrated feedback between 

LATS-mediated phosphorylation and actomyosin – blebbistatin or Latrunculin A caused 

more phosphorylation on murine Ser112 (equivalent to Ser127 in human), however, 

pYAP1 could still localise to the nucleus. This was also true during mechanosensing on 

different stiffness matrices. It appears that depending on cell type and tissue context, 

mechanosensing to YAP1/TAZ occurs through a variety of cytoskeletal mechanisms. 

 Recently, new players have been added to extracellular integrin-mediated 

signalling to YAP1 – namely vinexin (SORBS3) and CAP (c-Cbl-associated 
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protein/SORBS1) (Kuroda et al., 2018). They are especially important for coupling focal 

adhesions to the actomyosin cytoskeleton on rigid substrates, and when knocked out cells 

failed to respond to high stiffness regimes with YAP1/TAZ nuclear translocation. 

Furthermore, E-catenin has been linked to YAP1 therefore connecting cell-cell 

junctions further to mechanoregulation through Src (Li et al., 2016a). In addition, integrin 

4 localising to hemidesmosomes and cell adhesion structures was needed for Src 

localisation to junctions, while E -catenin was a negative regulator of YAP1. Src directly 

targets YAP1 on at least three sites: Tyr341, Tyr357, and Tyr394 (Li et al., 2016a, Si et 

al., 2017). The effect of Src is independent from LATS, it could be that Src also targets 

LATS. YAP1 has been shown to bind to Src already in the study that discovered its 

existence (Sudol, 1994). 

 Just last year, in a very intriguing study linking this direct coupling of nucleus to 

actomyosin has been suggested to regulate nuclear pore size, its opening, and as a result 

– nuclear import of YAP1 (Elosegui-Artola et al., 2017). The authors show that direct 

application of force to the nucleus is sufficient to drive YAP1 into that compartment, as 

it relieves restriction imposed by the nuclear pore complex. It increases both active and 

passive transport into the nucleus. In fibroblasts, YAP1 translocation is also dependent 

on a perinuclear actin cap, which is a specialised actomyosin structure directly connecting 

the nucleus to integrin-α5β1 at focal adhesions (Shiu et al., 2018). In this study, the 

authors demonstrate that focal adhesions-mediated contact to the nucleus is withstanding 

higher forces and potentially higher load than those at the cell periphery. Around the 

nucleus actomyosin connects to the LINC complex in the nuclear membrane through 

nesprins, which are also necessary for this force transmission. 

 In a very recent publication, authors finally described the pathway that links the 

mechanotransduction from ECM to YAP1/TAZ in comprehensive detail (Meng et al., 

2018). They found that when Ras-related GTPase RAP2 was overexpressed, YAP1/TAZ 

remained in the cytoplasm even on stiff matrix (40kPa), while when RAP2 was knocked 

out, YAP1/TAZ remained nuclear even on soft matrix (1kPa). The change in localisation 

was reflected in the change of transcriptional activity of YAP1/TAZ target genes. At high 

stiffness, more focal adhesions form when the cell spreads; that leads to focal adhesion-

mediated activation of phospholipase C1 (PLC1), which changes membrane 

composition by decreasing the amount of phosphatidylinositol-4,5-bisphosphate (PIP2); 
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that decreases the conversion of PIP2 into phosphatidic acid (PA) and therefore activity 

of two RAP2 activators PDZGEF1 and PDZGEF2; that in turn decreases the hydrolysis 

of GTP to GDP by RAP2 and its activity; downstream, RAP2 is unable to activate its 

effectors ARHGAP29, which controls RhoA and cell contractility, and MAP4K4/6/7, 

which phosphorylate LATS1/2 to activate them; therefore YAP1/TAZ remain 

unphosphorylated and can translocate into the nucleus to facilitate transcription. The 

authors also suggest that any perturbation of RAP2 could potentially lead to cells 

acquiring a growth advantage at low stiffness, such as is seen in early stages of breast 

cancer. 

1.2.4 Cell contacts and cell polarity 

 Epithelial cell polarity is an important determinant of tissue integrity in all 

animals. Apical-basolateral polarity is defined by the establishment of cell-cell junctions: 

adherens junctions, which form towards the “top” of cells – the apical side, and tight 

junctions, which form slightly below – on the lateral side. The cell is attached to the 

basement membrane by focal adhesions, described in the previous section, which are on 

the basal side of epithelial cells (Figure 1-4). Three major protein complexes assemble in 

addition to cell junctions to regulate polarity: apical PAR complex, apical Crumbs (CRB) 

complex and basolateral Scribble (SCRIB) complex (Martin-Belmonte and Perez-

Moreno, 2011). 

 In addition to the cell-matrix adhesion link through actomyosin, cell-cell contacts 

and cell polarity also emerged as YAP1/TAZ regulators. In keratinocytes, the adherens 

junction protein -catenin was identified as a negative upstream regulator of YAP1, 

acting independently from MST and LATS kinases (Schlegelmilch et al., 2011). As a 

negative regulator of YAP1, -catenin recruited YAP1 to adherens junctions and 

regulated its binding to 14-3-3 protein in the cytoplasm. This sequestration restricted 

YAP1 access to protein phosphatase PP2Ac and dephosphorylation at Ser127, which 

prevented YAP1 nuclear localisation and transcriptional co-activation. 
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Figure 1-4: Epithelial cell polarity.  Apicobasal polarity is established with the help of three 

main complexes: the Crumbs complex, composed of CRB, PALS1 and PATJ (PALS1-associated 

tight junction protein) at the apical side; the PAR complex composed of PAR3, PAR6, CDC42 

and pPKC, which resides on the apical cell membrane; and the Scribble complex, composed of 

SCRIB and DLG. Epithelial cells connect to each other by adherens junctions and tight junctions, 

and to the ECM via integrin-based focal adhesions. 

 

 Merlin (NF2) is a protein localising to both adherens and tight junctions, where it 

forms a complex with Angiomotin (AMOT) and additionally with polarity proteins 

PALS1 and PATJ at the latter junction (Yi et al., 2011). AMOT protein has been shown 

to be both a positive and a negative regulator of YAP1. AMOT can be an upstream 

negative regulator of YAP1, forming a complex with Merlin, and binding to E-cadherin, 

PALS and PATJ proteins to form a multiprotein complex that sequesters YAP1 

(Moleirinho et al., 2017). However, authors also showed that the same complex of 

AMOT-Merlin/NF2-YAP1 can be found in the nucleus when AMOT becomes 

dephosphorylated on a regulatory Ser176 residue. It is possible that the interaction 
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depends on more regulatory residues, and is further complicated by reports disagreeing 

about AMOT-LATS interaction (Mana-Capelli et al., 2014, Yi et al., 2013). Furthermore, 

Angiomotins might be the link between actin and YAP1 signalling. AMOT was 

demonstrated to bind directly to the actin fibres through an actin-binding domain, and the 

same study also demonstrated that actin and YAP1 compete for AMOT binding (Mana-

Capelli et al., 2014). To complicate matters further, YAP1 nuclear exclusion following 

actomyosin perturbation was dependent on AMOT, AMOTL1 and AMOTL2 presence, 

as well as AMOT itself was a subject of LATS regulation (Mana-Capelli et al., 2014). 

 Moreover, recently Merlin/NF2 has been implicated in YAP1 nucleocytoplasmic 

shuttling (Furukawa et al., 2017). In epithelial cells, during high confluence, an actin belt 

is formed around the cell periphery that connects cells to each other through adherens 

junctions. When this happens, Merlin/NF2 is dissociated from the adherens junctions and 

free to shuttle between nucleus and cytoplasm, together with YAP1 that depends on 

Merlin/NF2’s nuclear export signal (NES). Merlin/NF2 disassociates from E-cadherin at 

junctions in high cell density, but the mechanism is unknown – it could be through 

remodelling of the junction structure during high tension. Finally, one study reports 

Merlin/NF2 together with AMOT and AMOTL2 to be regulated by RhoA independently 

from the actomyosin network (Shi et al., 2017). When RhoA is not active, the 

Merlin/NF2-AMOT complex is localised to the plasma membrane, activating LATS1/2 

and leading to Ser127 phosphorylation-induced YAP1 nuclear exclusion. Another tight 

junction protein directly interacting with YAP1 is Zona occludens -2 (ZO-2) (Oka et al., 

2010). YAP1 interacts with ZO-2 through its PDZ-binding domain, potentially also 

regulating its nucleocytoplasmic shuttling. 

 In addition, YAP1/TAZ regulation has also been linked to cell polarity more 

directly. TAZ activity was upregulated in breast cancer cells during partial EMT and loss 

of polarity (Cordenonsi et al., 2011). That activation was linked to a loss of Scribble 

protein from the basolateral cell membrane and its translocation to the cytoplasm. 

Scribble protein regulates TAZ through assembling a MST-LATS-TAZ complex at the 

membrane, which sequesters TAZ as well as phosphorylates it. Scribble protein is thought 

to localise to both adherens junctions and tight junctions through interaction with E-

cadherin (Navarro et al., 2005), therefore in some contexts loss of E-cadherin and cell-

cell junctions could lead to changes in YAP1 localisation as a direct result of polarity 
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loss. YAP1/TAZ also bind to the Crumbs polarity complex at the apical cell membrane, 

which regulates their downstream function (Varelas et al., 2010). 

 KIBRA, a protein binding to the apical domain, is also directly regulating 

LATS1/2 through its WW domains (Xiao et al., 2011). This interaction circumvented 

MST1/2 regulation, and in addition to regulating LATS1/2 phosphorylation and activity, 

KIBRA also regulates LATS2 protein stability. Furthermore, Scribble interacts with 

LKB1 and regulates YAP1 localisation and function by modulating MST/LATS 

activation (Mohseni et al., 2014). The interaction between Scribble-LKB1 and 

MST/LATS is an indirect one, occurring through MARK kinases (PAR-1 family). 

Interestingly, the same screen that identified LKB1 also showed YAP1 crosstalk with 

JNK, ephrins, endocytosis and microtubule-regulating kinases. Moreover, a complex 

between AMOTL1, ZO-2 and YAP1 has been reported (Oka et al., 2012), further 

connecting cell-cell junctional regulation to polarity. 

1.2.5 Cross-talk with other developmental signalling pathways  

 In addition to being regulated by a plethora of signals and influencing several 

crucial cell function domains, the YAP1/TAZ pathway is also involved in cross-talk with 

other important developmental and disease-associated signalling pathways. 

 Cross-talk of YAP1/TAZ with -catenin and Notch was already suggested in 

2011, when in colon cells YAP1 activation and subsequent cell proliferation also 

upregulated -catenin driven transcription measured with the TOP-Flash reporter (Zhou 

et al., 2011). During mechanical strain application to an epithelial monolayer, -catenin 

nuclear translocation follows YAP1 activation, which is then followed by cell 

proliferation (Benham-Pyle et al., 2015). However, -catenin translocation is not a direct 

effect of YAP1-TEAD driven transcriptional activity, and even when YAP1 signalling is 

perturbed, -catenin still activates transcription with the same kinetics as before. In this 

example, the connection of strain on cell-cell contacts to -catenin is established through 

an unclear mechanism involving E-cadherin extracellular domain. 

 TAZ specifically was demonstrated to be a part of WNT/-catenin signalling 

(Azzolin et al., 2012). Normally, -catenin is targeted for degradation by the destruction 

complex if found in the cytoplasm. The destruction complex is a protein assembly 

composed of many proteins including GSK3 (Glycogen synthase kinase 3), APC 
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(Adenomatous Polyposis Coli), Axin and CK-1. GSK3 phosphorylates -catenin for 

targeting with -TrCP ubiquitin ligase. When WNT signal is present, GSK3 is 

sequestered away from the complex, allowing -catenin to be excluded and shuttle in and 

out of the nucleus. TAZ is a target of the same destruction complex, and -catenin 

facilitates its binding to the complex, reducing TAZ stability. Later, the same group 

investigated YAP1 crosstalk with WNT, and showed that during WNT activation YAP1 

became more nuclear (Azzolin et al., 2014). This led them to propose a simpler view of 

this pathway cross-talk, where YAP1 and TAZ are part of the destruction complex 

through binding to Axin, and are necessary to target -catenin for degradation. This also 

provides another way of sequestering YAP1/TAZ in the cytoplasm, in addition to 

degradation and 14-3-3 binding. Azzolin and colleagues suggested LRP6 protein as the 

factor that dislodges YAP1/TAZ from the destruction complex upon WNT binding.  

 Cross-talk with the Ras pathway has also been reported (Hong et al., 2014). LATS 

phosphorylate YAP1 and TAZ on sites that are then seen by casein kinase 1 (CK-1), 

mentioned previously, which mediates phosphorylation needed for the -TrCP-SCF 

ubiquitin ligase complex to bind and facilitate ubiquitination and targeting of those 

proteins to proteasome. Ras targets -TrCP-SCF independently from Hippo pathway 

regulation, directly influencing the stability of YAP1/TAZ. Ras overrides Hippo 

regulation by directly acting on SOCS6, a part of the ubiquitin ligase complex, and 

downregulating its levels, therefore acting as positive regulator of YAP1/TAZ. In turn, 

YAP1 drives expression of AREG, which binds to EGFR receptor, enforcing a positive 

feedback loop back onto Ras. 

 YAP1/TAZ cross-talk quite heavily with MRTF/SRF transcription factors, they 

are co-dependent and share many gene targets (Foster et al., 2017, Kim et al., 2017). 

MRTF and YAP1/TAZ share binding sites in the genes they drive, and it has been 

suggested that additional cofactors determine which set of coactivators drives gene 

expression of shared targets. Moreover, MRTF can directly potentiate YAP1 signalling 

through binding to the same enhancer elements, while YAP1 needs TGF to potentiate 

MRTF through an unknown mechanism (Kim et al., 2017). Both pathways regulate the 

actomyosin cytoskeleton through their transcriptional status, which explains their 

interdependence. 
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 Also relating to the TGF pathway, TAZ is needed for nuclear translocation of 

downstream TGF effectors SMAD2/3–4 (Varelas et al., 2008). TAZ is necessary for 

SMAD complex nuclear accumulation and downstream gene transcription through a 

scaffolding role between SMADs and ARC105 binding to gene promoters. The same 

group demonstrated later that in fact two of the mechanisms regulating YAP1/TAZ, 

namely cell density and cell polarity, also regulate TGF-SMAD signalling, and this can 

have an important role when cell polarity is lost (Varelas et al., 2010). 

 A cross-talk between YAP1/TAZ and TWIST1, another mechanosensing protein, 

has been hinted at but never shown. In breast cancer TWIST1 controls EMT induced by 

higher stiffness of the tumour mass (Wei et al., 2015). Breast cells plated on soft matrix 

(150Pa) exhibited expected polarised morphology and self-assembled into acini, while 

those on stiff matrix (5.7kPa) underwent a process resembling EMT. This 

mechanosensing competence was reliant on TWIST1 expression, and its localisation to 

the nucleus after exposure to stiff matrix. The effect is reminiscent of YAP1 regulation, 

however, the authors show that even though both pathways need integrin signalling for 

activation, YAP1 is regulated by changes in cell shape while TWIST1 is not. The links 

between these two mechanosensors needs to be explored more in the future. 

 Finally, expression of YAP1 is also regulated by microRNAs (Liu et al., 2010). 

The mechanisms of this regulation are reciprocal, with cytoplasmic YAP1 also enhancing 

miRNA processing by binding and sequestering a regulatory component of 

Microprocessor named p72 (DDX17) in the cytoplasm when cells are confluent (Mori et 

al., 2014).  

1.2.6 Downstream of YAP1/TAZ 

 Once in the nucleus, YAP1/TAZ mainly contact transcription factors from the 

TEAD (TEA domain family members) family, namely TEAD1-4, and facilitate 

transcription of genes. However, several other transcription factor families have been 

reported in co-regulation of YAP1/TAZ target genes, such as RUNX (Runt-related 

transcription factors), p73, KLF4 and TBX5 (Piccolo et al., 2014, Zhao et al., 2010a), 

showing the complex regulation of this pathway. 

 Regarding the most studied YAP1/TAZ interaction with TEADs, a landmark 

paper demonstrated in detail where the complex binds and what transcription targets it 
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drives, as well as shed some light on the discrepancy in reports of other transcription 

factors cooperating with the pair (Zanconato et al., 2015). The authors show that in a 

breast cancer cell line with a constitutively deactivated the Hippo pathway and hence 

constitutively active YAP1, they mostly observe association of YAP1/TAZ to TEAD1-4 

factors (75% of peaks from Chromatin Immunoprecipitation coupled to sequencing). 

They also observed some binding to RUNX-targeted sites, but surprisingly they did not 

detect other reported factors. Interestingly, the majority of sites of YAP1/TAZ/TEAD1-

4 binding were also co-occupied proximally by AP1 factors, JUN and FOS. The crosstalk 

with AP1 factors was confirmed later, when a study demonstrated that knockdown of 

YAP1 in basal cell carcinoma directly affects levels of JNK-JUN, but not other pathways 

reported to play a part – WNT or Hedgehog (Maglic et al., 2018). Subsequently, a 

somewhat unclear interaction between MASK1 (ANKHD1) and MASK2 (ANKRD17) 

with YAP1/TAZ/TEAD was reported (Sansores-Garcia et al., 2013, Sidor et al., 2013). 

Two groups showed back to back that this interaction is necessary for full transcriptional 

activity on the TEAD reporter, but did not specify the mechanism of their interaction. 

Finally, cooperative binding between YAP1/TAZ/TEAD and E2F1 transcription factor 

has also been reported (Kapoor et al., 2014). 

 Gene ontology analysis revealed that YAP1/TAZ/TEAD1-4/AP1 regulate genes 

involved in proliferation and cell cycle entry, specifically including cell cycle master 

regulator transcription factor MYC, DNA replication and repair factors, cyclins and 

kinetochore proteins (Zanconato et al., 2015). Recently, several YAP1/TAZ target genes 

were also pointed out as being involved in dNTP metabolism which creates DNA 

replication-permissive conditions needed during cell growth (Santinon et al., 2018). This 

could explain the crucial downstream role of YAP1/TAZ in cell proliferation and organ 

homeostasis. 

 YAP1/TAZ/TEAD also drive genes important for actomyosin maintenance and 

fibronectin deposition (Porazinski et al., 2015). YAP1 transcriptional activity directly 

regulates ARHGAP18, which in turns regulates Rho and the actomyosin network. When 

this feedback loop is perturbed, Rho is unleashed and overpolymerises actin. This study 

demonstrated that ECM and actomyosin are not only feeding into YAP1/TAZ regulation, 

but there is reciprocal communication coming from YAP1 target genes back onto those 

networks. A recent study on BioRxiv showed that the transcriptional activity driven by 
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YAP1/TAZ is needed for correct migration, showing further that YAP1/TAZ control 

expression of genes regulating actomyosin contractility, namely NUAK2, ARHGAP28 

and ARGHAP29 (Mason, 2018). 

1.2.7 Function of YAP1/TAZ in normal biology and disease 

 YAP1 is needed for the normal development and homeostasis of many tissues 

including liver, skin, intestine, nervous system, and a knockout of YAP1 is embryonic 

lethal (Piccolo et al., 2014, Zhao et al., 2011, Morin-Kensicki et al., 2006). TAZ is 

somewhat unexplored, and its knockout is viable, although experiencing some problems 

in the development of kidneys (Hossain et al., 2007). Interestingly, YAP1 expression is 

not high in leukocytes aside from regulatory T-cells (Ni et al., 2018), indicating that in 

general blood cells might not rely on YAP1/TAZ signalling for growth and function, as 

they significantly differ from stationary cells in solid tissues (Gaffney et al., 2012). In 

addition to their role in tissue growth and development, an interesting study has shown 

that YAP1 is also needed for withstanding forces of gravity (Porazinski et al., 2015). This 

was a first direct indication that body responds to gravity by mechanical forces regulated 

by actomyosin cytoskeleton-mediated tissue tension  

 Specifically in cancer, YAP1/TAZ are often overexpressed or localised to the 

nucleus in solid tumours (Zhao et al., 2010a, Piccolo et al., 2014, Camargo et al., 2007). 

Elevated or nuclear YAP1/TAZ has been reported in liver, lung, breast, skin, colon, 

ovarian and brain cancer (Johnson and Halder, 2014). Specifically in breast cancer, TAZ 

has also been shown to confer cancer stem cell-like features to cells (Cordenonsi et al., 

2011). Increased TAZ correlated with aggressiveness of tumours and lead to poorer 

outcome for patients, and was both necessary and sufficient to drive the stem cell 

phenotype when introduced to breast cancer cells, occurring downstream of cell polarity 

loss.  

 YAP1 and TAZ have also been reported in the context of drug resistance. In one 

of the most common breast cancer therapies in clinic, YAP1 can promote resistance to 

microtubule drugs such as taxol (Zhao et al., 2014). Taxol, docetaxel, colchicine, 

vinblastine and nocodazole all caused YAP1 to become phosphorylated and TAZ to be 

degraded, leading to cancer cell growth arrest, unless YAP1 was overexpressed or 

mutated on sites targeted by microtubule drugs through CDK1, namely Ser128, Ser138, 
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Ser289, Ser367 and Ser217. Also in breast cancer, TAZ/TEAD-driven activation of genes 

CYR61 and CTGF was demonstrated to confer taxol resistance and promote EMT (Lai 

et al., 2011). It is possible YAP1 and TAZ cooperate to drive resistance to taxols in breast 

cancer. 

 In another example, YAP1/TAZ have been shown to confer resistance to BRAF 

inhibitors (Kim et al., 2016). BRAF V600E melanoma cells showed resistance when 

treated with PLX4032, a BRAF inhibitor also known as vemurafenib. The resistance was 

accompanied by cell shape change leading to YAP1/TAZ nuclear accumulation and 

transcription of proliferative target genes such as EGFR, E2F1, AKT and c-MYC. 

Similarly, another publication confirmed resistance to RAF and MEK inhibitors driven 

by YAP1, and only triple combined therapy against all three was synthetic lethal and 

effectively killed cancer cells in models of non-small cell lung cancer, melanoma, colon 

and thyroid cancer (Lin et al., 2015). Finally, in a mouse model of pancreatic ductal 

adenocarcinoma simulating tumour regression by switching off the mutated KRas 

oncogene, some tumours spontaneously relapsed by upregulating expression of Yap1 and 

Tead2, leading to upregulation of genes involved in proliferation and avoidance of 

apoptosis, such as BCL-L (Kapoor et al., 2014).  

 YAP1 and TAZ are also important regulators in the tumour microenvironment. 

As mentioned in previous section, YAP1 is necessary for activation of fibroblasts to 

cancer associated fibroblasts (CAFs) (Calvo et al., 2013). It is needed for CAF matrix 

deposition and remodelling, as well as secretion of various chemokines and cytokines, 

which in turn can promote immune infiltrate or angiogenesis.  

 Specifically in endothelial cells, YAP1 is needed for endothelial cell proliferation 

and migration (Rupp et al., 2016). In addition to this role, in sprouting angiogenesis 

YAP1/TAZ were also demonstrated to be important for correct endothelial network 

formation controlled through the turnover of VE-cadherins on the adherens junctions 

between endothelial cells, which need to be able to readily rearrange junctions during 

branched vessel development (Neto et al., 2018). YAP1 has been shown to be regulated 

by flow of blood and sheer stress in zebrafish model organism (Nakajima et al., 2017). 

This effect is again independent from the Hippo pathway, YAP1 localisation depends on 

AMOT, which sequesters it without blood flow and releases its binding to YAP1 upon 

reorganisation of the actomyosin cytoskeleton once flow is established.  
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 Interestingly, fluid flow-induced shear stress was demonstrated to activate 

YAP1/TAZ and its downstream targets leading to remodelling of the actomyosin 

cytoskeleton and an increase in cell migration also in a mammalian model of cancer cell 

metastasis to lymphatics, but in contrast, this time the effect was seen in cancer cells (Lee 

et al., 2017). YAP1 and TAZ both contributed to enhanced cancer cell motility which 

promoted increased metastasis in tumours as well as transcription of genes involved in 

proliferation, survival and vasculature modulation. The fluid-flow shear stress regulation 

could therefore be conserved between many cell lineages. 

 To complicate matters further, YAP1 gene expression could be regulated in 

cancer stroma in yet another way. Normal stroma suppressed expression of many genes 

by downregulating JMJD1, a histone demethylase, therefore not allowing the de-

repression of many genes, one of them being YAP1 (Kaukonen et al., 2016). Moreover, 

JMJD1 was also pushed out of the nucleus on soft matrix, similarly to YAP1/TAZ 

exclusion, but independently from actomyosin or Src. The authors argue that in cancer, 

when the stroma gets stiffer, YAP1 expression could potentially be enhanced by JMJD1 

entry into the nucleus on stiff ECM.  

 Recently, the role of YAP1 in the cross-talk between cancer cells and stroma 

became apparent in slightly neglected stromal cell type: platelets. A study in 2017 

demonstrated that platelets induce resistance to anoikis in ovarian cancer cells and boost 

their metastasis by reactivating YAP1 signalling in cancer cells (Haemmerle et al., 2017). 

Platelets induce RhoA activity, which through an unusual regulation of MYPT1 

phosphatase subunit induces protein phosphatase 1 (PP1) to remove YAP1 

phosphorylation, and allowing its nuclear translocation. 

 In conclusion, YAP1/TAZ and the Hippo pathway are complex regulators of cell 

proliferation, apoptosis and cell migration, highly relevant both on the part of cancer cells 

but also in cancer stroma. With the emerging breadth of knowledge about this signalling 

pathway, hopefully in the future we can exploit its details to reverse nuclear YAP1/TAZ 

in tumours and improve cancer therapy. 
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1.3 Microtubule cytoskeleton 

 The microtubule cytoskeleton is an assembly of -tubulin and -tubulin 

heterodimers, which organise into higher order structures resembling hollow tubes. These 

tubes exhibit directionality, with a plus and minus end that differ in the rate of heterodimer 

polymerisation, which only occurs on the ends of the polymer (Joshi, 1998, Desai and 

Mitchison, 1997). Strikingly, within the -heterodimer, -tubulin is always present at 

the growing plus end of each polymer, and the microtubule growth is facilitated by the 

GTP hydrolysis to GDP performed also by the -subunit (Desai and Mitchison, 1997). 

Microtubule polymers display dynamic instability, which is characterised by polymer 

growth, known as polymerisation phase, and polymer disassembly, known as microtubule 

catastrophe (Desai and Mitchison, 1997). These phases are mediated by the relative GTP 

hydrolysis rate at each end. 

 Microtubules are contacted by a wide array of proteins, collectively called MAPs 

(microtubule associated proteins), which can influence their stability as well as speed of 

assembly and disassembly (Desai and Mitchison, 1997). In animal cells, microtubule 

organising centre (MTOC), sometimes also called the centrosome, is composed of several 

proteins such as -tubulin or centrosomin, which both anchor and nucleate growing 

microtubules (Martin and Akhmanova, 2018). Additionally, molecular motors called 

kinesins and dyneins can use ATP hydrolysis to move along the microtubule network 

together with molecular cargoes, sometimes as big as organelles (Verhey and Hammond, 

2009, Roberts et al., 2013). Prototypical kinesins are usually heterotetramers composed 

of two heavy and two light chains, which are responsible for movement towards the plus 

end of microtubules (Verhey and Hammond, 2009). In contrast, dyneins are much bigger 

assemblies, usually composed of several polypeptide subunits which can be divided into 

heavy, intermediate, light-intermediate and light chains, organised into structures with 

stalk, linker, neck and tail domains (Roberts et al., 2013). They are known to move 

towards minus end of microtubules (Roberts et al., 2013). 

 Microtubules and their associated binding proteins are crucial for the biology of 

the cell, and for correct functioning of whole organisms by regulating processes such as 

cell division, organelle trafficking and nerve function. Furthermore, the coordination of 

microtubules with the actomyosin cytoskeleton is fundamental for cellular processes such 
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as polarity, migration and cell division (Akhshi et al., 2014). The correct execution of 

their interplay is important not just for normal cell and organism homeostasis, but also 

during processes such as cancer, where dramatic changes in polarity, mitosis and cell 

migration are seen during development and metastasis of a tumour. This chapter will 

explore microtubule involvement in cell migration, cell shape, regulation of cell junctions 

and finally relevance in Hippo signalling and YAP1/TAZ. Where appropriate, this section 

will also discuss the interplay of microtubules with the actomyosin cytoskeleton. 

1.3.1 Microtubules in cell migration 

 As the key cell polarising structures, microtubules were long known to influence 

migration on stiff 2D substrates. In 1996, a study showed that during treatment with 

microtubule-depolymerising drugs colcemid and vinblastine, fibroblasts formed actin 

stress fibres and focal adhesions, an effect that is dependent on RhoA (Enomoto, 1996). 

Regulation of RhoA by microtubule depolymerisation is achieved via the release of GEF-

H1 from microtubule ends, which controls RhoA-GDP to RhoA-GTP conversion 

(Krendel et al., 2002). GEF-H1 binds stable microtubules, and exerts its function only 

when it is released during microtubule depolymerisation.  

 Another pioneering study in 1999 illustrated that dynamic microtubules are 

needed for activation of small GTPase Rac1 at the lamellipodia of migrating fibroblasts 

(Waterman-Storer et al., 1999). By watching fluorescently-labelled tubulin after recovery 

from nocodazole treatment, the authors noticed a rapid ruffling of membrane and 

lamellipodia formation at sites of microtubule growth.  

 It was later discovered that this effect was caused by Rac1 GTPase-mediated actin 

cytoskeleton assembly at sites of active microtubule growth (Kaverina et al., 1999). The 

exact mechanism of Rac1 interaction is not known at present, and it is interesting to 

speculate whether there exists another GEF factor present at growing microtubule plus 

ends that regulates Rac1, or whether Rac1 is controlled by being passively excluded from 

zones of high RhoA activity. 

 Historically, intact microtubule cytoskeleton was considered necessary for 

fibroblast migration (Waterman-Storer et al., 1999, Enomoto, 1996). This view was 

challenged by a study in the year 2000, when a paper investigating motility upon 

nocodazole treatment was published (Kaverina et al., 2000). To polarise fibroblasts after 
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microtubule cytoskeleton was disassembled, the group used an inhibitor of myosin light 

chain kinase, ML-7, which inhibited contractility at one side of the cell. This led to 

formation of lamellipodia-like protrusion on the opposite side of ML-7 gradient, and cell 

propagation. However, even though fibroblasts were moving, the locomotion was slower 

than usual and it was noted that cells had problems with dynamic recycling of focal 

adhesions.  

 Indeed, cell-matrix adhesion are directly contacted by microtubules, and it was 

revealed by imaging of fluorescent microtubule assembly and dynamics of fluorescent 

focal adhesions (Kaverina et al., 1999, Kaverina et al., 1998). When active microtubule 

polymerisation was stopped by addition of nocodazole, focal adhesions became elongated 

and their turnover was inhibited. The dynamic nature of adhesions is crucial for cell 

migration, and dependent on correct balance between RhoA and Rac for their formation, 

as well as microtubules for disassembly independently from actomyosin (Kaverina et al., 

1999). Moreover, the interaction between microtubules and focal adhesions is reciprocal, 

and focal adhesions can mediate microtubule anchorage and stability (Kaverina et al., 

1998). This was demonstrated in two ways. Firstly, when focal contacts were not formed 

in the absence of extracellular matrix on polylysine, microtubules showed decreased 

stability. Secondly, during recovery from nocodazole treatment, microtubules were often 

nucleated from focal adhesion sites. Finally, a more recent study described the 

mechanism of microtubule-mediated disassembly of focal adhesions (Ezratty et al., 

2005). They further confirmed that microtubules mediate focal adhesion disassembly 

independent from Rho GTPases. Focal adhesion kinase (FAK) recruits dynamin, which 

is responsible for endocytic internalisation of integrins from cell surface during focal 

adhesion disassembly. Nevertheless, it is still unclear whether microtubules recruit FAK, 

or whether FAK activates dynamin once it is delivered to focal adhesions on 

microtubules. Furthermore, a microtubule-delivered factor MAP4K4, which interacts 

with plus end- protein EB2, is needed for activation of the endocytic pathway at focal 

adhesions and integrin internalisation (Yue et al., 2014). It is worth noting that the 

mechanism of focal adhesion disassembly could differ slightly between cell lines, as a 

group investigating a papilloma cell line found clear dependence of this process on Rac 

GTPase and its GEF TIAM2, mediated by microtubule network (Rooney et al., 2010). 
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Finally, focal adhesion turnover and consequently cell attachment were affected when 

acetylation of microtubules was inhibited (Aguilar et al., 2014). 

 The role of microtubules in maintaining fibroblast cell shape in 3D environments 

was noted already in the 70s and 80s (Unemori and Werb, 1986, Bell et al., 1979). 

Colchicine, a drug that inhibits microtubule polymerisation, did not have any effect on 

shape for cells grown on plastic, but caused cell rounding and a loss of elongated 

pseudopod morphology when cells were grown on collagen. Similar results were 

observed following treatment with taxol or nocodazole, which stabilise and depolymerise 

microtubules, respectively (Tomasek and Hay, 1984). Later, in both 2D and 3D 

migration, importance of microtubule plus end binding proteins EB1 and EB3 became 

apparent through their role in positioning of Golgi apparatus (Yang et al., 2017). When 

mutated or knocked down, this pair controls not only microtubule turnover and 

catastrophe at the plus ends, but also surprisingly other protein binding at the microtubule 

minus ends. EB1/3 anchor microtubules by their minus end to the Golgi and regulate 

Golgi apparatus positioning in cells. If this connection is disrupted, this has serious effects 

on 2D migration – cells lose their polarity, which in turn corresponds to reduced speed of 

migration. Again, in those processes actomyosin is not disrupted, but focal adhesion 

turnover is reduced. The effect of EB1/EB3 pair knock down is different in 3D, where 

the cells cannot elongate pseudopods, and therefore migration in collagen is severely 

disrupted (Yang et al., 2017). Similar effects are seen when the perturbation of 

microtubule-Golgi link is in place through knockdown of MMG, AKAP450 or 

CAMSAP2 proteins forming a complex between microtubule minus ends and Golgi 

membrane (Wu et al., 2016). In 2D, migrating epithelial cancer cells have altered 

redistribution of Golgi around the nucleus, while in 3D they could not form correct 

pseudopods indicative of directionality loss. Additionally, in cancer cells that have 

undergone EMT, dynamic microtubules are needed for stabilising pseudopod at the front 

of the cell (Bouchet et al., 2016).Two proteins are linked to this process: SLAIN-2, which 

inhibits of microtubule catastrophe at the edge of the cell, and CLASP1 which inhibits 

catastrophe specifically at pseudopod tips. These proteins, when knocked down, stop the 

mesenchymal migration in 3D, independent on actin cytoskeleton or Rho GTPases. 

 To summarise, even though microtubules do not generate the motile force for cell 

migration, they are necessary for directed migration by their indirect effects on 
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actomyosin cytoskeleton dynamics, regulation of focal adhesion recycling and 

recruitment of accessory factors, both in 2D and 3D. The diagram in Figure 1-5 

summaries the main microtubule function in 2D migration. 

 

 

Figure 1-5: Migrating cell and microtubules.  A simplified view of 2D fibroblast migration and 

its regulation by microtubule cytoskeleton. The front of migrating cells is contacted by the plus 

microtubule ends, which leads to activation of Rac1, Cdc42 and Wasp, Arp2/3 downstream, and 

formation of broad lamellipodia with branched actomyosin network. At the cell rear, the plus 

microtubule ends are excluded, and the RhoA active zone forms, activating ROCK, formin and 

myosin, and assembly of stress fibres, which retract the cell end. 

1.3.2 Cell junction and cell polarity regulation by microtubules 

 The importance of microtubules in controlling cell adhesion was first observed 

during studies of microtubule dynamic behaviours. Active microtubule growth paused in 

cells from epithelial sheets that formed contacts with their neighbours, in the contrast to 

dynamic behaviours observed in migrating fibroblasts (Waterman-Storer et al., 2000, 

Waterman-Storer et al., 1999). Additionally, the same pioneering study demonstrated that 

dynamic microtubules and adherens junctions influence each other, and when this balance 
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is disrupted by microtubule-depolymerising treatment with nocodazole, junctions 

collapse, and cells in epithelial sheet disconnect from each other (Waterman-Storer et al., 

2000). It was later confirmed in more detail that microtubules controlled cell-cell via 

adherens junctions by regulating myosin-II and E-cadherin recruitment (Stehbens et al., 

2006). Indeed, this is a type of reciprocal signalling where E-cadherin can also recruit 

microtubules to sites of cell-cell contact, which reinforces the connection (Stehbens et al., 

2006). The accumulation of myosin-II is mediated through action of RhoGTP 

accumulated there. Centralspindlin complex, usually known to function during mitotic 

exit process cytokinesis, interacts with -catenin at the junction and controls activity of 

two Rho-controlling proteins: specific RhoGEF, ECT2, and RhoGAP, p190B (Ratheesh 

et al., 2012). However, this study did not explore whether microtubules are the delivery 

system of these proteins to adherens junctions, or a diffusional trap for their activity. 

 Further studies explored the molecular details of adherens junction and 

microtubule crosstalk. In addition to active plus ends contacting the junction, surprisingly 

also minus microtubule ends are anchored to apical part of adherens junctions, known as 

zona adherens (ZA). This connection is established via p120-catenin binding through a 

connector protein PLEKHA7 (PH domain-containing family A, member 7) to Nezha, a 

microtubule minus end binding protein. The interaction is crucial for formation of higher 

order structure of E-cadherins at ZA, and also incorporating kinesin-14/KIFC3 (Meng et 

al., 2008). The authors speculate that Nezha might not only anchor microtubules to ZA, 

but could potentially nucleate microtubules from there, which points to a reciprocal 

function of adhesion maintenance and microtubule cytoskeleton distribution across the 

cell. Furthermore, the interaction of kinesin at this junction poses interesting point - 

potentially it could be delivering junction proteins to the correct sites of their assembly.  

 Microtubules are also needed for correct peripheral positioning of E-cadherin at 

adherens junctions and maintenance of segmental boundaries in Drosophila larval 

epidermis. There, two types of adherens junctions are observed – apicobasal and anterior-

posterior. They differ in size and association of dynamic E-cadherin-Bazooka/Par3 

complex, that in turn is negatively regulated by RhoGEF2. This effect is modulated my 

microtubules, which inhibit RhoGEF2 association with the junctions by creating a sink 

for this protein at their active plus-ends, which in turn reduces Rok kinase (ROCK1 

homologue in Drosophila), allowing for more mobile E-cad/Baz and junction stability. 
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Again, this effect seems to be modulated independently of the actomyosin cytoskeleton 

(Bulgakova et al., 2013). 

 Apart from adherens junctions, microtubules are also regulating other cell-cell 

junctions. The centrosomal protein ninein anchors microtubules to desmosomes by 

forming a complex with desmoplakin both in tissue culture-grown keratinocytes and in 

epidermis, the suprabasal skin layer composed mostly of differentiated keratinocytes 

(Lechler and Fuchs, 2007). Similarly, in another study investigating cultured 

keratinocytes, non-centrosomal cortical microtubules reinforced the strength of tight 

junctions as well as adherens junctions by recruitment of myosin-II (Sumigray et al., 

2012). Taxol stabilised keratinocyte sheets were more resistant to mechanical strain, what 

was demonstrated by directly pulling on the monolayers. Several junction proteins have 

reduced turnover at the junction if microtubules are present in the nearby cortex, for 

example -catenin. Finally, microtubules are crucial for recycling of focal adhesions, 

which was discussed in the previous section. 

 Regarding cell shape and microtubules, the field faces a chicken and the egg type 

of question. What comes first? Is the shape determining microtubule network, or are 

microtubules interacting with cell boundary to determine cell shape? Several studies 

investigating Drosophila biology hint at cell shape being a regulator of microtubule 

alignment through signalling pathway components localisation. Specifically, in 

Drosophila wing development, the changes in microtubule alignment are controlled by 

Planar Cell Polarity (PCP) pathway, which is composed of Fat(Ft)/Dachsous(Ds)/Four-

jointed(Fj) complex and Frizzled(Fz)/Dishevelled(Dsh) complex (Matis et al., 2014). 

PCP ensures that epithelial cells are polarized along a planar axis, which in turn ensures 

correct patterning on the proximal distal axis of an appendage, such as wing. Also in 

Drosophila embryo, two atypical cadherins Fat (Fat4 in mammals) and Dachsous 

(Dachsous 1 in mammals), also shown to activate Hippo-Warts, were shown to influence 

cell shape. Fat influences adherens junctions through regulation of Expanded and the 

Hippo pathway, but the effect seems to be independent of Yorkie, the Drosophila YAP1 

homologue (Marcinkevicius and Zallen, 2013). Additionally, both Dachsous and Frizzled 

have been shown to influence microtubule dynamics and polarization in Drosophila fly 

wing development (Harumoto et al., 2010). 
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 On the other hand, microtubule cytoskeletal organisation was demonstrated to 

directly follow cell shape changes in single cells (Picone et al., 2010) as well as in 

epithelial tissue (Gomez et al., 2016). Animal cell geometry on micropatterned substrate 

of varying specified widths showed that cell spreading leading to an intrinsically defined 

length is dependent on active microtubules aligning with the substrate, and independent 

of the actomyosin cytoskeleton. This was true for human (HeLa), Drosophila (S2R+) 

cells in culture, as well as neural tube cells in zebrafish embryo. In tissue culture cells, 

radial microtubule network coming out of centrosome re-orientated parallel to the long 

cell axis either by changing direction of growth (0-25 degrees to the membrane) or 

undergoing a catastrophe in steeper angles of approach (30-90 degrees) (Picone et al., 

2010). The study did not explore whether the collapse of microtubules at the cell 

membrane was mediated by mechanical strain or somehow related to microtubule 

polymerisation or microtubule-related transport. Additionally, a recent publication 

investigating the shape-microtubule relationship in tissue context showed directly that 

changes of aligned microtubules are a consequence, rather than the cause, of changes in 

cell shape. An intact microtubule cytoskeleton was dispensable for various developmental 

cell shape changes needed in developing epithelium in Drosophila (Gomez et al., 2016).  

 Finally, an elegant study in fission yeast Schizosaccharomyces pombe showed that 

by bending cells in PDMS channels, the authors could influence orientation of 

microtubules as well as their downstream effects of establishing cell polarity. The 

cytoskeleton reorganisation was rapid and directly followed cell shape change (Minc et 

al., 2009). A similar phenomenon of catastrophe depending on the angle of approach to 

the membrane could be observed as before (Picone et al., 2010), however, it was not 

quantified by the authors. Instead, they speculate there are hot-spots in the cortex 

facilitating microtubule catastrophe (Minc et al., 2009). 

 At present, the evidence seems to support cell shape as the determinant of 

microtubule orientation, however the opposite cannot be completely excluded in whole 

tissue scenarios. It is highly likely that two mechanisms feedback to each other in 

reciprocal communication, reinforcing one another and moulding to the changing cell 

needs during development and disease. 
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1.3.3 Interaction of microtubules with the Hippo pathway and YAP1/TAZ 

 Given the extensive interactions between the actomyosin cytoskeleton and the 

YAP1/TAZ signalling, it is quite surprising how few studies link YAP1 to microtubules. 

Only one study mentioned perturbation of microtubules influencing YAP1/TAZ 

phosphorylation and TAZ degradation in cell monolayers (Zhao et al., 2014), but did not 

explore the molecular mechanism – which could be through microtubules regulating actin 

dynamics. On the other hand, another study reported no change in YAP1/TAZ 

localisation after microtubule perturbation with nocodazole (Dupont et al., 2011). 

 However, some proteins from the Hippo pathway connect YAP1 to regulation of 

the microtubule cytoskeleton. In Drosophila, Merlin (NF2) is transported on 

microtubules to either the adherens junctions in cell monolayers, membrane ruffles in 

migrating cells, or to the perinuclear region. Kinesin-1 and its adaptor KLC mediate plus 

end-directed migration, while dynein and its adaptor dynactin control the reverse. Yorkie 

localisation is dependent on this transport network. When kinesin-1 was knocked down, 

this led to Merlin stalling on microtubules and Yorkie becoming more nuclear (Bensenor 

et al., 2010). Merlin transport on microtubules was also dependent on acetylation of lysine 

40 on -tubulin. When Tat1, a major microtubule acetyltransferase in mammalian 

cultured cells, was knocked out, Merlin was no longer localised to microtubules, and 

downstream YAP1/TAZ nuclear localisation and transcriptional activity were not 

repressed at high cell density (Aguilar et al., 2014).  

 In addition, reciprocal signalling from the noncanonical Hippo pathway was 

linked to microtubule stability. MST1/2 kinases and SAV1 are regulating ciliogenesis in 

tissue culture cells through regulation of cilia disassembly complex Aurora A-HDAC6. 

Usually, Aurora A-HDAC6 complex acts to deacetylate microtubules and therefore 

reduce their stability, ultimately leading to their disassembly. However, this effect was 

independent from LATS1/2 or YAP1, which suggests alternative roles of MST1/2 (Kim 

et al., 2014). In another study, NPHP transition-zone complex in cilia, which interacts 

with microtubules, is involved in regulating the Hippo pathway. Interestingly, NPHP4 

deactivates the Hippo pathway through direct binding to LATS1, and causes activation 

of YAP1/TAZ mediated TEAD-driven transcription downstream by releasing 14-4-4 

protein binding (Habbig et al., 2011). To complicate matters further, YAP1 homolog in 

nematode Caenorhabditis elegans has been identified directly associate with cilia (Jensen 
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et al., 2016), while in mammals YAP1/TAZ have been shown to regulate ciliogenesis 

through controlling transcription of cilia-inducing genes PLK1 and Aurora A, not directly 

but through remodelling of actin cytoskeleton upstream (Kim et al., 2015). 

 Interestingly, several proteins known from mitosis have also additionally been 

linked to regulation of the Hippo pathway. A global study investigating Hippo 

interactome in Drosophila identified multiple proteins connected to spindle positioning 

and astral microtubules (Kwon et al., 2013). Specifically, Tao-1 in Drosophila (TAO-1 

in mammals), which regulates spindle dynamics as well as interphase microtubule 

dynamics (Shrestha et al., 2014), modulates Hippo signalling through activation of Hippo 

(MST1/2) and downstream inactivation of Yorkie (YAP1) function (Poon et al., 2011). 

Prostate-derived sterile 20-like kinases (PSKs) have been shown to regulate cell rounding 

and spindle positioning, controlling both actin and microtubule dynamics (Wojtala et al., 

2011), and again phosphorylating Hippo (Pflanz et al., 2015). Liver Kinase B1 (LKB1), 

a tumour suppressor, is also needed for correct spindle positioning via interaction with 

astral microtubules and activating AMPK (Wei et al., 2012), which phosphorylates 

myosin regulatory light chain and enables actin cortex-astral microtubule attachment 

(Thaiparambil et al., 2012). Additionally, LKB1 regulates YAP1/TAZ through MST1/2 

– LATS1/2 cascade (Mohseni et al., 2014). Finally, MOB1A/B, which directly bind to 

LATS1/2, are required for abscission bridge dissolution during cytokinesis (Florindo et 

al., 2012). In this study, MOB1A/B knockdown caused cells to have problems resolving 

the abscission bridge, which had more stable microtubules but also causes enhanced cell 

migration. Here, the Hippo pathway was found to influence microtubules rather than the 

other way around, and therefore modulating cell polarity. The effect on YAP1/TAZ 

transcriptional regulation was not explored by the authors.  

 Finally, there could be a link between YAP1 function and association with 

molecular motors dynein and kinesins, which operate on microtubules. 

DYNLL1/DYNLL2 dynein adaptors, and their homolog Cut up (Ctp) in Drosophila, 

belong to LC8 family of cytoplasmic dynein light-chains. First identified as stabilisers of 

dynein intermediate chains, those proteins are now recognised as modulators of protein 

dimerization by self-dimerising and bringing their partners together. The function of Ctp 

in controlling proliferation in Drosophila wing is dependent on Yorkie, however, no the 

direct interaction was found between those proteins and confounding effects on Yorkie-
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facilitated transcription were seen after Ctp overexpression and knockdown (Barron and 

Moberg, 2016). Also, Ctp interacts with Merlin and Dachs (Kwon et al., 2013), and links 

microtubules to Ana2/Mud (astral spindle 2/mushroom) complex in Drosophila to 

correctly position the spindle during mitosis (Wang et al., 2011). In contrast to 

Drosophila, DYNLL1 was found as a direct partner of YAP1 in mammalian cells (Wang 

et al., 2014). Moreover, DYNLL1 associates with KIBRA (Rayala et al., 2006, Wang et 

al., 2014), an upstream regulator of YAP1, as well as with AMOTL1/2 (Couzens et al., 

2013, Wang et al., 2014). 

 In conclusion, microtubules are regulators of many processes important in 

YAP1/TAZ biology, such as cell migration and adhesion to ECM, cell-cell contacts and 

cell shape changes. Additionally, they have been linked through accessory proteins to 

both the Hippo pathway and YAP1/TAZ directly. In this thesis I explored regulation of 

YAP1/TAZ by microtubules and microtubule motors specifically in fibroblast biology to 

shed light on this understudied interplay. 

1.3.4 Importance of microtubules to CAF morphology and function 

 Intriguingly, the effect of microtubule perturbing drug colcemid on fibroblast 

contracting a collagen gel was already observed in the 70s, however the mechanism was 

never explored in detail (Bell et al., 1979). Additionally, microtubules regulate 

invadopodia/podosome-like structures in cancer cells and CAFs. In terms of their stability 

and establishment, coordinated action of actomyosin, microtubules and intermediate 

filaments is needed for the elongation to mature invadopodia and CAF ability to cross 

basement membrane (Schoumacher et al., 2010). Moreover, secreted molecules needed 

for ECM degradation travel to the site of release on microtubules. Matrix 

metalloproteases 2 and 9 (MMP-2, MMP-9) release in melanoma cells is affected after 

treatment with paclitaxel, drug inhibiting microtubule depolymerisation. This process is 

dependent on kinesins, and has been uncoupled from effects on cell division by using low 

paclitaxel concentration (5.9nM) (Schnaeker et al., 2004). It is quite likely similar 

mechanisms could cooperate in fibroblast biology.  

 Interestingly, one paper reports CAF activation in a model of breast cancer 

depending on tubulin acetylation and links it to YAP1 activity (You et al., 2017). 

Microtubules were necessary for mechanical sensing of matrix at the early stages of 
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cancer progression, when the ECM around the tumour is still soft. In this work, CAFs did 

not show typical focal adhesions to matrix, but pseudopods with stabilised microtubules 

throughout and actin meshwork at the tip. The gene controlling this phenomenon was 

SPIN90, which is downregulated in stroma throughout breast cancer progression. When 

a SPIN90 knockdown was introduced to MEFs, they started resembling CAFs with 

upregulation of markers such as -SMA and, interestingly, also YAP1-target genes: 

Cyr61 and Ctgf. The cells were more spread on even a soft matrix (0.5kPa), exhibited 

actin cables and had YAP1 nuclear localisation and increased activity on TEAD-

luciferase reporter. Moreover, SPIN90 downregulation was necessary for CAF function, 

measured by gel remodelling activity through gel contraction and organotypic assay. The 

exact mechanism was not deciphered, however, it is likely that SPIN90 acts through 

mDia2 and Adenomatous Polyposis Coli (APC) to facilitate microtubule acetylation (You 

et al., 2017). 
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1.4 Optogenetic control of cell function 

 Optogenetics is a technique of manipulating protein function with light. Even 

though proteins that change their conformation with light were discovered in 1970s, the 

idea of optogenetics has originated through neuroscience only in early 2000s. The 

technique was first mostly used in controlling brain function through implementation of 

bacterial opsins, which are light-controlled channels that when illuminated allow transfer 

of ions through the cell membrane and between the cytosol and outside environment. 

Various ion type channelrhodopsins have been described to date, with both excitatory and 

inhibitory effect, which are now used for control of neuron and muscle function in live 

animals (Deisseroth and Hegemann, 2017, Deisseroth, 2015). 

 In the last 20 years, optogenetics has significantly evolved, offering a very broad 

spectrum of proteins and protein domains of varying light activation wavelengths that can 

be adapted to the cell, tissue, and organism of choice. The implementation of various 

light-controlled domains to modulate diverse protein function on both single cell level 

and, with limited success, on organismal level, is now also possible independently of 

channelrhodopsins (Tischer and Weiner, 2014, Karunarathne et al., 2015). Widely used 

systems, recent advances and several examples of successful optogenetic application in 

elucidating cellular mechanisms will be presented in this chapter.  

1.4.1 Protein dimerization on single cell level – a spectrum view 

 Plants need to respond to light stimuli in order to alter direction of growth and in 

turn to modulate access to light in constantly changing environments. To achieve this, 

they employ proteins with domains binding chromophores, which are molecules allowing 

conversion of photons coming from light into energy that is subsequently converted into 

a change of protein conformation, and a functional output in cells. During evolution, a 

plethora of light-modulated serine/threonine kinases emerged, which are often conserved 

between species (Karunarathne et al., 2015, Tischer and Weiner, 2014). 

 Phototropins are one family of such kinases; and in phototropin 1 from common 

oats Avena sativa light-oxygen-voltage-sensing domain 2 (AsLOV2) is one of two light 

sensitive domains. It has a C-terminal helix, termed J helix, which dissociates from the 

rest of the domain upon blue light illumination, and activates phototropin kinase activity. 
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Moreover, it has a flavin chromophore, which is endogenously synthesised by animal 

cells as well as plants (Yao et al., 2008). When isolated and fused to protein of interest, 

the LOV2 domain always exists in the equilibrium of the dissociated and the associated 

J helix, and this equilibrium is shifted towards the dissociated state during blue light 

illumination as it is more stable after receiving photons.  

 Several systems used AsLOV2 to modulate protein dimerization. The TULIP 

system, which stands for tuneable light-inducible dimerization tags, fused a small peptide 

to AsLOV2 J helix C-terminal end, and engineered a PDZ domain (ePDZ) that binds 

this peptide with high specificity upon its undocking from J after blue light illumination 

(Strickland et al., 2012), illustrated in Figure 1-6A. This system has very fast on and off 

kinetics in the millisecond range, and allows investigation of dynamic cell signalling 

modules. iLID - improved light-induced dimer, another system using AsLOV2, was 

described three years later, using similar idea of fusing a small dimerising Escherichia 

coli-derived SsrA peptide to J helix, which when uncaged in light binds to its partner 

SsrB peptide to facilitate interaction of fusion proteins coupled to the dimeriser (Guntas 

et al., 2015). 

 It is perhaps surprising that the field did not explore the LOV domain from the 

model organism Arabidopsis thaliana in more studies. One of the first optogenetic reports 

described LAD, light-activated dimerization system, which employed FKF1 and 

GIGANTEA proteins from A. thaliana, and as it turned out depended on FKF1 LOV 

domain (Yazawa et al., 2009). This study was the first one to induce Rac1-stimulated 

membrane ruffling and lamellipodia formation with light, as well as show proof of 

principle use in driving gene expression. However, the kinetics of light on-light off states 

were slower than the LOV2 domain coming from oats.  

 In fact, A. thaliana turned out to have other light-activated domains which proved 

more popular (Figure 1-6B). The pair of CRY2 (cryptochrome 2) and CIB1, or its 

truncated version CIBN, were the first system with superior fast dynamics within seconds 

range, operating in blue light spectrum (Kennedy et al., 2010). It was used to successfully 

localise proteins to plasma membrane, in a configuration where CIBN was tethered to the 

membrane – interestingly, it does not work when reversed. It can also be used to drive 

gene expression from a light inducible promoter, but even though the association kinetics 

in light occur within seconds, the dissociation kinetics are slower, in the range of minutes. 
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Recently, an improved CRY2 system named CRY2clust has also been used to aggregate 

protein fusions, with improved association kinetics by combining fluorescent proteins 

and engineered short peptides (Park et al., 2017), also illustrated in Figure 1-6B. 

 

 

Figure 1-6: Three commonly used optogenetic systems. (A) The AsLOV2pep-ePDZ system, 

activated by blue light illumination. (B) The CRY2-CIBN system, activated by blue light 

illumination. CRY2 can also be used in a clustering mode. (C) PhyB- PIF6 system. Association 

of two partners occurs in 650 nm light and is fully reversible with light of 750 nm.  
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 A. thaliana was the source of another useful dimeriser pair, this time in the red 

part of light spectrum (Figure 1-6C). Phytochrome B (PhyB) and phytochrome-

interacting factor 6 (PIF6) dimerization system was shown to have fast second-scale 

association dynamics, however required the addition of an external cofactor 

phycocyanobilin (PCB) to act as chromophore, which is not easily produced and not 

commercially manufactured (Levskaya et al., 2009). Nonetheless, it was successfully 

used to regulate formation of lamellipodia and filopodia by light-dependent recruitment 

of the RhoGEFs intersectin and Tiam1 for membrane-localised activation of small 

GTPases Cdc42 and Rac1, respectively. By using RhoA GEF Tim recruitment they were 

also able to induce actin stress fibre formation and contraction of the light-activated 

fibroblasts. This system has an interesting quality where it can be activated with red light 

spectrum wavelength 660 nm, but can also be fully reversed with infrared light of 740 nm 

(Levskaya et al., 2009). 

 In the green spectrum, the Dronpa system isolated from a species of coral 

combines fluorescent protein on and off switching with light-dependent dissociation. 

Engineered Dronpa protein dimerises during light illumination of 390 nm and 

simultaneously becomes fluorescent, while it disassociates in light of 490 nm and 

switches off fluorescence, which is in the cyan spectrum. The authors place a construct 

with two Dronpa domains onto the membrane, and during dark induce caging of 

intersectin, a Cdc42 GEF. During light illumination it becomes uncaged as Dronpas 

disassociate from each other, and drives filopodia formation (Zhou et al., 2012).  

 Recently, a near-infrared spectrum pair of optogenetic dimerisers have been 

described, which does not rely on endogenous delivery of chromophore and operates 

within 650nm-740nm range (Kaberniuk et al., 2016). It was recently improved and can 

now potentially be multiplexed with blue range systems such as AsLOV2 and 

CRY2/CIBN (Redchuk et al., 2018). 

1.4.2 Successful applications of optogenetics to modulate cell function 

 Since the development of optogenetic systems many processes have been 

investigated using light-controlled proteins. Because of approach specificity and light 

induction only in selected cells, optogenetics allows us to tease out molecular details of 

processes governed by complicated pathways. Several particularly successful approaches 
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will be described in this section, but it has to be noted that to date most studies present 

proof-of-principle demonstration of the system they engineered, and the field is only just 

now finally moving into studies motivated by investigation of cell function.  

 Optogenetics was used substantially in studies investigating cell migration. 

Probably the most impressive example at the time was presented in a pioneering study 

with AsLOV2 system, which coupled Rac1 small GTPase directly to the photo-domain 

(Wu et al., 2009). Rac1, caged by the J helix in the dark, was released during blue light 

illumination, and contributed to membrane ruffling and lamellipodium formation at the 

site of illumination, producing light-directed cell migration. Quite literally speaking, this 

study shed light on the interplay between Rac1 and RhoA, showing directly that Rac1 

inhibits RhoA at lamellipodia. It also demonstrated that Rac1 mediated migration 

depends on myosin, but the exact mechanism remained nebulous at the time.  

 Such a direct fusion of LOV2 to protein ending in a successful photo-activated 

construct is however a rarity, and only recently the same group attempted to solve this 

problem with the help of computational modelling. Computer simulation guides the 

authors on the site of AsLOV2 domain fusion into a kinase, such as Src, or GTPase, such 

as Rac1. The site of insertion is chosen such that it interferes with protein function only 

during blue light illumination – a form of opto-allosteric perturbation (Dagliyan et al., 

2016). A similar approach was used to modulate the function of GEFs, but this time by 

inserting LOV2 into autoinhibitory loops and releasing the inhibition, activating the GEF. 

This analysis allows the authors to induce formation of various actin morphologies in 

cells, further investigate mechanisms of cell migration in 2D. This and several other 

systems (Guntas et al., 2015, Zimmerman et al., 2017, Bugaj et al., 2013, Levskaya et al., 

2009, Yazawa et al., 2009, O'Neill et al., 2018), some of which I described in the previous 

section, were very valuable in proving Rac1 as the protein providing direction of cell 

migration. 

 Perhaps the most successful application of optogenetics to studying cell signalling 

was done by Jared Toettcher and his group in Princeton. In the first study, the authors use 

the PhyB-PIF6 system to decipher the regulation of MAPK/ERK signalling cascade 

originating from RAS (Toettcher et al., 2013). They fused a RAS GEF SOS activator 

domain to this system, and with application of red light recruited it to the plasma 

membrane, where it initiates signalling from RAS down to MEK and ERK specifically, 
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without affecting PI3K/AKT branch usually simultaneously activated with a stimulus 

such a growth factor. Later, the group demonstrated with the same optogenetic tool the 

exact regulation of immediate-early gene expression after various lengths of pathway 

activation (Wilson et al., 2017). They employed optogenetics combined with 4 colour 

imaging to decipher the exact dynamics of pathway activation. Upon red light stimulation 

of the Opto-SOS system, the fluorescent transducer BFP-ERK goes to the nucleus, 

activates transcription visualised by mCherry, and downstream target gene expression 

fusions to YFP, while the nuclei are tagged with iRFP-H2B in the far-red spectrum.  

 In studies of cell signalling, several reports describe successful photo-inducible 

receptors such as FGFR1 (Grusch et al., 2014), Nodal (Sako et al., 2016) and TGF 

(Ramachandran et al., 2018), which were introduced in studies of single cells as well as 

zebrafish. They rely on autodimerization of the LOV domain from algae Vaucheria 

frigida aureochrome 1 after blue light illumination. Additionally in perturbing signalling 

pathways, CRY2clust was used to activate the -catenin signalling pathway by artificially 

inducing its upstream activator LRP6 clustering at the plasma membrane in the absence 

of WNT ligand or Frizzled receptor binding (Bugaj et al., 2013). Opto-AKT and opto-

FAK has also been engineered by fusion with the CR2Y-CIBN system (Katsura et al., 

2015, Fischer et al., 2016, Horner et al., 2018).. 

 On the level of whole organism, in Drosophila CRY2-CIBN system was 

successfully used to modulate contractility in tissue by fusing it to OCRL 5-phosphatase 

which targets the actomyosin cytoskeleton (Guglielmi et al., 2015). Interestingly, the 

group used a 2-photon laser at 950 nm wavelength instead of traditional blue light 

spectrum in order to increase tissue penetration and decrease the phototoxicity of the 

laser. The same group has also used CRY2-CIBN system to recruit RhoGEF2 to the 

plasma membrane in Drosophila and drive actomyosin constriction of the early embryo 

(Izquierdo et al., 2018). These two are rare examples of attempting optogenetics in living 

organisms, and showcase that potentially adaptations such as different laser wavelengths 

and modifications of system components might be necessary for moving into higher 

organisms with optogenetic domain utilisation. 

 Several studies have also engaged optogenetics in studies of microtubules and 

microtubule motors. A striking application of AsLOV2-ePDZ was demonstrated to 

control light-inducible organelle positioning. The system was coupled to kinesin KIF1A 
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for plus-end directed microtubule transport or dynein component protein BICD2 for 

minus-end direction, while myosin-Vb was used for actin transport. On the other side of 

the system organelle cargo such as peroxisomes, mitochondria and recycling endosomes 

were placed by fusions of regulator cross-linker proteins (van Bergeijk et al., 2015). This 

technique was successfully adapted for use in nematode C. elegans to study the regulation 

of neuron function (Harterink et al., 2016) and relies on transport during blue light 

illumination, and cessation of movement in darkness. A year later, another group reported 

sustained transport of organelles to either microtubule end with very similar fusions of 

components by introduction of covalent binding upon light illumination between motor 

and organelle-adaptor (Ballister et al., 2015).   

 To conclude, even though powerful when applied correctly, many of these 

methods still have to be adapted to whole organisms. Moreover, they rely on complicated 

fusion proteins, which deem them highly problematic in ease of use. Recently optogenetic 

approaches have been used in robotics to control an engineered stingray by 

channelrhosopsin-2 (ChR2) stimulation of cardiomyocytes in the synthetic animal to 

propel its movement forward (Park et al., 2016), which shows truly sci-fi-like scenario 

and showcases the power of light-controlled methods. 

1.4.3 Light-controlled manipulations in the nucleus 

 After the development of light induced dimeriser systems, the goal of the field 

was to produce efficient gene expression with light. Several dimerisers have attempted to 

induce gene expression, however, superior methods emerged later dedicated solely to this 

purpose. To control gene transcription with light, a very successful attempt has been 

published already in 2012. The group fused VIVID, a LOV domain containing protein 

from Neurospora crassa fungus species, to Gal4 lacking the dimerization domain and 

only containing DNA binding domain (Wang et al., 2012). Upon blue light illumination, 

the fusion protein dimerised and bound to the upstream activating sequence of Gal4 

promoter, which drove expression of genes placed after it. The authors named this system 

GAVPO or LightON, and it was successfully used to drive gene expression in single cells 

but also in tissues such as mouse liver.  

 Later, another study used the CRY2-CIBN system to produce light-inducible 

transcriptional effectors (LITEs) composed of a DNA binding element and a 
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transactivator domain, which interacted upon blue light illumination, and could drive 

transcription and epigenetic modifications depending on the desired fusion (Konermann 

et al., 2013). Three years later, the EL222-pc120 system was presented (Motta-Mena et 

al., 2014). It included EL222, a bacterial transcription factor optimised for mammalian 

use, which induced up to 200-fold expression of anything placed downstream of pc120-

bacterial promoter upon blue light illumination. However, even though superior to those 

described previously, this system was unable to facilitate the analysis of protein shuttling 

as it was driving overexpression of proteins with relatively slow dynamics. Finally, a 

recent study demonstrated bidirectional and light-controlled gene expression from the 

same opto-regulated promoter by using GAVPO system driving gene expression in two 

directions (Chen et al., 2015). Up to four proteins were expressed with the use of self-

cleavable peptides between transcripts. 

 Another big wish in the field was the development of genome editing with light. 

Significant effort has been put into engineering light-inducible Cre-recombinase in order 

to facilitate optogenetic genome editing. The first attempts in the lab of Chandra Tucker 

led to a mixed result, with low activity of the CRY2-CIBN fused constructs (Taslimi et 

al., 2016, Kennedy et al., 2010). However, a split-Cre fused to Magnet dimeriser system 

employing VIVID domains allowed 320-fold activation of recombination both in single 

cells and in mice upon blue light illumination (Kawano et al., 2016). This stands at 

approximately 25-fold better than their CRY2-CIBN competitor when tested directly in 

comparison.  

 The same Japanese group has also made considerable progress in development of 

an optogenetic CRISPR-Cas9 system, where they describe a split Cas9 enzyme fused to 

Magnets, and full length Cas9 fused to CRY2/CIBN system, efficient at driving 

expression of specific genes upon addition of guide RNAs (Nihongaki et al., 2017). 

1.4.4 Nucleocytoplasmic shuttling using light-control 

 Proteins bigger than 40 kDa do not passively diffuse through nuclear pore (Mohr 

et al., 2009). Importins help transport proteins that have nuclear localisation signal (NLS), 

while exportins take out proteins with nuclear export signal (NES). In addition to 

chemical biology methods to perturb shuttling, recently several methods tackle this 

problem using optogenetics (Di Ventura and Kuhlman, 2016).  
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 One of the first attempts to regulate protein nuclear localisation involved 

engineering of caged lysines on artificial NLS, which uncaged the NLS with light in the 

UV spectrum (Engelke et al., 2014). However, this change was irreversible. Another 

irreversible system published around the same time relied on A. thaliana endogenous 

interaction between an ultraviolet-B photoreceptor UVR8 and a COP1 binding partner 

protein, either of which can be tethered in the nucleus. During illumination with UV light, 

two proteins will dimerise and since one is localised in the nucleus, accumulate there. 

However, the kinetics of this particular system are slow and irreversible (Crefcoeur et al., 

2013). Both of these methods were successfully implemented to drive light-activated 

transcription, however, both are irreversible and moreover UV light has mutagenic 

potential which is not ideal in single cell studies. 

 To date, the best tools developed to study shuttling are in the blue part of light 

spectrum: LANS, LINuS, LEXY and LINX. These systems rely on blue-light controlled 

uncaging of NLS/NES signal utilising J helix from As LOV2 domain. During light 

illumination the usually concealed NLS/NES is exposed to endogenous 

importins/exportins in cells and shuttled between nucleus and cytoplasm. Again, the big 

advantage of these systems is flavin chromophore, which is endogenously expressed by 

organisms and therefore does not require additional manufacturing and introduction.  

 The first system introduced was LINuS: light-inducible nuclear localization signal 

(Niopek et al., 2014). The authors played with caging various strength NLS signals and 

counterbalancing them with exposed NES motifs to the construct to achieve high dynamic 

range of protein light activation. The competing system LANS, standing for light-

activated nuclear shuttle, is essentially the same, but was published a year later 

(Yumerefendi et al., 2015). Authors extend the LINuS findings by adaptation to yeast 

transcription and C. elegans cell fate determination.  

 The first group also published a reverse system named LEXY: light-inducible 

nuclear export signal, which is the same construct as LINuS but this time cages NES in 

the J helix instead of NLS (Niopek et al., 2016). Interestingly, this could also be 

employed to sequester CRM1/XPO1 endogenous exportin by placing LEXY fused to 

H2B histone variant in the nucleus. Similarly, the competing group also published LINX 

(light-induced nuclear export), which is again an exactly parallel system to regulate 

export (Yumerefendi et al., 2016).  
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 Finally, red wavelength-operating PhyB-PIF system version, described in 

previous section, was also successfully used to control nuclear translocation (Beyer et al., 

2015, Yang et al., 2013). In a system relevant to mammals, PhyB and phytochrome-

interacting factor 6 (PIF6) were coupled to drive expression of genes from a light-

controlled promoter, and could be reversed with an exposure to infrared light, leading to 

nuclear export (Beyer et al., 2015).  

  Most recently, LOV-TRAP system was published as a system to study effect of 

light-induced dissociation of dimerising partners (Wang et al., 2016a, Wang and Hahn, 

2016). I have employed this particular system to study YAP1/TAZ shuttling in this thesis. 

By engineering a small peptide, Zdk, and its variants, the authors of the original study 

can modulate binding to AsLOV2 domain placed on mitochondria or cell membrane, and 

restrict access of their protein fusions to other organelles this way. Zdk domain (Z-dark) 

is a domain part isolated from Z domain of immunoglobulin-binding staphylococcal 

protein A, and only binds to LOV2 domain in the dark. I coupled the system to 

investigation of shuttling readouts for my favourite proteins. 
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Aims of this thesis 

In my PhD I worked to further our understanding of the YAP1/TAZ signalling pathway, 

which is important in cancer progression both in stromal and cancer cells. In this thesis I 

explored several outstanding questions in YAP1/TAZ biology. My four main questions 

were the following:  

1. How is YAP1 nucleocytoplasmic shuttling regulated during cell migration?  

2. What are the nuclear import and export factors for YAP1 protein in mammalian 

cells?  

3. Does the microtubule cytoskeleton play a role in YAP1/TAZ regulation and 

CAF function downstream of YAP1/TAZ?  

4. Can we control YAP1/TAZ nucleocytoplasmic shuttling with light?  
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Chapter 2. Materials & Methods  

2.1 Cell culturing methods 

2.1.1 Cell lines 

 HaCaT cells and HeLa Kyoto cells were acquired from the Cell Services Facility 

at the Francis Crick Institute. NF1 and CAF1 breast fibroblast cells lines were originally 

isolated from FVB/n mice expressing the Polyoma Middle T antigen oncogene under the 

Mouse Mammary Tumour Virus promotor (MMTV-PyMT), from normal breast tissue 

and mammary carcinoma respectively. They are described in detail in previous 

publications (Calvo et al., 2013, Ege et al., 2018). 

 Human vulvar fibroblast lines VCAF4 and VCAF8 were isolated from patient 

tissue samples collected from patients at Bart’s and the London Hospital under ethical 

approval 10/H0304/14, and immortalised by pBABE-Hygro-hTERT retroviral 

transfection (Human Telomerase Reverse Transcriptase) by Steven Hooper, Principal 

Laboratory Research Scientist in the Sahai lab. All the cell lines were regularly tested for 

mycoplasma contamination. Additionally, STR profiling was performed on VCAF to 

confirm that they are unique with no significant similarity to any previously reported cell 

lines. 

2.1.2 Cell culture 

 HaCaT and HeLa Kyoto cells were cultured in DMEM (Gibco) with 10% foetal 

bovine serum (FBS) (PAA Labs) and 1% penicillin-streptavidin (Pen-Strep, Gibco) at 

37°C and 5% CO2. The cells were removed from the cell culture dish with 0.1% trypsin 

and 0.02% versene (both Life Technologies) after washing with PBS (Phosphate buffered 

saline, 1.5 mM KH2PO4, 8 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4). Trypsin 

was neutralised by addition of cell culture media containing 10% FBS. All drugs and 

concentrations added in experiments are specified in the culture legends and listed in 

Table 2-1. 

 Fibroblast cell lines (NF1, CAF1, VCAF8, VCAF4) were cultured in the same 

media with addition of 100X insulin-transferrin-selenium (ITS) (#41400-045, Invitrogen). 

Fibroblasts were always passaged into a new flask to avoid accumulation of ECM at the 

flask bottom. 
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Drug  Source Concentration 

DMSO Sigma, #D2650 N/A 

Blebbistatin Calbiochem/Merck, #203391 10 M 

Dasatinib LC Laboratories, #D-3307 500 nM 

Latrunculin B Enzo Life Sciences, #BML T110-0001 500 nM 

Imatinib LC Laboratories, #I-5508 5 M 

Saracatinib Cambridge Bioscience, #11497 1 M 

Vinorelbine Sigma, #V2264 1 M 

Flubendazole Sigma, #34091 1 M 

Fenbendazole Sigma, #F5396 1 M 

Ciliobrevin D Merck Millipore, 250401# 10 M 

Paclitaxel Selleckchem, #S1150 100 nM 

Rock inhibitor 

GSK 269962 

Biotechne, #4009 100 nM 

Table 2-1: Compounds used in this thesis. 

2.1.3 Transfection 

2.1.3.1 Stable expression 

 EYFP-YAP1 constructs were introduced into fibroblasts using the Lentivirus 

system, where the plasmid of interest is transfected together with accessory packaging 

plasmids pMD2.G (VSV-G envelope expressing plasmid) and psPax2 (2nd generation 

lentiviral packaging plasmid) in Hek293FT cells, and then the collected virus is put in on 

cells for infection (Ege et al., 2018). H2B-mTurquoise2 was introduced to cells using the 

PiggyBac transposon system, where the plasmid of interest is transfected together with a 

transposase plasmid PBase (Ding et al., 2005). All the other plasmids and siRNA were 

introduced transiently. 

2.1.3.2 siRNA transfection 

 Primary and secondary screens were done on human fibroblasts using reverse 

siRNA transfection with Lipofectamine RNAiMAX (#13778030, Thermo Fisher) 

resuspended in OptiMEM reduced serum media (#31985-047, Thermo Fisher), whereby 

VCAF4 and VCAF8 cells were added directly to wells containing siRNA (384/96well 
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plate for primary/secondary screen respectively) using manufacturer’s instructions. For 

the primary screen, 1000 cells were seeded per well, while for the secondary screen 3500-

4000 cells were seeded. Cells were fixed 4 days after transfection and stained with the 

YAP1/TAZ antibody and DAPI.  

 All the following experiments involving knockdown with siRNAs were also 

performed using reverse transfection method with RNAiMAX. Two tubes were prepared 

using the following proportions for a 6 well plate (or directly scaled down for other 

smaller well plate): 

Tube 1: 150 μl OptiMEM + 9 μl RNAiMAX 

Tube 2: 150 μl OptiMEM + 6 μl siRNA (20 μM stock) 

Tube 1 and 2 were combined and incubated for 15 min at RT, and then cells were added 

on top of the mix in normal media. For a 6 well plate, 100 000 cells (VCAF8, HeLa 

Kyoto) or 300 000 cells (HaCaT) were seeded. Media were changed 24 hours after 

transection, and cells were collected after 48 hours (WB, Immunofluorescence) or after 

72 hours (luciferase assay). All the siRNAs used in this thesis are listed in Table 2-2. 
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siRNA Company Catalogue number Sequence Species 

CTRL Allstars 

Negative Control 

siRNA 

Qiagen 1027280 Proprietary human, 

mouse 

CTRL Sigma  Sigma SIC001 Proprietary human, 

mouse 

YAP1 pool Dharmacon D-012200-01/02/03/04 GGUCAGAGAUACUUCUUA, 

CCACCAAGCUAGAUAAAGA, 

GAACAUAGAAGGAGAGGAG, 

GCACCUAUCACUCUCGAGA  

human 

MST1 pool Dharmacon D-004157-01/02/03/05 CCAGAGCUAUGGUCAGAUA, 

GUGAAACAGUGUCUUGUAA, 

GAUGGGCACUGUCCGAGUA, 

GCAGGUCAACUUACAGAUA 

human 

MST2 pool Dharmacon D-004874-01/04/05/18 GCCCAUAUGUUGUAAAGUA, 

ACAAGUACCUGUUGAAUCA, 

CCACAAGCACGAUGAGUGA, 

CGGUCAAGUUGUCGCAAUU 

human 

XPO1 pool Sigma SASI_Hs01_00084184 

SASI_Hs02_00335588 

SASI_Hs01_00084185 

CUUAUGGAGGCCCUUCAUU, 

CAGAUAACCCAAGUCAAAU, 

CAGCUAUAUUUGCCCAUG 

human 

RANBP3 pool Sigma SASI_Hs01_00176010 

SASI_Hs01_00176011 

SASI_Hs01_00176012 

GCGAGAAGAGCAUUCGCAU, 

CCGAUGACGGCACACUACA, 

GACUGAUCCUCAACACCAA 

human 

THOC3 pool Sigma SASI_Hs01_00141598 

SASI_Hs01_00141599 

SASI_Hs01_00141600 

GUGGUUAGUUUGGUCUGUU, 

GAUAGUGUGGACCAGCUUU, 

CAGCUUUGUUGGCAUCCAA 

human 

ZFP36 pool Sigma SASI_Hs02_00335603 

SASI_Hs01_00030373 

SASI_Hs01_00030376 

CCACUUCGCCCACUGCAAC, 

 CUAUGUCGGACCUUCUCAG, 

CGCUACAAGACUGAGCUAU 

human 

HRB pool Sigma SASI_Hs01_00169464 

SASI_Hs01_00169465 

SASI_Hs02_00337763 

CAGCUUUAGUGGCAGCUUU, 

GUCAACAGCUACAGCCAAU, 

CCAAAGUCGUGGCAUCAGU 

human 

EMD pool Dharmacon D-011025-01/02/04 GUAGUAGGAUCMCUCGUA, 

ACGCAGAUCUUUCGGAUAC, 

GCACUACCGCCCUGUUUCA 

human 

NEPRO pool Dharmacon D-013987-01/02/03 

 

GCAACCAGCUGAAACACAA, 

CGGAAGAGUGCUACAGAUA, 

GUGAGCAGGUUAUGGGUUC 

human 

NRM pool Dharmacon D-012779-03/04/19 CUUCAGAGGUCACUGUAUG, 

CCAAAGGCCCUGUGUUGUG, 

GCAUGGACAUCCCGGUACU 

human 

NXF1 pool Sigma SASI_Hs01_00124616 

SASI_Hs02_00355416 

SASI_Hs01_00124617 

GAUACACUCCCUAUACUAU, 

CUCUUUGUGCGGGAUACCA, 

CCUAUACUAUUUCACCCUA 

human 

TNPO2 pool Dharmacon D-020491-01/02/03 GGGCAGAGAUGCAGCCUUA, 

GCAGUUCUCUGAGCAAUUC, 

AAACAGGAGUGUCUCAACA 

human 
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BICD2 pool Dharmacon D-014060-01/02/03 GCAAGGAGCUGUCACACUA, 

AGACGGAGCUGAAGCAGUU, 

CAACGGGCCUGAGAUCUUG, 

human 

DYNLL1 pool Dharmacon D-005281-01/02/04 GGACAUGUCGGAAGAGAUG, 

GCUCAUAUCAAGAAGGAAU, 

CCGAMGGCCGUGAUCAAA 

human 

KIF1B pool Dharmacon D-009317-03/17/18 CAAACUGGUUCGUGAAUUA, 

GCUCAGAAACCUACGUAAA,  

GCCAAAGGGACUCGAUUAA 

human 

KIF2A pool Sigma SASI_HS02_00339177 

SASI_HS02_00339178 

SASI_HS02_00339179 

GAAGCUAUUCUUGAGCAAA, 

CAGAACAUCCGGUCAAACA, 

CAGAUUAUUCUUAGAAGGA 

human 

KIF2C pool Sigma SASI_HS01_00111628 

SASI_HS01_00111629 

SASI_HS02_00342437 

GCAAUAAACCCAGAACUCU, 

GCAUAAGCUCCUGUGAAUA, 

CAGAAUAUGUGUCUGUGUU 

human 

KIF11 pool Dharmacon D-03317-05/06/07 GCAGAAAUCUAAGGAUAUA, 

CAACAAGGAUGAAGUCUAU, 

CAGCAGAMUCUMGGAUA 

human 

KLC1 pool Dharmacon D-019482-01/02/04 GAGGAGAAAUCAAACAUGA, 

GGGCAAGUAUGAAGAAGUA, 

CCACAAUGGUGUACAUAAA 

human 

TAZ pool Dharmacon D-016083-01/02/03/04 GACAUGAGAUCCAUCACUA, 

GGACAAACACCCAUGAACA, 

AGGAACAAACGUUGACUUA, 

AAGCCUAGCUCGUGGCGGA 

human 

Xpo1 Sigma SASI_Mm02_00289246 

SASI_Mm02_00289247 

SASI_Mm02_00289248 

GCCAAUAUGAGGAACAAUU, 

GCAUCAAUUCUUGCAUAUA, 

CAACCAAAUGUUUAUUCAA 

mouse 

Ranbp3 Sigma SASI_Mm01_00118034 

SASI_Mm01_00118035 

SASI_Mm01_00118036 

GACUACACAUGCCCAGUCA, 

GCAAUGUGCUGCAGAUCCA, 

 GAUGGAUAAGGCCAGUGAA 

mouse 

Thoc3 Sigma SASI_Mm02_00334077 

SASI_Mm02_00334078 

SASI_Mm01_00086842 

GCUGUUUGGACUUCCCAAU, 

GAAGGACCGGCUGGUCAAA, 

GAGUUAGUGUGCGUGCGGU 

mouse 

Zfp36 Sigma SASI_Mm01_00178605 

SASI_Mm02_00321352 

SASI_Mm01_00178606 

GCUUUGAACUCAAUAUAAU, 

GUAUGGAUCAGCUAGAUCU, 

 CUGGUCUCCUGGAAUCUUA 

mouse 

Hrb Sigma SASI_Mm01_00069742 

SASI_Mm01_00069743 

SASI_Mm01_00069744 

GUGAUCAAGGGAGUGGUUU, 

CAGAUAUGGCUAGGAUUAU, 

GGGUAAAGCUCCUGUUGGU 

mouse 

Table 2-2: The sequences of siRNAs used in this thesis. 
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2.1.3.3 DNA transfection 

 For transient transfection with plasmid DNA, cells were transfected with 

Lipofectamine LTX and Plus reagents combination (Thermofisher) according to the 

manufacturer’s instructions. One day prior to the transfection, cells were seeded 0.5-1x 

106 cells for Western blotting and luciferase transfection in a 6 well plate, or 20 000-100 

000 (20 000 - HeLa Kyoto, NF1, CAF1, 100 000 - HaCaT) for live imaging and 

immunofluorescence in a 24 well plate. Prior to transfection media was changed to Pen-

Strep free. On the day of transfection two tubes were prepared (proportions below for 24 

well plate): 

Tube 1: 100 μl OptiMEM + 1-2 μg DNA + 2 μl Plus reagent  

Tube 2: 100 μl OptiMEM + 4 μl Lipofectamine LTX 

The two tubes were mixed and incubated for 5 minutes separately, and then 5 minutes 

together. The transfection mix was added drop wise to cells and incubated for 4-6 hours 

at 37 °C. Subsequently, the transfection mix was removed and media with Pen-Strep was 

added. Performing transfection without Pen-Strep is very important and greatly affects 

transfection efficiency. If the cells are kept longer than 6 hours in the transfection mix, 

cell viability can become compromised. All the recombinant DNA plasmids used in this 

thesis are listed in Table 2-3. 

2.2 Fibroblast function assays 

2.2.1 Spheroid assay 

 Spheroids were prepared by a droplet culture method, where cells are mixed with 

5x methylcellulose (Sigma, #M6385) in DMEM and hanged from a plastic plate lid 

overnight. For siRNA transfection experiments, 10 000 cells were mixed per spheroid, 

while for spheroids with drugs, 8000 cells per spheroid were used. 

 After 12 hours, when spheroids formed, they were gently washed with 200 μl 

media 3 times to remove traces of methylcellulose. Spheroids were then embedded in 

Collagen I:Matrigel (#354249, #354234; BD Biosciences) with relative concentrations of 

approximately 4.6 mg/ml Collagen and 2.2 mg/ml Matrigel and cultured for subsequent 

experiments with normal media conditions on top, unless specified otherwise. 
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Plasmid name Colours Promoter Use Source 

pLL3.7-EF-EYFP-

YAP1_WT 

EYFP EF1 stable expression, lentivirus (Ege et al., 2018) 

- in house 

pPB-puro-H2B-

mTurquoise2 

mTurquoise CMV stable expression, 

PiggyBac 

(Ege et al., 2018) 

– in house 

pcDNA3-Clover Clover CMV filler plasmid for luciferase 

assay 

Addgene #40259 

pGL3-49 luciferase N/A luciferase assay Tapon lab 

pGL3-5xMCAT-49 luciferase N/A luciferase assay Tapon lab 

pGL3-4GTIIC-49 luciferase N/A luciferase assay Tapon lab 

pGL3b-AP1/Jun luciferase N/A luciferase assay Dupont lab 

pGL3-3DA luciferase N/A luciferase assay Treisman lab 

pGL3-TCF-TOPFlash luciferase N/A luciferase assay Li lab 

pGL3-TCF-FOPFlash luciferase N/A luciferase assay Li lab 

pGL4.75 CMV-Renilla renilla N/A luciferase assay Promega, 

#E6931 

pRK5.1-Tom20-flag-

LOVwt 

none CMV optogenetics cloned 

pRK5.1-Tom20-flag-

LOVlit 

none CMV optogenetics cloned 

pRK5.1-Tom20-flag-

LOVdark 

none CMV optogenetics cloned 

pRK5.1-Tom20-flag-

LOVdyn 

none CMV optogenetics cloned 

pRK5.1-Tom20-flag-

LOVsd 

none CMV optogenetics cloned 

pRK5.1-Zdk-flag-mCh mCherry CMV optogenetics cloned 

pRK5.1-Zdk-flag-mCh-

YAP1WT 

mCherry CMV optogenetics cloned 

pRK5.1-Zdk-flag-mCh-

YAP18SA 

mCherry CMV optogenetics cloned 

pRK5.1-Zdk-flag-mCh-

TAZ 

mCherry CMV optogenetics cloned 

pLV-Zdk-flag-mCh mCherry EF1 optogenetics,  

lentivirus 

cloned 

pLV-Zdk-flag-mCh-

YAP1WT 

mCherry EF1 optogenetics, 

lentivirus 

cloned 

pLV-Zdk-flag-mCh-

YAP18SA 

mCherry EF1 optogenetics, 

lentivirus 

cloned 

pLV-Zdk-flag-mCh-TAZ mCherry EF1 optogenetics, 

lentivirus 

cloned 

Table 2-3: Plasmids used in this thesis. 
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2.2.2 Contraction assay 

 To assess force-mediated matrix remodelling, fibroblasts were embedded in 100 

ml of Collagen I:Matrigel (#354249, #354234; BD Biosciences) with relative 

concentrations of approximately 4.6 mg/ml Collagen and 2.2 mg/ml Matrigel (20 000 

cells/gel siRNA experiments, 75 000 cells/gel drug experiments), and seeded on a 35 mm 

glass bottom MatTek dish (P35-1.5-14-C, MatTek Co., Ashland, MA, USA). Once the 

gel was set, cells were maintained in DMEM + 10% FCS + 1% ITS, unless otherwise 

stated. Gel contraction was monitored twice-daily by taking photographs of the gels. To 

obtain the gel contraction value, the relative diameter of the well and the gel were 

measured using ImageJ software, and the percentage of contraction was calculated using 

the formula: 100x – [1- (gel diameter/well diameter)]. 

2.3 Immunofluorescence assays 

 All immunofluorescence (IF) experiments were performed on cells seeded on 

glass in a 35 mm glass bottom MatTek dish (P35-1.5-14-C, MatTek Co., Ashland, MA, 

USA). Samples were fixed using 4% paraformaldehyde in PBS. After, 3 washes with 

0.01% Triton X PBS were followed by permeabilization with 0.2% Triton X for 10 min. 

After 3 subsequent washes with 0.01% Triton X PBS, samples were blocked 30 min in 

3% BSA in 0.01% Triton X PBS. Samples were then incubated with primary antibody 

diluted in 3% BSA in 0.01% Triton X PBS either at 4°C or 3 hours at room temperature 

(RT). All the antibodies used for immunofluorescence are listed in Table 2-4. Then the 

sample was washed 3 times with 0.01% Triton X PBS and incubated with secondary 

antibody plus 633-phalloidin (SIGMA, #68825) and DAPI (SIGMA, #D9542) for 45 min 

at RT (all always 1:1000). To finish, the sample was washed 2 times with 0.01% Triton 

X PBS and 3 times with PBS alone. 

 For microtubule fixation, a different protocol was used as indicated in figure 

legends. Cells were extracted in Microtubule Stabilising Buffer (MTSB: 80 nM PIPES 

pH 6.8, 1 mM MgCl2, 4 mM EGTA) + 0.5% Triton X for 1min at 37°C. Cells were then 

fixed in 0.5% glutaraldehyde in PBS for 15 min at RT. After fixation, glutaraldehyde 

quenching was performed with 0.1% NaBH4 (sodium borohydrate) in PBS for 7min at 

RT. This step is very bubbly, so caution is needed not to damage the sample. Then, sample 
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was washed with 0.01% Triton X PBS, blocked and stained as with the standard protocol 

above. 

Antibody Species Source WB IF 

YAP1/TAZ (63.7) mouse mono Igl2a Santa Cruz Biotechnology, 

#10199 

1:1000 1:1000 

pS127-YAP1 rabbit poly Cell Signalling Technology, 

#4911 

1:1000 N/A 

YAP1 (D8H1X) rabbit mono IgG Cell Signalling Technology, 

#14074 

1:1000 1:500 

TAZ (V386) rabbit poly Cell Signalling Technology, 

#4883 

1:1000 1:200 

-tubulin mouse mono IgG1 Sigma, #T7816 1:5000 1:1000 

XPO1/CRM1 mouse mono IgG1 BD Bioscience, #611832 1:1000 N/A 

E-cadherin (HECD-1)_ mouse mono IgG in house N/A 1:200 

pY418-Src rabbit poly Invitrogen, #44660g 1:500 N/A 

-catenin (E5) mouse mono IgG1 Santa Cruz Biotechnology, 

#7963 

N/A 1:100 

pS19-MLC2 rabbit poly New England Biolabs, 

#3671L 

N/A 1:200 

pT18-pS19-MLC2 rabbit poly New England Biolabs, 

#3674S 

1:1000 N/A 

MLC2 rabbit poly New England Biolabs, 

#3672 

1:1000 N/A 

pS909-LATS1 rabbit poly Cell Signalling Technology, 

#9157 

1:1000 N/A 

LATS1 rabbit poly Cell Signalling Technology, 

#9153 

1:1000 N/A 

MST1 rabbit poly Cell Signalling Technology, 

#3682 

1:1000 N/A 

MST2 rabbit poly Cell Signalling Technology, 

#3952 

1:1000 N/A 

pT183-MST1/ 

pT180-MST2 

rabbit poly Cell Signalling Technology, 

#3681 

1:1000 N/A 

RFP (5F8) rat mono IgG2a Chromotek, #5F8-100 1:1000 N/A 

flag tag mouse mono IgG1 Sigma, #F1804 1:1000 N/A 

Table 2-4: Antibodies used in this thesis. WB – Western blotting, IF – immunofluorescence, 

mono – monoclonal, poly – polyclonal, N/A – not applicable. For monoclonal antibodies Ig is 

specified. 
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2.4 Luciferase assays 

 For luciferase assay, cells were transfected with the luciferase reporter constructs, 

and renilla reporter constructs (ratio 3:1). If additional plasmids were tested in a luciferase 

assay, the total DNA added to the reaction was divided in two, and half was accounting 

for luciferase and renilla in the usual ratio, and the other half constituted the tested 

plasmid. Transfection was performed in 24 well plate, each condition always in technical 

triplicate. Cells were collected in passive lysis buffer, provided with the Promega kit, at 

RT for 15 min. As a control, neutral filler plasmid was used to balance for DNA levels. 

Luciferase assays were performed with the dual luciferase assay kit (Promega, #E1910) 

in conjunction with an Envision Multilabel plate reader (Perkin Elmer). For quantification, 

each of the measurements for firefly luciferase activity was normalised to the renilla 

luciferase activity of the same sample. If the background of the assay was high, the values 

where then normalised to the empty luciferase vector transfection without the DNA 

binding elements, as specified in the Y-axis title for each assay. The list of plasmids used 

for luciferase can be found in Table 2-3.  

2.5 Analysis of gene expression 

2.5.1 RNA extraction and cDNA preparation 

 RNA was isolated using RNeasy Kit (#74104, Qiagen) with homogenisation using 

QIAshredder (#79654, Qiagen) and cDNA made using Promega products (random 

primers: #C1181, MMLV-RT: #M3681, RNAse inhibitor: #N2511) following standard 

procedures. Briefly, cells are lysed and homogenised in a buffer containing guanine-

thiocyanate which inactivates RNAses. Addition of ethanol allows binding to the silica 

membrane which selectively binds RNA longer than 200 bases. DNA and proteins flow 

through the column, which is subsequently washed in high-salt buffer and ethanol buffer. 

RNA was eluted with water and the RNA concentrations were measured using the 

Nanodrop Spectrophotometer (Nanodrop) at 260/280nm absorbance. 

 For cDNA, random primers were first coupled to RNA at 70°C (5min) and quick-

chilled on ice (5 min). Reverse transcriptase (MMLV-RT) was then added with dNTPs 

and annealed 10 min at RT. Then first-strand synthesis reaction was performed at 40°C 

for 50 min. The mixes were prepared according to proportions below. 
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Mix 1:  

0.5-2 μg RNA + 1 μl random primers + 1 μl RNAsin ribonuclease +dH2O to 14 μl 

Mix 2:  

5 μl MMLV-RT 5xbuffer + 2 μl dNTPs + 1μl MMLV-RT + 3 μl dH2O 

Final volume:  

25 μl (2 μg diluted by adding 75 μl dH2O, 1 μg diluted by adding 50 μl dH2O) 

For qRT-PCR reaction 1 μl of cDNA was used per reaction. 

2.5.2 qRT-PCR 

 To determine levels of mRNA for the gene of interest, the CT value of the gene 

of interest was normalised to housekeeping gene (GAPDH) from the same sample. 

Platinum SYBR Green qPCR SuperMix-UDG with Rox (#11733038, ThermoFisher 

Scientific) or PowerUP SYBR Green Master Mix (#A25780, ThermoFisher Scientific) was 

used in qRT-PCR reactions according to manufacturer’s instructions in conjunction with 

QuantStudio3 Real-Time PCR systems (ThermoFisher Scientific). All primer sequences 

used for PCR reactions are listed in Table 2-5.  
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Gene Forward Reverse Species Position 

GAPDH CAAAAGGGTCATCATCTCTGC AGTTGTCATGGATGACCTTGG human exon 

XPO1 AACGAGGAAGGAAGGAGCAGT CTTCTTGAGCCATTCTTTGCTGG human exon 

CYR61 TGAAGCGGCTCCCTGTTTT CGGGTTTCTTTCACAAGGCG human exon 

CTGF ACCGACTGGAAGACACGTTTG CCAGGTCAGCTTCGCAAGG human exon 

AMOTL2 GCGACTGTCAGAACAACTGC GCACCTTTAACCTGCTTTCCA human exon 

YAP1 GCTACAGTGTCCCTCGAACC CCGGTGCATGTGTCTCCTTA 

 

human exon 

MYL9 GGACCCCGAGGATGTGATTC TTGAGGATGCGGGTGAACTC human exon 

TAZ ATCCCCAACAGACCCGTTTC GAACGCAGGCTTGCAGAAAA human exon 

DYNLL1 GCCCCCACCTCAGGTAAC ACTACCGAAGTTCCTCCCCA human exon 

KLC1 GGTCTCGTAAACAGGGTCTTGA GCCCGGAGTTTGCTAAAGGA human exon 

KIF11 GCACTATCTTTGCGTATGGC CGTGGAATTATACCAGCCAAGG human exon 

KIF2C CAGTGGAATGGGCAGAAGGAG TCTCCGTTTTTGTTTCTGGATTG human exon 

Gapdh TCTTGTGCAGTGCCAGCCT CAATATGGCCAAATCCGTTCA mouse exon 

Xpo1 AAGCACTCATGGAGGCTCTTC AGCCATGCGACTAACCATCA mouse exon 

Ctgf CAGCTGCCAGTTTTCCACTACA GGCCTCATTTGGAGTGTCTTG mouse intron 

Cyr61 GCCGTGGGCTGCATTCCTCT GCGGTTCGGTGCCAAAGACAGG mouse exon 

Table 2-5: qRT-PCR primer pairs used in this thesis. 

2.6 Western blotting 

 For protein analysis, cells were lysed with 1 x SDS sample buffer (0.32 M Tris 

pH 6.8, 10% SDS, 50% glycerol, 3M β-mercaptoethanol, 0.05% bromophenol blue) 

added directly to wells, and then cells were scraped and collected. Each sample was 

sonicated and then boiled at 95 °C for 5min before being used for Western blotting. 

Samples were separated on SDS-PAGE gels, either poured manually or precast (Bio-rad). 

A pre-stained Dual Colour protein ladder (Bio-rad, #1610374) was run with the samples.  

 The proteins in the gel were transferred to polyvinylidene fluoride (PVDF) 

membrane (GE Healthcare Life Sciences). The membranes were blocked with 2% milk 

(Marvel) or 2%BSA in TBST (137 mM NaCl, 2.7 mM KCl, 20 mM Tris HCl, pH 7.4, 

0.01% Tween 20) for 1 hour at RT, and then incubated with primary antibody at 4°C 

overnight in 0.1% milk/BSA TBST. After 3 washes with TBST, membranes were 
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incubated 45 min at RT with HRP-labelled secondary antibody in 0.5% milk TBST (1:50 

000, Fisher Scientific). The blot was then developed by rinsing it for 1 minute in Luminata 

WesternHRP Substrate (Millipore) before being exposed in the ImageQuant600RGB 

machine (GE Healthcare Life Sciences). The list of antibodies used for Western blotting 

is outlined in Table 2-4. 

2.7 DNA manipulations and cloning 

2.7.1 DNA preparation 

 Plasmid DNA was prepared from small overnight bacterial cultures in lysogeny 

broth (LB) with Ampicillin 50ug/ml. NEB 5-alpha Competent E. coli (High Efficiency, 

NEB, #C2987) were used for plasmid DNA amplification and molecular cloning. 

 For plasmid DNA purification the QIAfilter Plasmid Midi kit (Qiagen) or the 

QIAprep Miniprep kit (Qiagen) was used. Briefly, bacteria are lysed in alkaline 

conditions (NaOH/SDS/RNAse A) and then neutralised. Subsequently, for minipreps, 

neutralised cell lysate is applied to a silica membrane which binds DNA in high-salt 

buffers, but lets through protein and RNA. Membrane-bound DNA is then washed with 

ethanol and eluted in low-salt buffer (water). For midipreps, cell lysate is applied to resin 

under low-salt conditions, washed with medium-salt and eluted with high-salt buffer. It 

is then concentrated and de-salted with isopropanol.  

 The DNA pellet was resuspended in water. The DNA concentrations of minipreps, 

and midipreps were measured using the Nanodrop Spectrophotometer (Nanodrop) at 

260/280 nm absorbance. 

2.7.2 PCR and PCR preparation 

 Phusion High-Fidelity DNA Polymerase (#M0530S, NEB) was used in 

polymerase chain reaction (PCR) for molecular cloning to amplify desired DNA 

fragments. Usually, 5x Phusion HF Reaction buffer was used, unless YAP1 was amplified 

– it needs amplification using 5x Phusion GC Reaction buffer instead. The reaction 

proportions and temperature cycles are outlined below. 

 PCR fragments we ran on 0.5-2% Agarose in 1xTAE (50xTAE = 2M Tris-acetate, 

0.05M EDTA pH 8) supplemented with GelRed Nucleic Acid Gel Stain (Biotum). To 

decipher DNA sizes, 1kb and 100bp ladders were used (#N3232L, #N3231S, NEB). DNA 
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was purified from agarose gels using QIAquick Gel extraction kit (Qiagen). Briefly, the 

agarose band containing the DNA was dissolved at 65°C in binding buffer supplemented by 

isopropanol and applied to silica membrane. The membrane was washed in high-salt buffer, 

and DNA eluted by adding water. 

 

Reaction mix:      Temperature cycles: 

1 μl DNA template (1 ng)    98°C 5 min 

10 μl 5X buffer      98°C 30 sec denaturation 

2. 5μl Forward primer (10 μM)    68°C 30 sec annealing 

2.5 μl Reverse primer (10 μM)    72°C 60 sec extension 

1 μl dNTPs (10 μM)     return to denaturation x25 cycles 

0.5 μl Phusion polymerase (NEB)   72°C 7 min 

dH2O to 50 μl      4°C hold 

 

2.7.3 Restriction enzyme digest 

 Plasmids were digested in a reaction with proportions outlined below, either 1hour 

at 37°C or overnight at RT. Then, Antarctic Phosphatase treatment was applied (#M0289S, 

NEB) for 1 hour at 37°C to remove phosphates from digested free ends in plasmid fragment 

according to reaction volumes below. 

Digest:      Temperature cycles: 

1 μg plasmid DNA    28 μl digest mix 

1 μl buffer      3.5 μl buffer 

1 μl enzyme     1 μl Antarctic Phosphatase 

to 10 μl with dH2O    2.5 μl dH2O 

Final volume: 10 μl    Final volume: 35 μl 
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2.7.4 Sequencing 

DNA constructs were checked by sequencing using the Big Dye terminator (BDT) kit 

(Applied Biosystems). The details of sequencing reaction and temperature cycles are outlined 

below. After PCR, DNA for sequencing was purified using Performa DTRGel filtration 

Cartidges (EdgeBio). The purified DNA was dried using vacuum centrifugation and analysed 

in the Genomics Equipment Park at the Francis Crick Institute. 

 

Reaction mix:      Temperature cycles: 

8 μl BDT mix      96°C 1 min 

1 μl DNA to sequence (100ng)    96°C 10 sec denaturation 

1 μl Primer (4pmol)     50°C 5 sec annealing 

10 μl dH2O      60°C 4 min extension 

       return to denaturing x25 cycles 

       4°C hold 

2.7.5 Molecular cloning 

 All the plasmids generated for the opto-release system were cloned using the 

Gibson Assembly System (NEB) by combining pRK5.1 or pLV backbones with desired 

PCR fragments according to the manufacturer’s instructions. Briefly, the fragments and 

digested dephosphorylated vector were mixed in proportions depending on their base pair 

lengths, and always incorporating 100 ng of backbone in a reaction (other components 

can then be calculated accordingly, where 3-6x more pmols is needed for PCR fragments 

compared to the vector). The proportion formula is given by: 

pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) 

 Fragments and plasmid were then mixed with Gibson Assembly master mix 

containing a cocktail of exonuclease, DNA polymerase and DNA ligase plus 

supplementing buffers, and incubated at 50°C for 1 hour. Subsequently, 2 μl of this reaction 

was used to transform chemically competent bacteria (30 min on ice with plasmid, 45 sec 

heat shock at 42°C and 1 hour recovery at 37°C in SOC outgrowth media). Bacteria were 

then plated and colonies miniprepped and sequenced to identify correct plasmid sequences. 
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2.8 Confocal Microscopy 

2.8.1 Timelapse imaging and immunofluorescence 

 For the long timelapse movies, images were acquired using an inverted confocal 

Zeiss LSM 880 microscope with a scan every 5 min over the period of 8-12 hours. 

Immunofluorescence images were acquired with an inverted confocal Zeiss LSM 710, 

780 and 880 microscope series. For all live imaging, Leibovitz L-15 media (CO2 

independent) was used with either 1% FBS for fibroblasts of 10% FBS for epithelial cells. 

2.8.2 Fluorescence Loss In Photobleaching (FLIP) 

 Cells were plated at low confluence, if needed transfected, and cultured overnight 

in glass bottom MatTek dishes. One hour prior to imaging, the medium was changed to 

Leibovitz L-15 media with 10% serum for HaCaT and HeLa Kyoto, and 1% serum for 

fibroblasts. The cells were subsequently imaged with a Zeiss LSM880 microscope 

equipped with an argon laser (Zeiss, Germany) and a 63X objective (Zeiss, alpha-Plan 

Apochromat 63x/1.46 NA oil korr TIRF).  

 For FLIP experiments, bleaching was performed using the laser at 100% capacity 

with a wavelength corresponding to fluorophore excitation wavelength at a single square 

ROI of 8x8 pixels (4.4 mm2). All images were 12-bit and 256x256 pixels. Before 

photobleaching, 3 measurements of fluorescence were taken. The ROI was then 

photobleached between every frame for 2 seconds using maximum laser power. A series 

of 150 images were taken every 2 seconds for up to 5 minutes. 

2.8.3 Optogenetics 

 Cells were plated at low confluence and cultured overnight in glass bottom 

MatTek dishes. One hour prior to imaging, the media was changed to Leibovitz L-15 

medium with 10% serum supplemented with MitoTracker Deep Red (10 000x, #M22426) 

for staining the mitochondria. Half an hour prior to imaging, the medium was changed 

again to Leibovitz L-15 medium with 10% serum without the stain. 

 The cells were subsequently imaged with a Zeiss LSM880 microscope equipped 

with an argon laser (Zeiss, Germany) and a 40X objective (Zeiss, Plan Apochromat 

40x/1.3 NA oil korr DIC M27). Optogenetic activation was performed using 458 nm laser 

line at 1% laser power on the bleaching function with 50 iterations selecting an area 
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encompassing the whole cell. Before activation, 5 frames were imaged without 

photoactivation/bleaching function. Then, 150 frames of release with photoactivation and 

150 frames of recovery without photoactivation were acquired. Frames were acquired 

approximately 4 sec apart, as this corresponds to the approximate speed of light recovery 

of AsLOV2 domain (Strickland et al., 2010, Strickland et al., 2012). In order to 

simultaneously acquire two or three other channels, a beam splitter 458/514/561/633 was 

used, which allows imaging in the cyan, yellow, red and far-red colours compatible with 

light activation at 458 nm. Nuclei are imaged with very low 458 nm laser power which 

did not interfere with light activation at the same wavelength. Mitochondria are imaged 

in the far-red spectrum. The proteins of interest can be placed in the yellow (Venus) or 

the red (mCherry) channels.  

2.9 Image and data analysis 

2.9.1 IF quantification 

 For quantification of subcellular localization of YAP1 protein, the nuclear-to-

cytoplasmic ratio was calculated manually. For each cell, a single region of interest (ROI) 

square of 8x8 pixels was placed in the nucleus and cytoplasm. ROIs were always selected 

in the DAPI channel of IF images to avoid bias. The cytoplasmic ROI was then confirmed 

to be in the correct cell by checking the actin channel. The nuclear ROI was divided by 

the cytoplasmic ROI to derive nuclear-to-cytoplasmic ratio.  

 This method does not distinguish between cell shape as it is based on 2D 

approximation of cell area, and therefore relies only on the relative ratio of nuclear to 

cytoplasmic intensities without considering the absolute intensity of the signal in each 

compartment. Therefore the method is less sensitive in case the cells are more rounded, 

as the concentration of molecules is higher per unit area, and less biased when cells are 

more spread. However, by using integrated intensity instead of the mean the method 

ensures that outlier values are not omitted, making this method more robust. 

2.9.2 Movie quantification 

 Cell tracking was carried out using a custom written algorithm in MATLAB, as 

described before (Ege et al., 2018). Briefly, nuclear and cytoplasmic regions were 

automatically thresholded on frame-by-frame basis. Fibroblasts were separated from each 
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other using morphological erosion followed by a distance transform. This means that cells 

were distinguished from each other by both the shape and then by distance from each 

other, in order to avoid cells close to each other appearing as a big joined shape. Cell 

division was accounted for by splitting single cytoplasmic objects that overlapped with 

two nuclei, based on a distance transform of the nuclei. The algorithm then performed 

two actions: cytoplasmic objects were separated and numbered on frame-by-frame basis, 

and then linked from frame to frame by considering the overlap between cytoplasmic 

objects from successive frames such that each cell tracked was labelled the same number 

throughout the movie. 

 Cells that could not be tracked for at least 2 hours were removed. Similarly, cells 

on the boundary of the frame were also removed as their morphological parameters could 

not be fully derived. The morphological properties of both the nucleus and cytoplasm of 

each cell were calculated at each timepoint using MATLAB’s regionprops command in 

the Image Processing Toolbox. Circularity was calculated from metrics defined by the 

regionprops command, as fcirc = 4Area/Perimeter2 where the circularity of a circle is 1 

and lower for other shapes. Some of the values of fcirc were calculated to be greater than 

1 as a consequence of the way MATLAB numerically estimates a shape’s perimeter. The 

nuclear-to-cytoplasmic ratio was calculated at time zero by taking the ratio of the median 

intensities for each of the defined regions. Pearson correlations and corresponding p-

values testing the hypothesis of zero correlation versus the alternative of non-zero 

correlation were calculated using MATLAB’s corr function. The derivatives of all of 

these properties alongside cell speed and cell acceleration were also calculated.  

 The mean-value was subtracted from each signal and autocorrelations and cross-

correlations calculated, on these resultant signals using the xcorr function in MATLAB’s 

Signal Processing Toolbox. The results were normalised such that Autocorrelation 

Functions at zero lag equal one (and all signals fall between plus and minus one). The 

mean subtraction and normalisation procedure results in close agreement between the 

cross-correlations at zero lag and Pearson correlation. When carrying out correlation 

between signals of different length (raw signal, first derivatives and second derivatives) 

signals were interpolated. 
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2.9.3 Mathematical modelling for shuttling rate analysis 

2.9.3.1 FLIP quantification 

 For quantification of FLIP (Fluorescent Loss In Photobleaching) experiments, 

MetaMorph (Molecular Devices) was used to follow the integrated intensities of six 

different square ROIs of the same size as the bleached ROI: the bleached ROI, two 

reporting ROIs (one in the same compartment as the bleached point and one in the other 

compartment), two controls ROIs (one in the nucleus and one in the cytoplasm of one 

control cell) and one ROI outside any cells to measure the background intensity. The two 

nuclear ROIs and the cytoplasmic ROI of the bleached cells were positioned to be at 

approximately equal distances form one another. To normalize, first the background 

intensity was subtracted from the five others intensities measured in the cells. Then, the 

intensities measured in the cell of interest (three ROIs) were normalized by dividing by 

the average intensity of the two control ROIs. These data were plotted in the graphs.  

 To extract import and export rates, a simplified version of that employed in 

Mathematical model described before (Ege et al., 2018), using a system of Ordinary 

Differential Equations (ODEs) rather than a system of Partial Differential Equations 

(PDEs) was employed. This allowed estimates of the flow of population intensity between 

the two compartments whilst ignoring spatial aspects such as diffusion in each 

compartment. was used in a modified simpler version to extract import rates and export 

rates for each cell. The model is given by: 

𝑑𝑛(𝑡)

𝑑𝑡
= −𝑘𝑜𝑢𝑡𝑛(𝑡) − 𝑘𝑖𝑛𝑐(𝑡) − 𝜂1𝑛(𝑡) − 𝜆𝑒(−𝜂2𝑡), 

𝑑𝑐(𝑡)

𝑑𝑡
= 𝑘𝑜𝑢𝑡𝑛(𝑡) − 𝑘𝑖𝑛𝑐(𝑡), 

where n(t) gives the total nuclear intensity at time, t, c(t) the total cytoplasmic intensity, 

𝑘𝑜𝑢𝑡 the export rate from the nucleus to the cytoplasm and 𝑘𝑖𝑛 the import rate from the 

cytoplasm to the nucleus. The final two functions in the nuclear ODE correspond to 

intensity decay within the nucleus due to bleaching. A single decay parameter η1 allows 

the model to fit the bleach reasonably well, but underestimates the rapid initial bleach. 

Hence a decaying exponential function is also incorporated such that the bleach is 

effectively modelled by a double exponential, one with a rapid rate and the other a slower 

rate. This double exponential will clearly estimate the rate of bleaching better than a 
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single exponential could (due to a greater degree of fitting freedom) and allows more 

robust estimates of population intensity transfer between compartments. At steady-state, 

prior to bleaching 𝑛0 = 𝑘𝑖𝑛/𝑘𝑜𝑢𝑡𝑐0 , where 𝑛0  and 𝑐0  are the initial nuclear and 

cytoplasmic intensities respectively.  

 The nuclear and cytoplasmic compartments were estimated manually in 

MATLAB using the roipoly command (found in the Image Processing toolbox) in order 

to draw round each compartment. The total intensity over time was then extracted based 

on these defined regions. Background subtraction and normalisation to the average of 

nuclear and cytoplasmic regions in the control cell was then carried out (as above).  

 An analytic solution to the ODEs exists, however we estimated parameters by 

fitting a numerical solution of the model to the experimental intensity data for each cell. 

Parameter estimates for 𝑘𝑜𝑢𝑡 , 𝑘𝑖𝑛 , 𝑛0 , 𝑐0 , 𝜂1 , 𝜂2  and 𝜆  were all required. We could 

reduce the number of parameters to fit by one by taking advantage of the steady-state 

relationship to fix the initial nuclear intensity in terms of rates and initial cytoplasmic 

intensity. To optimise parameter fitting, we used the nonlinear model fitting function 

nlinfit in MATLAB’s Statistics and Machine Learning toolbox. To find the optimum 

parameter values, we are required to make initial guesses. Initial guesses for parameters 

in the nlinfit function were selected by choosing the initial cytoplasmic intensity in the 

experimental data for 𝑐0. For 𝑘𝑜𝑢𝑡 and 𝑘𝑖𝑛 we returned to population intensity analysis 

carried out for (Ege et al., 2018) and used initial guess of order 10-3. Finally, to generate 

initial guesses for the bleaching decay rates we fitted a double exponential function: 

𝑎(𝑡) = 𝑞1𝑒(−𝑟1𝑡) + 𝑞2𝑒(−𝑟2𝑡) 

to the total intensity in both the nucleus and cytoplasm, A. Initial guesses to this double 

exponential fit were given as: [�̃�1, �̃�2, �̃�1, �̃�2]=[A/2,A/2,0.5,0.1]. By differentiating this 

double exponential, 𝑎(𝑡), into the form  

𝑑𝑎(𝑡)

𝑑𝑡
= −𝜂1𝑎(𝑡) − 𝜆𝑒(−𝜂2𝑡) 

the output parameters fitted to the double exponential could be used as initial guesses for  

𝜂1, 𝜂2 and 𝜆. 
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2.9.3.2 Optogenetics analysis 

 For optogenetics analysis, intensities from the movies were extracted using a 

semi-automated thresholding method in MATLAB. Cell areas are first outlined manually 

by the user based on the average fluorescent intensity in all channels over all time. The 

appropriate threshold levels in the nuclear and mitochondrial channels were then selected 

manually in order to identify each compartment. The cytoplasmic compartment was then 

defined as the whole cell area minus nuclear and mitochondrial compartments. From 

these, the total population intensity over time for each compartment was extracted. 

 We model the protein population in the nuclear, cytoplasmic and mitochondrial 

compartments again using a system of ODEs given by: 

𝑑𝑛(𝑡)

𝑑𝑡
= −𝑘𝑜𝑢𝑡𝑛(𝑡) − 𝑘𝑖𝑛𝑐(𝑡), 

𝑑𝑐(𝑡)

𝑑𝑡
= 𝑘𝑜𝑢𝑡𝑛(𝑡) − 𝑘𝑖𝑛𝑐(𝑡) +  𝑘𝑟𝑒𝑙(𝑡)𝑚(𝑡) − 𝑘𝑟𝑒𝑐𝑐(𝑡), 

𝑑𝑚(𝑡)

𝑑𝑡
= −𝑘𝑟𝑒𝑙(𝑡)𝑚(𝑡) + 𝑘𝑟𝑒𝑐𝑐(𝑡) + 𝜙(𝑡),  

where 𝑛(𝑡), 𝑐(𝑡) and 𝑚(𝑡) are the protein populations in the nucleus, cytoplasm and 

mitochondria respectively (see reaction kinetics in Chapter 6), 𝑘𝑜𝑢𝑡 is the rate of export 

from nucleus to cytoplasm and 𝑘𝑖𝑛 the rate of import from cytoplasm to nucleus. The 

protein of interest  reattaches to the mitochondria from the cytoplasm at rate 𝑘𝑟𝑒𝑐 whilst 

YAP1 is released from the mitochondria into the cytoplasm at rate 𝑘𝑟𝑒𝑙 where  

𝑘𝑟𝑒𝑙(𝑡) = {
𝑘𝑟𝑒𝑙𝑜𝑝𝑡𝑜

 during light activation

𝑘𝑟𝑒𝑙𝑠𝑠
 at all other times

 

(where 𝑘𝑟𝑒𝑙𝑜𝑝𝑡𝑜
> 𝑘𝑟𝑒𝑙𝑠𝑠

) reflecting that  the protein could potentially be released from 

the mitochondria at all times but that this release will be much faster during light 

activation. The addition of the function 𝜙(𝑡) in the mitochondrial ODE reflects the fact 

that total intensity is not always conserved in the system. Since we image a single 2D 

slice of a cell, during the release phase intensity leaves the mitochondria to other parts of 

the cytoplasm and nucleus not in the imaging plane. Similarly, upon recovery, intensity 

returns to the mitochondria from regions of the cell not in the imaging plane. Hence, 𝜙(𝑡), 

is a rate of change derived numerically from a smoothed signal of the entire population 

intensity. Prior to perturbation the fluorescently tagged protein is in equilibrium in our 
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system, as not all of the expressed construct is sequestered on the mitochondria allowing 

the reduction in the number of fitted parameters as in FLIP (𝑐0 = 𝑘𝑟𝑒𝑙𝑠𝑠
/𝑘𝑟𝑒𝑐𝑚0 and 𝑛0 =

𝑘𝑖𝑛/𝑘𝑜𝑢𝑡𝑐0). By perturbing the system with the influx of additional protein from the 

mitochondria to the cytoplasm (the release phase) or by removing previously added 

protein from the system by sequestering it again onto mitochondria (the recovery phase) 

we can derive the rates by numerically fitting our system of ODEs to the experimentally 

observed changes in intensities in both compartments.  

 Model fitting to the experimental intensities was carried out using MATLAB’s 

nlinfit command similarly to the FLIP model fitting. For initial parameter guesses, the 

initial intensities (𝑛0 , 𝑐0 and 𝑚0) and import and export rates (𝑘𝑖𝑛  and 𝑘𝑜𝑢𝑡 ) were 

equivalent to that in FLIP. The mitochondrial release and recovery parameters were 

guessed at [�̃�𝑟𝑒𝑙𝑜𝑝𝑡𝑜
, �̃�𝑟𝑒𝑙𝑠𝑠

, �̃�𝑟𝑒𝑐] = [0.1,0.05,0.05] after an initial exploration of 

parameter space. All mathematical models and MATLAB scripts were developed by Dr 

Robert Jenkins, a mathematician in the Sahai lab. 

2.9.4 Statistics 

 Statistical analyses were performed using Prism software (GraphPad Software). p 

values were obtained using a Mann-Whitney unpaired U–test, ordinary one-way ANOVA 

with Dunnett’s multiple comparisons test or a Wilcoxon matched pairs signed rank test, 

as specified in the figure legend. 

 Significance was set at p < 0.05. Graphs show symbols describing p values: *, p 

< 0.05; **, p < 0.01; ***, p < 0.001, ****, p<0.0001. Unless otherwise stated, box plots 

show the median, upper and lower quartiles, and maximum and minimum values. 
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Chapter 3. YAP1 localisation during cell migration. 

3.1 Chapter introduction 

The view in the field of YAP1/TAZ biology considered YAP1 as a protein 

sequestered in either the nucleus or cytoplasm of cells, where it would stably interact with 

compartment-specific binding partners such as TEADs in the nucleus, and 14-3-3 in the 

cytoplasm (Zhao et al., 2011, Piccolo et al., 2014). However, this view has been now 

challenged by several reports where YAP1 fusions to fluorescent proteins exhibit 

dynamic shuttling between nucleus and cytoplasm (Elosegui-Artola et al., 2017, Valon et 

al., 2017, Ege et al., 2018). 

 While being involved in the publication investigating EYFP-YAP1 

nucleocytoplasmic shuttling using FRAP and FLIP (Ege et al., 2018), I became interested 

in differences in fibroblast morphology as well as variability in the rate measurements for 

YAP1 nuclear import and export that we were observing between cells of the same type. 

As fibroblasts are known to be a heterogenous population, reviewed in (Liao et al., 2018, 

Ohlund et al., 2014, Ishii et al., 2016), I decided to investigate this variability at the single 

cell level using long timelapse imaging of migrating fibroblasts coupled to automated 

analysis, in collaboration with my colleague and mathematician Dr Rob Jenkins. I 

investigated whether the dynamic shuttling of YAP1 in and out of the nucleus is linked 

to cell morphology or cell migration parameters. Furthermore, I tested our speculation 

that YAP1 localisation can be dramatically changed within minutes during cell migration. 

This hypothesis was based on nuclear import and export rates of YAP1 (Ege et al., 2018). 

The results of following analysis are presented in this chapter. 

3.2 YAP1 localisation changes in single cells under normal 

conditions 

 In order to track YAP1 dynamics over time, I made use of normal and cancer 

associated fibroblast cell lines NF1 and CAF1, which were isolated from murine MMTV-

PyMT breast cancer model and described previously (Calvo et al., 2013). EYFP-YAP1 

constructs were designed and established in NF1 and CAF1 cell lines by my colleague 

Dr Nil Ege, who worked in the Sahai laboratory previously (Ege et al., 2018). 
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Additionally, I introduced nuclear marker H2B-mTurquoise2 into the cells with the use 

of a PiggyBac transposon system (described in (Ding et al., 2005)). This allowed me to 

visualise YAP1 and the cell nucleus simultaneously which enabled subsequent automated 

cell and subcellular compartment tracking. One image was taken every 5 minutes per 

field of view, for a period of at least 5 hours, which allowed deciphering YAP1 dynamics 

coupling to cell morphology changes. Then I proceeded to quantitative analysis of those 

movies, in close collaboration with Dr Rob Jenkins, who developed the cell tracking 

algorithms.  

 Firstly, I studied the behaviour of EYFP-YAP1 WT constructs in NF1 and CAF1 

in normal media conditions, illustrated by Figure 3-1. Analysis of single cells over a 

period of 5 hours revealed interesting changes in YAP1 localisation. A variety of nuclear-

to-cytoplasmic ratio behaviours were observed throughout the cell population on a single 

cell level. While some cells displayed repeated changes in YAP1 N/C ratio throughout 

the duration of the movie (Figure 3-1A&B, filled arrowheads), others retained the same 

ratio over time (Figure 3-1B, empty arrowhead) or stably changed the ratio in favour of 

one compartment (Figure 3-1A, empty arrowhead).  

 I was interested in whether cells with high or low N/C ratio would maintain that 

high or low N/C ratio over several hours. Studying a whole cell population of over 200 

cells per sample, for both NF1 and CAF1 the signal of N/C ratio was initially well 

correlated with the starting value of N/C ratio (Figure 3-2A&B, at 10 min). However, 

with increasing time the correlation to the initial signal decreased – the signal at 4 hours 

was different to the initial N/C ratio, and the correlation values were for NF1 0.55 and for 

CAF1 0.62 (Figure 3-2A&B, at 240 min). This suggested that there is some fluctuation 

in the nuclear-to-cytoplasmic ratio within individual cells, but that cells transitioning 

from a low N/C ratio to a high N/C ratio and vice versa during the 5-hour measurement 

period is unlikely. In other words, cells have a level of N/C ratio that is rather consistent 

over several hours, and they fluctuate around that N/C value. Figure 3-2C&D studies 

autocorrelation of N/C signal across the cell population and reveals autocorrelation until 

30 min from the start of tracking (autocorrelation values above 0). That means there is a 

faster decay of N/C ratio signal autocorrelation than correlation, which in turn suggests 

there are more differences between cells in a population than there are dynamic changes 

in a single cell. These analyses are consistent with the inference that fibroblasts are a 
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heterogeneous population and that they can maintain one phenotype over extended 

periods of time. 

 

 

 

Figure 3-1: Representative snapshots from movies of EYFP-YAP1 dynamics over time in 

murine fibroblast cell lines expressing H2B-mTurqoise1 nuclear marker.  (A) NF1 EYFP-

YAP1_WT cell line. Empty arrowhead points to a cell that has increased nuclear YAP1 

localisation throughout duration of the movie. Filled arrowhead points to a cell with dynamic 

changes in YAP1 localisation. Scale bar is 50 µm. (B) CAF1 EYFP-YAP1_WT cell line. Empty 

arrowhead points to a cell that has stable YAP1 localisation throughout duration of the movie. 

Filled arrowhead points to a cell with dynamic changes in YAP1 localisation. Scale bar is 50 µm. 
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Figure 3-2: Nuclear-to-cytoplasmic ratio over time.  (A) Scatterplots of nuclear-to-cytoplasmic 

ratio at time 0 min versus time 0 min, 10 min and 240 min for NF1 EYFP-YAP1_WT (n=4, 46 

cells in total). (B) Scatterplots of nuclear-to-cytoplasmic ratio at time 0 min versus time 0 min, 

10 min and 240 min for CAF1 EYFP-YAP1_WT (n=4, 46 cells in total). (C) Autocorrelation of 

nuclear-to-cytoplasmic ratio (mean of all cells – solid line, 95% confidence intervals – dot dash 

line) for NF1 EYFP-YAP1_WT (n=4, 231 cells in total). (D) Autocorrelation of nuclear-to-

cytoplasmic ratio (mean of all cells – solid line, 95% confidence intervals – dot dash line) for 

CAF1 EYFP-YAP1_WT (n=4, 221 cells in total). 
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3.3 Cell morphology changes during migration cause rapid 

relocation of YAP1 between cellular compartment 

 Unsurprisingly, since both cell types tested are fibroblasts, cell migration in 

normal conditions revealed a typical mesenchymal mode of morphology changes for both 

NF1 and CAF1 during the course of the movies. To characterise morphology parameters 

and couple them to any potential changes in N/C ratio cell shape, speed of migration and 

acceleration were described by numerical values. Cell morphology metrics included 

cytoplasmic/nuclear perimeter, cytoplasmic circularity, cytoplasmic/nuclear area, 

cytoplasmic eccentricity. For all parameters, both the parameter and the change in 

parameter were analysed. The derivative of a parameter refers to the change of this 

parameter over time. Figure 3-3 and Figure 3-4 show the results of analysis utilising 

Pearson correlation coefficient. Negative correlation corresponds to lower N/C ratio, 

while positive correlation to higher N/C ratio. In simple terms, if positive correlation of 

a parameter with N/C ratio is seen, that implies higher N/C ratio upon the change of this 

parameter to a higher value. 

 A positive correlation was observed between increase in N/C ratio and increase in 

cytoplasmic perimeter. Conversely, I observed a negative correlation between change in 

N/C ratio and change of cytoplasmic circularity. There was also a weak correlation 

between N/C ratio and cytoplasmic acceleration in both NF1 and CAF1. This implies that 

on average, when a cell is moving and becoming more spread, YAP1 is more likely to 

change localisation to more nuclear. The opposite seems to also be true – more circular 

cells have more YAP1 leaving the nucleus. However, it has to be noted some cells did 

not respond to the change in parameter with a change in N/C ratio. This could imply two 

populations of cells: ones which regulate N/C ratio in response to change in cell 

morphology, and ones that do not, and in turn further suggests heterogeneity within the 

fibroblast population. Figure 3-5 and Figure 3-6 demonstrate this heterogeneity on single 

cell level. Some cells closely follow the population mean (Figure 3-5A and Figure 3-6A), 

while others show weaker or even opposite correlation patterns (Figure 3-5B&C and 

Figure 3-6B&C), both in NF1 and CAF1 cell lines. 

 Cross-correlation in Figure 3-7 reveals that the change in YAP1 localisation 

happens within 5 min after the change of cell morphology parameter, as the cross-
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correlation is not observed on longer timescales. In addition, the change in parameter is 

observed but it is not usually a major change from completely cytoplasmic to completely 

nuclear, but rather an adjustment of the equilibrium, which is reflected in the general 

maintenance of N/C ratios across time in whole cell population (Figure 3-2A&B). 

Moreover, long timelapse movies were acquired with 5 min per frame resolution in order 

to preserve normal cell functions and prevent excessive photobleaching, as well as any 

phototoxicity. The changes in N/C ratio might occur over shorter time period than 

measured, but the slow frame rate prevented such an observation.  

 In summary, during cell migration YAP1 becomes more nuclear while the cell 

stretches and accelerates, and less nuclear when cell has a more circular shape, which is 

summarised in Figure 3-8.  
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Figure 3-3: Pearson correlation of nuclear-cytoplasmic ratio, morphological parameters 

and speed parameters for dynamically tracked NF1 EYFP-YAP1_WT cells, n=4.  
Scatterplots for various Pearson correlations of nuclear-to-cytoplasmic ratio, cellular 

morphology, cell speed, and their derivatives. Each dot represents a cell, total of 230 cells from 4 

independent biological replicates. Error bars represent 95% confidence intervals. For clarity a line 

at Correlation value 0 is shown. 
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Figure 3-4: Pearson correlation of nuclear-cytoplasmic ratio, morphological parameters 

and speed parameters for dynamically tracked CAF1 EYFP-YAP1_WT cells, n=4.  
Scatterplots for various Pearson correlations of nuclear-to-cytoplasmic ratio, cellular 

morphology, cell speed, and their derivatives. Each dot represents a cell, total of 220 cells from 4 

independent biological replicates. Error bars represent 95% confidence intervals. For clarity a line 

at Correlation value 0 is shown. 
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Figure 3-5: Examples of nuclear-to-cytoplasmic ratio and cytoplasmic circularity or 

cytoplasmic perimeter over time in single cells – NF1 EYFP-YAP1_WT cell line. Nuclear-

to-cytoplasmic ratio (black curve) and either cytoplasmic circularity measure or cytoplasmic 

perimeter measure (grey curve) changes in one cell over time. Examples include a cell which 

exhibits typical correlations of those values similar to the population mean (A), an atypical cell 

which shows the opposite correlations to the population mean (B) and a cell which shows weak 

correlation.  
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Figure 3-6: Examples of nuclear-to-cytoplasmic ratio and cytoplasmic circularity or 

cytoplasmic perimeter over time in single cells – CAF1 EYFP-YAP1_WT cell line. Nuclear-

to-cytoplasmic ratio (black curve) and either cytoplasmic circularity measure or cytoplasmic 

perimeter measure (grey curve) changes in one cell over time. Examples include a cell which 

exhibits typical correlations of those values similar to the population mean (A), an atypical cell 

which shows the opposite correlations to the population mean (B) and a cell which shows weak 

correlation. 
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Figure 3-7: Cross-correlation analysis of cell morphology parameters.  Cross-correlation of 

change in nuclear-to-cytoplasmic ratio and change in cytoplasmic circularity (A) or change in 

cytoplasmic perimeter (B) or acceleration (C) or speed (D) or change in nuclear area (E) for NF1 

EYFP-YAP1_WT and CAF1 EYFP-YAP1_WT cell lines (mean of all cells – solid line, 95% 

confidence interval – dot dash line). Mean derived from a total of 220 cells from 4 independent 

biological replicates. 
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Figure 3-8: Schematic illustrating changes in nuclear-to-cytoplasmic ratio of EYFP-YAP1 

protein during cell migration. 

 

 

3.4 Chapter summary 

 In this chapter I demonstrated how YAP1 localisation changes during cell 

migration. YAP1 becomes more nuclear when the cell is stretching and accelerating, and 

more cytoplasmic when the cell is more spherical in shape. The change in nuclear-to-

cytoplasmic ratio follows cell shape change, and occurs within five minutes of the 

alteration.



Chapter 4 Results 

 

 105 

Chapter 4. Screen for regulators of YAP1 localisation 

identifies Exportin 1 as regulator of YAP1 export. 

4.1 Chapter introduction 

 As a transcriptional co-activator YAP1 enters the nucleus to convey information 

from cytoplasmic inputs such as Hippo kinase or the actomyosin cytoskeleton (Piccolo et 

al., 2014). However, the exact molecular details of YAP1 nuclear import and export 

remain elusive. To date, only XPO1 (Exportin 1, CRM1) was implicated in YAP1 export 

through inhibition of XPO1 with leptomycin B (Dupont et al., 2011, Wei et al., 2015, Ren 

et al., 2010). However, YAP1 does not have a confirmed nuclear export signal (NES) to 

bind to XPO1 apart from one recent study suggesting a putative site (Fang et al., 2018). 

YAP1 has been shown to directly interact with Merlin and depend on its NES to exit the 

nucleus (Furukawa et al., 2017). The same study also suggests that the actomyosin 

cytoskeleton has an indirect role on YAP1 export through regulation of Merlin binding, 

though somewhat contradictory to previous reports implicating actomyosin network in 

YAP1 nucleocytoplasmic shuttling (Aragona et al., 2013, Dupont et al., 2011, Wada et 

al., 2011). Another study identified Dishevelled (DVL) as a facilitator of p127-YAP1 

export through the same mechanism of utilising DVL’s NES (Lee et al., 2018). 

 Regarding import, a similar case of hitch-hiking with another protein was 

reported. Upon deletion of Zona Occludens-2 (ZO-2) nuclear localisation signal (NLS), 

YAP1 remained in the cytoplasm, and proteins were shown to directly interact through 

their PDZ domains (Oka et al., 2010). Conversely, in Drosophila YAP1 homolog Yorkie 

was demonstrated to have a putative NLS, through which it directly binds to Importin 1 

(Wang et al., 2016b). This discrepancy might be explained by Yorkie lacking the C-

terminal PDZ-binding domain (Oka and Sudol, 2009). Finally, a recent study pinpointed 

the role of mechanical strain on the nucleus in regulation of active and passive import, 

showing that upon direct application of force to the cell nucleus YAP1 more readily enters 

through less-constricted nuclear pores (Elosegui-Artola et al., 2017). In more 

physiological conditions this might occur through flattening of cells or spreading of cells 

on stiff matrix, and through the linkage of the actomyosin cytoskeleton to the LINC 

complex in the nuclear envelope. 
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 Interestingly, the Hippo pathway does not seem to be directly involved in YAP1 

nucleocytoplasmic shuttling, but rather indirectly through regulation of YAP1 binding to 

other proteins. YAP1 phosphorylation on Ser127 has been observed in the nucleus (Ege 

et al., 2018, Wada et al., 2011), and moreover phosphorylation levels do not change upon 

a marked change in YAP1 localisation both in fibroblasts and epithelial cells in culture 

(e.g. (Calvo et al., 2013, Furukawa et al., 2017, Ege et al., 2018)). There could also be a 

link of YAP1 with the nuclear pore complex directly through the nuclear envelope protein 

emerin, targeted by Src and Abl kinases (Tifft et al., 2009). Emerin interacts with nesprins 

and laminin, and therefore is an integral component in maintaining nucleus stability, as 

well as has been shown to regulate mechanotransduction-related gene expression 

(Lammerding et al., 2005), further suggesting a common regulatory mechanism with 

YAP1/TAZ. 

 Since there is no clear consensus about YAP1 nucleocytoplasmic shuttling 

mechanism, no proteins were described to facilitate YAP1 import directly, and no other 

cofactors identified for export, I decided to investigate further the machinery enabling 

YAP1 entry and exit from the nucleus. Additionally, our results from FRAP and FLIP 

analysis of YAP1 nucleocytoplasmic shuttling pointed to export being the node of YAP1 

regulation in fibroblasts (Ege et al., 2018), which further increased our interest in 

modulators of YAP1 import and export. To tease out the molecular players, I performed 

a siRNA screen targeting a library of known import and export factors, in collaboration 

with the High Throughput Screening (HTS) facility at the Francis Crick Institute. The 

results of this screen, subsequent analysis, and hit follow-up are presented in this chapter. 

4.2 Screen experimental pipeline and results 

 The siRNA screen against a human library of 143 known import and export 

factors was done in two human CAF cell lines isolated from vulvar squamous cell 

carcinoma. The initial screen was performed in fibroblast lines because they do not form 

typical epithelial cell-cell junctions, therefore making it easier to identify potential new 

YAP1 regulators in the absence of junctional inputs present in epithelial cells. Genes were 

followed-up by in-depth quantitative and visual analysis, performed by two scientists 

independently (me and Dr Nil Ege) (Figure 4-1). Based on the cumulative quantitative 

and visual scores, presented in Table 8-1 (Appendix), we shortlisted 14 genes for re-
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screening and siRNA oligo deconvolution with a different siRNA set (Figure 4-1). The 

primary screen was performed in a 384-well plate but because of ease of use I performed 

the secondary screen in 96-well plates. This required optimisation of cell number for 

seeding so that I achieved near confluent conditions upon fixing at the end of experiment 

(day 4), which is demonstrated in Figure 4-2. Interestingly, even though both VCAF4 and 

VCAF8 showed a shift of YAP1 from predominantly nuclear to more cytoplasmic with 

increasing cell density, VCAF8 showed a more pronounced change and homogenous 

YAP1 localisation in near confluent conditions between cellular compartments. 

Therefore, I selected VCAF8 to perform my secondary screen, as I reasoned that more 

even initial YAP1 distribution will enable both an increase and decrease of nuclear YAP1 

localisation to be scored upon depletion of export or import factors, respectively. 

 Figure 4-3 shows the controls and results of the secondary screen in VCAF8. As 

controls (Figure 4-3A&B), I used siRNA targeting YAP1 and MST1/2, as well as mock 

transfection (only transfection reagents) and siCTRL without any homology to known 

mammalian genes. Unexpectedly, siCTRL had an effect on nuclear-to-cytoplasmic ratio 

in VCAF8. I compared my other controls to siCTRL to ensure these were real effects on 

YAP1 localisation and not non-specific effects of siRNA transfection. Even compared to 

this siCTRL, both siMST1 and siMST2 had the expected effect of increasing YAP1 

nuclear localisation, as they knocked down negative upstream regulators of YAP1. The 

siRNA knockdown against YAP1 reduced overall staining for the protein, confirming its 

knockdown. Remaining signal could indicate staining for TAZ, as the antibody can 

recognise both YAP1 and TAZ. 

 Figure 4-3C&D represent screen hits, which consistently and with several siRNAs 

changed YAP1 localisation to more nuclear or cytoplasmic. Genes such as XPO1, 

RANBP3, ZFP36, HRB appeared as potential export factors for YAP1, while THOC3, 

NEPRO, NXF1, TNPO2, NRM and EMD emerged as regulators of import.  
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Figure 4-1: Schematic representation of the screen experimental pipeline. (A) Primary 

screen. (B) Secondary screen. For both screens, cells were fixed 4 days after seeding. 

 

 

 

 

 

 

 

 

 

 

Figure 4-2: Optimisation of cell number for the secondary screen. Representative images 

show YAP1 staining in human VCAF4 and VCAF8 cell lines with increasing cell confluence in 

96-well plate. To achieve differences in confluence at 4 days after seeding, 500, 1000, 2000, 3000, 

3500, 4000, 5000 or 6000 cells were seeded in one well at the beginning of the experiment. One 

out of three experimental repeats shown. Scale bar is 200 µm. 
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Figure 4-3: Secondary screen controls and results. (A) Representative images of the 

secondary screen controls showing endogenous YAP1 staining in human VCAF8. Scale bar 

is 100 µm. (B) Boxplot (10-90 percentile error bar range & median) of nuclear-to-cytoplasmic 

ratio (log2 scale) corresponding to four experimental repeats of the secondary screen (n>75 

cells in total, n>15 cells per repeat). (C) Representative images of the secondary screen hits 

showing endogenous YAP1 staining in human VCAF8 upon siRNA knockdown of specified 

genes. Scale bar is 100 µm. (D) Boxplot (10-90 percentile error bar range & median) of 

nuclear-to-cytoplasmic ratio (log2 scale) corresponding to one experimental repeat of the 

secondary screen (n>15cells in total) for set 1 of gene hits (top panel in C), or three 

experimental repeats of the secondary screen (n>45 cells in total, n>15 cells per repeat) for 

set 2 of gene hits (bottom panel in C). Mann-Whitney U-test compares hit to siCTRL; ns – 

not significant, * p≤0.05, ** p≤0.01,*** p≤0.001 **** p≤0.0001. 
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4.3 Screen hits confirmation in other cell lineages 

 To further confirm screen hits, I investigated gene knockdown in the human 

keratinocyte cell line HaCaT (Figure 4-4A&B). Surprisingly, only two hits had the same 

effect on YAP1 localisation: XPO1 and ZFP36. HRB had less of an effect than in 

fibroblast lineages, while NXF1 had the opposite effect on YAP1 localisation. This could 

be due to the fact that keratinocytes are of epithelial origin, and have other inputs to YAP1 

regulation, which are absent in mesenchymal lineage such as fibroblast. Another 

explanation is that fibroblasts have some lineage specific import and export factors, which 

do not play a role in keratinocytes. In normal conditions, HaCaT cells show on average 

predominantly cytoplasmic YAP1 localisation in the majority of cells, which is 

demonstrated in Figure 4-4C. Typically, cells on the edge of cell cluster show 

predominantly nuclear YAP1 localisation, what is also demonstrated in the histogram. 

This could be due to YAP1 known role in proliferation, which usually occurs on the edge 

of cell clusters. 

 Finally, I sought to confirm screen results across different species, namely in 

murine fibroblast cell lines NF1 and CAF1. The only hit consistent between species was 

XPO1, which points to its central role in regulation of YAP1 shuttling (Figure 4-5). In 

normal fibroblasts, upon knockdown of XPO1, YAP1 became approximately four times 

more nuclear. In CAF1, which have higher basal nuclear YAP1 localisation, the increase 

was approximately two-fold in nuclear-to-cytoplasmic ratio. Figure 4-5C summarises 

secondary screen hits scores in the four cell lines tested.  
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Figure 4-4: Secondary screen hits confirmation in human keratinocyte HaCaT cell line.  
(A) Representative images of the endogenous YAP1 staining in human HaCaT upon siRNA 

knockdown of controls (mock, siCTRL and siXPO1) and screen hits. F-actin presented in green, 

DAPI in magenta. Scale bar is 50 µm. (B) Boxplot (10-90 percentile error bar range & median) 

of nuclear-to-cytoplasmic ratio (log2 scale) corresponding to two experimental repeats (n>59 

cells in total, n>29 cells per repeat). Mann-Whitney U-test. (C) Histogram of mock condition 

nuclear-to-cytoplasmic ratio in HaCaT cells. Magenta line represents non-linear fit with Gaussian 

equation. Histogram represents 120 cells from four experimental repeats, each of 30 cells. SD – 

Standard Deviation.   



Chapter 4 Results 

 

 112 

 

Figure 4-5: XPO1 is the main YAP1 nuclear export factor conserved between mice and 

humans. (A) Representative images of the endogenous YAP1 staining in murine NF1 and CAF1 

upon siRNA knockdown of specified hits. Scale bar is 50 µm. (B) Boxplot (10-90 percentile error 

bar range & median) of nuclear-to-cytoplasmic ratio (log2 scale) corresponding to three 

experimental repeats (n>89 cells in total, n>30 cells per repeat). Mann-Whitney U-test. (C) 

Summary table showing consistence of siRNA knockdown phenotype between and within 

species, based on cell lines tested.  
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4.4 The effects of XPO1 knockdown on YAP1 transcriptional 

activity 

 I confirmed the XPO1 siRNA oligo deconvolution and knockdown to be confident 

in the siRNA oligos. Figure 4-6A demonstrates consistent nuclear YAP1 localisation after 

siRNA knockdown with single and pool oligos for both NF1 and CAF1, as well as for 

VCAF8, excluding off-target effects of siRNA on this phenotype. I confirmed XPO1 

knockdown both on mRNA (Figure 4-6B) and protein (Figure 4-6C) level. There were 

no changes in levels of YAP1 protein or LATS-phosphorylated YAP1 (p127Ser) after 

XPO1 knockdown (Figure 4-6C). However, there was a decrease in the total protein 

levels after siXPO1 treatment. This effect was reproducible between experimental 

repeats, which could indicate mild cell toxicity after XPO1 knockdown. In turn, this could 

imply a role of XPO1 protein in regulating cell growth or proliferation, or alternatively 

XPO1 could be regulating another protein apart from YAP1 which regulates these cell 

functions.  

 As the majority of YAP1 population now resides in the nucleus, I checked if 

YAP1 transcriptional co-activity would be increased upon XPO1 knockdown. Nuclear 

YAP1 is thought to drive transcription (Piccolo et al., 2014, Zhao et al., 2011), so it was 

quite surprising to observe only a modest increase in TEAD-dependent transcription in 

NF1, and no difference in CAF1, which have higher initial levels of transcriptional 

activity on this reporter (Figure 4-7A&B). These results were confirmed by similar results 

obtained by qRT-PCR on two known YAP1 target genes, Ctgf and Cyr61, upon siXPO1 

(Figure 4-7C&D). I further confirmed specific effect of siXPO1 on co-transcriptional 

activity of YAP1 at c-jun (Figure 4-8A) and -catenin (Figure 4-8B) transcriptional 

reporters. These did not change, indicating that a different transcription factor known to 

shuttle between nucleus and cytoplasm, -catenin, is not affected by XPO1 knockdown, 

and neither is the activity of constitutively nuclear factor, such as c-jun. In contrast, SRF 

transcriptional activity was significantly increased upon XPO1 knockdown (Figure 

4-8C), which is consistent with literature reporting XPO1 as a regulator of SRF 

localisation and function (reviewed in (Olson and Nordheim, 2010)). Therefore, XPO1 

knockdown-induced nuclear accumulation of YAP1 is sufficient to increase 

transcriptional activity of the TEAD-driven reporter, but only in a situation where basal 
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levels of this activity are low, and to a lesser extent than LATS1/2-phosphorylation site 

mutation (Ege et al., 2018). 

 

 

Figure 4-6: Validation of XPO1 knockdown. (A) Representative images showing endogenous 

YAP1 localisation in NF1, CAF1 and VCAF8 upon XPO1 siRNA pool deconvolution to single 

oligos. Scale bar is 50 µm. One out of three experimental repeats shown. (B) Boxplot (min to max 

& median) of qRT-PCR of XPO1 gene normalised to GAPDH in NF1 and CAF1 cell lines after 

control (mock, siCTRL) and siXPO1 pool knockdown. Data summary of 3 independent 

experiments, each with 2 technical replicates. Mann-Whitney U-test. (C) Western blot showing 

depletion of XPO1 protein (123 kDa) in NF1 and CAF1 upon siXPO1 pool knockdown. YAP1 

(70 kDa), pS127-YAP1 (70 kDa) and -tubulin as loading control (42 kDa) are also presented. 

One out of three experimental repeats shown. 

  



Chapter 4 Results 

 

 115 

 

Figure 4-7: Effect of XPO1 knockdown on YAP1 co-transcriptional activity. (A) Luciferase 

assay using TEAD-driven reporter in NF1 and CAF1 following siXPO1. Bars represent mean and 

± SEM of five independent experiments, each with 3 technical replicates. Data normalised to NF1 

mock condition. Mann-Whitney U-test. (B) Data from (A) reproduced for clarity in CAF1 only. 

Luciferase assay using TEAD-driven reporter in CAF1 following siXPO1. Bars represent mean 

and ± SEM of five independent experiments, each with 3 technical replicates. Data normalised to 

CAF1 mock condition. Mann-Whitney U-test. (C) Boxplot (min to max & median) of qRT-PCR 

of two YAP1 target genes normalised to GAPDH in NF1 and CAF1 cell lines after siXPO1 

knockdown, and then to NF1 mock condition. Data summary of 3 independent experiments, each 

with 2 technical replicates. Mann-Whitney U-test. (D) Data from (C) reproduced for clarity in 

CAF1 only. Boxplot (min to max & median) of qRT-PCR of two YAP1 target genes normalised 

to GAPDH in CAF1 cell lines after siXPO1 knockdown, and then to CAF1 mock condition. Data 

summary of 3 independent experiments, each with 2 technical replicates. Mann-Whitney U-test. 
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Figure 4-8: Knockdown of XPO1 has a YAP1 specific and not global effect on protein co-

transcriptional activity. Luciferase assay using AP1-driven reporter (c-Jun) (A), TCF-driven 

reporter (-catenin/Wnt) (B), and as a control SRF-driven reporter (MRTF/SRF) (C) in NF1 

following siXPO1. Bars represent mean and ± SEM of 3 independent experiments, each with 3 

technical replicates. Mann-Whitney U-test. 

 

 

4.5 Actomyosin cytoskeleton regulates nuclear YAP1 

 The data above indicate that nuclear YAP1 is likely to be subject to additional 

levels of regulation apart from its localisation in and out of the nucleus. To address the 

interplay between XPO1-dependent export and the actomyosin cytoskeleton in YAP1 

regulation, I performed siRNA XPO1 knockdown followed by pharmacological 

perturbation of actomyosin. Treatment of siXPO1 cells with blebbistatin (myosin 

inhibitor), latrunculin B (inhibits actin polymerisation) and dasatinib (Src- and Abl-

family kinase inhibitor) did not reduce nuclear YAP1 localisation (Figure 4-9A&B). Both 

blebbistatin and dasatinib further increased YAP1 nuclear-to-cytoplasmic ratio following 

siXPO1 (Figure 4-9B). This suggests that actomyosin is regulating XPO1-mediated 

YAP1 export and epistasis between this gene and actomyosin/Src. Usually treatment with 

actomyosin or Src perturbing drugs promotes XPO1-mediated export (Si et al., 2017, 

Wada et al., 2011), but here when XPO1 is depleted, this effect is abolished. 

 Secondly, I wondered whether actomyosin can regulate the transcriptional activity 

of nuclear YAP1 independently of regulating its export. Upon sequential siRNA-

mediated depletion of XPO1 and actomyosin blockade with blebbistatin, I observed a 
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reduction of TEAD-driven transcriptional output for YAP1 (Figure 4-9C), even though 

the protein remained nuclear. This result was further confirmed with siXPO1 followed 

by blebbistatin, latrunculin B and dasatinib treatment and qRT-PCR on two known YAP1 

target genes. Figure 4-9D shows a significant decrease in relative abundance of Ctgf and 

Cyr61 mRNA after drug treatment.  

 Finally, I confirmed these findings using another model of nuclear YAP1 – EYFP-

YAP1_5SA, which lacks the necessary phosphorylation sites for efficient export (Ege et 

al., 2018). As seen in Figure 4-10A, EYFP-YAP1_5SA can also be a subject to 

actomyosin regulation, independent of LATS1/2 phosphorylation. To decipher the kinase 

family more likely to be involved in this regulation of YAP1 co-transcriptional activity, 

I used imatinib (Abl-family kinase inhibitor) (Uitdehaag et al., 2012) and saracatinib (Src- 

and Abl-family kinase inhibitor) (Uitdehaag et al., 2012) in addition to dasatinib inhibitor 

treatment. The results in Figure 4-10B suggest that the kinase family more likely being 

involved is Src, as imatinib, which inhibits Abl but not Src-family kinases, had no effect 

on YAP1-target gene expression.  
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Figure 4-9: Localisation and activity of YAP1 after siXPO1 and actomyosin perturbation. 
(A) Representative images of endogenous YAP1 localisation after siXPO1 knockdown and 24 

hours 10 µm blebbistatin, 500 nM Dasatinib or 500 nM LatrunculinB and vehicle (DMSO) or 

normal media (NM) treatment in CAF1. F-actin presented in green, DAPI in magenta. Scale bar 

is 50 µm. (B) Boxplot (10-90 percentile error bar range & median) of nuclear-to-cytoplasmic ratio 

(log2) corresponding to three experimental repeats (n>80 cells in total, n>22 cells per repeat). 

Mann-Whitney U-test. (C) Luciferase activity of TEAD-driven reporter in CAF1 upon siXPO1 

knockdown and actomyosin perturbation with 10 µm blebbistatin and vehicle (DMSO) or normal 

media (NM). Bars represent mean ± SEM of five independent experiments, each with 3 technical 

replicates. Mann-Whitney U-test. (D) Boxplot (min to max & median) of qRT-PCR of two YAP1 

target genes normalised to GAPDH in CAF1 cell line after depletion of XPO1 and actomyosin 

perturbation with 10 µm blebbistatin, 500 nM Dasatinib or 500 nM LatrunculinB and vehicle 

(DMSO) or normal media (NM) treatment. Data summary of three independent experiments, each 

with 2 technical replicates. Mann-Whitney U-test. 
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Figure 4-10: Nuclear YAP1 is still controlled by the actomyosin cytoskeleton.  Boxplot (min 

to max & median) of qRT-PCR of two YAP1 target genes normalised to GAPDH in CAF1 EYFP-

YAP1_5SA cell line with actomyosin perturbation using 10 µm blebbistatin, 500 nM Dasatinib 

or 500 nM LatrunculinB and vehicle (DMSO) or normal media (NM) treatment. Data summary 

of four independent experiments, each with 2 technical replicates. Mann-Whitney U-test. (B) 

Boxplot (min to max & median) of qRT-PCR of two YAP1 target genes normalised to GAPDH 

in CAF1 EYFP-YAP1_5SA cell line with Src- and Abl-family kinases inhibitors treatment: 500 

nM Dasatinib, 5 µm Imatinib or 1 µm Saracatinib and vehicle (DMSO) or normal media (NM). 

Data summary of three independent experiments, each with 2 technical replicates. Mann-Whitney 

U-test.  
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4.6 Summary 

 In this chapter I identified XPO1 as a YAP1 nuclear export regulator conserved 

between mouse and human cells. I showed that genes such as ZFP36, HRB, RANBP3 or 

THOC3 could be cell line specific regulators of export and import, depending on cell 

origin. I demonstrate that it is not enough for YAP1 to localise to the nucleus for the full 

activity of its transcriptional function. In addition, even nuclear YAP1 can be subject to 

actomyosin cytoskeleton and Src-family kinase regulation. These results were included 

as part of a publication (Ege et al., 2018), which can be viewed after my reference list.  
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Chapter 5. Microtubule cytoskeleton regulation of YAP1 

subcellular localisation in CAFs. 

5.1 Chapter introduction 

 Microtubules are not well explored in the context of YAP1 regulation. Areas 

which could potentially link YAP1 and microtubules are cell shape determination, cell-

cell junctions and cell polarity establishment. One study reported microtubule 

perturbations which had an effect on YAP1 localisation (Zhao et al., 2012). In this study, 

treatment of breast epithelial cells at high confluence with nocodazole, an inhibitor of 

microtubule polymerisation, caused YAP1 to shift from predominantly cytoplasmic to 

become more equally distributed between cell compartments. Nocodazole blocked 

phosphorylation-mediated YAP1 nuclear exclusion, which could be reversed by also 

perturbing the actomyosin cytoskeleton. The effect of two cytoskeleton networks 

converged on LATS1/2 and LATS1/2-mediated YAP1 phosphorylation (Zhao et al., 

2012). Conversely, in subconfluent conditions, nocodazole had no effect on YAP1 

localisation, confirmed further by another report (Dupont et al., 2011). 

 In cell processes that could be relevant to CAF function, microtubules are long 

known to influence cell migration in both 2D and 3D (Waterman-Storer et al., 1999, 

Enomoto, 1996, Unemori and Werb, 1986, Bell et al., 1979, Tomasek and Hay, 1984). 

Microtubules are also needed for invasion through the basement membrane 

(Schoumacher et al., 2010), matrix degradation (Schnaeker et al., 2004) and rigidity 

sensing (You et al., 2017). 

 YAP1 is known to play a role in regulation of CAF function. YAP1 is needed for 

the conversion of normal fibroblast to CAFs in a mouse model of breast cancer (Calvo et 

al., 2013). In this study, authors show that YAP1 is necessary and sufficient for conferring 

pro-invasive and matrix-remodelling capability to CAFs. Both those CAF functions are 

dependent on actomyosin cytoskeleton remodelling through the Src-kinase family. 

 Microtubule drugs are used in the clinic for treatment of many types of cancer and 

they work by stabilising the cell spindle and stopping cell division. However, they have 

severe side effects in patients. An attractive idea emerged of trying low concentrations of 

microtubule perturbing drugs to inhibit function of tumour cell invasion and tumour 
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microenvironment cells, such as CAFs. At present, the effects of low doses of paclitaxel 

(taxol) in breast cancer are contradictory, with one study showing significant inhibition 

of cancer cell invasion in transwell assays (Tran et al., 2009), while another points to an 

increase of metastasis in a mouse model (Li et al., 2016b). Potential modulation of CAFs 

with microtubule or microtubule motor perturbation have not been explored in detail. 

 This chapter summarises the results of microtubule perturbation on YAP1 

localisation and CAF function. Then I described results and follow-up hit analysis of a 

siRNA screen investigating microtubule motor regulation of YAP1 and CAF function. 

5.2 Effect of microtubule cytoskeleton perturbing drugs on YAP1 

localisation and fibroblast function 

 I started the investigation of microtubule cytoskeleton regulation of CAF function 

by treatment with several drugs perturbing microtubule function at concentrations which 

should not interfere with cell division. I used vinorelbine and paclitaxel, which are drugs 

approved for use in the clinic as chemotherapy against several cancers. Paclitaxel 

stabilises microtubules, while vinorelbine acts by interfering with microtubule 

polymerisation. Flubendazole and fenbendazole are antiparasitic drugs approved for 

treatment of worm infections in humans, which also perturb microtubule polymerisation. 

Ciliobrevin D is an inhibitor of the molecular motor protein dynein.  

 I performed CAF functionality assays assessing their ability to remodel ECM as 

well as invade and migrate in a 3D matrix mimicking ECM. In a contraction assay, which 

reflects ECM remodelling ability of fibroblasts by plating them within a Matrigel-

collagen mix, I observed a clear and significant reduction in gel contraction after 

treatment with vinorelbine (Figure 5-1). Even low 0.5M vinorelbine concentrations 

decreased contraction by 70%, approximately 8 times less than that of control. This 

reflects complete disassembly of the microtubule network seen with this drug treatment 

in cell culture on a glass surface, shown in subsequent figures. Flubendazole and 

fenbendazole only abolished gel contraction at high concentration (Figure 5-1), which 

could reflect their reduced affinity for human tubulin (Dawson et al., 1984, Spagnuolo et 

al., 2010). Paclitaxel also significantly decreased gel contraction only at higher 

concentrations, and to a much lesser extent than vinorelbine (Figure 5-1). This finding 

could indicate that microtubule polymer stability is needed for gel contraction, which is 



Chapter 5 Results 

 

 123 

perturbed during treatment with vinorelbine or high doses of paclitaxel. However, 

fibroblasts do not need microtubule active growth for contracting the gel, which is 

inhibited by lower paclitaxel concentrations without affecting microtubule cable 

structure. 

 To investigate the ability of CAFs to invade and migrate through 3D ECM, I 

embedded VCAF8 spheroids in Matrigel-collagen gel, and treated them with microtubule 

perturbing drugs for 30 hours (Figure 5-2A). Vinorelbine treatment almost completely 

abolished CAF ability to invade the ECM (Figure 5-2B). Moreover, the few cells that 

managed to invade into the matrix were unable to form strands and migrated as single 

cells (Figure 5-2C&D). Paclitaxel also significantly reduced the number of cells leaving 

the spheroid (Figure 5-2B), as well as strand formation and the distance cells migrated 

from spheroid (Figure 5-2C&D). This could indicate active microtubule dynamics are 

necessary for 3D invasion and migration. Interestingly, fenbendazole and higher 

concentration of ciliobrevin D also had a milder, but significant effect on the overall 

number of cells which could migrate from the spheroid (Figure 5-2B), but did not change 

the ability of cells to form strands or the distance of migration away from the spheroid 

(Figure 5-2C&D).  

 Next, I investigated whether the phenotypic effect of microtubule drugs could 

affect YAP1 regulation of CAF function. I stained VCAF8 cells after 6 hours treatment 

with each drug for YAP1 localisation and tubulin structure with specific antibodies to 

YAP1 and -tubulin, respectively (Figure 5-3A). There was a slight increase of YAP1 

nuclear-to-cytoplasmic ratio after treatment with fenbendazole and ciliobrevin D, 

however, the change was not statistically significant (Figure 5-3B). To investigate more 

closely microtubule structure after those perturbations, and confirm the effect of drug 

treatments, I also fixed cells with glutaraldehyde, which is a recommended fixation 

method for visualising microtubules (Mitchison Laboratory Website Protocols, Harvard 

University). I expected microtubule disassembly with vinorelbine, flubendazole and 

fenbendazole, microtubule stabilisation with paclitaxel, and no effect with ciliobrevin D. 

The staining of -tubulin in Figure 5-3C shows images acquired using this fixation 

method, and additionally I presented a zoomed-in microtubule picture for clarity.  

 Compared to treatment with vehicle (DMSO), vinorelbine treatment led to 

disassembly of microtubules. Fenbendazole seemed to have an effect on microtubule 
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bundling, which was a bit surprising, as I expected microtubules to depolymerise. 

Flubendazole depolymerised the microtubule network, yet the effect was not complete 

nor as strong as that seen with vinorelbine. Finally, ciliobrevin D caused cells to become 

thin and microtubules to form aggregates, while paclitaxel did not seem to have any 

visible effect at this concentration. The lack of effect with paclitaxel is perhaps not that 

surprising, because tubule stabilisation is not easily seen with fixation and staining 

method. The lesser effect of flubendazole and fenbendazole on microtubule 

polymerisation could be explained by the drugs’ specificity for helminth tubulin (Dawson 

et al., 1984), which even though conserved in the animal kingdom could show small 

differences between species. In conclusion, I did not observe any significant changes of 

YAP1 localisation in the VCAF8 cell line upon addition of microtubule-perturbing drugs. 

 

 
Figure 5-1: Effect of microtubule cytoskeleton perturbing drugs on CAF function.  Matrix 

remodelling contraction assay of VCAF8 cells 24 hours after seeding in organotypic 

Matrigel/collagen gel and after treatment with increasing concentrations of vinorelbine, 

fenbendazole, flubendazole, ciliobrevin D or paclitaxel. Bars represent mean and ± SEM of three 

independent experiments, each with 2 technical replicates. Ordinary one-way ANOVA with 

Dunnett’s multiple comparisons test.  
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Figure 5-2: Effect of microtubule cytoskeleton perturbing drugs on CAF 3D migration.   
(A) Representative maximum intensity projection fluorescence images of VCAF8 spheroids 30 

hours after invasion into organotypic Matrigel/collagen gel with indicated microtubule 

cytoskeleton perturbing drug treatment. F-actin presented in green, DAPI in magenta. Scale bar 

is 200 µm. (B)(C)(D) Average number of cells invading, percentage of all cells invading 

migrating via strand and average invasion strand length per quarter spheroid for VCAF8 spheroids 

treated with indicated microtubule cytoskeleton perturbing drugs. Bars represent mean and ± 

SEM of three independent experiments, counting n>9 spheroids in total per condition, n>3 

spheroids per experimental repeat. Ordinary one-way ANOVA with Dunnett’s multiple 

comparisons test. 
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Figure 5-3: Effect of microtubule cytoskeleton perturbing drugs on YAP1 localisation.  

(A) Representative images of YAP1 localisation in VCAF8 cells after 6 hours treatment with 1 

µm vinorelbine, 1 µm fenbendazole, 1 µm flubendazole, 25 µm ciliobrevin D or 100 nM 

paclitaxel. F-actin presented in green, DAPI in magenta. Scale bar is 40 µm. (B) Boxplot (10-90 

percentile error bar range & median) of nuclear-to-cytoplasmic ratio (log2 scale) corresponding 

to two experimental repeats (n>20 cells in total, n>10 per repeat). Mann-Whitney U-test. (C) 

Representative images of -tubulin in VCAF8 cells fixed with glutaraldehyde after 6 hours 

treatment with 1 µm vinorelbine, 1 µm fenbendazole, 1 µm flubendazole, 25 µm ciliobrevin D or 

100 nM paclitaxel. Inserts represent zoomed-in -tubulin pictures. F-actin presented in green, 

DAPI in magenta. One out of two experimental repeats shown. Scale bar is 40 µm. 
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5.3 Screen of molecular motors identifies novel regulators of YAP1 

 As I observed no significant results on YAP1 localisation by using a blunt 

perturbation with microtubule depolymerising or stabilising drugs, I hypothesised that it 

could be due to a simultaneous inhibition of positive and negative microtubule function 

in cells, and that a more specific perturbation could have an effect on YAP1. To 

investigate the dependence of YAP1 localisation on any known molecular motors, an 

image-based screen similar as shown in Figure 4-1 was performed. Briefly, 136 human 

genes belonging to the dynein, kinesin (microtubule motors) or myosin (actin motors) 

families were knocked down using pooled siRNAs in two different CAF cell lines (Figure 

4-1). The potential hits were scored independently both visually and quantitatively, and 

full results are presented in Table 8-1 and Table 8-2 (Appendix). In addition to the known 

involvement of the actomyosin cytoskeleton in regulation of YAP1, which I did not 

follow up, we identified several previously unknown regulators of YAP1 localisation in 

the microtubule motor library. We confirmed previously identified actomyosin 

components as regulators of YAP1 localisation, which served as an additional 

confirmation of the validity of this approach. 

 Similarly to the previous Chapter 4, in the secondary screen a separate siRNA set 

was used to validate 7 potential hits both with pool and single siRNA oligos. The results 

of secondary screen and secondary screen controls are presented in Figure 5-4. The 

experiments were performed separately to those from Chapter 4 with an antibody 

specifically recognising YAP1 protein. For reasons that are not apparent, the siCTRL 

(Allstar) consistently induced higher nuclear-to-cytoplasmic ratio, as also seen in Chapter 

4. Therefore, all the statistical analysis was performed compared to the siCTRL to account 

for unspecific effects of siRNA transfection. Even though the knockdown of MST1 and 

MST2 showed the increase of nuclear YAP1 localisation (Figure 5-4A), only the effect 

of MST2 was statistically significant (Figure 5-4B). The reason for this discrepancy from 

Chapter 4 could be caused by higher basal levels of YAP1 nuclear-to-cytoplasmic ratio 

in the VCAF8 cell line, which can be a subject to mild phenotypic drift during prolonged 

growth in culture. Moreover, I confirmed that the signal remaining in the YAP1 

knockdown sample is residual YAP1 protein rather than its homolog TAZ (Figure 5-4B), 

as the antibody used here was YAP1-specific. 
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 From potential hits shortlisted from the full motor library, DYNLL1 and KLC1 

knockdown significantly increased nuclear-to-cytoplasmic ratio, while siRNA treatment 

of KIF11 and KIF2C significantly decreased this parameter in VCAF8 cell line (Figure 

5-4B). Surprisingly, the reason why DYNLL1 and KLC1 scored above selection 

threshold in this screen was not their increased nuclear YAP1, but rather dramatic 

decrease in cytoplasmic intensity for YAP1. Compared to the control, KLC1 nuclear 

YAP1 intensity was unchanged, while DYNLL1 intensity decreased (Figure 5-4C). In 

contrast, there was a dramatic and significant decrease in the cytoplasmic YAP1 intensity 

for both of these genes (Figure 5-4D), which is the reason why the ratio of the two 

parameters is elevated.  

 Based on previously encountered cell type and species specific YAP1 regulation 

differences (Chapter 4), I confirmed the screen results in another human cell type, the 

immortalised keratinocyte line HaCaT (Figure 5-5) which is known to have typical 

epithelial YAP1 biology (Elbediwy et al., 2016). Here, as a positive control of knockdown 

and YAP1 nuclear localisation, I used siXPO1, which significantly increased YAP1 

nuclear-to-cytoplasmic ratio (Figure 5-5A&B). From the selected genes, DYNLL1, 

KLC1 and KIF1B increased the ratio significantly when knocked down, while KIF11 and 

KIF2C knockdown decreased nuclear-to-cytoplasmic ratio, but this change was not 

statistically significant (Figure 5-5A&B). Remarkably, the changes of nuclear YAP1 

intensity for DYNLL1 and KLC1 were unchanged (Figure 5-5C), while cytoplasmic 

intensity was significantly and consistently decreased between HaCaT and VCAF8 cell 

lines (Figure 5-5D). I decided to further investigate DYNLL1, KLC1, KIF11 and KIF2C, 

as they were consistent between two cell lines. 

 Before follow-up with any functional experiments, I confirmed gene knockdown 

for each of the genes was consistent with 3 different oligos used in the siRNA pool. Both 

in HaCaT (Figure 5-6A) and in VCAF8 (Figure 5-7A), all 3 siRNA oligos had the same 

effect on YAP1 localisation as the pool. Additionally, I performed oligo deconvolution 

followed by qRT-PCR analysis of gene knockdown level in HaCaT cells, which showed 

consistent knockdown for each of selected oligos of each selected gene (Figure 5-6B). 

Finally, I also confirmed knockdown of each gene with pool siRNA in both HaCaT and 

VCAF8 lines, incorporating an additional siRNA control in VCAF8 experiments (C1 – 



Chapter 5 Results 

 

 129 

Allstar Qiagen, C2 – Sigma Negative Control 1) to eliminate unspecific effects caused by 

C1 on YAP1 localisation (Figure 5-6C and Figure 5-7B). 

 

 

 

 

 

Figure 5-4: Secondary screen controls and results. (A) Representative images of the secondary 

screen showing endogenous YAP1 staining in human VCAF8 upon siRNA knockdown of control 

target genes and several microtubule motor hits. Scale bar is 100 µm. (B) Boxplot (10-90 

percentile error bar range & median) of nuclear-to-cytoplasmic ratio (log2 scale) corresponding 

to three experimental repeats of the secondary screen (n>45 cells in total, n>15 per repeat). Mann-

Whitney U-test. (C)(D) YAP1 levels for microtubule motor hits. Boxplots (10-90 percentile error 

bar range & median) of normalised average intensity in the nucleus (C) and the cytoplasm (D) 

VCAF8 cells following siRNA knockdown of specified genes. Data correspond to three 

experimental repeats (n>45 cells in total, n>15 cells per repeat). Mann-Whitney U-test.  
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Figure 5-5: Secondary screen hits confirmation in human keratinocyte HaCaT cell line.  
(A) Representative images of the endogenous YAP1 staining in human HaCaT upon siRNA 

knockdown of controls (mock, siCTRL and siXPO1) and microtubule motor screen hits. F-1ctin 

presented in green, DAPI in magenta. Scale bar is 50 µm. (B) Boxplot (10-90 percentile error bar 

range & median) of nuclear-to-cytoplasmic ratio (log2 scale) corresponding to two experimental 

repeats (n>59 cells in total, n>19 cells per repeat). Mann-Whitney U-test. (C)(D) YAP1 levels for 

microtubule motor hits. Boxplots (10-90 percentile error bar range & median) of normalised 

average intensity in the nucleus (C) and the cytoplasm (D) of HaCaT cells following siRNA 

knockdown of specified genes. Data corresponds to two experimental repeats of the secondary 

screen (n>60 cells in total). Mann-Whitney U-test.  
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Figure 5-6: Controls for microtubule motor knockdown in HaCaT cells. (A) Representative 

images showing endogenous YAP1 localisation in HaCaT cell line upon siRNA pool 

deconvolution to single oligos for screen hits followed up. One out of two experimental repeats 

shown. Scale bar is 50 µm. (B) Bar graph with SEM of qRT-PCR of screen hits gene knockdown 

with siRNA pool (P) and single oligos (1, 2, 3) or mock (M) and siCTRL (C) transfection 

normalised to GAPDH in HaCaT cell line. siXPO1 is used as a control. Data summary of two 

independent experiments, each with 2 technical replicates. (C) Bar graph with SEM of qRT-PCR 

of screen hits gene knockdown with siRNA pool (KD) or mock (M) and siCTRL (control) 

transfection, normalised to GAPDH in HaCaT cell line. Data summary of three independent 

experiments, each with 2 technical replicates. 
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Figure 5-7: Controls for microtubule motor knockdown in VCAF8 cells. (A) Representative 

images showing endogenous YAP1 localisation in VCAF8 cell line upon siRNA pool 

deconvolution to single oligos for screen hits followed up. One out of three experimental repeats 

shown. Scale bar is 100 µm. (B) Bar graph of qRT-PCR of screen hits gene knockdown with 

siRNA pool (KD) or mock (M) and siCTRL (siCTRL Allstar – C1, siCTRL Sigma 1 – C2) 

transfection normalised to GAPDH in VCAF8 cell lines. Data summary of three independent 

experiments, each with 2 technical replicates. 
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5.4 Molecular motors and regulation of cytoskeleton  

 In order to investigate if screen hits had an effect on microtubule and actomyosin 

cytoskeletons, I performed siRNA depletion of each gene followed by glutaraldehyde 

fixation and antibody staining in both HaCaT (Figure 5-8A) and VCAF8 (Figure 5-8B). 

Without perturbation or with siCTRL, HaCaT cells organised into clusters with a 

supracellular actomyosin ring more on the outside of the assembly, and the microtubule 

cytoskeleton polarised in each cell towards the outside of the cluster. VCAF8 cells had 

typical mesenchymal elongated morphology, generally remaining separate from each 

other, with microtubule cytoskeleton organised in bundles running parallel to the long 

cell axis. Actomyosin fibres were often prominent, and polarised migrating fibroblasts 

had a broad lamellipodium at the cell front as expected. 

 In HaCaT, DYNLL1 depletion seemed to affected both microtubule and actin 

networks. Microtubules appeared more pronounced, with cells losing their typical 

organisation in clusters and appearing more separate. This could indicate increased 

microtubule stability or microtubule bundling, together with loss of normal cell polarity. 

Also, during DYNLL1 knockdown, HaCaT cells exhibited more actin stress fibres in 

single cells and on the cell borders within the clusters, which is atypical, as usually HaCaT 

cells organise in clusters with actomyosin stress fibres more pronounced on the cluster 

edge. The cells treated with siDYNLL1 appeared to have shorter filopodia-like 

protrusions (Figure 5-8A). In contrast, these effects of DYNLL1 depletion were not 

observed in VCAF8 (Figure 5-8B).  

 Interestingly, KLC1 depletion did not cause similar effects on actomyosin or 

microtubule networks, even though it caused a similar reduction in cytoplasmic YAP1. 

This could indicate that in HaCaT KLC1 is affecting cytoplasmic YAP1 degradation 

through the same pathway as DYNLL1 but has different downstream functions on 

cytoskeleton. In addition, the lack of recapitulation of these changes in the fibroblast line 

could be caused by different origins of cells – VCAF8 being mesenchymal, while HaCaT 

are an epithelial lineage. Regarding KIF11 and KIF2C, whose knockdown led to a similar 

decrease of nuclear YAP1 localisation, neither of those genes had an effect on the 

actomyosin cytoskeleton in interphase cells, but both had an effect on mitotic progression 

as reported previously. Additionally, microtubules appeared less organised and 
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disassembled after KIF2C knockdown. Again, no effects on actin or microtubule 

organisation were observed in VCAF8.  

 To investigate actomyosin in more molecular detail, I performed 

immunofluorescence staining for myosin light chain phosphorylation (pMLC2) in HaCaT 

(Figure 5-9A) and VCAF8 (Figure 5-9B). When I treated cells with mock transfection or 

siCTRL, HaCaT cells exhibited increased pMLC2 staining at the edge of the cluster 

corresponding to actin bundle localisation. This organisation was lost when DYNLL1, 

KLC1, KIF11 or KIF2C were depleted. siDYNLL1 presented reorganisation of pMLC2 

to cell-cell junctions. Knocking down KLC1 and KIF11, pMLC2 staining seemed to 

decrease altogether, and siKIF2C caused the staining to become disorganised in the 

cluster. In VCAF8 each cell had an enriched pMLC2 staining at its edge, but no changes 

were observed with siRNA perturbation of screen hits. In conclusion, all microtubule hits 

had the effect of disrupting the supracellular actomyosin ring in HaCaT cells upon 

knockdown, with siDYNLL1 additionally causing aberrant pMLC2 localisation in the 

middle of clusters. In contrast, neither of the genes had an effect on the actomyosin 

cytoskeleton organisation in VCAF8 fibroblasts. 

 Continuing this line of analysis, I evaluated protein levels of YAP1, MLC2 and 

Src in HaCaT (Figure 5-10A) and VCAF8 (Figure 5-10B) by Western Blot upon siRNA 

knockdown of selected genes. I observed a decrease of YAP1, pSer127-YAP1, MLC2 

and pMLC2 when DYNLL1 and KLC1 were depleted. This confirms that the loss of 

intensity seen in Figure 5-4, Figure 5-5 and all subsequent figures staining for YAP1 

localisation is indeed due to a reduction at the protein level. Moreover, this effect was 

independent from Src activity in HaCaT. It is quite intriguing that the loss of YAP1 

protein is correlated with loss of MLC2, which was observed before (Calvo et al., 2013). 

Regarding other screen hits, KIF11 and KIF2C knockdown did not cause any clear 

changes in YAP1, MLC2 or Src levels or their phosphorylation (Figure 5-10).  

 Finally, I tested whether the phenotype of YAP1 becoming more nuclear after 

siRNA treatment of relevant screen hits was dependent on the actomyosin cytoskeleton. 

To this end, I performed perturbation of actomyosin with drugs known to affect myosin 

activity (blebbistatin), actin polymerisation (latrunculin B), Src-family kinases 

(Dasatinib) and Rho-associated protein kinase (ROCK, ROCK inhibitor GSK-269962) 

(Figure 5-11). Overall, the data for all conditions were quite noisy, and moreover HaCaT 
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did not seem very sensitive to actomyosin perturbation in control conditions. Blebbistatin, 

which in fibroblasts consistently decreases YAP1 nuclear-to-cytoplasmic ratio, caused an 

increase in nuclear YAP1 in epithelial cells (Figure 5-11A&B, MOCK and siCTRL). This 

effect was seen in all conditions, but was only significant in MOCK transfection where 

initial nuclear-to-cytoplasmic ratio was low. While the ROCK inhibitor and latrunculin 

B had no effect on YAP1 localisation, dasatinib was the only drug consistently and 

significantly changing YAP1 localisation to more cytoplasmic in both controls. 

Interestingly, dasatinib also caused YAP1 to become more cytoplasmic even after siRNA 

knockdown of DYNLL1 and KLC1, which points to the remaining YAP1 protein still 

being subject to Src-family kinases regulation in the nucleus. Moreover, the cell number 

was reduced after siRNA knockdown of DYNLL1 and KLC1 in combination with Src-

family kinase inhibitor, suggesting possible toxicity of these regimes.   
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Figure 5-8: Microtubule cytoskeleton structure after siRNA knockdown of selected 

microtubule motor hits. (A) Representative images of -tubulin and YAP1 in HaCaT cells fixed 

with glutaraldehyde after siRNA knockdown of specified genes. Inserts represent zoomed in -

tubulin pictures. F-actin presented in green, DAPI in magenta. Scale bar is 20 µm. One out of 

four experimental repeats shown. (B) Representative images of -tubulin in VCAF8 cells fixed 

with glutaraldehyde after siRNA knockdown of specified genes. Inserts represent zoomed in -

tubulin pictures. F-actin presented in green, DAPI in magenta. Scale bar is 20 µm. One out of two 

experimental repeats shown.   
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Figure 5-9: Actomyosin cytoskeleton after siRNA knockdown of selected microtubule motor 

hits. (A) Representative images of pMLC2 localisation in HaCaT cells after siRNA knockdown 

of microtubule motor hits. White arrows indicate actomyosin supracellular ring present in the 

controls, but not after screen hits perturbation. F-actin presented in green, DAPI in magenta. One 

experimental repeat for pMLC2 staining performed. Scale bar is 20 µm. (B) Representative 

images of pMLC2 localisation in VCAF8 cells after siRNA knockdown of microtubule motor 

hits. F-actin presented in green, DAPI in magenta. One experimental repeat for pMLC2 staining 

performed. Scale bar is 40 µm.  
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Figure 5-10: Analysis of protein levels after siRNA depletion of screen hits. (A) Western blot 

showing YAP1 (70 kDa), pS127-YAP1 (70 kDa), YAP1/TAZ (70 kDa/50 kDa), pY418-Src (60 

kDa), pMLC2 (19 kDa), MLC2 (19 kDa) after siRNA knockdown of selected screen hits in 

HaCaT. -tubulin as loading control (42 kDa) is also presented. One out of three experimental 

repeats shown. (B) Western blot showing YAP1 (70 kDa), pS127-YAP1 (70 kDa), YAP1/TAZ 

(70 kDa/50 kDa), pMLC2 (19 kDa), MLC2 (19 kDa) after siRNA knockdown of selected screen 

hits in VCAF8. -tubulin as loading control (42 kDa) is also presented. One out of three 

experimental repeats shown. 
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Figure 5-11: Localisation of YAP1 after microtubule motor hits knockdown and actomyosin 

perturbation. (A) Representative images showing endogenous YAP1 localisation after siRNA 

knockdown of microtubule motor hits and subsequent actomyosin perturbation using 4 hours 

treatment with 10 µm blebbistatin, 500 nM LatrunculinB, 500 nM Dasatinib or 100 nM Rock 

inhibitor (GSK269962) treatment in HaCaT cell line. F-actin presented in green, DAPI in 

magenta. Scale bar is 50 µm. (B) Boxplots (10-90 percentile error bar range & median) of nuclear-

to-cytoplasmic ratio (log2 scale) in HaCaT cells corresponding to three experimental repeats 

(n>59 cells in total, n>19 per repeat). Mann-Whitney U-test. 
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5.5 The effects of motor knockdown on cell junctions and the Hippo 

pathway  

 The data above are consistent with a mechanism involving perturbation of 

actomyosin following siDYNLL1 or siKLC1 which in turn affects YAP1 regulation. I 

was interested in other potential signalling inputs into YAP1 during the knockdown. In 

epithelial cells, adherens junctions are implicated in the regulation of the Hippo pathway 

as well as YAP1 localisation and stability. Moreover, microtubules have been implicated 

in the regulation of adherens junctions. Figure 5-12A demonstrates staining for E-

cadherin, a crucial component of adherens junctions, in HaCaT cells after depletion of 

screen hits. I did not observe any changes in cell-cell junctions after siRNA knockdown 

of any of those genes (Figure 5-12A). Cells seemed to maintain normal E-cadherin 

localisation in their clusters compared to the control condition. 

 I also investigated TAZ localisation, which did not change localisation with any 

of the knockdowns (Figure 5-12B), suggesting the effects I observed are YAP1-specific. 

Similarly, I investigated -catenin staining, which also shuttles between cytoplasm and 

the nucleus, and additionally localises to adherens junctions. I did not observe any 

differences in -catenin localisation to cell-cell junctions after siRNA knockdown of 

selected hits apart from KIF11 depletion, which seemed to increase -catenin recruitment 

to the junctions (Figure 5-12B). 

 I determined the impact of knockdown of selected genes on the Hippo pathway 

components. Western blotting in Figure 5-13 shows no clear changes in MST1, MST2, 

phosphorylated MST1/2 (empty arrows) or constitutively active cleaved forms of these 

proteins (filled arrows) after the siRNA knockdown of KLC1, DYNLL1, KIF11 or 

KIF2C. Similarly, no consistent changes were observed in LATS1 or active pLATS1 

levels after siRNA knockdown of selected genes (Figure 5-13). This could indicate either 

that effects on YAP1 localisation and stability are independent on the Hippo pathway 

after knockdown of selected genes, or that those genes lie downstream of the Hippo 

pathway.  
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Figure 5-12: Cell-cell junction integrity following microtubule motor hits knockdown.  
(A) Representative images of endogenous cell-cell junction protein E-cadherin localisation after 

siRNA knockdown of selected hits. Inserts represent zoomed in E-cadherin pictures. F-actin 

presented in green, DAPI in magenta. One out of four experimental repeats shown. Scale bar is 

20 µm. (B) Representative images showing endogenous TAZ and -catenin localisation after 

siRNA knockdown of selected microtubule motor hits. Inserts represent zoomed in -catenin 

pictures. F-actin presented in green, DAPI in magenta. One experimental repeat for this staining 

performed. Scale bar is 40 µm. 
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Figure 5-13: The Hippo pathway after microtubule motors knockdown. Western blot 

showing pMST1/pMST2, MST1, MST2, pLATS1 (150 kDa) and LATS1 (150 kDa) after siRNA 

knockdown of selected screen hits in HaCaT. Empty arrowheads point to full length (60 kDa) and 

filled arrowheads point to N-terminal truncated version (34 kDa) of MST1/MST2. -tubulin as 

loading control (42 kDa) is also presented. One out of two experimental repeats shown. 
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5.6 Activity of YAP1/TAZ in facilitating transcription  

 Finally, to address the downstream effects of YAP1 changes in localisation, I 

investigated the transcriptional activity of YAP1 after knockdown of selected screen hits 

in both HaCaT and VCAF8. I assessed transcription of YAP1 target genes by qRT-PCR 

in HaCaT (Figure 5-14). I further confirmed YAP1 reduction on transcript level upon 

silencing of DYNLL1 and KLC1 (Figure 5-14A). Interestingly, even though these genes’ 

knockdown caused decrease of MLC2 protein levels, DYNLL1 increased levels of 

transcript for the gene encoding this protein, MYL9 (Figure 5-14A). From three expected 

YAP1 target genes, only CTGF showed a significant increase in abundance after 

DYNLL1 and KLC1 knockdown, and also after KIF2C knockdown. The last result was 

surprising considering that YAP1 is more cytoplasmic in siKIF2C condition. Altogether, 

these results brought me to question whether HaCaT cells rely on YAP1 to drive 

transcription of canonical YAP1/TAZ target genes. I knocked down YAP1, TAZ or both 

in combination, and studied the transcription of the three YAP1/TAZ target genes as 

previously (Figure 5-14C). Only combined knockdown of YAP1 and TAZ significantly 

decreased the abundance of CTGF and CYR61, but not AMOTL2. In conclusion, the 

knockdown of YAP1 did not alter levels of transcription of those three genes, suggesting 

that in HaCaT these genes are not targets of YAP1 regulation.   

 I followed up HaCaT analysis with VCAF8 qRT-PCR after siRNA knockdown 

of selected genes. Similarly to before, I confirmed YAP1-transcript decrease after 

siDYNLL1 and siKLC1, demonstrated in Figure 5-15A. I did not observe any changes 

on MYL9 mRNA abundance. Again, I checked three YAP1-target genes, and observed a 

small significant increase of CTGF transcription after DYNLL1 knockdown, but no effect 

on other mRNAs checked and no effects in other conditions (Figure 5-15B). I also sought 

to confirm dependence of these genes on YAP1 and TAZ in VCAF8, as I did in HaCaT 

cells. VCAF8 cells showed a significant decrease of all three target genes after siYAP1 

treatment (Figure 5-15C), confirming YAP1-mediated regulation of their transcription in 

the VCAF8 cell line. TAZ depletion alone also reduced CTGF transcript levels, but not 

the levels of CYR61 or AMOTL2.  

 Finally, because the results of qRT-PCR analysis were inconclusive and data 

variable between biological replicates, I decided to use a TEAD-driven luciferase assay 
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to confirm the dependence of HaCaT and VCAF8 on YAP1 in driving transcription in 

these cell lines, which is demonstrated in Figure 5-16. Surprisingly, HaCaT cells showed 

global changes of the TEAD-driven reporter levels only after siRNA knockdown of TAZ, 

or YAP1 and TAZ in combination, but not YAP1 alone (Figure 5-16A). From screen hits 

tested, only KIF11 depletion caused a significant increase in luciferase activity, which is 

surprising as it leads to YAP1 exclusion from the nucleus. In contrast, TEAD-driven 

transcription in VCAF8 was more dependent on YAP1, demonstrated by YAP1 depletion 

or YAP1 and TAZ co-depletion, but not TAZ depletion alone (Figure 5-16B). From the 

genes tested, only KLC1 knockdown increased the activity of the TEAD- driven reporter.  

 Since there is no consistent effect and no clear conclusion over the transcriptional 

activity of YAP1 after knockdown of screen hits, altogether these results suggest that 

even though the balance of YAP1 is changed between nucleus and cytoplasm, it is not 

important for the transcriptional output and function of YAP1 downstream neither in 

HaCaT nor in VCAF8, perhaps because the overall levels of YAP1 in the nucleus are not 

changing. Moreover, the qRT-PCR data outlines the importance of multiple controls for 

analysis of certain gene expression profiles. For example, in VCAF8 each control siRNA 

used can cause unspecific effects on gene expression, with Allstar negatively affecting 

abundance of CTGF, and Sigma Negative Control 1 decreasing levels of AMOTL2. 
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Figure 5-14: Effect of microtubule motor hits knockdown on YAP1 co-transcriptional 

activity in HaCaT cells. (A) Boxplot (min to max & median) of qRT-PCR of YAP1 and MLC2 

normalised to GAPDH in HaCaT cells following siRNA knockdown of screen microtubule motor 

hits. Data summary of three independent experiments, each with 2 technical replicates. Mann-

Whitney U-test. (B) Boxplot (min to max & median) of qRT-PCR of three YAP1 target genes 

normalised to GAPDH in HaCaT cells following siRNA knockdown of screen microtubule motor 

hits. Data summary of three independent experiments, each with 2 technical replicates. Mann-

Whitney U-test. (C) Boxplot (min to max & median) of qRT-PCR of YAP1, MLC2, TAZ and 

three YAP1 target genes normalised to GAPDH in HaCaT cells following siRNA knockdown of 

YAP1, TAZ or combined knockdown of YAP1 and TAZ. Data summary of three independent 

experiments, each with 2 technical replicates. Mann-Whitney U-test.  
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Figure 5-15: Effect of microtubule motor hits knockdown on YAP1 co-transcriptional 

activity in VCAF8 cells. (A) Boxplot (min to max & median) of qRT-PCR of YAP1 and MLC2 

normalised to GAPDH in VCAF8 cells following siRNA knockdown of screen microtubule 

motor hits. Data summary of three independent experiments, each with 2 technical replicates. 

Mann-Whitney U-test. (B) Boxplot (min to max & median) of qRT-PCR of three YAP1 target 

genes normalised to GAPDH in VCAF8 cells following siRNA knockdown of screen microtubule 

motor hits. Data summary of three independent experiments, each with 2 technical replicates. 

Mann-Whitney U-test. (C) Boxplot (min to max & median) of qRT-PCR of YAP1, MLC2, TAZ 

and three YAP1 target genes normalised to GAPDH in VCAF8 cells following siRNA 

knockdown of YAP1, TAZ or combined knockdown of YAP1 and TAZ. Data summary of three 

independent experiments, each with 2 technical replicates. Mann-Whitney U-test. 
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Figure 5-16: Effect of microtubule motor hits knockdown on TEAD-driven transcriptional 

activity in HaCaT and VCAF8 cells following siRNA of specified genes. (A) Luciferase assay 

using TEAD-driven reporter in HaCaT cells following siRNA knockdown of microtubule motor 

hits as well as single and double YAP1/TAZ knockdown. Bars represent mean and ± SEM of two 

independent experiments, each with 3 technical replicates demonstrated by the single dots. 

Ordinary one-way ANOVA with Dunnett’s multiple comparisons test. (B) Luciferase assay using 

TEAD-driven reporter in VCAF8 cells following siRNA knockdown of microtubule motor hits 

as well as single and double YAP1/TAZ knockdown. Bars represent mean and ± SEM of two 

experiments with 3 technical replicates demonstrated by the single dots. Ordinary one-way 

ANOVA with Dunnett’s multiple comparisons test. 
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5.7 Fibroblast function following molecular motor knockdown 

 In addition to investigating YAP1 localisation and function after knockdown of 

selected genes, I simultaneously conducted experiments assessing CAF phenotypes after 

depletion of selected screen hits. I performed CAF functionality assays testing fibroblast 

ability to remodel ECM as well as invade and migrate in 3D matrix mimicking ECM, as 

in the beginning of this chapter.  

 The ability of VCAF8 to remodel the matrix after depletion of YAP1 and TAZ, 

was decreased both at 12hrs and 24hrs after gel casting (Figure 5-17A&B). This was in 

line with previous publications showing YAP1/TAZ regulation of CAF function (Calvo 

et al., 2013). Remarkably, XPO1 depletion caused a reduction in matrix-remodelling 

ability of VCAF8. This is unexpected, as XPO1 causes YAP1 to become more nuclear 

without affecting YAP1 levels, however, it could be connected to a mild toxicity of 

siXPO1 siRNA treatment or other XPO1 cargoes being required for gel contraction. From 

selected screen hits, depletion of DYNLL1 and KLC1 stopped gel contraction to similar 

levels as siYAP1 or siTAZ (Figure 5-17A), which was even more clear after 24hrs (Figure 

5-17B). Gel contraction assay can also be considered as a surrogate metric of fibroblast 

contractility, and therefore the effect of siDYNLL1 and siKLC1 on pMLC2 levels could 

explain reduction in the gel remodelling ability of CAFs. It is worth noting that even 

though I performed each experiment in biological triplicate, the results did not show any 

statistical significance when applying multiple correction testing (ANOVA with adjusted 

p-value). However, when pairwise comparison is applied, KLC1 and DYNLL1 reach 

significance compared to the control. The result is therefore on the edge of statistical 

significance, which is most likely caused by noise of the contraction assay, and especially 

in combination with siRNA treatment. 

  I then investigated the ability of VCAF8 to invade and migrate through a 3D 

environment mimicking ECM in a mix of Matrigel-collagen (Figure 5-18). Again, as 

controls I used siYAP1, which is a gene known to regulate CAF function. Depletion of 

YAP1, but not TAZ or XPO1, caused a significant decrease in the number of cells leaving 

the spheroid even though only one biological repeat was performed (Figure 5-18B), 

which agrees with previously published data (Calvo et al., 2013). However, it did not 

affect the ability of cells to migrate in a strand (Figure 5-18C) or the distance migrated 
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away from the spheroid (Figure 5-18D). The change in the first metric and no change in 

the other two suggests that siYAP1 causes a defect in CAF invasion, but not migration 

once the invasion into the matrix is established. DYNLL1 and KLC1 depletion caused a 

clear reduction in the ability of VCAF8 to leave the spheroid in 3D (Figure 5-18A). This 

was illustrated by a significant decrease in total number of cells invading (Figure 5-18B), 

number of cells invading via strand (Figure 5-18C) and the distance travelled from 

spheroid (Figure 5-18D), and suggests DYNLL1 and KLC1 as regulators of CAF 

functionality. Another gene that had a mild effect on migration in 3D was KIF11, which 

when depleted caused a slight increase in the distance migrated (Figure 5-18D) and 

number of cells migrating out overall (Figure 5-18C), which could indicate its role in 

suppression of CAF phenotype. 

 

Figure 5-17: Effect on microtubule motors knockdown on CAF function. Matrix remodelling 

contraction assay of VCAF8 cells with siRNA knockdown of specified microtubule motors alone 

or together with knockdown of YAP1, 12 hours (A) and 24 hours (B) after seeding in organotypic 

Matrigel/collagen gel. Negative controls (in white) and positive controls (in light grey) 

knockdown of siXPO1, siYAP1 and siTAZ are also shown. Bars represent mean and ± SEM of 

three independent experiments, each with 2 technical replicates. Ordinary one-way ANOVA with 

Dunnett’s multiple comparisons test and Mann-Whitney U-test.  
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Figure 5-18: Effect of microtubule motors knockdown on CAF 3D migration.  
(A) Representative maximum intensity projection fluorescence images of VCAF8 spheroids 30 

hours after invasion into organotypic Matrigel/collagen gel with indicated siRNA knockdowns of 

microtubule motor hits. F-actin presented in green, DAPI in magenta. Scale bar is 200 µm. 

(B)(C)(D) Average number of cells invading, percentage of all cells invading migrating via strand 

and average invasion strand length per quarter spheroid for VCAF8 spheroids with siRNA 

knockdown of microtubule motor hits. Bars represent mean and ± SEM of three independent 

experiments, counting 6-11 spheroids in total per condition, n>2 per experiment (apart from 

siYAP1, siTAZ, siYAP1+siTAZ, which are one experiment only, counted siYAP1=5 spheroids, 

siTAZ and siYAP1+siTAZ = 4 spheroids). Ordinary one-way ANOVA with Dunnett’s multiple 

comparisons test. 
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5.8 Chapter summary 

 In summary, I demonstrated that DYNLL1 and KLC1 knockdown reduce 

cytoplasmic protein and overall YAP1 mRNA levels, with no clear effects on YAP1-

driven transcription. This is most likely due to the fact that these two genes do not change 

nuclear YAP1 levels, but alter cytoplasmic YAP1 stability and overall YAP1 mRNA 

levels. The remaining nuclear YAP1 remains a subject to regulation by the Src kinases, 

but not the actomyosin cytoskeleton. The phenotype is also independent from the Hippo 

pathway. Even though DYNLL1 and KLC1 knockdowns do not affect YAP1 function 

directly, those two genes have an effect on CAF function, and when depleted stop CAF 

matrix remodelling and migration in 3D. Finally, KIF11 and KIF2C did not show any 

significant role neither on YAP1-mediated transcription regulation, nor on CAF function. 

In summary, DYNLL1 and KLC1 have two distinct functions in CAFs: they control 

YAP1 cytoplasmic stability and expression levels, and also independently enable CAF 

contractility and invasion. 
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Chapter 6. Opto-release system to study YAP1 and TAZ 

nucleocytoplasmic shuttling dynamics. 

6.1 Chapter Introduction 

 Optogenetics has proved to be a powerful technique of manipulating proteins with 

light on single cell level, detailed in Introduction. However, not many studies attempt to 

regulate transcription factors with light, as they are notoriously hard to create fusion 

proteins with. Those that do usually modulate a pathway upstream of a transcription factor 

(Valon et al., 2017, Toettcher et al., 2013) or increase transcription factor concentration 

in the cells by overexpression (Motta-Mena et al., 2014).  

 Previously, modulation of transcriptional coactivator YAP1 has been attempted 

using optogenetics through an indirect method of activation (Valon et al., 2017). The 

authors employed a RhoA activator domain from a RhoGEF, ARHGEF11, and fused it 

to the CRY/CIBN optogenetic system. This allowed them to translocate the RhoGEF 

domain either to mitochondria or to the cell membrane, and therefore respectively 

decrease or increase actomyosin cytoskeleton activity in single cells. The activation of 

actomyosin contractility by localising the RhoGEF construct to cell membrane causes 

YAP1 translocation to the nucleus. However, this study did not investigate YAP1 

shuttling dynamics or downstream activation of YAP1 transcriptional activity. 

 To date, methods such as Fluorescence Recovery After Photobleaching (FRAP) 

and Fluorescence Loss In Photobleaching (FLIP) have been used to study protein 

dynamics (Fritzsche and Charras, 2015). However, these methods have a flaw of 

bleaching the fluorophore, and therefore acquiring parameters for the same cell twice is 

challenging. So far, no methods have investigated nucleocytoplasmic shuttling using 

optogenetics, or optogenetics coupled to multicolour imaging. In this chapter I present 

my work on the opto-release system, which allows the study of protein shuttling dynamics 

using light. Technical aspects of this system were developed in collaboration with 

Professor Klaus Hahn’s laboratory in the University of North Carolina Chapel Hill, and 

mathematical modelling in collaboration with Dr Robert Jenkins, a mathematician in the 

Sahai lab.   
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6.2 Opto-release system design and constructs 

 In order to modulate YAP1 and TAZ nucleocytoplasmic shuttling on a single cell 

level, I developed the optogenetic system illustrated in Figure 6-1. It is based on a 

previously published LOV-TRAP (Wang et al., 2016a, Wang and Hahn, 2016). The 

photo-switchable modified common oat (Avena sativa) light-oxygen-voltage (LOV) 2 

domain from Phototropin 1 protein is fused to Tom20 protein fragment, which embeds it 

in the outer mitochondrial membrane. On the other side of the system there is the 

YAP1/TAZ protein, which is joined to Zdk, an engineered small protein domain based 

on the Z domain described previously (Wang et al., 2016a, Wang and Hahn, 2016), and 

fluorescent proteins (mCherry or Venus, both photostable in this system and in the 

timescale of our experiments). In the dark the LOV domain tightly binds Zdk thus 

retaining our protein of interest in the cytoplasm by tethering it to the mitochondria 

(Figure 6-1A). In the presence of light in the 400-500 nm wavelength range, the LOV 

domain undergoes large conformational change and the Zdk protein fusion is released 

(Figure 6-1B). The release is in the millisecond range and fully reversible upon return to 

darkness, allowing precise control of when the Zdk-fusion construct can shuttle in and 

out of the nucleus. As a control, I used a fusion of Zdk to a fluorescent protein alone. This 

system can easily be adapted to any other shuttling proteins or protein domains – the ones 

used in this chapter are illustrated in Figure 6-1C. I cloned constructs with two different 

promoters: CMV promoter – which provides overexpression, and EF1 promoter – which 

allows expression of constructs on more physiological levels (Ege et al., 2018). 

 Before performing any dynamic live imaging experiments, I assessed whether that 

all the constructs are fully functional and unaffected by the fusion to Zdk peptide. Figure 

6-2 shows a Western Blot analysis of HaCaT cells expressing Zdk-flag-mCherry control 

construct or Zdk-flag-mCherry-YAP1/TAZ fusions. All the constructs have expected size, 

indicated on the right (empty arrows). Their expression was confirmed with multiple 

antibodies, and when appropriate the endogenous YAP1 or TAZ was also detected and 

indicated (filled arrows). However, even when expressed from a physiological-like EF1 

promoter, the constructs are overexpressed 20-fold compared to endogenous proteins. 

Since I did not observe difference in the overexpression between CMV and EF1 

promoters, in following experiments I used both constructs as specified. Moreover, the 
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overexpression causes constructs to be cleaved, which can be observed by an appearance 

of additional small (approximately 17 kDa) cleavage product in the anti-flag tag blot. 

Fortunately, this cleavage product does not occur in between mCherry and the protein of 

interest (the size is too small), and therefore should not interfere with our dynamic 

analysis. It is likely to be Zdk-flag fragment with cleavage occurring in the middle of 

mCherry sequence, resulting in no fluorescence of this cleavage product. 

 In Figure 6-3 and Figure 6-4 I demonstrated the correct localisation of constructs 

in two cell lines tested, HaCaT and HeLa Kyoto. In the absence of Tom20-flag-LOV, 

Zdk-flag-mCherry construct is distributed equally between compartments, with a slight 

tendency to become more nuclear (Figure 6-3B). In HaCaT YAP1 and TAZ constructs 

are predominantly cytoplasmic or equally distributed between compartments as seen in 

previous Chapter 4 and Chapter 5, while in HeLa Kyoto YAP1 construct is slightly more 

cytoplasmic than expected in the case of endogenous proteins (Figure 6-3 vs Figure 6-4). 

Importantly, there is a significant difference in localisation between YAP1_WT and 

YAP1_8SA constructs in both cell lines. YAP1_8SA has all known sites of LATS1/2 

phosphorylation mutated to alanine, and therefore is not inhibited by the Hippo pathway 

and more nuclear. In both HaCaT and HeLa Kyoto YAP1_8SA is more nuclear than its 

wild type equivalent. 

 Finally, I investigated the activity of TEAD-driven transcriptional reporters after 

transfection of Zdk-flag-mCherry constructs (Figure 6-5). In HeLa Kyoto, both 

YAP1_WT and YAP1_8SA showed an induction of TEAD-driven luciferase, again 

showing a significantly higher increase when YAP1_8SA was used. Interestingly, in 

HaCaT cells TAZ construct transfection has a significantly greater effect on TEAD-

driven transcription than YAP1_WT, consistent with my previous observation that TAZ 

could be more important for transcription activation in this cell line (see previous Chapter 

5). Surprisingly, in HaCaT cells transfection with Zdk-flag-mCherry, this construct 

caused a decrease of transcriptional activity on the TEAD luciferase reporter when 

compared to mock transfection. This could be caused by a transfection of cells with 

multiple plasmids (construct, luciferase reporter, control renilla reporter), which lowers 

the baseline level but does not fundamentally change the result. 
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Figure 6-1: The opto-release system. (A) In the dark, Zdk-tagged protein (e.g. YAP1) is tightly 

sequestered on the mitochondria through the interaction with light sensitive LOV domain. The 

LOV domain is tethered to the mitochondria through Tom20 protein anchor. (B) Upon blue light 

illumination, the LOV domain changes conformation and releases Zdk-tagged protein. (C) 

Schematic of various constructs used for opto-release system. 
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Figure 6-2: Expression of unsequestered Zdk constructs. Western blot showing expression of 

opto-release constructs stably expressed in HaCaT cell line. Empty arrowheads point to opto-

release protein (Zdk-flag-mCh 37.5 kDa, Zdk-flag-mCh-YAP1_WT 96 kDa, Zdk-flag-mCh-

TAZ_WT 85 kDa) and filled arrowheads point to endogenous protein (YAP 70 kDa, TAZ 50 

kDa). An arrow points to a cleavage product. Anti-RFP antibody recognises mCherry fluorescent 

protein. -tubulin as loading control (42 kDa) is also presented. One out of three experimental 

repeats shown. 
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Figure 6-3: Localisation and expression of unsequestered Zdk constructs in HaCaT cells. 

(A) Representative images of HaCaT cells expressing CMV-driven Zdk constructs (transient 

transfection). F-actin presented in green, DAPI in magenta. Scale bar is 20 µm. (B) Boxplot (10-

90 percentile error bar range & median) of nuclear-to-cytoplasmic ratio (log2 scale) 

corresponding to two experimental repeats of HaCaT cells transiently transfected with CMV-

driven Zdk constructs (n>29 cells in total). Mann-Whitney U-test.  
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Figure 6-4: Localisation and expression of unsequestered Zdk constructs in HeLa Kyoto 

cells. (A) Representative live snapshots of HeLa Kyoto cells expressing CMV-driven Zdk 

constructs (transient transfection). Scale bar is 50 µm. (B) Boxplot (10-90 percentile error bar 

range & median) of nuclear-to-cytoplasmic ratio (log2 scale) corresponding to one experiment of 

HeLa cells transiently transfected with CMV-driven Zdk constructs (n>37 cells in total). Mann-

Whitney U-test.  
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Figure 6-5: Transcriptional activity of unsequestered Zdk constructs. (A) Luciferase assay 

using TEAD-driven reporter (4xGTII) in HeLa Kyoto cells following transient transfection with 

empty plasmid or Zdk constructs. Bars represent mean and ± SEM of seven independent 

experiments, each with 3 technical replicates. Wilcoxon matched-pairs signed rank test. (B) 

Luciferase assay using TEAD-driven reporter (5xMCAT) in HaCaT cells following transient 

transfection with Zdk constructs. Bars represent mean and ± SEM of three independent 

experiments, each with 3 technical replicates. Mann-Whitney U-test. 
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6.3 Dynamic behaviour of Zdk constructs during release and 

recovery after blue light illumination 

 During the development of the opto-release system it became clear that it could 

be useful for studying protein dynamics due to its fast release and recovery from the 

mitochondria. In the dark, all constructs are sequestered onto the mitochondria (Figure 

6-6A). By modifying the system and introducing a Lyn11 peptide sequence (Inoue et al., 

2005) in the sequestration of LOV construct, I could also direct my Zdk protein fusions 

to the plasma membrane (Figure 6-6B). The constructs remained stably sequestered even 

after fixation, and are only released upon blue light illumination. 

 The sequestration of Zdk-mCherry in the dark and light inducible release from the 

mitochondrial Tom20-LOVwt is shown in Figure 6-7A. Prior to the laser pulse Zdk-

mCherry is strongly localised to the mitochondria. Immediately after a 405nm-laser pulse 

the interaction between Tom20-LOV and Zdk-mCherry is clearly disrupted. After the 

pulse Zdk-mCherry recovers to the mitochondria in 24 seconds. The Zdk dissociation is 

facilitated by both 405 nm and 458 nm laser wavelengths, but 458 nm can be used at a 

lower laser power and therefore was used where possible (indicated in figure legends). 

Furthermore, this system also allows continuous illumination and therefore introduction 

of a protein pool to the cell cytoplasm from sequestration to the mitochondria, 

demonstrated in Figure 6-7B where the construct is released every 2 frames. 

 In addition, I tried to make use of published LOV domain mutants in order to be 

able to modulate the dynamics of release and recovery. Even though the mutants LOV-

dark (C450A), LOV-dynamic (G528A, N538E), LOV-lit (I539A) and LOV-superdark 

(C450A, L514K, G528A, L531E, N538E) described previously (Strickland et al., 2010) 

exhibited different dynamics of release and recovery than the LOV wild type domain 

(Figure 6-8A compare to Figure 6-8B-D), they did not show predicted phenotype in my 

system. For example, I expected the LOV-lit domain to be unable to bind Zdk, while the 

LOV-dark to bind Zdk even in the presence of light. Both of these were, however, able 

to release and recover to the mitochondria, though interestingly LOV-dark and LOV-

super dark have very slow recovery dynamics. Therefore, I decided to only use LOV wild 

type in subsequent experiments, as the mutants did not improve system capability. 
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 Similarly to Zdk-mCh, Zdk-flag-mCherry, Zdk-mCh-YAP1_WT, Zdk-mCh–

YAP1_8SA and Zdk-mCh-TAZ constructs can be successfully used in this system 

configuration (Figure 6-9). The constructs were released for the indicated number of 

frames until approaching a steady state (release phase), and then allowed to re-associate 

until reaching near complete re-association (recovery phase). Both constructs release and 

recover in a similar manner to Zdk-flag-mCh control, however, there are clear differences 

in the initial sequestration and therefore also in the dynamics of the release (Figure 6-9, 

Figure 6-10). This is most probably caused by different sizes of the Zdk-mCh fusions and 

different individual interactions of the constructs with the sequestering Tom20-LOV 

peptide. Furthermore, the intensity curves illustrated by Figure 6-10 cannot be directly 

compared between because they represent trends, as they are relative and not absolute 

values of cytoplasmic, nuclear and mitochondrial intensity in the dataset. In addition, I 

introduced mitochondrial staining with MitoTracker-Deep Red (excitation 644 nm, 

emission 665 nm), as well as nuclear marker H2B-mTurquoise2 for facilitation of 

automated intensity thresholding and subsequent analysis (Figure 6-9), and coupling 

optogenetics to multicolour imaging. 
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Figure 6-6: Representative images of HaCaT cells expressing CMV-driven Zdk constructs. 

Zdk-flag-mCherry, Zdk-flag-mCherry-YAP1_WT, Zdk-flag-mCherry-YAP1_8SA and Zdk-

flag-mCherry-TAZ constructs are transiently expressed together with mitochondria Tom20-flag-

LOV (A) or membrane Lyn11-flag-LOV (B) sequestration constructs and fixed in the dark. F-

actin presented in green, DAPI in magenta. Scale bar is 20 µm. One out of > three experimental 

repeats shown. 
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Figure 6-7: Light-induced release and recovery of CMV-driven Zdk constructs sequestered 

on mitochondria. Snapshots of HeLa Kyoto cell movie expressing Zdk-mCh and Tom20-flag-

LOV sequestering construct after one blue light photoactivation (A) or photoactivation every 2 

frames of imaging (B, 8seconds) of the whole cell (405 nm laser line, 40% laser power, 50 

iterations). Graph represents quantification of pixel intensity in different cellular compartments 

over time of experiment. Scale bar is 10 µm. 
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Figure 6-8: Sequestration and release of Zdk-mCh construct from Tom20-flag-LOV 

mutants. Normalised average intensity of mCherry signal measured on the mitochondria over 

time. Bars represent mean and ± SD of one experiment (n>4 cells in total). (A) LOV wild type 

(B) LOV dark (C) LOV dynamic (D) LOV lit (E) LOV super dark. 
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Figure 6-9: Zdk-mCh constructs release and recovery from mitochondrial sequestration by 

Tom20-flag-LOVwt. Experimental design example. Cell was illuminated with 50 iterations of 

1% 458 nm laser path. After 150 frames of blue light illumination (the release phase), with the 

time between frames being 4 sec, and reaching the steady state, cells were recovered in the 

darkness for 150 frames every 4 sec (the recovery phase). Scale bar is 10 μm. At all times mCherry 

fluorescence was monitored with 561 nm laser light illumination, which does not influence the 

LOV domain conformational change. Simultaneously, 633 nm laser line was used to visualise 

mitochondria (magenta) and 458 nm laser line to visualise nuclei (cyan), showed on representative 

picture from before the experiment start. 
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Figure 6-10: Intensity analysis of Zdk-mCherry constructs during release and recovery 

phases. Quantification of absolute intensities corresponding to optogenetic release and recovery 

experiment performed in HaCaT cells transiently transfected with (A) Zdk-flag-mCherry (n= 7 

cells), (B) Zdk-flag-mCh-TAZ (n=12 cells), (C) Zdk-flag-mCh-YAP1_WT (n=9 cells), and (D) 

Zdk-flag-mCh-YAP1_8SA (n=14 cells). Only the mean of all cells from 3 biological replicates is 

showed for clarity.  
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6.4 YAP1 and TAZ nuclear shuttling rates in HaCaT cells 

 Mathematical modelling was used to decipher protein shuttling rates in and out of 

the nucleus in collaboration with Dr Robert Jenkins (senior laboratory research scientist 

in the lab). By making assumptions within the system we aim to reduce the complexity 

of the problem in order to provide important insights. These simple mathematical models 

are not implemented to inform us about the full details of processes involved (such as 

molecular details of nucleocytoplasmic shuttling), but rather to provide important insights 

into the nuclear import and export rates of YAP1, which can inform about YAP1 

localisation and allude to potential levels of YAP1-regulated transcription. We modelled 

the YAP1 protein population in both the nuclear and cytoplasmic compartments using a 

system of ordinary differential equations (ODE), where we are treating 

nucleocytoplasmic shuttling of YAP1 as a process resembling a chemical reaction (Figure 

6-11).  

 The cytoplasmic (C) and nuclear (N) populations of protein of interest can travel 

between the compartments at certain rates (k). Before any perturbation, the fluorescently 

tagged protein is in equilibrium in our system, as not all of the expressed construct is 

sequestered on the mitochondria. From that we can derive the ratio of nuclear import and 

export rates, also known as nuclear-to-cytoplasmic ratio. However, by perturbing the 

system with the influx of additional Zdk-mCh-fusion from the mitochondria to the 

cytoplasm (the release phase) or with removing previously added Zdk-mCh-fusion from 

the system by sequestering it again onto mitochondria (the recovery phase) we can derive 

the rates from the dynamic changes in intensities in both compartments over defined time 

(t) (Figure 6-11). The model is fitted numerically to our data over the entire release and 

recovery periods simultaneously using MATLAB. This model remains the simplest 

possible in order to allow us to understand the key mechanisms and prevent the risk of 

“over-fitting” by including details that prove irrelevant to the overall process on the 

timescale that we are investigating. In addition, the rate derived is based on two curves, 

the release and recovery curves, which increases our confidence in the data.  

 Tagging cell nucleus with H2B-mTuquoise2 and staining mitochondria with 

MitoTracker Deep Red before imaging allowed automated segmentation of the movies in 

MATLAB into nuclei, mitochondria and cytoplasm. In the segmentation procedure, the 
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cell outline is first thresholded guided manually by the user. Then, MATLAB software 

determines the mitochondrial and the nuclear outlines based on intensities in the far-red 

and blue channels, respectively. The user can manually adjust these outlines by changing 

the thresholding value in MATLAB script to ensure the values derived best represent the 

microscopy data release and recovery phases. The cytoplasmic intensity is derived by 

subtracting the mitochondrial and nuclear intensities from the whole cell outline. 

 The rates derived using this method after transient transfection of HaCaT cells 

with Zdk-flag-mCherry constructs are presented in Figure 6-12 and Figure 6-13. The rates 

in Figure 6-12A demonstrate the speed at which constructs shuttle between the cytoplasm 

and the mitochondria in the darkness, as the AsLOV2 domain is never in only one 

conformation, but always exists in both active and closed conformation with the ratio of 

the two modulated by light exposure (Yao et al., 2008). This rate is not significantly 

different between the constructs. Similarly with statistical analysis the same seems true 

for release rate during blue light illumination, and recovery phase in the darkness (Figure 

6-12B&C), however, it has to be noted that the summary data represent a small number 

of 6 to 14 cells and trends could emerge when I image more data points in the future. I 

hypothesise that differences in those rates are likely to occur as I observed variability in 

the strength of mitochondrial sequestration of constructs, which could potentially be 

reflected in those rates when more cells are imaged – YAP1 and TAZ are more 

sequestered on the mitochondria, which is reflected in their slower release rates and faster 

recovery rates on the mitochondria.  

 Regarding the nuclear import and export rates, presented in Figure 6-13, Zdk-flag-

mCherry seems to be consistently slower than either of YAP1 or TAZ constructs. 

Fluorescent proteins such as mCherry are expected to travel slower between the 

compartments, as they are passively diffusing through the nuclear pore. In contrary, 

YAP1 and TAZ constructs are actively transported in and out of the nucleus, and this is 

reflected in the faster overall rates than those for mCherry. However, as I already 

mentioned, the very small number of cells precluded me from performing convincing 

statistical analysis, and at present only TAZ export rate is significantly faster than the 

mCherry control in this limited dataset.  

 Two interesting observations can be made from this dataset. Firstly, YAP1_WT 

seems to be shuttling slower than TAZ, and by mutating LATS1/2 sites this speed is 
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partially recovered. This could reflect previous results of transcriptional assays in this and 

the previous Chapter 5, where I showed that TAZ is more important for TEAD-driven 

transcription than YAP1 in HaCaT keratinocyte line, which I used here for shuttling 

analysis. Nucleus could be more permissive for TAZ than YAP1 entering, and this seen 

as a direct result on TEAD luciferase reporter. Secondly, for YAP1_WT, YAP1_8SA and 

TAZ there seem to be two populations of cells. One cell population shuttles the proteins 

fast, and the other is much slower and more similar to mCherry. This double-population 

phenomenon is not seen for mCherry. This could indicate differential regulation of 

YAP1/TAZ shuttling depending on the cell imaged, which is not seen when investigating 

passively diffusing protein such as mCherry. 

 Following this novel analysis of nucleocytoplasmic shuttling rates of YAP1 and 

TAZ fusion proteins, I sought to confirm the rates of import and export with a more 

established method. To do this, I employed Fluorescence Loss In Photobleaching (FLIP) 

and fitting the intensity data to a system of PDEs, described previously (Ege et al., 2018). 

If the rates are similar, this would provide confirmation of the validity of my approach. 

The quantification of intensities after bleaching in FLIP regime is depicted in Figure 6-14. 

Overall, the start of each curve for nuclear and cytoplasmic intensities of an experimental 

cell reflects previously seen nuclear-to-cytoplasmic ratio of each construct. From the 

cytoplasmic curves I can deduct that the rates of import from the cytoplasm to the nucleus 

are quite slow, and in the timescale of my experiments I did not observe full bleaching of 

signal from the cytoplasm. In other words, some fluorescent protein still remains in that 

compartment unbleached, suggesting that it did not shuttle through the bleached nuclear 

compartment. Finally, the nuclear curves for YAP1_WT and mCherry in the nuclear 

reporting point seem to follow the dynamics of the nuclear bleached point, suggesting 

very fast diffusion between the two, which is not seen in the case of YAP1_8SA and TAZ. 

TAZ nuclear reporting curve is the slowest to match the bleached curve, suggesting that 

TAZ binds a partner, for example TEAD, in the nucleus longer than YAP1, and therefore 

diffuses in this compartment slower. 

 By comparing the numerical values of nuclear import and export in FLIP derived 

with mathematical modelling in Figure 6-15, the optogenetic approach generally seems 

to underestimate the speed of shuttling, which is slower than that derived with FLIP. 

However, importantly, the rates derived with optogenetics are the same order of 
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magnitude as the ones derived from FLIP, which means that by improving the fitting 

approach the rate derivation can be improved further. Moreover, the optogenetic model 

seems to underestimate more in the cases where the nuclear influx is the slowest: mCherry 

and YAP1_WT, which could indicate that by lengthening of the movies the rates can be 

derived more precisely. In conclusion, the first iteration of the optogenetics combined 

with mathematical modelling is performing well, but the fits and therefore rate derivation 

can be further improved in the future. 
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Figure 6-11: Mathematical modelling of YAP1 nucleocytoplasmic shuttling. Graphical illustration 

of the modelling concept. In order to derive the rates of YAP1 nuclear import and export, the 

system needs to be perturbed. It is achieved by introduction of large influx of YAP1 into the 

cytoplasm in the release phase, and the opposite process in the recovery phase. Drawings below 

depict the expected experimental behaviour of our constructs.  
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Figure 6-12: YAP1 and TAZ mitochondria sequestration rates. The numerical values of 

mitochondrial sequestration rates for Zdk-flag-mCherry (n=6), Zdk-flag-mCherry-YAP1_WT 

(n=9), Zdk-flag-mCherry-YAP1_8SA (n=14) and Zdk-flag-mCh-TAZ (n=12) in steady state 

(darkness), during release and during recovery phases. Number of cells per each condition is given 

in brackets. Bars represent mean and ± SEM of three independent experiments, each cell is 

represented by a single dot. Mann-Whitney U-test. 
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Figure 6-13: YAP1 and TAZ nuclear import and export rates. The numerical values of 

nuclear import (kin) and export (kout) rates for Zdk-flag-mCherry (n=6), Zdk-flag-mCherry-

YAP1_WT (n=9), Zdk-flag-mCherry-YAP1_8SA (n=14) and Zdk-flag-mCh-TAZ (n=12). 

Number of cells per each condition is given in brackets. Bars represent mean and ± SEM of three 

independent experiments, each cell is represented by a single dot. Mann-Whitney U-test. 
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Figure 6-14: FLIP analysis of unsequestered Zdk-mCherry constructs. Quantification of 

absolute intensities normalized to control cell and background intensity, corresponding to FLIP 

experiment performed in the nucleus of HaCaT cells transiently transfected with (A) Zdk-flag-

mCherry (n=32 cells, 4 biological replicates), (B) Zdk-flag-mCh-TAZ (n=17 cells, 3 biological 

replicates), (C) Zdk-flag-mCh-YAP1_WT (n=21 cells, 3 biological replicates), and (D) Zdk-flag-

mCh-YAP1_8SA (n=22 cells, 2 biological replicates). Only the mean of all cells is showed for 

clarity. Laser line 561 nm was used for mCherry fluorophore bleaching. 
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Figure 6-15: YAP1 and TAZ nuclear import and export rates acquired using FLIP method. 
(A) (B) The numerical values of nuclear import (kin) and export (kout) rates for Zdk-flag-mCherry 

(n=31 cells, 4 biological replicates), Zdk-flag-mCh-TAZ (n=17 cells, 3 biological replicates), 

Zdk-flag-mCh-YAP1_WT (n=21 cells, 3 biological replicates), and Zdk-flag-mCh-YAP1_8SA 

(n=22 cells, 2 biological replicates). Bars represent mean and ± SEM of all experiments, each cell 

is represented by a single dot. Mann-Whitney U-test. (C) Table comparing FLIP and Optogenetic 

experiment-derived rates. Values represent means of import and export rates from all experiments 

combined. 
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6.5 Chapter summary 

 I developed a new multicolour optogenetic approach to modulate protein shuttling. 

By using blue light illumination, I controlled release of proteins from mitochondria and 

their subsequent translocation to the nucleus. Image analysis was then coupled to 

mathematical modelling to derive the exact rates of nucleocytoplasmic shuttling with high 

levels of precision. Mathematical modelling is a powerful tool to investigate various 

biological questions in quantitative, rather than qualitative terms. I employed this 

approach to studying YAP1/TAZ, and showed that in HaCaT cells TAZ shuttles faster 

between the cytoplasm and the nucleus than YAP1. In addition, TAZ drives TEAD-

mediated transcription to a higher level than YAP1, which could indicate it as the more 

dominant protein from the pair important in regulation of keratinocyte cell function 

further confirmed by data from Figure 5-16A in previous chapter. 
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Chapter 7. Discussion 

 In this section I will describe the follow-up work which could be conducted on 

each of result sections in addition to my experimental data. I will also try to set the scene 

for my results in the bigger picture of the YAP1/TAZ field. 

7.1  Cell migration and YAP1 localisation 

 I have performed a detailed analysis of YAP1 localisation during 2D cell 

migration coupling it to several cell morphology parameters. I showed that YAP1 

localisation can be dynamically changed during migration. In general, in single cells, over 

the period of 5 hours cells maintain the nuclear-to-cytoplasmic ratio of YAP1 around the 

same value, which fluctuates around that value but is unlikely to change dramatically. 

Although over the 5-hour period there was still correlation with the initial 

high/low/medium respective N/C ratio value on average, nonetheless significant 

fluctuations in YAP1 localisation were seen on the smaller scale in individual cells. 

Further autocorrelation analysis revealed that relative YAP1 levels typically changed 

over a 30 min period in a single cell. 

 Taken together, I confirmed that fibroblasts are a heterogenous population also in 

YAP1 localisation, however, single fibroblasts can maintain similar YAP1 nuclear-to-

cytoplasmic ratio values over time measured, both of which is consistent with previous 

findings (Ohlund et al., 2014). However, it is possible that when cells are imaged over 

longer time scales one could observe more significant shifts in N/C ratio, which could be 

necessary for cells adapting to changing culture conditions, for example to the increase 

of cell confluence following prolonged growth in culture.  

 To correlate YAP1 nuclear-to-cytoplasmic ratio with expression of YAP1-driven 

genes, I attempted a RNA scope Fluorescence In Situ Hybridisation experiment together 

with staining for YAP1 protein localisation. However, RNA scope sample preparation 

using RNA probes for two YAP1 target genes, CTGF and CYR61, did not allow 

subsequent staining for YAP1 localisation. Similarly, EYFP signal in EYFP-YAP1 cell 

lines was destroyed during this type of sample preparation and anti-GFP antibodies 

ineffective. Therefore, one question still arising from the analysis of N/C ratio is whether 
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the relative stability of this parameter corresponds to a functional outcome on the TEAD 

promoter activity and subsequently on the YAP1 target gene expression.  

 One could expect that in cells that maintain a relatively low ratio over time would 

also have a lower YAP1 target gene expression, with the converse seen for cells with high 

nuclear-to-cytoplasmic ratio value. However, there is also a possibility that in low ratio 

cells even a slight change in YAP1 localisation would induce YAP1 target gene 

expression, as they usually do not have much YAP1 in the nucleus. This “fast activation 

mode” could be possible in light of data from our publication (Ege et al., 2018), where 

we show very fast kinetics of association and dissociation of YAP1 from TEAD bound 

on DNA at gene promoters. The rates were in the scale of seconds, while TEAD was 

bound to DNA much longer, suggesting that YAP1 occupies the promoters very briefly. 

Most likely YAP1 binds to TEAD and induces a conformational change, which then does 

not require YAP1 for transcription elongation – but only for transcription priming. 

Therefore, any change in YAP1 localisation could result in a direct and fast effect on 

YAP1-driven transcription. 

 In the future, cell lines expressing fluorescently-tagged endogenous YAP1 targets 

could be developed to investigate YAP1 target gene activation in real time. This can be 

achieved by CRISPR-Cas9 technology and using a fast maturing generation of 

fluorescent proteins. Alternatively, techniques for observing transcription in real time 

have been developed and successfully used in mammalian system (Garcia et al., 2013, 

Wilson et al., 2017). They allow visualisation of endogenous promoter activity with 

fluorescence and are highly compatible with our live imaging set up. 

 Following the analysis of nuclear-to-cytoplasmic ratio over time another 

interesting question still remains: how fast can a cell change its YAP1 localisation? From 

my results I can conclude it is less than 5 minutes, as some cells from more dynamic 

subset changed their nuclear-to-cytoplasmic ratio substantially in that timeframe. 

However, this time was inferred from the microscopy resolution limit in long timelapse 

imaging on a confocal system, which could not be increased because of laser-induced 

toxicity. I speculate that it is highly likely cells can change YAP1 localisation faster than 

that. In order to find out the time required for a significant change in nuclear-to-

cytoplasmic ratio, experiment on a low-light system with higher temporal resolution 

could be performed with high enough pixel resolution to see whether the changes can 
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occur faster than 5 minutes. So far, our own analysis of nucleocytoplasmic shuttling rates 

in both NF and CAF suggests that import and export rates are sufficiently fast to support 

overall changes in YAP1 localisation on shorter timescales than 5min (Ege et al., 2018). 

 Alternatively, a drug known to perturb YAP1 nuclear-to-cytoplasmic ratio should 

be considered. By adding Latrunculin B, Dasatinib or ROCK inhibitor to NF and CAF 

cultures while imaging them before and throughout drug treatment, one could see changes 

in YAP1 nuclear-to-cytoplasmic ratio happening in all cells uniformly and on a faster 

timescale than 5 hours needed for observing dynamic changes in the ratio. Recently, the 

autofluorescent myosin inhibitor blebbistatin has been altered in order to allow its use in 

timelapse imaging (Varkuti et al., 2016). Previously, the high aggregation and 

autofluorescence precluded its use for live imaging, but by introduction of nitro and 

amino derivatives it is now possible. It would therefore be interesting to also use 

blebbistatin, known as a strong modulator of YAP1 localisation in cells. I have performed 

experiments adding aforementioned drugs to the culture and imaging them, both with 5 

minute and 20 second resolution. They are now awaiting analysis, but what became 

apparent so far was another intriguing question. All of these drugs cause different cell 

shape changes but lead to the same change in YAP1 localisation. It would be interesting 

to speculate that YAP1 localisation changes as a direct result of changes in cell shape. 

However, it has to be remembered that the addition of the drug is not necessarily the “time 

zero” of such an experiment. All drugs need to reach their targets within a cell, and the 

target inhibition is not instantaneous.  

 The second step in analysis of timelapse movies was correlation of cell shape 

changes with YAP1 localisation. On average, I observed that nuclear YAP1 is positively 

correlated with increase of cytoplasmic perimeter, which means YAP1 becomes nuclear 

during cell spreading. The inverse was seen for cells becoming more spherical – during 

cell rounding YAP1 became more cytoplasmic. One could hypothesise that a similar 

change in cell shape during drug treatment with Src-family kinase inhibitor or actomyosin 

blocker could be the reason of shift in nuclear-to-cytoplasmic ratio and YAP1 becoming 

more cytoplasmic. This could be an effect of Src-family kinases regulating YAP1 export, 

which will be discussed in the next section. It is also consistent with a recent publication 

where YAP1 localisation depends on the mechanical strain coming from actomyosin and 

exerted on the nucleus, leading to apparent opening of nuclear pores (Elosegui-Artola et 
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al., 2017). Therefore, all these effects could be interconnected and combining 

actomyosin, Src and nuclear architecture regulation.  

 However, interestingly, I did not observe a change of nuclear morphology 

corresponding to YAP1 localisation shift during cell migration. This finding, somewhat 

inconsistent with literature and our own findings that irregular nuclei change the 

equilibrium position of YAP1 shuttling (Elosegui-Artola et al., 2017, Ege et al., 2018), 

could potentially be explained by the method of our imaging. The cells on glass are on 

extremely stiff substrate (50-90GPa), which could theoretically already exert maximum 

forces through actomyosin to the nucleus, and therefore any further change in nuclear 

morphology would not matter. In other words, the nuclear mechanics could have a 

threshold, above which any further deformation would not have any effect on YAP1 

nuclear import and export. In order to investigate this in more detail, experiments 

checking the nuclear structure and the nuclear pore could be employed. For example, a 

nesprin protein tension biosensor based on FRET (fluorescence resonance energy 

transfer) technology was described recently (Arsenovic et al., 2016), which I could use to 

see if the tension on nucleus changes during migration on very stiff substrate, such as 

glass. I could also check the nuclear deformation effect by knocking down nuclear 

envelope components, such as lamin proteins, which cause nuclei to become “softer” and 

uncoupled from rigidity deformation (Thiam et al., 2016). Alternatively, imaging on 

softer substrate instead of glass could be performed. 

 The analysis of YAP1 shuttling during migration, and other work on dynamic 

nature of YAP1 protein (Ege et al., 2018), somewhat challenged in the field which 

supposed YAP1 to be sequestered in either compartment, and prompted me to investigate 

the exact machinery of nuclear import and export for this protein. 

7.2 YAP1 nuclear import and export machinery 

 In order to decipher and characterise YAP1 import and export machinery in 

mammalian cells, I performed a high throughput screen and secondary deconvolution 

screen which led to identification of several genes potentially involved in controlling 

YAP1 localisation. From those hits, Exportin 1 (XPO1/CRM1) was conserved between 

human and mouse. Several other genes regulated YAP1 localisation in human fibroblast 

cell line, but seemed irrelevant for YAP1 localisation in human keratinocyte line. Firstly, 
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this showcases the importance of Exportin 1 as the main export factor regulating YAP1 

in mammalian cells. In all three cell lines tested, siXPO1 was consistently and with 

multiple siRNA oligos causing YAP1 to become more nuclear. This result is in line with 

previous findings (Dupont et al., 2011, Wei et al., 2015, Ren et al., 2010), which used 

leptomycin B as the inhibitor of Exportin 1 and reported similar effect of YAP1 

sequestration to the nucleus. However, one report is in disagreement with those, and 

showed that leptomycin B treatment has no effect in completely confluent MCF10A 

breast epithelial cells forming an epithelial sheet (Zhao et al., 2012). This could be caused 

either by a different regulatory mechanism in breast epithelial cells compared with the 

cells used by us and the two contradictory studies. Alternatively, epithelial sheets in 

confluent conditions could have additional regulatory mechanisms for YAP1 export.  

 It is likely that YAP1 is not leaving the nucleus on its own during active transport. 

Recently, a study identified methylation site at a putative NES on YAP1 which could 

serve as a binding site for XPO1 (Fang et al., 2018). However, several reports point to 

other proteins enabling YAP1 nuclear exit by YAP1 utilising their NES sequences and 

forming a nuclear export complex (Furukawa et al., 2017, Lee et al., 2018) and more 

crucially YAP1 being dependent on those NES sequences for efficient export. Potentially, 

YAP1 could use several routes for effective export, or perhaps the YAP1 putative NES 

is not a very strong one, and therefore export of YAP1 on its own is not efficient enough 

for facilitating its complex cell functions. In the future, an immunoprecipitation 

experiment from the cell nuclear fraction could potentially shed a light on whether YAP1 

and XPO1 interact directly and if they need a cofactor protein. Also, more stringent 

methods of protein depletion are now available in addition to siRNA knockdowns, such 

as complete removal of a gene by CRISPR-Cas9 technology. It is possible that after 

siRNA knockdown the remaining protein in still efficient enough in number to drive 

successful YAP1 shuttling. 

 Interestingly, we also observe several factors which regulate YAP1 import and 

export in vulvar cancer associated fibroblasts, but not in other cell lines tested, namely 

ZFP36, THOC3, RANBP3, HRB, NEPPRO, NXF1 and NRM. The discrepancy between 

fibroblast lineage and epithelial lineage could be differential input of cell-cell junctions. 

Epithelial cells form E-cadherin based adherens junctions, tight junctions and hemi-

desmosomes, while fibroblasts do not express E-cadherin. Those junctions could 
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potentially differentially regulate YAP1 nuclear export machinery after feedback from an 

upstream signal was relayed through the junction. Alternatively, siRNA knockdown of 

those factors was not efficient enough to inhibit the function of those proteins in the other 

cell lines. Furthermore, redundancy could exist between these factors. NRM and HRB 

are both components of nuclear envelope, while ZFP36, THOC3 and NXF1 are involved 

in mRNA processing and trafficking. In the future, the redundancy and importance of 

these additional hits should be investigated in the fibroblast lineage. Moreover, a bigger 

screen including all known protein-coding genes in the human genome could be 

performed. So far this type of analysis was not possible, as siRNA-treated cells had to be 

assessed manually for a phenotype due to difficulty in developing a nuclear-to-

cytoplasmic-ratio-scoring algorithm. This problem could be circumvented by using cells 

at lower confluency in combination with a cell boundary marker or a stain. Alternatively, 

epithelial cells with clearly defined morphology and easily distinguished cell edges could 

be used in the future analysis. 

 Later, I investigated whether YAP1 nuclear localisation caused by knocking down 

its export factor XPO1 will have any effect on YAP1 target gene transcription. I showed 

that in the NF1 cell line there was a modest increase in the activity on the TEAD reporter 

and in the expression of two YAP1 target genes, whereas in CAF1 there was no 

significant difference. This result is somewhat surprising, because one would expect the 

activity to increase in both cell lines, as there is a clear and significant increase of YAP1 

nuclear localisation in both NF1 and CAF1 following siXPO1 treatment. It has to be 

observed that NF1 and CAF1 differ significantly in the basal levels of TEAD 

transcriptional activity on TEAD reporter as well as in expression levels of YAP1 target 

genes. CAF1 has higher basal levels of nuclear YAP1, which is reflected in these 

transcriptional output assays. This leads me to speculate that in CAF1, which already 

have high YAP1 transcriptional activity, the system is running at a level which does not 

increase with further increase of YAP1 nuclear concentration. Taken together, this could 

suggest that there are additional levels of regulation on YAP1 for its full transcription 

initiation potential.  

 Next, I demonstrated that even nuclear YAP1 is a subject to actomyosin and Src-

family kinase regulation. By using Src and actomyosin perturbation during knockdown 

of XPO1, I observed a decrease in YAP1 co-transcriptional activity. I further confirmed 
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these results with similar observations in YAP1_5SA mutant, which has 5 serine 

phosphorylation sites targeted by LATS kinases mutated to alanine. The cross-talk 

between the actomyosin cytoskeleton, Src-family kinases and the core Hippo signalling 

remains somewhat unclear in the YAP1/TAZ field. I showed uncoupling of these two 

pathways, where a mutant of LATS phosphorylation sites can still be a subject to 

regulation by actomyosin and Src. However, this does not exclude the possibility that 

separately LATS1/2 can be regulated by the actomyosin cytoskeleton in other systems, 

which was shown previously (Aragona et al., 2013). Moreover, in our publication we 

propose that YAP1 requires phosphorylation on Src-targeted sites, namely Y341, Y357 

and Y394 (Y391, Y407 and Y444 in the longer isoforms) for its full transcriptional 

activity (Ege et al., 2018). We also show that treatment with actomyosin blockade or Src-

family kinase inhibitor reduces phosphorylation on one of these sites, the Tyrosine 357. 

 All of these results were published as part of a collaborative publication 

mentioned previously (Ege et al., 2018). There, we show that Ser127 phosphorylation is 

needed for efficient YAP1 export from the nucleus, as the YAP1_5SA mutant is 

consistently nuclear in all our experiments. This suggests that YAP1 in not sequestered 

in the cytoplasm, but rather more rapidly exported from the nucleus when it is 

phosphorylated on LATS1/2 target sites, and contrasts with the current view in the field 

where YAP1 is stably sequestered in one of the compartments. To further confirm this 

hypothesis, we show that pSer127-YAP1 is present in the nucleus, which is consistent 

with one other report (Wada et al., 2011). In my thesis I showed that knockdown of XPO1 

does not change levels of pSer127-YAP1, and therefore suggests that phosphatase 

targeting this YAP1 phosphorylation is in the same compartment as the kinase 

phosphorylating it, and most likely this compartment is the cytoplasm. Alternatively, 

LATS1/2 could also be present in the nucleus, but this view is rather unlikely coming 

from studies reporting LATS1/2 predominantly in the cytoplasm (Ibar et al., 2018). It is 

possible that in each compartment YAP1 has both the phosphatase and kinase, which 

balance YAP1 phosphorylation depending on cell requirements. In the future, the definite 

identification of the YAP1 phosphatase would clarify the details of this regulatory 

mechanism. 

 In our experiments, actomyosin or Src-family blockade also perturb YAP1 

localisation by regulation of its export, rather than S127 phosphorylation, which remains 
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unchanged during the blebbistatin or dasatinib perturbation (Ege et al., 2018). We can 

conclude this from an epistasis experiment, where after siRNA knockdown of XPO1 I do 

not observe a change in YAP1 localisation with actomyosin/Src perturbation – YAP1 

remains nuclear, meaning that Src-family kinases and actomyosin regulate export 

upstream of XPO1. This suggests that actomyosin and Src influence XPO1-mediated 

YAP1 export from the nucleus in addition to the role in regulating YAP1 transcriptional 

competence, further complicating the interplay between YAP1, actomyosin, Src and 

LATS1/2. 

 In our paper, we suggested emerin as a potential regulator of YAP1 export, as it 

regulates shuttling of two other proteins, MRTF and -catenin (Markiewicz et al., 2006, 

Guilluy et al., 2014), as well as being regulated by Src-family kinases (Tifft et al., 2009). 

Moreover, these two proteins are known to interplay with YAP1/TAZ and Hippo 

signalling (Azzolin et al., 2012, Azzolin et al., 2014, Kim et al., 2017, Foster et al., 2017). 

However, in light of the results of my experiment from Chapter 4, Figure 4-3 and Figure 

4-4, it seems unlikely that emerin (EMD) is a sole regulator of YAP1 export and other 

factors must be involved, as EMD knockdown does not recapitulate XPO1 knockdown 

in the strength of the phenotype. In VCAF8 siEMD does increase YAP1 nuclear 

localisation significantly, but this effect is not seen in HaCaT cells. Potentially other 

proteins in the nuclear envelope coordinate with emerin in YAP1 regulation. Another 

protein regulated by mechanotransduction in a similar way to YAP1 is TWIST1 (Wei et 

al., 2015), however the authors of this study argue that different mechanisms regulate 

YAP1 and TWIST1 nuclear shuttling as TWIST1 is insensitive to leptomycin B treatment 

as well as having two strong NLS sequences. Without a clear consensus at the moment, 

the crosstalk of YAP1 nuclear export and other signalling pathways remains to be 

revealed in the future. 

 Finally, regarding nuclear import of YAP1, I identified several proteins which 

influenced YAP1 localisation in human fibroblast lines, but did not in the keratinocyte 

line. This finding is in line with a recent study suggesting mechanical strain is the main 

regulator of nuclear import by directly acting on opening of nuclear pore complex 

(Elosegui-Artola et al., 2017). It is possible that this would be the main line of regulation 

and several accessory proteins could improve this mechanism of import in certain cell 

lineages. In the future, the known interactors facilitating YAP1 import, such as ZO-2 
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(Oka et al., 2010) could be coupled to further understanding YAP1 structure. It is possible 

that YAP1 has a noncanonical NLS sequence which we have not yet identified. 

Drosophila YAP1 homologue Yorkie has been shown to have NLS, and since the proteins 

are highly conserved it is not unreasonable to speculate that this mode of regulation could 

remain in some form in the human protein.  

7.3 Novel regulators of YAP1 stability and CAF function 

 In my thesis I explored regulation of YAP1/TAZ signalling pathway by 

microtubules and microtubule motors. General perturbation of microtubule cytoskeleton 

with depolymerising or stabilising agents had no significant effects on YAP1 localisation, 

which is consistent with previous reports (Zhao et al., 2012, Dupont et al., 2011). This is 

somewhat surprising, given that microtubules influence cell shape, actomyosin dynamics 

and adhesion formation, which are all known regulators of YAP1 localisation and 

downstream signalling. However, one of the reports investigating microtubule regulation 

of YAP1 localisation in attached cells also showed that microtubules and actin 

cytoskeletons act in concert to regulate YAP1 phosphorylation in detached cells, which 

has a direct effect on anoikis (Zhao et al., 2012), arguing for a potential role of 

microtubules in YAP1 regulation. 

 Nonetheless, the same general perturbations of microtubules had clear effects on 

CAF gel remodelling ability and invasion in 3D in my experiments. This result is perhaps 

to be expected, as migration in 3D depends on pseudopod elongation and distant 

adhesions to the extracellular matrix, which provide anchors to propel cell forward using 

only contractility in confined environment (Bouchet and Akhmanova, 2017). Both 

pseudopods and ECM adhesions are modulated by microtubules. Moreover, microtubules 

are needed for matrix degradation by trafficking of metalloproteases (Schoumacher et al., 

2010, Schnaeker et al., 2004), which are a key molecular component of successful 

invasion.   

 By doing the aforementioned experiments, the aim was to find a therapeutic 

window to perturb YAP1 function in CAFs at drug concentrations which will not give 

severe side effects observed in the clinic, but will perturb the CAF phenotype, an idea 

proposed before (Tran et al., 2009). I demonstrated that doses as low as 0.5 mM of the 

microtubule depolymerising drug vinorelbine are sufficient to disrupt CAF functionality, 
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however, these doses are expected to cause mitotic defects as microtubule cytoskeleton 

was severely disrupted. While acting mostly on cell division, microtubule-perturbing 

drugs such as taxol currently used in anti-cancer therapy could be instead more beneficial 

to patients when used as an inhibitor of 3D migration and invasion. At lower 

concentrations they could potentially compromise microtubule cytoskeleton in interphase 

cells, but not completely abrogate its function, therefore perturbing pseudopod elongation 

and maintenance needed for 3D migration. The effect could both theoretically be exerted 

on the cancer cells and surrounding stroma simultaneously. Even though very effective 

in the clinic in the initial cancer treatment, mitosis blockade drugs often ultimately lead 

to drug resistance and tumour relapse (Cabral, 2001). In addition, they have harsh side 

effects in patients as they are not only selective to dividing cancer cells, but affect all 

mitotic cells in the body which are needed for the correct functioning of all organs, most 

importantly the skin, the intestine and the immune system. Finally, normal cells of the 

body would not be expected to develop resistance to the antimitotic drugs, as they are 

genetically stable. However, further work is needed to find the therapeutic window 

needed for repurposing of these drugs. 

 Based on my results, I reasoned that specific perturbations of microtubules by 

targeting microtubule molecular motors could have an effect on YAP1 localisation and 

function. I explored further any potential links between the microtubule cytoskeleton and 

YAP1 in CAF functionality, as YAP1 is a known regulator of the CAF phenotype (Calvo 

et al., 2013). Using high throughput screening and investigating YAP1 localisation after 

knockdown of known molecular motors, I discovered two new regulators of YAP1 

protein transcription and stability, DYNLL1 dynein subunit and KLC1 kinesin light 

chain. Both of those genes reduce overall YAP1 levels in cells both on the level of mRNA 

and protein when knocked down. Interestingly, the depletion of YAP1 protein is selective 

to its cytoplasmic pool – YAP1 target gene expression is not affected, and the nuclear 

intensity of YAP1 staining remains similar after siRNA knockdown of DYNLL1 and 

KLC1. To specifically test the requirement of these genes for stability in addition to 

transcription regulation, one could perform cycloheximide blockade of protein translation 

followed by siRNA depletion of target genes. This remaining pool of YAP1 brings an 

insight into the equilibrium position of YAP1 shuttling. When YAP1 protein levels are 

very low, cells shift all the remaining pool into the nucleus. The same effect was seen 
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during siYAP1, with all the remaining protein residing in the nucleus. As the YAP1 target 

gene expression is not affected, the shift is sufficient to maintain normal YAP1 co-

transcriptional activity. This could be connected to the requirement of YAP1 in cell 

homeostasis, which is further supported by my observation that the knockdown of YAP1 

with siRNA causes toxicity in HaCaT cells when used for longer than the duration of my 

experiments (longer than 48 hours). 

 The effect of siDYNLL1 and siKLC1 on YAP1 is independent from cell-cell 

junctions, Src activation, or Hippo kinase signalling, and specific to YAP1, as TAZ and 

-catenin are not affected by these knockdowns. Cell attachment to the ECM and 

subsequent regulation of YAP1 localisation to the nucleus could be regulated through 

remodelling of whole cytoskeleton and not only by the actomyosin cytoskeleton. As 

microtubules also regulate turnover of focal adhesions, which are a crucial point of 

contact between cells and ECM, the next step of the mechanistic analysis would be the 

investigation of those matrix adhesions, which can be done by immunofluorescence 

staining of paxillin, integrin or -vinculin and Western blot analysis of these proteins. 

Another potential convergence of YAP1 with DYNLL1 and KLC1 would be other 

proteins regulated via cell junctions. Merlin, a known upstream regulator of YAP1 and 

the Hippo pathway, depends on microtubule transport for correct localisation and 

function (Bensenor et al., 2010, Aguilar et al., 2014). Additionally, KIBRA (Rayala et 

al., 2006, Wang et al., 2014) and AMOTL1/2 (Couzens et al., 2013, Wang et al., 2014), 

both also regulating YAP1, were demonstrated to directly interact with DYNLL1. These 

proteins could be explored in more detail as a potential point of cytoplasmic YAP1 

stability regulation by DYNLL1 and KLC1. Furthermore, the interaction between the two 

should be explored by coimmunoprecipitation, co-localisation and structural studies. 

Interestingly, in the nematode C. elegans the interaction between homologues of 

DYNLL1 and KLC1 was already reported (Arimoto et al., 2011). 

 In another approach to decipher molecular mechanisms of siKLC1 and 

siDYNLL1 mediated YAP1 degradation the post-translational modifications on YAP1 

that are regulating its stability and are responsible for its degradation could be determined. 

Mobility shift assays with phospho-tag-containing SDS-PAGE could help to discover 

whether this phenotype is regulated by another phosphorylation, as I showed by a Western 

blot that it is not mediated by pSer127. Another post-translational modification such as 
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ubiquitination or methylation is also likely, which could be investigated using recently 

published antibodies targeting YAP1 methylation (Fang et al., 2018) or custom-made 

antibodies against other YAP1 phosphorylation sites, such as Ser381 (Zhao et al., 2010b). 

Post-translational modifications that lead to YAP1 degradation could open up new 

avenues for treatments, as currently no effective inhibitor of YAP1 is known. 

 Because DYNLL1 knockdown had an effect on actomyosin cytoskeleton structure 

in HaCaT cells, I investigated myosin light chain levels (MLC2) and phosphorylation 

using Western blot. Interestingly, both pMLC2 and MLC2 levels decreased mimicking 

the decrease in YAP1 levels. This suggests a feedback loop between YAP1 and MLC2 

proteins, where YAP1 could regulate MLC2 protein levels, potentially through an 

interesting new mechanism not involving transcriptional regulation. This effect was 

already reported before in reinforcing a positive feedback loop during activation of 

fibroblasts to CAFs (Calvo et al., 2013). The reduction of pMLC2 and rearrangement of 

remaining protein in cells after siDYNLL1 could account for the filopodia-like protrusion 

formation and loss of correct cell-cell junction organisation, as a direct result of decrease 

in actomyosin forces and supracellular actomyosin cable disruption. However, this effect 

was not seen in the case of KLC1 knockdown, which also decreased pMLC2 and MLC2 

levels upon knockdown. Therefore, even though both proteins lead to a similar reduction 

of cytoplasmic YAP1 levels, they could have differing mechanisms on actomyosin 

cytoskeleton regulation. 

 I followed the analysis of siRNA knockdown with actomyosin and Src-family 

drug perturbation, which led to several interesting results. Firstly, I observed insensitivity 

of YAP1 localisation to actomyosin perturbation in HaCaT cell line, which was 

unexpected, as the actomyosin cytoskeleton regulates YAP1 localisation in most cell lines 

tested. Various signals converge in YAP1 regulation, and it is possible that various cell 

lineages also differ in the upstream YAP1 modulators. The differences observed between 

fibroblasts and epithelial cells could be explained by differences in cell-cell junctions 

between those cell lineages. The differences between epithelial cells are likely to occur 

due to various tissues have different requirements of YAP1 regulation, which was 

demonstrated previously (reviewed in (Piccolo et al., 2014) and (Zhao et al., 2011)). For 

example, MCF10A epithelial breast cells are insensitive to ROCK inhibition or Src-

family kinase inhibition (Zhao et al., 2012), while in my experiments another epithelial 
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lineage responds with change of YAP1 localisation to both of these treatments. However, 

in the same study MCF10A cells are also insensitive to blebbistatin – similarly to the 

effect observed in HaCaT experiments. 

 Secondly, nuclear YAP1 localisation remains subject to regulation by Src-family 

kinases even after siRNA knockdown of DYNLL1 and KLC1. One explanation is that 

DYNLL1/KLC1 regulate Src kinases upstream, and by perturbing Src with dasatinib I 

am regulating the pathway further downstream. However, in the Western blot analysis of 

Src phosphorylation on Tyr418, which is an accepted measure of Src kinase activity, I do 

not observe any changes after siDYNLL1 or siKLC1 of Src phosphorylation levels at this 

site. Another possibility is that DYNLL1 and KLC1 regulate Src subcellular localisation, 

which should be explored further by immunofluorescence staining. I expect Src may 

localise to the cell nucleus, as it is able to regulate nuclear YAP1, also shown in Chapter 

4.  

 Another intriguing feature of siDYNNL1/siKLC1 plus dasatinib treatment was an 

apparent synthetic lethality effect on HaCaT cells, leading to most of the cells dying and 

those remaining creating small clusters. This could support the hypothesis that upon 

cytoplasmic depletion of YAP1, cells regulate an equilibrium of the shuttling to direct all 

remaining protein to the nucleus for maintenance of cell homeostasis. A similar 

investigation of another epithelial cell line as well as a fibroblast line, such as VCAF8, 

with similar siRNA and drug double treatment would further our understanding of this 

effect. 

 Finally, I demonstrated that siDYNLL1 and siKLC1 treatment impairs CAF 

function in matrix remodelling and matrix invasion independently from YAP1. This 

effect could be mediated through regulation of protrusion formation, trafficking of 

metalloproteases or an effect on polarity in 3D. At present, the only evidence I have to 

the mechanism of this regulation is apparent reduction of pMLC2 and MLC2 levels, 

which could impact actomyosin contractility, which has a direct effect on matrix 

remodelling activity seen in the gel contraction assay and in matrix rearrangement during 

3D migration. The exact mechanism remains to be elucidated in the future by more 

specific experiments in CAFs analysing their cell morphology in 3D upon DYNLL1 and 

KLC1 knockdown, vesicle trafficking by staining for known metalloprotease and 
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vesicular markers, and investigating various polarity markers and polarity establishment 

with matrix deposition assay.  

7.4 Optogenetic shuttling of YAP1 and TAZ 

 In this thesis I described a novel optogenetic system with multicolour potential to 

study nucleocytoplasmic shuttling: opto-release. I demonstrated its robustness coupled to 

semi-automated analysis and mathematical modelling for derivation of YAP1 and TAZ 

nuclear import and export rates. Then I attempted to validate my system by using a more 

established method, fluorescence loss in photobleaching (FLIP). 

 The opto-release system presented in this thesis has several advantages over 

systems used currently to study protein shuttling. Firstly, Zdk peptide is small and does 

not interfere with protein function (Wang and Hahn, 2016, Wang et al., 2016a), even in 

cases of sensitive proteins such as transcriptional coactivators. Secondly, I coupled opto-

release to semi-automated analysis and mathematical modelling, which allows 

identification of protein nucleocytoplasmic shuttling rates. By fitting ODEs to both 

release and recovery curves simultaneously, one should be able to achieve higher 

confidence in the output values in contrast to methods only implementing one 

perturbation, such as FLIP. Thirdly, the reversibility of opto-release system enables 

measurements of the same cell before and after experimental perturbation, which is not 

possible with the conventional fluorophore destructive method of FLIP. In the next steps 

of developing the system, I will use Src-family kinase perturbation with drugs such as 

dasatinib to influence YAP1/TAZ localisation in HaCaT, which I showed to be relevant 

in Chapter 5. By imaging the same cell before and after perturbation, I can show direct 

effect of the drug on YAP1/TAZ shuttling dynamics. Lastly, opto-release can facilitate 

one more fluorophore without losing speed of acquisition on our current microscopy set 

up, increasing the number to four. By introducing one protein fusion with mCherry and 

another with Venus, dynamics of two proteins can be acquired at the same time. I want 

to couple this particular feature of this system to analysis of shuttling dynamics of YAP1 

and TAZ at the same time in one cell. This would only be the second optogenetic system 

to attempt simultaneous four colour imaging in live cells, following recent work from 

Toettcher lab (Wilson et al., 2017). 
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 The large spread of values which I obtained using the optogenetic and FLIP 

methods could suggest variability in nuclear permeability between cells. This could link 

to a recent publication suggesting an opening of nuclear pores to permit faster global 

regulation of nuclear active and passive import (Elosegui-Artola et al., 2017). Using opto-

release system one could investigate whether one cell has higher nuclear permeability for 

other shuttling proteins in comparison to YAP1 by utilising the multicolour aspect of this 

system. It would be interesting to decipher whether the regulation of import would be 

global as suggested, or whether some proteins have their import tightly controlled even 

in the cases where nucleus could be more permeable. 

 The opto-release system has one problem, namely that the mitochondrial intensity 

in the movies is not conserved (Figure 6-10). Bleaching is minimal in this system and 

therefore alternative explanations are needed to clarify reason behind the loss of protein 

from mitochondria. This loss is probably due to a caveat of confocal imaging, where I 

focus only on one plane of the cell to acquire fast speed which improves subsequent 

analysis and model fitting. However, in cells mitochondria exist in 3D, and therefore it is 

likely some intensity is lost to other parts of mitochondria not visualised by the confocal 

slice. This problem could be circumvented by using a fast 3D imaging system, such as 

lattice light-sheet microscope which can go to subcellular resolution and accommodate 

multiple colours together with optogenetic activation. Full 3D data with temporal 

resolution would allow more robust boundary determination of each cell compartment 

leading to more accurate parameter estimates improving current method. The addition of 

greater spatial information could also allow for further inferences about the system, such 

as diffusion, via fitting of Partial Differential Equations (PDEs). It would also give the 

ability to distinguish between apical and basal junctional regions and YAP1/TAZ 

dynamics there, which cannot be captured by confocal imaging on a single focal plane. 

 Even though an increasing number of studies shows application and interesting 

results upon utilisation of optogenetics, the majority of articles in the field demonstrate 

“proof of principle” experiments rather than functional assays. This is caused by 

difficulties in establishing an optogenetic system to study a particular problem in cell 

biology. It often takes years to establish efficient optogenetic fusions to the protein of 

choice, what is demonstrated by huge tables of tried construct variants in the 

supplementary data of many studies (Wu et al., 2009, Dagliyan et al., 2016). An example 
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of such a study is a recent article, which shows modulating actomyosin contractility which 

then subsequently regulates YAP1 nuclear translocation (Valon et al., 2017). However, 

the authors did not investigate any processes where YAP1 is involved, such as 

transcription of target genes or even its nucleocytoplasmic shuttling. Modulation of 

actomyosin was also attempted before using formin mDia1 fusion to AsLOV2 (Baarlink 

et al., 2013), where the authors report activation of MAL-SRF transcriptional activity but 

do not comment on YAP1 or TAZ. 

 Unsurprisingly, I encountered similar problems when trying to establish opto-

release system. Originally, I tried fusing YAP1 to LANS (Yumerefendi et al., 2015), 

which relies on direct coupling of protein of interest to the AsLOV2 domain, and 

modulation of nuclear localisation by uncaging a NLS signal. However, a direct fusion to 

AsLOV2 completely abolished YAP1 transcriptional activity on the TEAD reporter, 

which deemed it unsuitable for further implementation. It is likely that the conformational 

change in the LOV domain induces an inhibitory change in YAP1 in a fusion protein. 

Alternatively, by fusing YAP1 and TAZ to Zdk, which is a small peptide that does not 

change conformation upon blue light illumination, I circumvented the problem. 

 Another unexpected finding was the relatively small differences between mutants 

of AsLOV2 in opto-release system. In the original LOV-TRAP authors reported that the 

domains exhibit expected effects (Wang and Hahn, 2016, Wang et al., 2016a) of being 

insensitive to light regulation in case of LOVlit and LOVdark. However, in my hands the 

fusions only changed the dynamics of release and recovery. This could potentially be 

caused by different composition of linker sequences between the original system and my 

protein fusions, which could influence the dynamics of Zdk binding to AsLOV2. 

 Finally, one of the big goals of optogenetic field was always regulation of gene 

expression with light. I have attempted induction of YAP1 driven transcription with opto-

release system after light exposure using transient DNA transfection of the constructs. 

Even though a two-fold increase of transcriptional activity on TEAD reporter could be 

achieved, the data were very noisy and the result relied on relative balance of 

sequestration construct to YAP1 construct, as well as on the efficiency of transient 

transfection. I concluded that in the transient transfection set up the system is too uneven 

to produce consistent results on transcription activation with light. Moreover, the highly 

dynamic nature of opto-release could require long periods of incubation in blue light, 
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which can be potentially harmful to cells in culture. The next step in utilising opto-release 

for driving light-controlled transcription will be an establishment of Tom20-flag-LOV 

sequestering cell line. I have so far attempted a lentiviral introduction of this construct to 

cells, however, it was silenced after several passages of cells in culture. To avoid this 

problem, I propose to try PiggyBac system, which I successfully used to introduce nuclear 

marker to both HaCaT and fibroblast lines. It is characterised by more stable levels of 

expression over prolonged passaging superior to lentiviral systems. In addition, systems 

relying more on overexpression such as EL222-pc120 system (Motta-Mena et al., 2014) 

or GAVPO/LightON (Wang et al., 2012) could be optimised for the sole purpose of 

activating YAP1-driven transcription, as they are characterised by slower kinetics and 

sustained activation with low light levels. 
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Chapter 8. Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Repeat1 Repeat2 Repeat3 Repeat1 Repeat2

rf ND ND ND ND ND

rf ND ND ND ND ND

rf ND ND ND ND ND

rf ND ND ND ND ND

rf ND MC MC ND ND

rf ND ND ND ND ND

rf ND ND ND MC ND

rf ND ND ND ND ND

ubb N/A N/A N/A N/A N/A

ubb N/A N/A N/A N/A N/A

ubb N/A N/A N/A N/A N/A

ubb N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

yap N/A N/A N/A N/A N/A

lat MN VN VN ND MN

lat MN VN VN ND MN

lat MN VN VN ND MN

lat MN VN VN ND MN

lat VN VN VN ND MN

lat VN VN VN ND MN

taz ND ND ND ND ND

taz ND ND ND ND MC

taz ND ND ND ND ND

taz ND ND ND ND ND

VCAF8
Targets

Selected for 

secondary screen

Risk-Free

Controls 

targets

VCAF4 empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well MN ND ND ND MN

empty well ND ND ND MC MC

empty well ND ND ND ND MC

empty well ND ND ND ND ND

empty well ND ND ND ND MC

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND MC

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND MN

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND MC

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well ND ND ND ND ND

empty well MC ND ND ND ND

No 

treatment

AKAP6 MN ND MN ND ND

LOC340312 ND ND ND ND ND

AKAP8 MN ND ND ND ND

LOC401391 ND MC ND MC ND

ANXA11 MN ND MN ND ND

LOC402569 ND ND ND MC ND

BDP1 ND ND ND ND ND

LOC402715 MN ND ND ND ND

C14ORF1 MN ND MN ND ND

PTTG1IP MN MN MN ND ND

C20ORF77 ND ND MN ND ND

CHC1 MN MN ND ND ND

C9ORF126 MN ND MN ND ND

CSE1L MN MN MN ND ND

C9ORF67 MN ND MN ND ND

GLE1L ND MN ND ND ND

CGI-49 ND ND ND ND ND

HRB MN VN MN MN MN 2nd screen

DKFZP434F2021 MN VN MN MN MN

KPNA1 ND ND ND ND MC

DKFZP564C186 ND ND ND ND ND

KPNB1 ND MC MC ND MC

DKFZP586B1621 MN MN MN ND MN

KPNA2 MN ND MN MC ND

DKFZP586J0619 MN ND ND MC ND

KPNA3 ND ND ND ND ND

DULLARD ND ND ND ND ND

KPNA4 ND ND ND ND ND

EMD ND ND ND ND ND

KPNA5 MN MN MN ND ND

FAM34A ND ND ND ND ND

TNPO1 ND MC ND MC MC

FLJ10330 MN MN MN MN MN 2nd screen

KPNB3 ND ND ND ND ND

FLJ10407 ND ND ND ND ND

NUP88 MN MN ND ND ND

FLJ10637 ND ND ND ND ND

NUP98 MN MN ND ND MN

FLJ10774 MN ND ND MN MN

RAN ND MN ND MC MC

FLJ11127 ND MN MN ND ND

RANBP1 ND ND ND ND ND

FLJ12519 ND ND ND ND ND

RANBP2 ND ND ND MC ND

FLJ14803 ND ND ND ND ND

RANGAP1 MN MN MN MN VN 2nd screen

FLJ20273 MN ND ND MC ND

SEC13L1 MN MN MN ND MN

FLJ20297 MN MN MN ND ND

TPR MN MN MN ND ND

FLJ22353 MN MN MN ND MN

XPO1 ND ND ND MN VN 2nd screen

FLJ23323 MN MN MN ND ND

ZFP36 MN MN MN VN MN 2nd screen

FLJ30668 ND ND ND ND ND

NUP214 MN MN MN VN MN 2nd screen

FLJ39369 MN MN MN ND ND

AAAS MN MN MN ND ND

GNAZ ND ND ND MC ND

RAE1 MN MN ND ND ND

HAX1 ND ND ND MC MC

RANBP3 MN MN VN MN MN 2nd screen

JMJD1B MN MN MN MC MC

NUP155 ND MN MN MN MN

KIAA0007 ND ND ND ND MC

IPO13 ND ND ND ND MC

KIAA0133 MN MN MN ND ND

NUP93 ND ND ND ND MN

KIAA1161 ND ND ND MN ND

NUPL1 ND MN ND ND ND

LAP1B MN ND ND ND ND

POM121 ND ND ND ND MC

LBR ND MC VC ND ND

NUP153 MN MN MN ND ND

LEMD2 MN ND ND ND ND

RANBP9 VC MC VC VC ND

LOC163590 ND MN ND ND MN

NUTF2 MN ND ND MN MN

LOC375616 MN MN MN MN MN

NXF1 VC MC MC VC VC

MAN1 MN ND VN MN MN

IPO8 ND MC ND MC ND

MGC3162 MN ND ND ND MC

IPO7 MN MN ND ND ND

MGC33329 MN ND ND ND ND

NUP50 MN MN MN ND ND

MGC45780 MN MN MN MN MN

NUPL2 ND ND ND MN ND

NRM VC MC VC MC MC

XPOT MN ND MN MN ND

P15RS ND ND ND ND ND

DDX19 ND ND MN ND ND

PSFL ND ND ND ND ND

CASC3 ND ND ND ND MC

PTGDS ND ND ND ND MC

XPO7 VC VC VC ND MC

RTN4 ND ND ND ND MC

NUP205 MC MC VC MC MC

S100A6 ND ND ND MN ND

XPO6 ND ND ND ND ND

SLC25A22 ND MN MN ND ND

NUP210 ND ND ND ND ND

SLC39A14 ND ND MN ND MN

NUP160 ND ND ND ND ND

SP140 MC MC MC MC MC

NUP188 MN MN MN ND ND 2nd screen

SYNE1 ND ND ND ND ND

TNPO3 MN ND MN ND MN

SYNE2 MN MN MN ND ND

KPNA6 ND ND ND ND ND

TMPO ND ND ND ND ND

NUP62 MC MC MC MC MC

TREX1 ND ND ND ND MC

POM121L1 MN VN MN MN MN

UNC84B ND ND MC ND MC

RANBP6 VN MN MN MN MN 2nd screen

WDR33 ND ND ND ND ND

RANGNRF ND ND ND ND ND

UNC84A ND ND ND MC MC

NXT1 ND ND ND ND MC

RP13-15M17.2 ND ND ND ND ND

TNPO2 ND ND ND MC MC

IPO11 ND ND ND ND MC

NUP54 ND ND ND ND ND

IPO9 MN ND MN ND ND

NUP133 MC VC MC ND MC

NXF5 VN MN VN MN MN 2nd screen

NXF3 VN MN VN MN VN 2nd screen

NXF2 ND ND ND ND ND

EIF4ENIF1 MN MN ND MN MN

NUP107 MN MN MN ND ND

XPO5 ND ND ND ND ND

RANBP10 MN MN MN ND ND

XPO4 ND ND ND MC ND

RANBP17 VN MN MN MN MN 2nd screen

NUP37 ND ND ND ND ND

IPO4 MN MN MN MC MC

PCNT1 MN MN MN MN ND

SEC13L ND ND ND MN ND

RANBP2L1 MN MN ND ND ND 2nd screen

THOC3 MN MN MN MN MN 2nd screen

LOC129401 MC MC MC ND ND

NUP43 MN MN ND MC MC

Targets

Table 8-1: Result of the primary siRNA screen in human CAFs: controls and import-export 

library.  

N/A – not applicable, ND – no difference, MN – more nuclear, VN – very nuclear, MC – more 

cytoplasmic. Colour coding: grey – no difference, red – more cytoplasmic, light green – more nuclear, 

dark green – very nuclear. 
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Table 8-2: Result of the primary siRNA screen in human CAFs: molecular motor library. 
Repeat1 Repeat2 Repeat3 Repeat1 Repeat2

RAB5A MN MN MN MN MN

KIF9 MN MN MN ND ND

RAB5B ND ND ND ND ND

CENPE ND ND MN ND ND

RAB5C MC ND ND ND ND

KIF11 MC MC ND MC MC 2nd screen

RAB7 ND MC ND ND ND

KIF12 MN MN ND ND ND

MGC9726,RAB7B MN ND MN ND ND

KIF13A MN MN MN ND ND

RAB7L1 ND MN MN ND ND

KIF13B MN MN MN ND ND

RAB4A ND MN ND ND MN

KIF14 MN MN MN MN MN

RAB8A ND MN ND MN MN

KNSL7,KIF15 ND MN ND ND ND

RAB8B MN MN MN ND MN

KIF17 MN MN MN ND MN

RAB24 ND ND ND ND ND

KIF18A ND ND MN ND ND

ALS2 MC ND ND ND ND

FLJ37300 MN VN MN ND ND

RILP MN MN MN ND ND

KIF20A ND ND ND ND ND

OSBPL1A MC MC ND ND ND

KIF21A MN MN MN ND ND

BICD1 ND ND ND ND ND

KIF21B ND ND ND ND MC

BICD2 MN MN MN MN MN 2nd screen

KIF22 ND MN MN ND ND

KIDINS220 MN MN MN ND ND

KIF23 MN MN ND ND ND

MYH1 MN MN MN MC ND

KIF24 ND ND ND ND MC

MYH2 ND ND MN MN MN

KIF25 MN MN MN ND ND

MYH3 MN ND ND ND ND

KIF26A MN MN MN ND ND

MYH4 MN MN MN ND ND

FLJ10157 MN MN MN MC MC

MYH6 MN MN MN MN MN

KIF27 ND ND ND ND ND

MYH7 ND ND ND ND ND

KIFC1 ND ND MN ND ND

MYH7B ND ND ND MC MC

KIFC2 MN MN MN ND ND

MYH8 ND ND ND ND ND

KIFC3 MN ND ND ND ND

MYH9 MN MN MN ND MC

KNS2 = KLC1 MN MN MN VN VN 2nd screen

MYH10 MN ND MN ND ND

KLC2 ND ND ND ND ND

MYH11 ND MN ND ND ND

KLC2L MC MC ND MC MC

MYH11 ND ND ND ND ND

KNSL8 ND ND ND ND ND

MYH13 MN ND MN ND ND

FLJ32752 ND ND ND ND ND

MYH14 MN MN MN ND MC

FLJ40427 ND ND ND MC ND

KIAA1000 MN VN MN MN MN

FLJ46675 ND ND ND ND ND

MYO1A ND ND ND ND MN

DNCH1,DYNC1H1 ND ND ND ND ND

MYO1B MN ND ND ND MN

DNCI1 MN ND MN ND ND

MYO1C ND ND ND ND ND

DNCI2 MN MN MN MN MN

MYO1D ND ND ND ND ND

DNCLI1 MN ND MN MN MN

MYO1E ND ND ND MN ND

DNCLI2 MN MN MN ND ND

MYO1F MN ND ND ND ND

D2LIC MN ND ND ND MN

MYO1G MN MN MN ND MN

DNCL1 = DYNLL! MN MN MN MN MN 2nd screen

MYO3A ND ND ND ND ND

DLC2 MN MN ND ND MN

MYO3B ND ND ND ND ND

TCTEL1 MN MN MN ND ND

MYO5A ND ND MN ND ND

TCTE1L ND ND ND ND MN

MYO5B ND ND ND ND ND

DNCL2A ND ND MN ND ND

MYO5C MN MN MN ND ND

DNCL2B ND ND ND ND ND

MYO6 ND ND ND ND ND

DCTN1 MN MN MN ND ND

MYO7A ND ND ND ND ND

DCTN2 ND ND ND ND ND

MYO7B MN ND ND ND ND

DCTN3 MN ND MN ND ND

MYO9A MC MC MC MN MC

DCTN4 MN MN MN ND ND

MYO9B MN VN VN VN MN

MGC3248 ND VN VN ND ND

MYO10 ND ND ND ND ND

DCTN6 ND ND ND ND ND

MYO15A MN MN MN ND ND

C20ORF23 ND ND ND ND ND

MYO18A MN MN MN ND ND

C9ORF48 ND ND MN ND ND

MYO18B ND ND ND ND ND

LOC146909 MN ND MN ND ND

MYR8 ND ND ND ND ND

LOC645357 ND ND ND MN MN

MYL5 MN MN MN MN MN

LOC647083 VN VN VN VN VN

MYL6 ND ND ND ND ND

MPHOSPH1 ND ND MN ND ND

MYL6 ND MN ND ND ND

LOC200383 MN ND MN ND MN

MLC1SA MN ND ND ND ND

MYL7 ND ND ND ND ND

MYL9 ND ND ND ND ND

MRLC2 MC ND MN ND ND

MRCL3 ND ND ND ND MC

MYLC2PL MN MN MN ND ND

MYLIP MC ND ND ND ND

MYLK MN MN MN ND ND

MYLK2 ND ND ND ND ND

KIF1A ND ND ND ND ND

KIF1B ND MN ND MN MN 2nd screen

KIF1C ND ND ND MC ND

KIF2 ND ND ND ND ND

LOC84643,KIF2B MN MN MN ND ND

KIF2C ND MN ND ND ND 2nd screen

KIF3A ND ND ND ND ND

KIF3B ND ND ND ND ND

KIF3C ND ND ND MN MN

KIF4A MN MN MN MN MN

KIF5A MC MC ND ND MC

KIF5B ND ND MN ND ND

KIF5C ND ND ND ND ND

C6ORF102 ND ND ND ND ND

LOC374654 ND ND ND MN MN

Selected for 

secondary screen
Targets

T
a

rg
e

ts
 m

o
to

rs

VCAF8 VCAF4

N/A – not applicable, ND – no difference, MN – more 

nuclear, VN – very nuclear, MC – more cytoplasmic. 

Colour coding: grey – no difference, red – more 

cytoplasmic, light green – more nuclear, dark green – 

very nuclear. 
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