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Abstract……. 
 

The skin epidermis, a stratified squamous epithelium, is the main interface between 

the body and environment. A pool of resident progenitor keratinocytes continually 

renews this epithelium to maintain homeostasis in the face of constant physical, 

chemical and biological attacks. Furthermore, plasticity in the activity of these 

progenitor cells enables rapid wound healing to maintain barrier function. This 

flexibility is a double-edged sword, as many of the processes necessary for 

epithelial tissue repair are implicated in tumourigenesis. Indeed, epidermal 

carcinomas are the most common cancers worldwide, with incidence continuing to 

rise. The molecular mechanisms regulating epidermal progenitor cell fate, wound 

healing and tumour formation are not well understood. In this thesis, I highlight the 

central role of the transcriptional regulator YAP in these processes. I show that in 

normal skin, YAP is nuclear and transcriptionally active in basal layer progenitor 

cells and that this depends on contact with the basement membrane and 

consequent integrin-Src signalling. Thus, YAP couples progenitor cell adhesion to 

the basal extracellular matrix with the expression of genes involved in epidermal 

cell proliferation and hence skin renewal. I also show that nuclear YAP is elevated 

at the margin of healing wounds, where it stimulates proliferation; in the absence of 

YAP and its paralogue TAZ, cutaneous wound healing is impaired.  However, 

pathological activation of YAP causes hyperproliferation of these basal layer cells, 

which can result in epidermal hyperplasia and squamous cell carcinoma (SCC). 

Indeed, YAP is widely expressed in human SCCs and overexpression of YAP 

drives SCC in mice. SCC can sometimes progress to a malignant metastatic 

subtype, characterised by atypical spindle-shaped mesenchymal cells, known as 

spindle cell SCC (spSCC). I find that whilst human spSCC is characterised by 

strongly nuclear YAP, epidermal-specific overexpression of activated YAP (NLS-

YAP-5SA) in mice does not always cause spSCC, suggesting that another factor 

could be at play. It is thought that spSCC formation involves an epithelial-

mesenchymal transition (EMT), but the molecular mechanism is not understood. I 

noted that whilst SCCs can arise randomly throughout the skin, spSCCs develop at 

scratch wound sites. I report that EMT transcription factor ZEB1 is widely 

expressed in human and murine spSCCs, but not in SCCs. During normal wound 
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healing YAP induces transient ZEB1 expression, whereas in the presence of 

constitutively active YAP, ZEB1 expression is sustained and a YAP-ZEB1 positive 

feedback loop drives spSCC formation.  I propose that YAP synergises with the 

wound healing response to promote ZEB1-mediated EMT and metaplastic 

transformation of SCC to spSCC. Thus, YAP provides a link between epithelial 

damage and tissue repair, which can be hijacked by cancer. This could explain why 

spSCCs are so frequently associated with skin damage from trauma or UV 

radiation.  

 

Highlights 
Basal Integrin-Src signalling promotes nuclear YAP localisation in keratinocytes in 

vivo 

 

YAP subcellular localisation across epithelia is regulated by antagonism between 

apical and basal signals  

 

YAP synergises with the wound healing response to drive metastatic progression of 

squamous cell carcinoma to spindle cell squamous cell carcinoma via a ZEB1-

mediated EMT  
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Impact Statement 
 

The skin epidermis constitutes the outermost barrier between the body and 

external environment, providing protection against pathogens, radiation, abrasion 

and dehydration. The epidermis is continually renewed by a pool of stem/progenitor 

cells to maintain homeostasis. These progenitor cells are also crucial to heal 

wounds. However, their deregulation can lead to tumourigenesis. Epidermal 

carcinomas are the most common cancers worldwide, with incidence rising with 

increased UV exposure. Understanding the molecular mechanisms regulating the 

progenitor cells could help to develop better cancer therapies, as well as 

regenerative treatments. In my thesis, I show that the transcriptional regulator YAP 

is implicated in both epidermal wound healing and tumourigenesis. This suggests 

that YAP and/or its regulators could be exploited in regenerative medicine and 

targeted in tumour therapies.  
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Chapter 1. Introduction 

1.1. Overview 
 

The word “tissue” is derived from the French verb “tisser”, meaning woven 

together. How do metazoa organize cells into biological tissues with such 

complexity and diversity in shapes and sizes? In his seminal work “On Growth and 

Form”, D’arcy Thompson proposed that shapes and patterns of biological 

structures were self-organising and determined by physical forces (Thompson 

1917). Whilst Thompson did not predict the molecular determinants that were 

discovered over the following hundred years, his notions of tissue mechanics and 

self-assembly remain remarkably relevant.  

 

The mechanisms governing tissue genesis and homeostasis are incredibly robust. 

Organ form is ultimately the sum of cell growth, proliferation, death and migration 

spatially and temporally coordinated at the tissue level. Even when these 

processes are significantly perturbed during development, tissues grow to the 

correct size. Furthermore, many tissues are able to regenerate following damage. 

How are cells able to sense where they are in a tissue as well as overall tissue 

architecture and integrity and then decide whether to divide or differentiate? The 

YAP/TAZ family of transcriptional co-activators have emerged as key regulators of 

tissue growth. Multiple biochemical, mechanical and polarity cues are known to 

converge on YAP/TAZ to direct changes in the transcription of pro-proliferative 

genes. However, the molecular mechanisms regulating YAP/TAZ are not fully 

understood. 

 

The skin is the largest organ in the body. Cells lost from the surface are 

continuously replenished by self-renewal of epidermal stem cells to maintain intact 

barrier function. In this thesis, I sought to better understand how YAP/TAZ sense 

and direct changes in mammalian skin epidermis growth and integrity. Is the skin’s 

remarkable ability to heal wounds related to the fact that epidermal carcinomas are 

the most common human cancers? I begin this chapter by introducing the biology 

of epithelia, the archetypal and evolutionarily oldest organized tissue. Next, I 
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discuss YAP/TAZ as essential regulators of epithelial tissue growth. I then describe 

how mammalian skin epidermis is an ideal model in which to study these proteins. 

Finally, I introduce Dvorak’s notion of cancer as “the wound that never heals” and 

how flexibility in epithelial tissue growth essential for homeostasis and regeneration 

can be co-opted in tumourigensis.  

 

 

1.2.  Introduction to epithelia 
 

Epithelia are continuous sheets of tightly connected cells lining body surfaces, 

cavities and organs, constituting a protective and selective dynamic barrier 

between an organism’s interior and exterior. The epithelium was likely the first 

organized multicellular tissue to emerge in evolution and is considered a hallmark 

of metazoa. Recent studies show that epithelial structures predate metazoa, with 

the finding of a non-cadherin polarised epithelium in the Amoebozian Dictyostelium 

discoideum (slime mould) (Dickinson, Nelson et al. 2011, Weis, Nelson et al. 2013). 

This pre-metazoan organism switches between a unicellular and multicellular 

existence, developing a single-cell tubular epithelium with apical sides of 

constituent junctionally-bound cells facing the lumen. By enabling the separation of 

a controlled internal milieu from the external environment, and later the functional 

compartmentalisation of body regions, epithelia enabled the evolution of complex 

multicellularity.  

 

Life depends on the highly selective and directional exchange of molecules 

between cells and their environment. Over 150 years ago, Emil Du Bois-Reymond 

reported that a spontaneous electrical potential arose between two salt solutions 

separated by frog skin (Du Bois-Reymond 1848–1884). This notion of biological 

asymmetry is now widely established as polarity. In multicellular organisms 

coordinated organization of cellular asymmetry builds polarized epithelial tissues 

essential for specialised organ architecture and function. Whilst most eukaryotic 

cells are polarized, i.e. display structural and functional asymmetry, the polarity of 

an epithelial cell depends on its assimilation into the epithelium. Epithelial cells are 

tightly connected to their neighbours and to the underlying matrix, organised to 

form sheets of aligned polarities with distinct apical and basal surfaces. The apical 
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plasma membrane domain faces towards the external environment or luminal 

space whilst the basolateral surfaces contact adjacent cells and an underlying 

basal lamina. This coordinated sheet polarity is essential for barrier function and 

vectorial transport, as well as other specialised epithelial functions such as 

secretion. Cell-cell and cell-matrix adhesions and cell polarity are intimately linked; 

cells that lose adhesion usually lose their apicobasal polarity.  

 

The epithelium is the first tissue to arise during embryogenesis and is considered 

the transcriptional default (Bryant and Mostov 2008). The other major animal 

tissue, mesenchyme, arises from epithelia by repression of the transcriptional 

program driving epithelial differentiation in a so-called “epithelial mesenchymal 

transition” (Frisch 1997, Tyler 2003). Mesenchyme is comprised of cells with a 

front-rear axis of polarity, of unaligned orientation, in contrast to the aligned polarity 

and defined tissue architecture of epithelia. In reality, the distinction between 

epithelia and mesenchyme is less black and white, with various reversible in-

between phases. Conserved mechanisms regulating the interactions and 

transitions between epithelia and mesenchyme are used iteratively to build all 

organs of diverse functional and morphological complexity seen in the animal 

kingdom. 

 

The third key structural feature of epithelial cells (aforementioned cell polarity and 

tight cell-cell adhesions being the first two) is the ability to orient the mitotic spindle. 

Symmetric divisions in the same plane of the sheet expand and maintain 

monolayers whilst asymmetric divisions give rise to different cell fates. Stratified 

epithelia form from simple epithelia by cell divisions perpendicular to the sheet. 

Thus, cell divisions along defined axes generate and maintain diverse and complex 

epithelial structures. Epithelial sheets exhibit a remarkable diversity of shapes. 

Sheets can comprise single or multiple layers, three-dimensional structures such 

as cysts or invaginations and adnexa such as glands or hair follicles. The three key 

structural features mentioned above are integral to the function of epithelia and 

their deregulation results in disruption of tissue architecture associated with 

tumourigenesis.  
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Epithelia are actively renewing tissues, with populations of rapidly dividing stem 

cells replenishing those constantly sheared off. For example, the rapid turnover of 

the human intestinal epithelium (differentiated cells renew every 4-5 days) 

maintains the tissue integrity in the face of constant wear and tear. Interfollicular 

epidermis of the skin renews roughly every four weeks. In addition, resident 

epithelial stem cells can increase their proliferative rate to repair tissue after injury 

(Crosnier, Stamataki et al. 2006, Vrana, Lavalle et al. 2013). Whilst stem cells 

endow epithelia with a remarkable plasticity, aberrant activation of pathways 

essential for development, homeostasis and regeneration can result in pathological 

conditions including tumourigensis. Indeed, 90% of all malignancies originate in 

epithelial tissues (Beyer, Weiss et al. 2013). The molecular mechanisms governing 

epithelial tissue growth control are not fully clear. Understanding the signals 

regulating the proliferation of epithelial cells has important implications for 

regenerative medicine and cancer treatments.  

 

In summary, epithelial cells integrate biochemical and mechanical cues from 

apicobasal polarity, cell-cell contacts, cell-extracellular matrix (ECM) contacts and 

diffusible factors to know “who” and “where” they are within a tissue, as well as 

overall tissue integrity. These intrinsic and extrinsic signals converge to direct 

changes in gene expression that determine cell fate. The YAP/TAZ family of 

transcriptional co-activators have recently emerged as crucial sensors of tissue and 

cellular information regulating epithelial growth. In the next section, I introduce what 

is known about YAP/TAZ function and regulation in epithelial tissues. I then focus 

on their role in the context of the epidermis.   

 

1.3.   YAP/TAZ as regulators of epithelial growth 
  
Although YAP and TAZ were discovered over 20 years ago, interest in these 

proteins only exploded when their sole Drosophila homolog Yorkie was identified 

as the downstream effector of the Hippo tumour suppressor pathway (Sudol 1994, 

Yagi, Chen et al. 1999, Kanai, Marignani et al. 2000, Huang, Wu et al. 2005). Since 

then, paralogues Yes-associated protein (YAP) and transcriptional co-activator with 

PDZ-binding motif (TAZ) have emerged as key regulators of tissue growth. 

YAP/TAZ play essential physiological roles in embryonic development, tissue 
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homeostasis and regeneration by modulating the expression of genes involved in 

cell proliferation, stemness, differentiation and survival. Their deregulation has 

been implicated in a range of pathological conditions including carcinogenesis. 

 

1.3.1.  Discovery and the core Hippo pathway 
 

It is well established that within a species, humoral factors such as nutrients or 

hormones influence organ and global body size. For example, starved Drosophila 

larvae develop into smaller but perfectly proportioned adult flies. Nutrient 

deficiencies stunt organ growth via Target of Rapamycin (TOR) signalling in what is 

known as “organ extrinsic” size control (Edgar 2006, Grewal 2009, Hietakangas 

and Cohen 2009). Almost 100 years ago, Ross Harrison’s classical salamander 

limb bud transplantation experiments suggested that a combination of extrinsic and 

intrinsic mechanisms control tissue size (Harrison 1924). Since then, it has been 

reported that mice foetal organs transplanted into adult mice and Drosophila 

imaginal discs transplanted into adult flies grow to their correct adult size (Metcalf 

1963, Dittmer, Goss et al. 1974, Silber 1976, Bryant and Simpson 1984). Complete 

regeneration of rat liver after a two-thirds hepatectomy hinted that the organ-

autonomous size sensing mechanism involved in development could also be 

activated during tissue repair (Michalopoulos and DeFrances 1997). The YAP/TAZ 

transcriptional co-activators and upstream Hippo pathway are now well established 

as crucial regulators of developmental and regenerative tissue growth in many 

tissues.  

 

Components of the Hippo pathway were first characterised in a series of genetic 

mosaic screens in Drosophila for genes controlling organ size (Xu, Wang et al. 

1995, Tapon, Harvey et al. 2002, Harvey, Pfleger et al. 2003, Udan, Kango-Singh 

et al. 2003, Wu, Huang et al. 2003, Lai, Wei et al. 2005, Harvey and Tapon 2007, 

Zhao, Li et al. 2010, Halder and Johnson 2011). The pathway was subsequently 

found to be highly evolutionarily conserved, with Hippo component human 

orthologues able to rescue loss-of-function phenotypes in Drosophila (Tao, Zhang 

et al. 1999, Wu, Huang et al. 2003, Lai, Wei et al. 2005). A yeast two-hybrid screen 

later identified Yorkie as the major effector of the Hippo pathway and homologue of 

human YAP (Huang, Wu et al. 2005). When unrestrained by Hippo signalling, 
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Yorkie induces the transcription of target genes involved in cell proliferation and 

evasion of apoptosis such as diap1, cyclin E, and bantam microRNA (Edgar 2006, 

Nolo, Morrison et al. 2006, Thompson and Cohen 2006). Loss-of-function 

mutations in Yorkie result in tissue atrophy whilst tissues overexpressing Yorkie 

exhibit massive overgrowth. Significantly, mammalian YAP was able to rescue the 

phenotype of mutant Yorkie (Wu, Liu et al. 2008, Zhang, Ren et al. 2008, Zhao, Ye 

et al. 2008). Similarly, mutation of Hippo pathway components or overexpression of 

YAP in adult mice liver resulted in a three-to-fourfold increase in liver mass. This 

increase in mass was found to be a result of increased cell numbers (Camargo, 

Gokhale et al. 2007, Dong, Feldmann et al. 2007, Zhou, Conrad et al. 2009, Lu, Li 

et al. 2010).  

 

The canonical Hippo pathway comprises a core serine/threonine kinase module 

that culminates in the phosphorylation and inactivation of Yorkie/YAP/TAZ. In 

mammals, mammalian sterile 20-like (MST1/2) kinase, in complex with adaptor 

Salvador homologue 1 (SAV1), phosphorylates large tumour suppressor 

(LATS1/2), which together with activator protein Mps one binder (MOB1) directly 

phosphorylates YAP/TAZ on multiple serine residues. LATS1/2 also directly 

interacts with NF2/Merlin, which promotes LATS1/2 phosphorylation by MST1/2 

(Yin, Yu et al. 2013). This facilitates subsequent autophosphorylation, activation 

and phosphorylation of YAP/TAZ (Chan, Nousiainen et al. 2005, Zhao, Wei et al. 

2007). LATS1/2 can also be phosphorylated and activated by MAP4Ks (mitogen 

activated protein kinase kinase kinase kinase) (Meng, Moroishi et al. 2015, Zheng, 

Wang et al. 2015). LATS1/2-phosphorylated YAP/TAZ is marked for ubiquitin-

mediated degradation (Zhao, Ye et al. 2008) or sequestered in the cytoplasm by 

binding to 14-3-3 proteins (Fig. 1.1) (Zhao, Wei et al. 2007, Lei, Zhang et al. 2008). 

Thus, when the Hippo pathway is on, YAP/TAZ is prevented from accessing the 

nucleus and activating the transcription of pro-proliferative and anti-apoptotic 

genes. In reality, YAP/TAZ regulation is likely far more dynamic than an “on/off” 

binary. YAP/TAZ rapidly travels between the cytoplasm and nucleus, with 

phosphorylation status determining time bound to cytoplasmic versus nuclear 

factors (Vassilev, Kaneko et al. 2001, Zhao, Wei et al. 2007, Zhang, Ren et al. 

2008). 
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Figure 1.1. Schematic of YAP/TAZ regulation by the core Hippo kinase pathway. 
When the Hippo pathway is on, YAP/TAZ serine phosphorylation by LATS1/2 results in its 
degradation or cytoplasmic sequestration, excluding YAP/TAZ from the nucleus. When the 
Hippo pathway is off, YAP/TAZ is able to translocate into the nucleus, where they can 
interact with TEAD or other transcription factors to promote target gene expression. 
 

1.3.2.  YAP/TAZ structure and function  
 

YAP (also known as YAP1 or YAP65) was initially identified in chicken as a proline-

rich phosphoprotein bound to the SH3 domain of non-receptor tyrosine kinase Yes 

(Sudol 1994). First characterised as a 14-3-3 binding protein, TAZ is a YAP 

paralogue sharing ~50% amino acid sequence identity (Kanai, Marignani et al. 

2000). YAP and TAZ proteins have a similar topology and domain organization, 

each comprising a TEAD-binding domain, a WW-domain, a transactivation domain 

and a C-terminal PDZ-binding domain (Fig. 1.2). In addition, YAP has an N-

terminal proline-rich region, a second WW-domain and an SH3-binding motif.  
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Figure 1.2.  Schematic depiction of YAP and TAZ domain organization, 
phosphorylation sites and known interactors. Both YAP and TAZ have a TEAD binding 
domain, a WW domain (a domain with two tryptophan residues), a transactivation domain 
and a C-terminal PDZ-binding motif. In addition, YAP has an N-terminal proline-rich 
domain, a second WW domain (though this differs between the 8 YAP isoforms), and an 
SH3-binding domain. Inhibitory serine phosphorylation sites are shown in red whilst the 
activatory tyrosine phosphorylation site by Yes non-receptor tyrosine kinases is indicated in 
black. The LATS1/2 phosphorylation sites are indicated (five in YAP, four in TAZ), with the 
major site numbered. Published interactors are shown in grey below the corresponding 
domain. 
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LATS1/2 can phosphorylate YAP at five serine residues defined by the HXRXXS 

motif. TAZ has four such sites (Zhao, Li et al. 2010). LATS-phosphorylation of YAP 

and TAZ (particularly S127 and S89, respectively) promotes binding to 14-3-3 

proteins and cytoplasmic sequestration YAP phosphorylation and binding to 14-3-3 

is abolished by mutation of serine127 to alanine (S127A) (Zhao, Wei et al. 2007, 

Lei, Zhang et al. 2008). YAP S127A is still able to bind to TEAD and has normal 

transactivation activity. Thus, YAP S127A and YAP5SA (all five serines mutated to 

alanine) are useful mutants to study the effects of increased YAP nuclear 

localisation. In addition to stimulating their cytoplasmic localization, LATS1/2-

phosphorylation imparts further inhibitory control of YAP/TAZ by reducing their 

stability. Phosphorylation of a serine residue in the C-terminal phosphodegron 

primes YAP/TAZ for casein kinase 1 (CK1) phosphorylation, recruitment of the 

SCFβ-TrCP lE3 ubiquitin ligase, ubiquitination and ultimately proteosomal 

degradation (Zhao, Li et al. 2010).  

 

YAP/TAZ localization can also be influenced by interaction with various other 

proteins via distinct domains. The YAP/TAZ PDZ-binding motif binds the PDZ 

domains of many proteins, such as junctional protein ZO-2 which complexes with 

YAP to promote nuclear translocation (Oka and Sudol 2009, Remue, Meerschaert 

et al. 2010). Direct interaction between YAP/TAZ WW domains and PPXY motifs 

on PTPN14, LATS1/2 and angiomotin family of proteins (AMOTs) result in 

sequestration in the cytoplasm or junctional complexes (Zhao, Li et al. 2011, Liu, 

Yang et al. 2013). In addition, AMOTs can bind to LATS1/2 and YAP, promoting 

LATS1/2 autophosphorylation and subsequent phosphorylation of YAP (Mana-

Capelli and McCollum 2018). Further layers of YAP/TAZ regulation are exerted by 

the cellular concentration and phosphorylation states of various scaffold proteins. 

For example, phosphorylation of AMOT at Serine 176 promotes the formation of a 

complex with YAP with tight junction proteins PALS and E-cadherin at the plasma 

membrane, whilst hypophosphorylated AMOT can accompany YAP into the 

nucleus (Moleirinho, Hoxha et al. 2017). Thus, the sum of a complex combination 

of posttranslational modifications and protein-protein interactions dictate YAP/TAZ 

stability and subcellular localization. 
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YAP/TAZ are transcriptional co-activators and as such lack a DNA-binding domain. 

When unrestrained by Hippo signalling, YAP/TAZ can accumulate in the nucleus 

where they interact with several transcription factors. TEA domain family 1-4 

(TEAD1-4) were isolated as the main transcription factors bound by YAP/TAZ in 

mass spectrometry and ChIP experiments from various tissues (Zhao, Ye et al. 

2008). YAP/TAZ in complex with TEAD drive the transcription of target genes 

involved in cell proliferation and survival (Lei, Zhang et al. 2008). Point mutations in 

the N-terminal TEAD-binding domain abolished YAP/TAZ overexpression 

phenotypes, highlighting the importance of TEAD interaction in YAP/TAZ function. 

(Vassilev, Kaneko et al. 2001, Ota and Sasaki 2008, Zhang, Ren et al. 2008, Chan, 

Lim et al. 2009, Zhao, Kim et al. 2009, Tian, Yu et al. 2010). Furthermore, a mouse 

model with a knock-in mutant YAP unable to bind with TEAD exhibited skin 

phenotypes reminiscent of YAP knockout mice (Schlegelmilch, Mohseni et al. 

2011). 

 

In addition to interacting with TEADs, YAP/TAZ can directly interact via their WW 

domains with PPXY motif-containing transcription factors such as Smads, 

RUNX1/2 and p73 (Fig. 1.2) (Yagi, Chen et al. 1999, Strano, Munarriz et al. 2001, 

Ferrigno, Lallemand et al. 2002, Zaidi, Sullivan et al. 2004, Varelas, Sakuma et al. 

2008, Alarcon, Zaromytidou et al. 2009, Zhang, Liu et al. 2009, Varelas, 

Samavarchi-Tehrani et al. 2010, Grannas, Arngarden et al. 2015). By cooperatively 

binding with an array of factors, YAP/TAZ regulate specific cellular context-

dependent transcriptional programs (Alarcon, Zaromytidou et al. 2009, Azzolin, 

Panciera et al. 2014). 
 
Although YAP and TAZ share many transcription factor partners and target genes, 

there are some important differences. YAP knockout mice are embryonic lethal 

whilst TAZ knockout animals have renal defects but are viable (Morin-Kensicki, 

Boone et al. 2006, Hossain, Ali et al. 2007, Makita, Uchijima et al. 2008). 

Furthermore, in many tissues the YAP or TAZ knockout phenotype cannot be 

rescued by expression of the other (Hong, Hwang et al. 2005, Chan, Lim et al. 

2008, Varelas, Sakuma et al. 2008, Zhao, Ye et al. 2008). This could be due to 

YAP and TAZ inducing different targets via interaction with different transcription 

factors or to differential regulation of YAP and TAZ proteins. 
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Whilst characterisation of targets in all tissues is incomplete, genome-wide 

analyses in vitro and in vivo have identified a YAP/TAZ transcriptional signature 

commonly used as a read-out for their activity. These include genes involved in cell 

proliferation and anti-apoptosis such as CTGF, CYR61, ANKRD1, BIRC5, AXL 

(Dong, Feldmann et al. 2007, Cordenonsi, Zanconato et al. 2011, Dupont, Morsut 

et al. 2011, von Gise, Lin et al. 2012, Calvo, Ege et al. 2013). However, the 

mechanism of YAP/TAZ transcriptional activation is not fully understood. ChIP data 

in Drosophila found that Yorkie physically interacts with the SWI/SNF complex 

component Brahma (Oh, Slattery et al. 2013). Other studies have since shown that 

Yorkie/TAP/TAZ recruit and directly interact with the SWI/SNF complex, GAGA 

factor, Mediator complex and NuRD complex (Bayarmagnai, Nicolay et al. 2012, 

Beyer, van Rensburg et al. 2013, Beyer, Weiss et al. 2013, Jin, Xu et al. 2013, Oh, 

Slattery et al. 2013, Qing, Yin et al. 2014, Skibinski, Breindel et al. 2014, Kim, Kim 

et al. 2015, Zhu, Li et al. 2015, Song, Herranz et al. 2017). Thus, an important 

mechanism of transcriptional activation by YAP/TAZ involves association with 

chromatin remodelling complexes and alteration of chromatin structure to enhance 

accessibility and transcription activity. 

 

1.3.3.  Regulation of YAP/TAZ activity 
 

Whilst YAP/TAZ regulate gene transcription, relatively little is known about the 

transcriptional regulation of YAP/TAZ themselves. One study showed that YAP was 

transcriptionally downregulated during oxidative stress via direct binding of GABP 

to the YAP promoter (Wu, Xiao et al. 2013). Another found that YAP was 

transcriptionally upregulated in medulloblastoma (Fernandez, Northcott et al. 

2009). However, the overwhelming majority of the literature on YAP/TAZ regulation 

highlights post-translational modifications and interaction with other proteins. As 

discussed above, YAP/TAZ have no nuclear localisation signal (NLS) and their 

activity is largely regulated by phosphorylation. The sum of multiple 

posttranslational modifications modulates the affinity of YAP/TAZ to various 

proteins to influence their stability, subcellular localisation, and transcription factor 

binding partners. Unlike most classical signalling pathways, Hippo/YAP/TAZ does 

not have a dedicated pathway ligand and receptor. YAP/TAZ activity has been 
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shown to be sensitive to contact inhibition of proliferation, cell-extracellular matrix 

contacts, cell polarity, force, cell metabolic status, tissue damage, as well as cross-

talk with various other signalling pathways, including BMPs, GPCRs, Wnt, Notch, 

and Hedgehog. For simplicity, I divide some of the known upstream signals 

regulating YAP/TAZ into the following sections: 2.3.1 cell-cell adhesion, 2.3.2 

apicobasal polarity, 2.3.3 cell-extracellular matrix interactions, 2.3.4 

mechanotransduction and the actin cytoskeleton, 2.3.5 extracellular signalling 

molecules.  

 

1.3.3.1. Cell-cell adhesion 

 
LATS1/2-YAP/TAZ signalling has been shown to play an important role in cell-cell 

contact inhibition of proliferation. In mammalian cells cultured at high cell density, 

YAP is chiefly localised in the cytoplasm and exists in its phospho-YAPS127 state. 

Cell density-induced quiescence in post-confluent cells can be overcome by 

LATS1/2 knockdown or YAP overexpression, which both result in increased 

unphosphorylated nuclear YAP (Zhao, Wei et al. 2007, Aragona, Panciera et al. 

2013). This was shown to be TEAD-dependent. Thus LATS1/2-phosphorylation of 

YAP/TAZ represents one mechanism of contact inhibition of proliferation. Control of 

YAP-TEAD activity by contact inhibition has also been found to play a key role in 

development (Ota and Sasaki 2008, Nishioka, Inoue et al. 2009, Gumbiner and 

Kim 2014). YAP was nuclear in the peripheral cells of mouse blastocysts and 

cytoplasmic in inner layer cells which have more cell neighbours (Nishioka, Inoue 

et al. 2009). How does YAP/TAZ sense cell density?  

 

Adherens junctions and tight junctions are strong intercellular adhesions crucial for 

epithelial integrity and barrier function. They are also essential for specifying and 

maintaining epithelial cell polarity, which is known to affect Hippo signalling 

(discussed in more detail in 2.3.2). Adherens and tight junctions comprise a 

transmembrane protein in complex with scaffold proteins bearing protein motifs 

capable of interacting with cytoplasmic proteins and neighbouring cell junctions. 

Treatment with E-cadherin (a major component of adherens junctions)-coated 

beads significantly reduced the proliferation of sparse cultured cells, whilst loss of 

some adherens junction components resulted in hyperproliferation and 
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tumourigenesis in mice (Vasioukhin, Bauer et al. 2001, Kobielak and Fuchs 2006, 

Lien, Klezovitch et al. 2006, Perez-Moreno, Davis et al. 2006, Perrais, Chen et al. 

2007). E-cadherin-mediated restriction of proliferation was supressed by LATS1/2 

knockdown or YAP overexpression. These data suggest that cells perceive their 

density via cell-cell adhesions, and that LATS1/2-YAP signalling transduce this 

information into changes in expression of genes involved in proliferation. Indeed, 

many Hippo pathway components localise at cell-cell junctions (Fig. 1.3) (Varelas, 

Samavarchi-Tehrani et al. 2010, Kim, Koh et al. 2011, Schlegelmilch, Mohseni et 

al. 2011, Silvis, Kreger et al. 2011, Yang, Graves et al. 2015).  

 

Adherens junctions are calcium-dependent cell-cell adhesion complexes 

comprising cadherin, which link the cytoskeleton of neighbouring cells via 

associated catenins. In epithelia, homophilic interactions form between the 

extracellular domains of transmembrane protein E-cadherin. α/β-catenin interact 

with the cytoplasmic domains of E-cadherin and with the actin cytoskeleton, 

mechanically coupling adjacent cells (Liu, Tan et al. 2010, Collinet and Lecuit 2013) 

(I discuss mechanotransduction via cell-cell junctions in section 2.3.4) Disruption of 

adherens junctions induces YAP/TAZ nuclear localisation. The exact in vivo 

mechanism is not fully understood and may vary with tissue type. However, studies 

point to both LATS-dependent and independent adherens junction regulation of 

YAP/TAZ localisation (Varelas, Samavarchi-Tehrani et al. 2010, Kim, Koh et al. 

2011, Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et al. 2011, Herr, Tsang et 

al. 2014). In human breast cells, E-cadherin-mediated contact inhibition and 

nuclear localization of YAP was dependent on α-catenin, β-catenin, as well as 

Hippo components Merlin, Kibra and LATS1/2 (Kim, Koh et al. 2011). Other groups 

found that under conditions of high cell density α-catenin stabilised the interaction 

of YAP with 14-3-3, thereby retaining YAP in the cytoplasm and inhibiting its 

dephosphorylation by protein phosphatase 2A (PP2A) (Schlegelmilch, Mohseni et 

al. 2011, Silvis, Kreger et al. 2011). In Drosophila and mammalian cells, tumour 

suppressor Merlin/NF2 predominantly localised to adherens junctions of confluent 

epithelial cells via α-catenin (Gladden, Hebert et al. 2010). Here, it functions as a 

scaffold, recruiting LATS1/2 to the cell membrane which promotes its 

phosphorylation by MST1/2 (Yin, Yu et al. 2013, Meng, Moroishi et al. 2016). 

Another adherens junction component, PTPN14, was found to bind directly to YAP 
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by its PPXY motif, resulting in nuclear exclusion (Wang, Huang et al. 2012, Liu, 

Yang et al. 2013, Michaloglou, Lehmann et al. 2013). YAP/TAZ is also sequestered 

in the cytoplasm by incorporation into the β-catenin destruction complex. 

Interestingly, mutant α-catenin unable to bind to E-cadherin could still form a 

cytoplasmic complex with YAP and hinder cell proliferation (Azzolin, Panciera et al. 

2014). Thus, adherens junction components may function in the regulation of 

YAP/TAZ even when not associated with junctions. 

 

Tight junctions are cell-cell adhesion complexes localised more apically than 

adherens junctions, forming a boundary between the apical and basal membrane 

domains by blocking lateral diffusion of integral membrane proteins. These 

multiprotein junctional complexes form a tight belt-like seal between adjacent cells 

and are essential for maintaining cell polarity, epithelial tissue integrity and 

regulating paracellular transport (Shin, Fogg et al. 2006, Balda and Matter 2008). 

Tight junction associated angiomotin (AMOT) proteins have been shown to 

negatively regulate YAP/TAZ. Direct binding of the YAP WW domain by AMOT 

PPXY motif resulted in localisation of YAP to the tight junctions and facilitated 

phosphorylation by LATS1/2 (Wells, Fawcett et al. 2006, Chan, Lim et al. 2011, 

Paramasivam, Sarkeshik et al. 2011, Wang, Huang et al. 2011, Zhao, Li et al. 

2011). Conversely, tight junction protein ZO-2 was found to promote YAP nuclear 

localisation. ZO-2 interacts via its PDZ domain with the PDZ-binding motif of YAP 

to form a complex carrying YAP into the nucleus (Oka, Remue et al. 2010).  

 
1.3.3.2.  Apicobasal polarity  
 
As mentioned above, cell-cell adhesion and apicobasal polarity are intimately 

linked. Disruption of cell junctions usually results in loss of cell polarity and vice 

versa (Wang, Ojakian et al. 1990, O'Brien, Zegers et al. 2002). Furthermore, 

multiple apicobasal polarity determinants associate with cell-cell junction 

complexes. Consequently, it can be difficult to separate the regulatory effects of 

adhesion and polarity on YAP/TAZ. However, various polarity determinants are 

known to directly regulate Hippo pathway components. Apicobasal polarity 

determinants, including the Crumbs complex, the aPKC-Par6-Par3 complex, and 

the basolateral Scribble complex have been reported to associate with and 
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facilitate activation of core Hippo kinases in Drosophila and mammalian cells 

(Chen, Gajewski et al. 2010, Grzeschik, Parsons et al. 2010, Varelas, Samavarchi-

Tehrani et al. 2010, Chen, Schroeder et al. 2012, Hirate, Hirahara et al. 2013). 

Generally, apicobasal polarity proteins are thought to inhibit Yorkie/YAP/TAZ 

activity by regulating the spatial organization of Hippo pathway components. 

 

FERM domain family proteins Merlin (Drosophila homologue of NF2) and 

Expanded form a complex with WW domain-containing protein Kibra at the apical 

plasma membrane. Here, the Mer/Ex/Kibra complex recruits and cooperatively 

activates Warts/LATS by facilitating its phosphorylation by Hippo/MST at the apical 

membrane (Fig 3) (Baumgartner, Poernbacher et al. 2010, Genevet, Wehr et al. 

2010, Ho, Wei et al. 2010, Yu, Zheng et al. 2010, Yin, Yu et al. 2013). This 

promotion of kinase activation by recruitment of Hippo components at the apical 

compartment appears to be largely conserved in mammals (Benhamouche, Curto 

et al. 2010, Yin, Yu et al. 2013).  

 

The evolutionarily conserved transmembrane protein Crumbs forms a complex with 

various proteins at apical junctions to establish and maintain the apical plasma 

domain of epithelial cells (Bazellieres, Assemat et al. 2009, Pocha and Knust 

2013). Mammalian CRB3 accumulates at tight junctions, where it recruits and 

forms complexes with upstream Hippo components including AMOT, NF2, Kibra 

and FRMD6 (Wells, Fawcett et al. 2006, Chen, Gajewski et al. 2010, Ling, Zheng et 

al. 2010, Varelas, Samavarchi-Tehrani et al. 2010). AMOT can inhibit YAP by direct 

binding and retention at tight junctions and/or facilitating LATS-mediated 

phosphorylation of YAP in an NF2-dependent recruitment to the plasma membrane 

(Chen, Gajewski et al. 2010, Ling, Zheng et al. 2010, Varelas, Samavarchi-Tehrani 

et al. 2010, Robinson and Moberg 2011, Yi, Troutman et al. 2011, Li, Zhou et al. 

2015). The literature suggest that CRB3 does not directly activate LATS1/2 kinase 

activity. Rather, by assembling multiprotein complexes at apical junctions, CRB3 

favours the LATS1/2-YAP interaction and subsequent phosphorylation and 

inactivation of YAP (Fig. 1.3). Recent work has confirmed the requirement of apical 

CRB3 in the bronchiole epithelium to restrain YAP activity in an NF2- and LATS1/2-

dependent manner in order to induce cell differentiation (Szymaniak, Mahoney et 

al. 2015).  
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1.3.3.3.  Cell-extracellular matrix interactions 
 
Far from a static scaffold structure, the extracellular matrix (ECM) is now 

understood to be a complex and dynamic network of secreted macromolecules 

including fibrous and glycosylated proteins. In epithelia, the ECM is essential for 

specifying the basal surface and maintaining apicobasal polarity. Cell-ECM 

interactions also play crucial roles in multiple cellular processes such as 

proliferation, differentiation and migration (Bosman and Stamenkovic 2003, 

Morrissey and Sherwood 2015). Specific cell adhesion receptors convey 

biochemical and mechanical signals from the ECM to intracellular signal 

transduction pathways and to the actin cytoskeleton. Studies found that cell 

detachment from the ECM resulted in cytoplasmic retention of YAP whilst 

increasing the area of contact between the cell surface and ECM increased YAP 

nuclear localisation and transcriptional activity (Wada, Itoga et al. 2011, Zhao, Li et 

al. 2012). The exact mechanisms relaying ECM information into YAP/TAZ activity 

remain unclear. Recent reports implicate integrins, a superfamily of transmembrane 

cell-ECM adhesion receptors that mediate outside-in and inside-out signalling. 

Large cell-ECM adhesion complexes called focal adhesions (FAs) mediate the 

connection between ECM-integrin and the actin cytoskeleton (Burridge and 

Chrzanowska-Wodnicka 1996, Dumbauld, Lee et al. 2013, Hirata, Sokabe et al. 

2014). Attachment of cultured cells to a fibronectin-rich ECM matrix promoted YAP 

nuclear localization and activity via a LATS1/2-dependent β1-integrin–FAK–Src–

PI3K–PDK1 axis (Kim and Gumbiner 2015). Integrins in FAs were also found to 

inactivate LATS1/2 in a Rho-GTPase and F-actin dependent pathway (Fig. 3) 

(Wada, Itoga et al. 2011, Zhao, Li et al. 2012). However, other groups have 

reported YAP/TAZ activation by transmission of FA tension across stress fibres in a 

LATS1/2-independent pathway (Dupont, Morsut et al. 2011, Aragona, Panciera et 

al. 2013) (discussed further in 2.3.4). Thus, there may be multiple LATS1/2-

dependent and independent mechanisms of ECM-cell activation of YAP/TAZ. 

  

Several bona fide YAP/TAZ target genes include ECM components including 

connective tissue growth factor (CTGF), cysteine-rich angiogenic inducer 61 

(CYR61) and laminin subunit alpha 5 (Lama5) (Zhao, Ye et al. 2008, Chang, Goel 
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et al. 2015). CTGF and CYR61 are well-established ligands of integrins (Kireeva, 

Lam et al. 1998, Chen, Chen et al. 2000, Leu, Liu et al. 2003, Heng, Huang et al. 

2006). Thus, is it conceivable that YAP/TAZ transcriptional activity induced by 

integrin engagement establishes a positive feedback loop. 

 
1.3.3.4.  Mechanotransduction and actin cytoskeleton 
 
Epithelial cells are under mechanical tension arising from their environment. 

Specific cell adhesion complexes sense and transmit forces, mechanically coupling 

the actin cytoskeleton to that of neighbouring cells and to the ECM. These include 

cadherin-based cell-cell junctions and integrin-based cell-matrix adhesions (focal 

adhesions, FAs) (Chen, Li et al. 1999, Li, Butler et al. 2002, Geiger, Spatz et al. 

2009, Jaalouk and Lammerding 2009, Mammoto and Ingber 2009). Remodelling of 

the actin cytoskeleton occurs in cells subjected to external mechanical forces. For 

example, cells can react to tension exerted by the ECM with an opposing force on 

F-actin at focal adhesions generated by non-muscle myosin II motor activity 

(Choquet, Felsenfeld et al. 1997, Chen, Tan et al. 2004, Vogel and Sheetz 2006, 

Fernandez-Gonzalez, Simoes Sde et al. 2009, Janmey and Miller 2011). This 

results in the formation of stress fibres and is dependent on Rho family GTPase 

RhoA (Torsoni, Marin et al. 2005, Liu, Nelson et al. 2007, Zhao, Laschinger et al. 

2007, Cai and Sheetz 2009). 

 

Actin cytoskeleton dynamics direct numerous cellular functions and states including 

morphology, adhesion, migration, as well as signalling events. Reorganisation of 

the cytoskeleton is induced by various mechanical cues, such as changes in cell 

geometry, density, and matrix stiffness (Discher, Janmey et al. 2005). Recent 

studies found that such mechanical cues also control YAP/TAZ subcellular 

localisation in an F-actin-dependent manner. Thus, it has been proposed that 

mechanical information perceived by the actin cytoskeleton can regulate YAP/TAZ, 

providing a missing link for how YAP/TAZ can convert tissue-level forces into 

transcriptional changes (Dupont, Morsut et al. 2011, Wada, Itoga et al. 2011, Yu, 

Zhao et al. 2012, Aragona, Panciera et al. 2013, Calvo, Ege et al. 2013). The exact 

mechanism is not fully understood, with different groups drawing different 

conclusions. YAP/TAZ were predominantly cytoplasmic in mammalian cells 
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cultured on a soft matrix or small micropatterned surfaces. Cell attachment to a stiff 

matrix or spreading on a large ECM surface resulted in YAP nuclear localisation 

and activation (Dupont, Morsut et al. 2011, Wada, Itoga et al. 2011, Aragona, 

Panciera et al. 2013, Tang, Rowe et al. 2013, Benham-Pyle, Pruitt et al. 2015). 

Interestingly, mechanical stretching can override contact inhibition of proliferation. 

YAP (usually cytoplasmic in densely cultured cells) relocalised to the nucleus of 

contact inhibited mammary epithelial cells, accompanied by reentry into the cell 

cycle when stretched (Aragona, Panciera et al. 2013, Codelia, Sun et al. 2014). 

YAP activity and nuclear localization on stiff matrices was dependent on 

actomyosin contractility and RhoA activity (Dupont, Morsut et al. 2011, Wada, Itoga 

et al. 2011, Aragona, Panciera et al. 2013). In many cell types and contexts 

induction of F-actin polymerisation induces nuclear accumulation of YAP/TAZ, 

whilst disruption of F-actin or inhibition of stress fibre formation by RhoA/mysosin II 

inhibition results in YAP/TAZ cytoplasmic localisation (Dupont, Morsut et al. 2011, 

Wada, Itoga et al. 2011, Zhao, Li et al. 2012, Aragona, Panciera et al. 2013, Calvo, 

Ege et al. 2013, Matsui and Lai 2013, Reginensi, Scott et al. 2013, Yu and Guan 

2013). Thus, many lines of evidence point to regulation of YAP/TAZ by Rho-

mediated actin stress fibre formation in response to artificial ECM forces in cultured 

cells. Less is known about the regulation of YAP/TAZ by physiological forces. 

Some in vivo evidence has been gleaned from Drosophila studies, where F-actin 

polymerisation promoted Yorkie activation and stimulated tissue overgrowth in a 

Warts/LATS-dependent mechanism (Fernandez, Gaspar et al. 2011, Sansores-

Garcia, Bossuyt et al. 2011).  

 

Studies in mammalian cells have yielded conflicting results on the involvement of 

Hippo signalling in the mechanical regulation of YAP/TAZ. LATS1/2 activity was 

increased upon contact inhibition of densely packed cells whilst LATS1/2 

knockdown hindered force-induced YAP activation (Zhao, Laschinger et al. 2007, 

Wada, Itoga et al. 2011, Zhao, Li et al. 2012). Furthermore, inhibition of actin 

polymerization or Rho GTPase resulted in increased LATS1/2-phosphorylation of 

YAP (Yu, Zhao et al. 2012, Yin, Yu et al. 2013). Conversely, Stefano Piccolo’s 

group first provided evidence of a LATS1/2-independent mechanism for 

mechanical regulation of YAP (Dupont, Morsut et al. 2011, Aragona, Panciera et al. 

2013). YAP/TAZ remained inactive and cytoplasmic despite loss of LATS1/2 in 
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human mammary epithelial cells and mesenchymal stem cells grown on a soft 

matrix (Dupont, Morsut et al. 2011). Thus, whilst the role of LATS1/2 remains 

unclear, the consensus is that various mechanical cues act via modulation of F-

actin and Rho family GTPases to converge on YAP/TAZ activity (Dupont, Morsut et 

al. 2011, Fernandez, Gaspar et al. 2011, Sansores-Garcia, Bossuyt et al. 2011, 

Wada, Itoga et al. 2011, Aragona, Panciera et al. 2013, Gaspar and Tapon 2014). 

 

Several groups have shown that integrin-Src signalling at FAs is required for YAP 

nuclear localisation and activity in cell culture (Wada, Itoga et al. 2011, Tang, Rowe 

et al. 2013, Kim and Gumbiner 2015). FAs are large integrin-based 

mechanosensitive cell-matrix adhesion complexes that physically link integrins to 

the actin cytoskeleton. Upon ECM engagement of integrin clusters, various 

structural and signalling proteins are recruited to form FAs (Zaidel-Bar, Itzkovitz et 

al. 2007, Zaidel-Bar and Geiger 2010, Kuo, Han et al. 2011). The maturation of FAs 

and formation of associated stress fibres is dependent on non-muscle myosin II 

motor activity and actin polymerization in response to mechanical cues (Legate, 

Wickstrom et al. 2009, Coyer, Singh et al. 2012, Bottcher and Fassler 2014, 

Humphrey, Dufresne et al. 2014). Kim and Gumbiner proposed that integrin-Src 

activation upon ECM attachment converges on growth factor signalling to activate 

YAP: adhesion of mammary epithelial cells to fibronectin activated the FAK-Src-

PI3K-PDK1 (focal adhesion kinase-Src-phosphoinositide-3 kinase-

phosphoinositide-dependent kinase) pathway and induced YAP nuclear localisation 

in a LATS1/2-dependent manner (Kim and Gumbiner 2015). LATS1/2 kinase 

activity was previously shown to be inhibited by growth factor-activated PI3K-PDK1 

signalling (Strassburger, Tiebe et al. 2012, Fan, Kim et al. 2013, Gumbiner and Kim 

2014). In an additional and/or parallel mechanism, YAP could be activated by direct 

tyrosine phosphorylation by Src (Taniguchi, Wu et al. 2015). However, it remains to 

be seen whether integrin-Src signalling activates YAP in vivo. In Drosophila, Yorkie 

can be activated indirectly by overexpression of Src (Fernandez, Jezowska et al. 

2014).  

 

Whilst there is a consensus that tension at FAs induces YAP nuclear localisation, 

the effect on YAP of actomyosin tension at AJs is less clear. Extracellular E-

cadherin binding has been shown to be involved in both activation and inactivation 
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of YAP (Kim, Koh et al. 2011, Benham-Pyle, Pruitt et al. 2015). Severing of the 

actin cytoskeleton from the cadherin-catenin complex at AJs triggers YAP nuclear 

localisation and activity in confluent cells and in the mouse epidermis (Kim, Koh et 

al. 2011, Silvis, Kreger et al. 2011). FAs and AJs are not mechanically coupled and 

it is possible that actomyosin tension at these sites has different effects on YAP 

regulation. 

Another potential mechanosensor upstream of YAP/TAZ is the contractile 

cytoskeletal protein spectrin. Spectrin forms a mesh-like network at the intracellular 

surface of the plasma membrane and is required for membrane tension and 

integrity (Machnicka, Czogalla et al. 2014). Loss of spectrin or dissociation from F-

actin activated Yorkie/YAP in Drosophila and human cells. Deletion of apical 

spectrins in fly epithelia resulted in massive tissue overgrowth reminiscent of 

Hippo(/MST) or Warts(/LATS) mutants. (Deng, Wang et al. 2015, Fletcher, 

Elbediwy et al. 2015, Wong, Li et al. 2015). Apical upstream Hippo components 

Crumbs, Expanded, Merlin and Kibra associate with spectrins in the apical plasma 

membrane domain. Clustering of these apical components promotes recruitment 

and activation of Hippo and Warts kinase activity. It has been suggested that cell 

stretching could reduce the local concentration of apical components, thereby 

hindering Hippo activation and releasing its inhibition of Yorkie (Fletcher, Elbediwy 

et al. 2015). 

In summary, numerous mechanical stimuli have been found to regulate YAP/TAZ 

subcellular localisation and activity via various LATS1/2-dependent and 

independent mechanisms. It is not yet clear whether different mechanical inputs act 

in parallel or feed into a central pathway. However, the actin cytoskeleton has been 

firmly established as a crucial intermediary for mechanical inputs converging on 

YAP/TAZ. Finally, much of the data identifying YAP/TAZ as mechanosensors was 

derived from cells in culture experiencing artificial forces. There is some evidence 

of Yorkie responding to mechanical force in vivo, but it will be interesting to see if 

these mechanisms are physiologically relevant in mammals.  
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1.3.3.5.  Extracellular signalling molecules 
 

YAP/TAZ are well established as potent inducers of tissue growth. Various 

hormones, cytokines and growth factors have been found to function upstream, 

including GPCR ligands, EGF, Wnts, TGFβ, Hedgehog and BMPs.  

 

YAP/TAZ can be activated or repressed by GPCR agonists depending on the class 

of G protein coupled to the receptor (Yu, Zhao et al. 2012). Phospholipids 

sphingosine-1-phosphophate (S1P) and lysophosphatidic acid (LPA) potently 

induce nuclear localisation of YAP/TAZ in cell culture via RhoGTPase-modulation 

of actomysosin contractility (Miller, Yang et al. 2012, Yu, Zhao et al. 2012, Regue, 

Mou et al. 2013, Feng, Degese et al. 2014). Other GPCR ligands such as 

epinephrine and glucagon inhibit RhoA-GTPase via cAMP/PKA, resulting in 

suppression of YAP/TAZ activity (Miller, Yang et al. 2012, Mo, Yu et al. 2012, Yu, 

Zhao et al. 2012, Kim, Kim et al. 2013, Yu, Zhang et al. 2013, Wennmann, 

Vollenbroker et al. 2014, Zhou, Wang et al. 2015). There is also evidence of 

YAP/TAZ activation via GPCR-like Wnt receptor Frizzled and Rho GTPases (Park, 

Kim et al. 2015). YAP/TAZ have previously been shown to be regulated by Wnt and 

participate in the β-catenin destruction (Azzolin et al. 2012 Cell, Azzolin et al. 

2014). Thus, there appears to be extensive cross-talk between the Wnt and Hippo 

pathways (Piccolo, Dupont et al. 2014, Hansen, Moroishi et al. 2015). 

 

Modulation of Rho activity by other processes could also regulate YAP/TAZ via F-

actin. For example, activation of RhoA and subsequent F-actin polymerisation by 

the mevalonate pathway resulted in increased YAP activity and migration ability of 

breast cancer cells (Wang, Wu et al. 2014). In fruit flies, Yorkie-induced tissue 

overgrowth could be rescued by blocking the mevalonate pathway (Sorrentino, 

Ruggeri et al. 2014). Metabolic processes are frequently deregulated in cancer. It 

will be interesting to see if future studies uncover further links between altered 

metabolism and YAP/TAZ oncogenic activity. 

 

There is evidence of YAP/TAZ regulation by several receptor tyrosine kinase (RTK) 

families. RTKs are transmembrane proteins that upon activation trigger a 
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phosphorylation cascade to signal through multiple pathways, including PI3K and 

MAPK. RTK epidermal growth factor receptor (EGFR) signalling has been reported 

to activate YAP in mammalian cells and in Drosophila. EGFR was found to inhibit 

LATS activity via PI3K-PDK1 signalling or the Ras-Raf-MAPK pathway (Fan, Kim et 

al. 2013, Reddy and Irvine 2013). Interestingly, EGFR ligand – and YAP 

transcriptional target – amphiregulin (AREG) also activates YAP (Zhang, Ji et al. 

2009). Further studies support the notion of a physiological positive feedback loop 

involving AREG and YAP (Han, Bai et al. 2014, Gregorieff, Liu et al. 2015). 

Conversely, other groups found no effect of EGF, PI3K, AKT or PDK1 loss on YAP 

activity (Zhao, Wei et al. 2007, Yu, Zhao et al. 2012). It has recently been proposed 

that MAP4Ks phosphorylate and activate LATS1/2 in a parallel and redundant 

fashion to MST1/2 (Meng, Moroishi et al. 2015, Zheng, Wang et al. 2015). Further 

in vivo work is needed to elucidate the physiological regulation of YAP/TAZ by 

RTKs. 

 

1.3.3.6. Summary of YAP/TAZ regulation 
 

In this section I have outlined some of the important regulators of YAP/TAZ, under 

the broad themes of cell-cell adhesion, apicobasal polarity, cell-extracellular matrix 

interactions, mechanotransduction and the actin cytoskeleton, and extracellular 

signalling molecules. It is by no means a comprehensive account of YAP/TAZ 

regulation, which is beyond the scope of this thesis. Moreover, the above 

regulatory modules overlap and interact to form a complex network. In this way, 

YAP/TAZ form a nexus on which a multitude of biochemical and mechanical 

extracellular and intracellular signals converge. These cues may synergise, 

antagonise or act in parallel to direct specific cell and context-dependent 

transcriptional responses. Delineating the molecular mechanisms underlying 

YAP/TAZ regulation by various cues will further our understanding of the role of 

YAP/TAZ in tissue regeneration or in pathological processes such as cancer or 

fibrosis. For example, Yorkie/YAP have been shown to be activated and to 

stimulate cell proliferation upon intestinal tissue damage (Cai, Zhang et al. 2010, 

Karpowicz, Perez et al. 2010, Shaw, Kohlmaier et al. 2010, Staley and Irvine 2010, 

Grusche, Degoutin et al. 2011, Azzolin, Panciera et al. 2014, Cai, Maitra et al. 

2015, Gregorieff, Liu et al. 2015). Interestingly, loss of YAP and TAZ in mouse 
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intestine did not significantly affect normal homeostasis but loss of YAP alone 

severely impaired healing after intestinal damage. How YAP/TAZ mediates the 

response to tissue damage is unclear. Some of the cues regulating YAP/TAZ 

discussed above are known to be altered upon wounding. It is tempting to 

speculate that changes in cell contacts, actin dynamics and mechanical forces 

induced by injury could activate YAP/TAZ, enabling them to act as sensors of 

tissue integrity and architecture. In a pathological example, tumourigenesis is often 

accompanied by remodelling of the ECM and increased tissue stiffness (Levental, 

Yu et al. 2009). YAP/TAZ are activated by matrix stiffness and could conceivably 

contribute to tumour progression in this way. Our understanding of YAP/TAZ 

regulation has exploded in the last couple of decades, promising exciting novel 

therapeutic avenues. However, much of the data were derived from cell culture and 

need to be tested in vertebrate models to ascertain physiological relevance. 

 
Figure 1.3. Schematic summary of YAP/TAZ regulation. YAP/TAZ regulation by apical 
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signals, cell-cell adhesion, cell-ECM adhesion and growth factor signalling.  
 

1.4.  YAP/TAZ function in mammalian epidermis  
 
The skin is the largest organ in the body. It is the main barrier between the body 

and the environment, providing protection against pathogens, radiation, abrasion 

and dehydration. Other functions include sensation, and temperature regulation 

mediated by hair and perspiration. The skin undergoes a nine-fold increase in 

surface area from neonate to adult and constantly replenishes cells shed from the 

surface with a turnover of four weeks. Furthermore, it is able to heal wounds. 

Clearly, the skin’s capacity for growth is remarkably robust and flexible. It is 

established that a pool of resident stem cells endows the skin with its ability to 

maintain homeostasis in the face of constant physical, chemical and biological 

attacks. However, the molecular mechanisms controlling these cells are not fully 

understood. Deregulation of epidermal cell proliferation can result in skin diseases 

from epidermal thinning and improper barrier function to hyperproliferative 

disorders and carcinomas. Indeed, epidermal carcinomas are the most common 

cancers worldwide. In this thesis, I sought to investigate the function of YAP/TAZ in 

epidermal homeostasis and tumourigenesis.  

 
1.4.1.  Structure and function of mammalian epidermis: a stratified 
squamous epithelium 
 
Epithelia are generally classified according to the morphology of constituent cells 

and the number of layers. Epithelial cells can be broadly divided into three 

morphologies: thin and flattened (squamous), cube-like (cuboidal), or tall and 

elongated (columnar) (Montell 2008). These can be arranged as a single layer of 

cells (simple epithelium) or multiple layers (stratified epithelium). Typically, the stem 

cells in stratified epithelia adhere to the basement membrane; in simple epithelia 

both stem cells and differentiated cells are attached to the basement membrane. 

 

Mammalian skin comprises two main layers: the dermis and epidermis (Fig. 1.4). 

The epidermis is a stratified squamous epithelium that forms the outermost layer 

and consists of adnexal structures – hair follicles and various glands – and 
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intervening interfollicular epidermis (IFE). Epidermal adnexal structures vary in 

density in different regions of the body and among mammalian species; human  

 

 
 
Figure 1.4. Structure of mammalian skin epidermis. (A) Schematic diagram of 
mammalian skin, with the epidermis magnified. (B) Histological sections of human and 
mouse skin stained for haemotoxylin and eosin. Note human epidermis is thicker and 
contains fewer hair follicles than mouse skin (no hair follicles are visible in this section). 
Human image from Dermatology, University of Iowa 1995. 
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epidermis is characterised by a much thicker IFE and far fewer hair follicles than 

mice (Khavari 2006). Keratinocytes constitute 90% of cells in the epidermis. The 

remainder consists of melanocytes, merkel cells, dendritic cells and other immune 

cells (Fuchs and Raghavan 2002, Simpson, Patel et al. 2011). Underlying the 

epidermis is the dermis: a much thicker mesenchymal layer composed 

predominantly of fibroblasts, adipocytes, macrophages and acellular matrix 

components like collagen. The dermis and epidermis are separated by the 

basement membrane (BM), to which the basal epidermal cells adhere. The BM is 

an ECM rich in growth factors, providing signalling information and polarity cues in 

addition to structural support for basal epidermal cells (Ryan, Christiano et al. 1996, 

Van Agtmael and Bruckner-Tuderman 2010, Watt and Fujiwara 2011). The BM is 

thought to promote cell survival and proliferation, as daughter cells that delaminate 

from the basement membrane stop proliferating and are committed to terminal 

differentiation. Suprabasal cells undergo dramatic transcriptional and morphological 

changes as they migrate upwards through spinous, granular and cornified layers, 

before eventually being shed from the surface (Watt 1984, Bohnert, Hornung et al. 

1986, Barrandon and Green 1987, Watt and Hogan 2000, Fuchs and Raghavan 

2002, Fuchs 2007, Simpson, Patel et al. 2011). Keratinocyte differentiation is 

characterised by significant remodelling of the cytoskeleton, changes in keratin 

expression and increase in keratin intermediate filaments. Basal layer progenitor 

cells express keratins 5 and 14 whilst spinous/granular layers express keratins 1 

and 10 (Fuchs and Green 1980, Feng, Zhang et al. 2013, Homberg and Magin 

2014). Finally, the outermost cornified layer is composed of terminally differentiated 

dead highly flattened enucleated water-impermeable squames (Candi, Schmidt et 

al. 2005, de Guzman Strong, Wertz et al. 2006, Koster 2009).  

 

The balance between keratinocyte proliferation and differentiation must be tightly 

controlled to maintain homeostasis. It is well established that keratinocyte 

proliferation is restricted to cells in the IFE basal layer or the hair follicle (Blanpain 

and Fuchs 2009, Watt and Jensen 2009). Although attachment to the basement 

membrane is thought to be crucial in specifying stem/progenitor cell fate, the exact 

mechanisms are not fully understood. Contributions from integrin and growth factor 

signalling, as well as mechanical forces exerted by the basement membrane have 
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been reported (Sibilia, Fleischmann et al. 2000, Raghavan, Vaezi et al. 2003, 

Manohar, Shome et al. 2004, Dobereiner, Dubin-Thaler et al. 2005). Integrins 

mediate attachment of basal layer keratinocyte keratin filaments and actin 

cytoskeleton to the basement membrane via hemidesmosomes and focal 

adhesions (FAs), respectively (Jones and Watt 1993, Watt 2002). 

 

Studies in human keratinocytes in culture and in mice found that β1 integrins play 

an essential role in adhesion, proliferation and survival of epidermal cells. 

Conditional knockout of β1 integrin in mouse epidermis resulted in significant 

defects in keratinocyte proliferation, whereas ectopic suprabasal integrin 

expression resulted in hyperproliferation of the epidermis and aberrant 

differentiation (Carroll, Romero et al. 1995, Jones, Harper et al. 1995, Brakebusch, 

Grose et al. 2000, Raghavan, Bauer et al. 2000, Grose, Hutter et al. 2002, Watt 

2002). Engagement of αβ1 integrins at FAs with basement membrane components 

can trigger various downstream signalling events. Thus, integrin clustering 

activates FA associated kinase (FAK), integrin-linked kinase (ILK) and Src which in 

turn promote Ras–MAPK signalling, FA turnover, actin cytoskeleton remodelling 

and cell migration (Zervas, Gregory et al. 2001, Mackinnon, Qadota et al. 2002, 

Grashoff, Aszodi et al. 2003, Sakai, Li et al. 2003, Lorenz, Grashoff et al. 2007, 

Schober, Raghavan et al. 2007). Conditional epidermal ablation of FAK prevented 

chemically induced skin tumourigenesis (McLean, Komiyama et al. 2004, Ridgway, 

Serrels et al. 2012). These data point to a key role for basal integrin-FAK/Src 

signalling in maintaining epidermal homeostasis. 

 

The precise definition of what qualifies as an epidermal stem cell has been variable 

and contentious. More recent lineage tracing studies have lead to the current 

consensus that under homeostasis multiple subsets of epidermal stem cell 

populations exist, differing in the markers they express and niches they occupy. 

Plasticity between these subpopulations is thought to underlie the remarkable 

capacity for epidermal regeneration (Jones, Harper et al. 1995, Taylor, Lehrer et al. 

2000, Oshima, Rochat et al. 2001, Doupe, Klein et al. 2010, Mascre, Dekoninck et 

al. 2012, Tan, Jensen et al. 2013, Kretzschmar and Watt 2014, Schepeler, Page et 

al. 2014, Goodell, Nguyen et al. 2015). Regardless of niche or subset markers, 

keratinocyte progenitors share the common attributes of integrin-mediated 
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adhesion to the basement membrane and expression of keratins 5 and 14. The 

molecular mechanisms between integrin engagement and transcription of genes 

involved in epidermal cell proliferation and stemness remain unclear. In the next 

section, I discuss the possible role of YAP/TAZ as a link.  

 

1.4.2.  YAP/TAZ in the epidermis 
 
Loss of core Hippo kinases MST1/2 or LATS1/2 (Fig. 1.1) in mouse liver or 

intestine results in nuclear translocalisation of YAP/TAZ and target gene 

expression. This indicates that the core Hippo kinases are necessary for YAP/TAZ 

inactivation in these tissues in vivo (Zhou, Conrad et al. 2009, Lee, Lee et al. 2010, 

Song, Mak et al. 2010, Zhou, Zhang et al. 2011, Imajo, Ebisuya et al. 2015, Lee, 

Park et al. 2016). Interestingly, in the mouse epidermis no phenotype was 

observed upon double knockdown of MST1/2. Knockdown of MST1/2 or LATS1/2 

in keratinocytes had no effect on YAP S127 phosphorylation, nuclear localisation or 

reporter activity (Schlegelmilch, Mohseni et al. 2011). Furthermore, 

mechanoregulation of YAP in keratinocyte culture was found to be independent of 

LATS1/2. This suggests that canonical hippo signalling is dispensable for YAP/TAZ 

regulation in the skin (Aragona, Panciera et al. 2013). However, another group 

reported YAP activation and epidermal hyperplasia in MOB1A/B conditional double 

knockout mice (Nishio, Hamada et al. 2012). The effect of knocking out LATS1/2, 

the other core Hippo kinase, in epidermis remains to be investigated. Thus, whilst 

canonical Hippo signalling appears to be less important in the regulation of 

YAP/TAZ in mammalian epidermis, its contribution remains unclear. Why might 

YAP/TAZ regulation differ in epidermal cells? 

 

In contrast to the classically polarized simple epithelium, epidermal cells lack a 

defined apical domain. Simple epithelial cells have distinct apical and basolateral 

membrane domains, separated by intercellular junctional complexes (Yeaman, 

Grindstaff et al. 1999, Nelson 2003, Bryant and Mostov 2008, Niessen and Gottardi 

2008). Conversely, cells of the stratified epithelium of the epidermis do not have 

separate apical and basolateral domains. Instead, polarization of the tissue along 

the apicobasal axis is largely thought to be specified by basal membrane-integrin 

signalling and apical-lateral cell-cell junctions. Thus, the basement membrane and 
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the outermost cornified layer define the basal and apical surfaces, respectively 

(Nelson 2009, Green, Getsios et al. 2010, Huttenlocher and Horwitz 2011).  

 

In cells that do develop an apical membrane domain, CRB3 is essential for 

restraining YAP activity in a LATS1/2-dependent manner; loss of CRB3 in cell 

culture or in mouse airway epithelium resulted in defective polarity and induction of 

YAP nuclear localisation (Varelas, Samavarchi-Tehrani et al. 2010, Szymaniak, 

Mahoney et al. 2015). Although the data on localisation of apical components such 

as CRB3 in stratified epithelia is sparse, it is likely that the role of these 

components differ in epidermal cells and simple epithelial cells. Therefore, 

mechanisms of YAP/TAZ inhibition other than LATS1/2-mediated phosphorylation 

ostensibly prevail in the epidermis. Indeed, two groups reported that whilst 

LATS1/2 were dispensable for YAP/TAZ inactivation in mouse epidermis, the 

adherens junction component, α-catenin, potently inhibited YAP activity 

(Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et al. 2011). The mechanism of 

negative regulation by α-catenin was proposed to involve AMOT, 14-3-3 and the 

PP2A phosphatase to promote YAP phosphorylation and cytoplasmic 

sequestration. Interestingly, 14-3-3σ is expressed in suprabasal layers of the 

epidermis but is largely absent from the basal keratinocytes, where YAP tends be 

nuclear (Dellambra, Golisano et al. 2000, Schlegelmilch, Mohseni et al. 2011, 

Silvis, Kreger et al. 2011)Therefore, junctional components seem to be key 

regulators of YAP activity in the epidermis. 

 

In the wild-type mouse epidermis, YAP was reported to be highly expressed and 

nuclear in the majority of basal cells, whereas it was predominantly cytoplasmic in 

suprabasal cells (Zhang, Pasolli et al. 2011). Elevating nuclear YAP levels by 

expression of a S127A transgene under the control of a basal keratinocyte 

promoter (Keratin 14; K14) or by α-catenin knockdown resulted in epidermal 

hyperplasia. Keratinocyte proliferation was increased whilst differentiation and 

apoptosis were stunted (Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et al. 

2011, Zhang, Pasolli et al. 2011). Conversely, conditional knockdown of YAP 

driven by a K14-Cre resulted in epidermal hypoplasia and disorganisation. The 

data on TAZ expression and function in the epidermis are scant.  
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Interaction with TEAD transcription factors is essential for YAP to function in 

epidermal progenitor cells. In human keratinocytes, RNAi knockdown of YAP 

abolished TEAD reporter activity and TEAD knockdown significantly diminished 

proliferation. Furthermore, disruption of YAP-TEAD interaction in mouse epidermis 

by knock-in of YAP-S79A resulted in epidermal hyperplasia reminiscent of YAP 

knockout (Zhang, Pasolli et al. 2011). A recent study reported that the YAP/TAZ-

TEAD complex can also function as a transcriptional repressor of tumour 

suppressor genes DDIT4 (DNA-damage-inducible transcript 4) and Trail (TNF-

related apoptosis-inducing ligand) (Kim, Kim et al. 2015). 

 

In summary, YAP is expressed and nuclear in basal progenitor keratinocytes, 

where it promotes proliferation and stemness. Loss of YAP results in impaired 

proliferation and thinning of the epidermis, whereas overexpression induces 

hyperproliferation and epidermal hyperplasia. Despite the documented importance 

of YAP in skin homeostasis, the data on TAZ overexpression or double YAP/TAZ 

knockout are lacking. How YAP is regulated is obviously a crucial question. There 

have been contradictory results regarding the importance of Hippo signalling in 

YAP regulation in the epidermis and negative regulation mediated by α-catenin is 

thought to predominate over LATS1/2-mediated phosphorylation. Differences in 

polarity and architecture of stratified epithelium compared to simple epithelia could 

contribute to differential regulation of YAP/TAZ in epidermis. Several studies report 

that YAP/TAZ transcriptional activity depends on its interaction with TEAD. Whilst 

Cyr61 was found to be a YAP-TEAD target in keratinocytes (Zhang, Pasolli et al. 

2011), in vivo targets remain unidentified. Identification of further YAP/TAZ target 

genes in the epidermis will shed more light on the mechanisms underlying their 

function. 

 

1.5.  Wound healing and cancer 
 
1.5.1.  YAP/TAZ in tissue repair 

 
Some lower vertebrates – such as newts and salamanders – are able to regenerate 

entire limbs, jaws and eyes. Regenerative capacity is far more limited in mammals. 
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Only a few organs, such as the liver, intestine and skin have some potential for 

tissue repair (Whyte, Smith et al. 2012). Recently, Hippo-YAP/TAZ signalling has 

been implicated in the regeneration of several tissues following injury (Johnson and 

Halder 2014, Hong, Meng et al. 2016, Meng, Moroishi et al. 2016, Moya and Halder 

2016, Xiao, Leach et al. 2016). One of the most striking examples of mammalian 

organ regenerative ability is seen in the liver, which can regain its original mass 

following a 70% hepatectomy ((Grijalva, Huizenga et al. 2014). Nuclear YAP is 

increased upon injury to rat liver, promoting proliferation and dedifferentiation of 

hepatocytes. YAP/TAZ activation is followed by activation of Hippo kinases and a 

return to baseline nuclear YAP/TAZ levels when the liver reaches its original size. 

Elevated YAP protein levels – but not mRNA levels – observed during liver 

regeneration suggest that YAP protein degradation is reduced in response to liver 

damage whilst transcription rate is unaffected. This would make YAP an ideal 

sensor of tissue damage as modulation of protein stability allows for rapid and 

reversible cellular responses (Bai, Zhang et al. 2012, Wang, Zhang et al. 2012, 

Grijalva, Huizenga et al. 2014, Su, Bondar et al. 2015).  

 

Whilst the molecular mechanisms by which YAP/TAZ sense and direct repair is 

unclear, their regulation of cell proliferation, dedifferentiation and migration is 

thought to be important. YAP/TAZ are established as regulators of stem cells 

during embryogenesis and it is thought that tissue repair could represent a 

reactivation of developmental programs (Varelas 2014, Sasaki 2015). YAP 

overexpression or knockdown of Hippo kinases in cell culture promoted 

dedifferentiation, promotion of stem cell identity and iPS reprogramming (Quinn, 

Kunath et al. 2006, Lian, Kim et al. 2010, Qin, Blaschke et al. 2012, Panciera, 

Azzolin et al. 2016). Furthermore, multiple groups reported a physiological role for 

YAP/TAZ in induction of stem cell fate and expansion of stem cell populations in 

mouse intestine, lung and skin (Camargo, Gokhale et al. 2007, Cai, Zhang et al. 

2010, Schlegelmilch, Mohseni et al. 2011, Zhang, Pasolli et al. 2011, Lee, Byun et 

al. 2014, Zhao, Fallon et al. 2014). Hippo-YAP/TAZ signalling has been reported to 

induce stem cell renewal and intestinal repair following injury. Interestingly, YAP 

knockout in mouse intestine showed that this protein is largely dispensable for 

homeostasis but is essential for regeneration (Cai, Zhang et al. 2010, Zhou, Zhang 

et al. 2011, Azzolin, Panciera et al. 2014, Gregorieff, Liu et al. 2015, Yu, Meng et 
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al. 2015). In the skin, wound healing depends on epidermal stem cells (Solanas 

and Benitah 2013, Goodell, Nguyen et al. 2015) and YAP/TAZ are known to 

regulate stem cell function during epidermal homeostasis. Additionally, ectopic YAP 

activity in neonatal and developing epidermis resulted in increased levels of 

progenitor cell markers accompanied by downregulation of differentiation markers 

(Silvis, Kreger et al. 2011, Zhang, Pasolli et al. 2011). Thus, it is conceivable that 

YAP/TAZ could function in wound healing by expansion of epidermal stem cell 

compartments. A recent study reported a slight delay in wound closure in mice 

treated topically with siRNAs against YAP/TAZ (Lee, Byun et al. 2014). However, 

with such an approach, YAP/TAZ knockdown was transient and non-cell-specific. 

Keratinocyte-restricted genetic knockdown will help elucidate the role of YAP/TAZ 

in epidermal tissue repair. 

 

1.5.2.  YAP/TAZ in cancer 
 

Many of the cellular processes downstream of YAP/TAZ activity – such as 

proliferation, evasion of apoptosis, dedifferentiation, stemness – are hallmarks of 

cancer. Unsurprisingly, YAP/TAZ and upstream Hippo pathway components are 

frequently deregulated in human tumours. In normal human adult tissues, YAP 

nuclear localisation is rarely detected in differentiated cells and is generally 

restricted to stem/progenitor cells. Increased expression and nuclear localisation of 

YAP/TAZ has been widely reported in human cancers including liver, colorectal, 

ovarian, prostate, lung and breast, and is associated with poor prognosis (Zender, 

Spector et al. 2006, Dong, Feldmann et al. 2007, Zhao, Wei et al. 2007, Steinhardt, 

Gayyed et al. 2008, Xu, Yao et al. 2009, Hall, Wang et al. 2010, Pan 2010, Wang, 

Dong et al. 2010, Cordenonsi, Zanconato et al. 2011, Zhang, George et al. 2011, 

Su, Ma et al. 2012, Xie, Zhang et al. 2012, Kim, Kim et al. 2013, Yuen, McCrudden 

et al. 2013, Lau, Curtis et al. 2014). Intriguingly, although YAP/TAZ activity is 

commonly observed in many cancers, Hippo component mutations and YAP/TAZ 

genomic amplifications are rarely reported (Snijders-Keilholz, Ewing et al. 2005, 

Harvey, Zhang et al. 2013, Johnson and Halder 2014, Mannaerts, Leite et al. 

2015). NF2 and LATS1/2 are mutated in a small number of rare tumours, such as 

schwannomas, and it is possible that tumour sequencing will yield further mutations 

or amplifications in Hippo components or YAZ/TAZ. As discussed in previous 
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sections, YAP/TAZ activity is sensitive to cues associated with cancer, such as loss 

of polarity and cell-cell adhesion, as well as cross-talk with other oncogenic 

pathways. Furthermore, matrix stiffening, which potently induces nuclear 

translocation of YAP/TAZ, is a near ubiquitous feature of solid tumours (Paszek, 

Zahir et al. 2005, Seewaldt 2014). Thus, it is conceivable that other tissue and 

cellular events involved in cancer initiation and progression induce YAP/TAZ 

activity in human tumours. How YAP/TAZ become oncogenic and the downstream 

effects of their activation in cancer remain unclear. Whilst ectopic YAP/TAZ activity 

drives overproliferation and hyperplasia in multiple murine tissues, it generally does 

not result in malignant tumour formation (Heallen, Zhang et al. 2011, Lavado, He et 

al. 2013, Chen, Zhang et al. 2014, Lin, Yao et al. 2015). Although YAP 

hyperactivity can induce hepatic cancer, not every cell expressing nuclear activated 

YAP becomes malignant (Lu, Li et al. 2010, Song, Mak et al. 2010). Evidence of 

YAP synergy with other oncogenic signals could explain why only some nuclear 

YAP+ cells result in malignant tumourigenesis (Aylon, Michael et al. 2006, Cancer 

Genome Atlas Research 2011, Zhang, Nandakumar et al. 2014, Zhang, Gao et al. 

2015). Additionally, YAP/TAZ overexpression has been reported to potently drive 

tumour progression and malignancy of benign cancer cells bearing other oncogenic 

mutations  (Bhat, Salazar et al. 2011, Cordenonsi, Zanconato et al. 2011, Lamar, 

Stern et al. 2012). Interestingly, some studies found YAP to have tumour 

supressing functions and promote apoptosis in response to DNA damage (Strano, 

Munarriz et al. 2001, Strano, Monti et al. 2005, Matallanas, Romano et al. 2007, 

Yuan, Tomlinson et al. 2008, Barry, Morikawa et al. 2013). YAP’s preferential 

binding to different transcription factor partners (dictated by phosphorylation state) 

under different cellular conditions could explain some of its contradictory functions 

in tumourigenesis. 

 

1.5.3. YAP/TAZ in epidermal cancers 
 

In this thesis, I sought to investigate the role of YAP in epidermal tumourigenesis. 

Non-melanoma skin cancers (NMSCs) are the most common human cancers 

globally (Leiter, Eigentler et al. 2014). NMSCs can be divided into two major types: 

basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (SCC). The 

incidence of NMSC is rapidly rising, likely due to a combination of increased UV 
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exposure, ozone layer thinning, increased lifespan, changes in clothing and 

immunosuppressive medications. BCC, which accounts for 75% of cases of NMSC, 

has low invasive potential and rarely metastasises. Despite representing only 25%, 

SCC can metastasise, and is responsible for the majority of NMSC deaths. 

Furthermore, SCC contributes significant economic burden; it is the fifth most 

expensive cancer in the United States (Housman, Feldman et al. 2003, Smeets, 

Kuijpers et al. 2004, Trakatelli, Ulrich et al. 2007). SCC most commonly arises on 

the skin of the head and neck, with chronic UV exposure thought to be a major 

aetiological factor. Frequent use of tanning beds increases the risk of SCC 2.5-fold. 

SCCs exhibit significant heterogeneity in morphology, pathogenesis and clinical 

outcomes. SCCs can be characterised hyperproliferation of atypical epidermal 

cells, which sometimes invade the underlying stroma. Several subtypes can be 

classified based on their histology (Lohmann and Solomon 2001, Cassarino, 

Linden et al. 2005, Cassarino, Derienzo et al. 2006, Macbeth, Grindlay et al. 2011, 

Samarasinghe, Madan et al. 2011). Cutaneous SCCs are almost always 

associated with Actinic Keratoses (AK), from which they are thought to arise from. 

AKs are premalignant skin lesions linked to chronic UV exposure. They are 

characterised by aggregates of atypical keratinocytes with disrupted apicobasal 

polarity in the basal and suprabasal layers of the epidermis. Although the majority 

of AKs are benign, around one in ten can progress to metastatic SCC over the 

course of years (Alam and Ratner 2001, Rossi, Mori et al. 2007). Spindle cell SCC 

(spSCC) represents a rare and particularly invasive subtype of SCC. Histological 

analysis of spSCC reveals elongated spindle-shaped cells with atypical nuclei that 

can infiltrate the dermis, subcutaneous tissue, muscle and even bone (Morgan, 

Purohit et al. 2008). Why some AKs progress to SCCs, including highly invasive 

spSCCs, is not understood. 

 

Nuclear localisation of YAP has been reported in murine and human BCCs and 

SCCs (Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et al. 2011, Zhang, 

Pasolli et al. 2011). These tumours were epidermal in nature, evidenced by their 

expression of Keratin 5. However, immunodeficient mice receiving transgenic skin 

grafts expressing YAP-S127A developed invasive mesenchymal-like SCCs 

(Schlegelmilch, Mohseni et al. 2011). Disruption of some of the known upstream 

regulators of YAP/TAZ promotes epidermal tumours in which YAP is highly nuclear. 
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For example, knockout of 14-3-3σ resulted in epidermal hyperplasia and increased 

rate of tumourigenesis of mice treated with chemical carcinogens. Strong 

expression of nuclear YAP was observed in the resultant papillomas and cSCCs 

(Li, Sambandam et al. 2011). Genetic deletion of AJ components α-catenin or 

p120-catenin in mice also triggered epidermal hyperplasia and tumour formation 

(Vasioukhin, Bowers et al. 2001, Kobielak and Fuchs 2006, Perez-Moreno, Davis 

et al. 2006, Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et al. 2011). Thus, 

YAP nuclear localisation is clearly associated with BCCs and SCCs. However, the 

molecular mechanisms resulting in YAP activation and the subsequent events 

driving tumour formation and progression are not well understood.  

 

1.5.4.  Cancer as “the wound that never heals” 
 
The notion of a link between cancer and wound-associated inflammation was first 

proposed by pathologist Rudolph Virchow over 150 years ago. Virchow noticed that 

neoplastic lesions arose at sites of chronic irritation and that these lesions were 

infiltrated by inflammatory cells. He hypothesised a causal relationship between 

inflammation and tumour formation (Virchow 1863). Over a century later, injections 

of chickens with Rous sarcoma virus (RSV) provided experimental evidence of a 

direct role for wounding in tumour formation. Chickens injected with the virus 

developed tumours solely at the injection site (Dolberg, Hollingsworth et al. 1985). 

It was subsequently reported that treating wound sites with topical anti-

inflammatories could block tumour formation, suggesting that wound-induced 

inflammation drives tumourigenesis at these wound sites (Martins-Green, 1994 

(Martins-Green, Boudreau et al. 1994). The relationship between infection and 

chronic inflammation is now well recognized: over 20% of cancers are thought to 

be triggered by infection-induced inflammation (Balkwill and Mantovani 2001, 

Wang, Hussain et al. 2002, Pawlotsky 2004, Hussain and Harris 2007, Hartnett and 

Egan 2012). Haddow surmised that tumourigenesis represents a wound 

overhealing. Noting histological similarities between the microenvironment of 

tumours and wounds, Dvorak subsequently proposed that tumours hijack the 

wound healing response, coining the term “wounds that do not heal” (Haddow 

1972, Dvorak 1986). Since Dvorak’s paper, interactions between tumour cells and 

the surrounding stroma have been found to be crucial for tumour growth. Many of 
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the stromal changes that accompany tumour development recapitulate those 

involved in wound healing.  

 

Inflammation triggers an influx of inflammatory cytokines, growth factors, 

chemokines and leukocytes, secretion of matrix metalloproteases, remodelling of 

the ECM, activation of fibroblasts and neovascularization. These stromal changes 

are crucial for the proliferation, survival and migration of epithelial cells necessary 

to restore tissue integrity. However, the inflammatory milieu induced at wound sites 

has a dark side since it is permissive for neoplastic progression (Coussens and 

Werb 2002, De Wever and Mareel 2003, Karnoub and Weinberg 2006, Pietras, 

Pahler et al. 2008, Gabison, Huet et al. 2009, DeNardo, Andreu et al. 2010, Feng, 

Santoriello et al. 2010, Grivennikov and Karin 2010, Qian and Pollard 2010, Lu, 

Weaver et al. 2012). Whilst the molecular profiles of wound and tumour 

microenvironments are very similar, the return to baseline seen upon completion of 

tissue repair never takes place around tumours. Thus, whilst the normal wound 

healing process is self-limiting, constitutive activation of these processes in 

tumourigenesis – “the wound that does not heal” – drives their expansion and 

metastasis. 

 

During epithelial wound healing, changes in epithelial cells accompany and are 

induced by changes in stromal cells. Re-epithelialization requires migration of cells 

at the wound edge to restore epithelial integrity over the newly deposited matrix. 

The transcriptional activity of immotile epithelial cells is transiently reprogrammed 

to enable a migratory mesenchymal phenotype in a process known as epithelial-

mesenchymal transition (EMT) (Fig 1.5). EMT drives many developmental and 

morphogenetic processes and is controlled by a set of EMT-transcription factors 

(EMT-TFs). Key EMT-TF families ZEB, Snail and Twist potently decrease cell-cell 

adhesion by repression of E-cadherin expression. Epithelial genes such as keratins 

are downregulated whilst expression of mesenchymal markers Vimentin, 

fibronectin and N-cadherin increases. Cytoskeletal remodelling induced by loss of 

adherens junction and cell delamination from the basement membrane is 

accompanied by loss of apicobasal polarity. Cells become elongated and migrate 

along the ECM (Gurtner, Werner et al. 2008, Yang and Weinberg 2008, Kalluri and 

Weinberg 2009, Thiery, Acloque et al. 2009). Upon completion of wound repair, 
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keratinocytes revert to their epithelial phenotype. As such, wound healing-

associated EMT is known as a partial EMT. The epidermal barrier is restored by 

concomitant degradation of excess ECM and apoptosis and phagocytosis of 

surplus fibroblasts. The precise mechanisms controlling cessation of wound healing 

pathways are not well understood (Shaw and Martin 2016). Similarly, cancer 

metastasis involves EMT and MET (mesenchymal to epithelial transition). 

Maintenance of an inflammatory microenvironment and aberrant ECM composition 

continues to supply tumour cells with growth and survival factors. Sustained 

disruption of apicobasal polarity and high migratory capability promotes tumour 

metastasis. The formation of a secondary tumour involves re-epithelialisation; the 

mechanisms regulating this process are not well understood,  (Bilder 2004, Tse 

and Kalluri 2007, Hanahan and Weinberg 2011, Tiwari, Gheldof et al. 2012). 

 

 

 

 

Figure 1.5. Schematic of morphological, functional and expression changes during 
epithelial-mesenchymal transition (EMT). See text for details. 
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YAP/TAZ are established as regulators of cellular processes important in tissue 

repair and tumourigenesis, such as cell proliferation, survival and stemness. 

Furthermore, many of the features of wound healing and cancer are thought to be 

potent activators of YAP/TAZ. Loss of cell-cell adhesion and polarity, matrix 

stiffening, cell spreading and enhanced growth factor signalling could represent 

upstream inducers of YAP/TAZ activity in the context of wound healing or cancer. 

For example, deposition of matrix components fibrin and fibronectin triggers 

recruitment and activation of myofibroblasts at wound sites. Wound tension has 

been reported to induce contractile closure of epithelial wounds in an integrin-

dependent mechanism. In cell culture, fibronectin and integrins are required for 

invasion of cancer associated fibroblasts (CAFs). CAFs also promote ECM 

stiffening. Integrin clustering by fibronectin engagement and matrix stiffening is a 

potential activator of YAP via focal adhesion maturation and Src signalling (see 

section 2.3.3) (Levental, Yu et al. 2009, Liu, Xu et al. 2010, Jones and Ehrlich 

2011). Connective tissue growth factor (CTGF), a known activator of fibroblasts in 

wound healing and the tumour microenvironment, is a bona fide YAP 

transcriptional target. Thus, sustained activation of YAP during wound healing or 

tumourigenesis could trigger a potential positive feedback loop sustaining a 

reciprocal relationship between the tumour and stroma (Grotendorst, Rahmanie et 

al. 2004, Lee, Shah et al. 2010, Alfaro, Deskins et al. 2013). In transgenic mice 

intestine and liver, YAP activation has been reported to synergize with tissue 

damage-induced inflammation to drive tumourigenesis (Cai, Zhang et al. 2010). 

Cutaneous wounds and SCCs were reported to exhibit highly similar expression 

profiles (Pedersen, Leethanakul et al. 2003). It will be interesting to see whether 

YAP plays a role in wound healing and tumourigenesis in the epidermis. 

 

These considerations highlight the many parallels between wound healing and 

tumourigenesis and suggest that YAP could be a common denominator to these 

processes. This is a suggestion that I explored during my PhD. 
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Chapter 2. Materials & Methods 

2.1.  Mouse/human histology  
 

2.1.1.  Immunohistochemistry 
Mouse backskin samples were harvested and fixed in neutral-buffered 

formaldehyde 10% vol/vol (sigma) and then embedded in paraffin in a head to tail 

orientation. The tissues were processed, embedded and sectioned at 4um and 

used for hematoxylin–eosin (H&E) staining and immunohistochemistry. Sections 

were de-waxed in xylene, dehydrated by passage through graded alcohols to 

water. If required for antigen retrieval, sections were microwaved in citrate buffer 

pH6 for 15 minutes and then transferred to PBS. Endogenous peroxidase was 

blocked using 1.6% hydrogen peroxide in PBS for 10 minutes followed by washing 

in distilled water. Species-specific blocking serum (Diluted to 10% in 1% BSA) was 

used to block non-specific staining in the tissue for 30 minutes. Slides were 

incubated with Primary antibody diluted to 1:100 in 1% BSA for 1 hour at room 

temperature. Sections were washed in PBS prior to applying the appropriate 

biotinylated secondary antibody for 45 min at room temperature. Sections were 

then washed in PBS and then incubated in ABC (Vector Laboratories PK-6100) for 

30 minutes. Following washing in PBS, DAB solution was applied for 2-5 minutes 

with development of the colour reaction being monitored microscopically. Slides 

were washed in tap water, stained with a light haematoxylin, dehydrated, cleared 

and then mounted. Alternatively, slides were treated with a primary antibody. 

Images were acquired with a Zeiss light microscope using 40x and 20x objectives. 

Human samples were treated the same way. Additional images of human samples 

were obtained by data-mining the proteinatlas.org database (Berglund et al. 2008; 

Lundberg and Uhlén, 2010; Pontén et al. 2008; Uhlen et al. 2005, 2015, 2010). 

 

2.1.2.  Antibodies, image acquisition and quantification 
Primary antibodies used for immunohistochemistry were: Vimentin (Abcam 

ab92547) 1/600, Zeb1 (Proteintech 21544-AP) 1/500, Keratin-5 (Abcam ab52635) 

1/500, LacZ (Acris R1064P) 1/5000, E-Cadherin (Santa Cruz sc- 7870) 1/75 O/N, 
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YAP (Cell signalling 14074) 1/400 O/N; (Santa cruz sc-101199)1/200 O/N, Ki67 

(Abcam ab16667) 1/350. 
Samples were imaged with a Leica SP5 confocal microscope using a 63Å~ oil 

immersion objective and processed using Adobe Photoshop. Images were 

quantified for area or intensity of staining using ImageJ. 

 
2.1.3.  RNAscope (ACDbio) 
Zeb1, Snai1, Snai2 probes was used according to manufacturer’s instructions. 

 
 

2.2.  Mouse strains 
 
All experiments were carried out in accordance with the United Kingdom Animal 

Scientific Procedures Act (1986) and UK Home Office regulations under project 

license number 70/7926. The YAPfl/fl TAZfl/fl mice were a gift from Axel Behrens 

(Francis Crick Institute). K5-CreERt mice were obtained from Ian Rosewell (Francis 

Crick Institute). v-HA-Ras transgene (TG.AC) mice were a gift from Ilaria Malanchi 

(Francis Crick Institute) and have been previously described (Leder et al. 1990). 

Wild-type mice were used in mixed background. All transgenic mice were in mixed 

background and used with littermate controls. APC p53 tumour sections from 

implanted nude mice were obtained from Owen Sansom (The Beatson Institute). 

K14-Cre FAKfl/fl mice and Srcfl/fl, Fyn−/−, Yes−/− mice were obtained from Val 

Brunton (University of Edinburgh) and were described previously (Marcotte et al. 

2012; Ridgway et al. 2012). Apc−/− p53−/− (Apc580D/580D P53 Trp53Δ2−10 

allele) mice were obtained from Owen Sansom and were previously described 

(Jonkers et al. 2001; Shibata et al. 1997). AhCre is previously described (Ireland et 

al. 2004). K-rasG12D allele was from Tyler Jacks (Jackson et al. 2001) 

 

 
 
 
 
 
 



Chapter 2. Materials and Methods 

 

55 

 

 

2.3.  Mouse experiments 
 

2.3.1.  YAP/TAZ conditional deletion in adult epidermis 
Tamoxifen (Sigma, 20 mg/ml in peanut oil) was injected intraperitoneally (IP) (5 μl/g 

body weight) for 5 consecutive days into 8- to 16-week-old controls or transgenic 

animals carrying K5-CreERt YAPfl/fl TAZfl/fl to induce YAP/TAZ knockdown and 

analysed for YAP/TAZ deficiency by immunohistochemistry 7 days thereafter. K5-

CreERt YAPfl/fl TAZfl/fl mice used for long-term analysis were subsequently IP 

injected with tamoxifen every month for 3 consecutive days and analysed 8 weeks 

after the start of tamoxifen treatment. See fig. 2.2. 

 
2.3.2.  YAP/TAZ conditional deletion in neonate epidermis 
100 μl 4 Hydroxytamoxifen (4OHT, Sigma) was topically applied per mouse using a 

pipette for 5 consecutive days at a dosage of 10 mg/ml in ethanol. Transgenic 

animals carrying K5-CreERt YAPfl/fl TAZfl/fl were used and controls were 

littermates carrying K5-CreERt or YAPfl/fl TAZfl/fl. See fig. 2.2. 
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Figure 2.1. Conditional YAP/TAZ deletion. (A) The floxed mouse was generated by gene 
targeting to insert LoxP sites flanking the target sequence (in this case YAP or TAZ). The 
Cre transgenic mouse expressed the bacterial Cre-recombinase which recognises the 
palindromic loxP sequence under the control of the Keratin-5 promoter. Two generations 
are required to obtain offspring homozygous for the floxed allele and carrying the Cre 
recombinase. The Cre will be expressed in tissues expressing Keratin-5. (B) The time of 
deletion was controlled by using a tamoxifen-inducible recombinase: CreERT. The Cre-
recombinase fused to a mutated form of the estrogen receptor is excluded from the 
nucleus. Only upon binding of the active tamoxifen metabolite 4-hydroxytamoxifen (4-OHT) 
is CreERT able to translocate from the cytoplasm into the nucleus, where it excises the 
floxed gene segment. (C) Epidermal basal cells express Keratin-5 and YAP. YAZ is deleted 
in the basal cells upon treatment of the K5-CreERT YAP floxed mice with tamoxifen. Since 
the basal cells are progenitor/stem cells which give rise to the suprabasal cells of the 
epidermis, the entire epidermis will be YAP-deficient upon epidermal turnover. 
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2.3.3.  R26-YAP5SA-NLS transgene expression in adult epidermis 
R26-YAP5SA-NLS mice were crossed to K5-CreERt mice. K5-CreERt mice were in 

mixed background. ROSA26-YAP5SA-NLS K5-CreERt mice were used with 

littermate controls. Expression of the transgene upon Cre-recombinase excision of 

the stop cassette was induced by tamoxifen application. Tamoxifen (Sigma, 

20mg/ml in peanut oil) was injected intraperitoneally (IP) (5μl/g body weight) for 5 

consecutive days into 8-16 week old controls or transgenic animals carrying K5-

CreERt R26-YAP5SA-NLS to induce YAP5SA-NLS expression and analyzed for 

LacZ (lineage tracer) expression by immunohistochemistry from 3 days thereafter. 

K5-CreERt R26-YAP5SA-NLS mice used for tumour formation analysis were 

analyzed by immunohistochemistry from 10 days after the initial tamoxifen 

treatment start. 

 

 
Figure 2.2. Schematic of R26-YAP5SA-NLS transgene expression in epidermal 
keratinocytes. 
 

2.3.4.  Wound healing experiments 
Following the 5-day tamoxifen treatment, 4 hydroxytamoxifen (4OHT, sigma) was 

topically applied to shaved backskin for 5 consecutive days at a dosage of 10mg/ml 

in Ethanol and 100 μl was applied per mouse. Mice were anaesthetized with 

IsoFlo® (Isoflurane, Abbott Animal Health) and treated with the analgesics 

Vetergesic® (Alstoe Animal Health) and RimadylTM 266 (Pfizer Animal Health) for 

2 days after wounding. A 4 mm punch wound was made in the backskin using a 

biopsy punch (Miltex) and mice were culled 48 hours later, with the wound section 

harvested and fixed immediately for immunohistochemical analysis. 
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2.3.5.  Dasatinib treatment of skin 
Mice between 8 and 14 weeks of age were topically treated with 150 μl Dasatinib 

(10 μM in DMSO, Selleck) onto shaved back skin for two consecutive days. Mice 

were analysed and the back skin harvested on the third day. Control mice were 

treated with DMSO.  

 

2.3.6. Chemically-induced skin inflammation  
Mice between 8 and 14 weeks of age were topically treated with 200 μl TPA (12-O-

tetradecanoylphorbol-13-acetate, Sigma; stock dissolved in DMSO and diluted in 

acetone, 12.5 μg/mouse) onto shaved backskin for two consecutive days. Mice 

were analysed and the back skin harvested on the third day. Control mice were 

treated with DMSO and acetone. 

 

2.3.7. Chemical carcinogenesis of skin 
Chemical skin carcinogenesis was induced on 12-week-old v-Ha-Ras transgene 

(TG.AC)-expressing mice in mixed background by a single application of 100 

μg/mouse DMBA [7,12-dimethylbenz(a)anthracene, Sigma] onto the shaved 

backskin followed by biweekly topical treatments with TPA (4 μg/mouse) starting 1 

week after DMBA application. Skin papillomas were detectable 8 weeks after start 

of DMBA-TPA treatment and harvested at 13 weeks. For Dasatinib treatment, 

papillomas allowed to reach ∼1 cm3. These established papillomas were treated 

topically with Dasatinib (10 μM in DMSO/acetone; 100 μl/papilloma) once and 

analysed 3 or 7 days thereafter. For generation of skin carcinomas, ∼12-week-old 

DMBA-treated FVB/N wild-type mice were treated biweekly with 4 μg/mouse TPA 

onto shaved back skin for 10 weeks then weekly for a further 4 weeks before the 

carcinomas were harvested. 

 

2.3.8. Intestinal experiments 
Mice carrying the AhCre recombinase were induced by three intraperitoneal (i.p.) 

injections of 80 mg/kg β-Napthoflavone for 1 day. Intestinal phenotypes were 

analysed 4 or 7 days after transgene induction to assess homeostasis or 

regeneration, respectively. Intestinal regeneration was induced by irradiating mice 

with 14Gy gamma-irradiation 4 days after recombinase induction. Mice were 
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sacrificed 72 h post irradiation and the small intestine isolated and flushed with tap 

water. Ten 1 cm portions of small intestine were bound together with surgical tape 

and fixed in 4% neutral buffered formalin. 

 
2.3.9.  Organoid transplantation experiments 
Intestinal crypts from VillinCreER Apcfl/fl p53fl/fl mice were removed 4 days 

following Cre induction with Tamoxifen (2 mg). This causes full recombination at 

both the Apc and p53 loci and organoids now grow as spheres in an R-Spondin-

independent manner (Sato et al. 2009). For transplantation of organoids, 50 

organoids were transplanted subcutaneously into nude mice (see Valeri et al. 

2014). A dose of 10 mg/kg dasatinib daily gavage was chosen as we have 

previously shown to cause a reduction in p-Src in vivo without toxicity (Morton et al. 

2010). Mice were treated continuously from 10 days post injection of spheres. 

 

2.4.  Cell culture 
Human HaCAT cells and A431 cells (Francis Crick Institute cell services) were 

grown in DMEM (Gibco 41966) with 10% FCS and Penicillin/Streptomycin. All cells 

are subject to mycoplasma testing. 

 
2.4.1.  siRNA 
Human Caco-2, A431 or HaCAT cells were cultured as previously stated (Fletcher 

et al. 2015; Elbediwy et al. 2012). All siRNA transfections were performed using 

Lipofectamine RNAiMax transfection reagent (Invitrogen). Briefly, cells were 

seeded in 6-well plates and treated with the siRNA/transfection mix 2 h post 

seeding. A final concentration of 50-100 nM siRNA was used for transfections. The 

following day, another transfection was performed before the cells were trypsinised 

4 h later and reseeded either for 2D or 3D culture. 2D siRNA treatments were left 

for a total of 72 h and 3D treatments were left for a total of 120 h. 3D cultures were 

prepared as previously stated (Elbediwy et al. 2012). siRNAs were used as 

siGenome pools (Dharmacon). 
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2.4.2.  Treatment with inhibitor, blocking antibody and low-calcium 
medium 
2D mammalian inhibitor treatments were for 4 h. They were as follows: 5 μM 

PF573228 (FAK); 5 μM saracatinib (Src); 5 μM dasatinib (Src/Abl); 5 μM BX795 

(PDK1); 5 μM MK2206 (AKT); 2 μM GDC0941 (PI3K); 100 μM blebbistatin 

(myosin); 100 μM Y27632 (Rock); 2 μM latrunculin A (actin) and 3 μM everolimus 

(mTOR); reagents were supplied by Sigma-Aldrich and Stratech Scientific Ltd. 

Integrin β1 blocking antibody or control IgG antibody (gifts from Nancy Hogg, 

Francis Crick Institute) was incubated with the cells for 1 h at a concentration of 10 

μg/ml before the cells were replated. Low calcium conditions were as previously 

reported (Elbediwy et al. 2012). 2D wound healing involved plating the cells at high 

density, causing a scratch and subsequent addition of Dasatinib for 4 h. 

 
2.4.3.  Cell culture scratch assay 
Cells are transfected with siRNA as previously described (Dong et al. 2007), before 

being replated at high density and left for 24 hours. Cells are scratched with a P200 

pipette tip and left for 4 hours before being fixed. Cells treated with dasatinib were 

treated and scratched simultaneously before being fixed. Cells were fixed with 4% 

PFA for 15 minutes before permeabilsing as previously described (Dong et al. 

2007). 

 
2.4.4.  Cell culture antibodies, image acquisition and quantification 
Primary antibodies used were: Rabbit Zeb1 Proteintech 21544-AP) 1/100 and 

Mouse YAP (Santa Cruz sc-101199) 1/100. Secondary antibodies were from 

Invitrogen, and used at 1:500 for 2 hours at room temperature along with DAPI. 

Cell culture samples were imaged with a Leica SP5 confocal microscope using a 

63x oil immersion objective and processed using Adobe Photoshop. Cells were 

assessed over three independent experiments counting 200-300 cells per 

condition. 

 
2.4.5.  Plasmids 
pCMV6 AC GFP ZEB-1 Transcript 1 (Origene) was transfected using 

Lipofectamine 3000 (Invitrogen). Quantification of extruded cells was performed by 
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analysing n342 transfected cells over three experiments and recording number of 

extruded cells versus cells present within the monolayer. 

 

2.5.  Molecular biology 
2.5.1.  RNAseq of HaCaTs and A431s and gene set enrichment analysis 
A431 or HaCAT cell lysates transfected with empty vector, YAP1 S5A, control 

siRNA or YAP1 siRNAs were used. Sequencing was performed on biological 

triplicates on the Illumina HiSeq 2500 platform and generated ∼69 million 100 bp 

paired end reads per sample (data deposited in GEO under accession number 

GSE80082). Sequenced reads were trimmed to 75 base pairs and mapped to the 

Refseq genome model, using RSEM (v.1.2.21). RSEM uses the bowtie2 alignment 

tool. Gene counts were filtered to remove genes with 10 or fewer mapped reads 

per sample. TMM (treated mean of M-values) normalisation and differential 

expression analysis using the negative binomial model was carried out with the 

RBioconductorpackage ‘EdgeR’. Genes with logCPM>1 and FDR<0.05 were 

judged to be differentially expressed. Enrichments of pathway, category and motif 

gene sets were assessed using GSEA with logFC preranked gene lists. Gene sets 

with an enrichment false discovery rate (FDR) value of less than 0.05 were judged 

to be strongly statistically significant and values of less than 0.25 significant. 

 

2.5.2.  Identification of TEAD1 binding sites  
Predictions for TEAD1 binding sites were obtained by aligning the TEAD1 motif 

sequence (retrieved from the JASPAR-2014 database (motif ID: MA0090.1) to -/+ 

1kB region around all transcription start sites annotated in ENSEMBLE from GSEA 

candidates. We used a positon-weight matrix (PWM) and set 85% of the maximum 

score as a cut-off. The predictions for the coding and antisense-strand of DNA 

were made separately (the candidate motif sequences are listed in Appendix 7.2). 

We picked one transcription start site for each gene (the one that had the most 

putative TEAD1 motifs close to the TSS) and highlighted the position of the TEAD1 

site(s) as black boxes (Fig 3.7C).  

 

2.5.3.  RNA extraction of mouse skin and RT-PCR 
Total RNA was extracted from homogenised mouse skin using an RNeasy Mini Kit 
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(Qiagen). cDNA synthesis for WT or dKO mice was performed using Superscript II 

(Invitrogen). Primers were purchased as Quantitect Primers (Qiagen). Gene 

samples were run in triplicate on a Quantstudio 12 Flex Thermocycler. Expression 

values were calculated using the ΔΔCT method relative to the housekeeping gene 

β-2 microglobulin (B2M). All error bars indicate s.e.m. 

 

2.5.4.  Chromatin Immunoprecipitation 
ChIP was performed as previously described (Coda et al. 2017), with the exception 

of the use of the ChIP Clean and Concentrate kit (Zymo Research, USA) for clean-

up of enriched chromatin according to the manufacturer’s instructions. Quantitative 

PCR for enrichment at the ZEB1 promoter was performed using the following 

primers: Fwd: 5’-GATGGGGAAGTGAGACAAGC-3’; Rev: 

5’CAGCTGGATTGAAAGAGAGGC-3’”. 

 
 
 
 
 
 
 
 
 
2.6.  Key resources table 
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Chapter 3. YAP/TAZ regulate mammalian epidermal 
homeostasis 

The skin is the largest organ in the body and functions as the major physical barrier 

to the external environment, protecting against insults from UV rays, chemicals, 

pathogens, as well as regulating temperature. Mammalian skin is comprised of two 

main layers: the epidermis and dermis, separated by a basement membrane (Fig 

1.4). Dermal cells derive from mesenchyme to form a dense irregular connective 

tissue, whilst the epidermis is a stratified squamous epithelium primarily comprised 

of layers of keratinocytes. The basal layer keratinocytes adhere to the basement 

membrane and are the progenitor/stem cells of the epidermis. As basal cells 

proliferate, daughter cells move upwards and differentiate before eventually being 

shed from the skin surface (Fuchs 2007). This process of epidermal self-renewal 

must be very tightly regulated as too little proliferation results in thinning of the skin 

and improper barrier function whilst overproliferation can lead to hyperproliferative 

disorders or tumourigenesis. Additionally, the rate of keratinocyte proliferation must 

be flexible to be able to respond to epidermal injury. How do keratinocytes “know” 

when to proliferate or differentiate to maintain epidermal homeostasis? Since YAP 

and TAZ are known to be involved in epithelial tissue growth control, we began by 

examining their expression in skin to determine if they could be involved in 

regulating epidermal proliferation (see Introduction section 1.3 for more detail and 

references therein).   

 
3.1.  YAP/TAZ are expressed in epidermal basal layer progenitor 
cells of mouse and human skin 
 
YAP and TAZ are transcriptional co-activators that are chiefly regulated by their 

subcellular localisation: active in the nucleus and inactive in the cytoplasm (Fig 3.1; 

see Introduction section 1.2 for more detail). Therefore, I began by recording both 

their expression and subcellular localisation in wild type mouse and human skin. 

YAP and TAZ proteins were both expressed in mouse skin epidermis at various 

stages of development: embryonic (Fig. 3.2A), neonatal (Fig 3.2B) and adult (Fig 

3.2C). Both proteins were largely localised to the nucleus in basal layer epidermal 

keratinocytes whilst they were cytoplasmic in the differentiating suprabasal cells. At 
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all stages YAP expression was stronger and more prominently nuclear than TAZ in 

basal layer cells. Nuclear localisation of both proteins was particularly strong in the 

basal layer cells of the interfollicular epidermis and the hair follicle (Fig 3.2B,C). 

YAP and TAZ were also found to be nuclear in some highly flattened suprabasal 

squamous cells (Fig. 3.2A,B,C). Although the functional significance of such 

nuclear localisation is unclear, it is consistent with findings in cell culture that 

flattening cells or deforming the nucleus induces YAP and TAZ to accumulate in 

the nucleus (Dupont, Morsut et al. 2011, Elosegui-Artola, Andreu et al. 2017). YAP 

and TAZ showed a similar expression pattern and subcellular localisation in adult 

human skin (Fig 3.2D), with both proteins found to be nuclear in basal layer 

epidermal cells and cytoplasmic in suprabasal daughter cells. Similar to mouse 

skin, some nuclear YAP and TAZ was observed in the terminally differentiated 

highly flattened suprabasal squamous cells (Fig 3.2D).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. YAP and TAZ are transcriptional co-activators.  Simplified schematic of 
YAP/TAZ translocation from the cytoplasm (inactive form) to the nucleus (active form), 
where it can interact with TEAD family transcription factors and other transcription factors to 
promote transcription of target genes involved in cell proliferation, survival and evasion of 
apoptosis. 
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Figure 3.2.  YAP and TAZ are nuclear localised in mouse and human basal layer 
progenitor cells. (Legend overleaf) 
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Figure 3.2.  YAP and TAZ are nuclear localised in mouse and human basal layer 
progenitor cells. (A) Embryonic (E17.5) mouse skin tissue sections stained for either YAP 
or TAZ (brown immunostain) and co-stained for eosin (blue). Top panels show longitudinal 
section through whole embryo; bottom panels show magnified skin sections. Scale bars A’ 
1mm; A’’ 200 μM; A’’’ 50 μM. (B) Neonatal (P2) mouse skin tissue sections stained for YAP 
or TAZ. Scale bar 50μm. (C) Adult (8 weeks) mouse tissue sections stained for YAP or 
TAZ. Scale bar 50 μM. (D) Adult human skin sections stained for YAP or TAZ, from Human 
Protein Atlas. Note the nuclear localisation of YAP in basal layer progenitor cells in both 
mouse and human epidermis, as well as some terminally differentiated flattened cells 
(asterisks). Other differentiating cells have cytoplasmic YAP localisation. TAZ is localised in 
a similar pattern, but expression is weaker than YAP. Scale bar 50 μM. 
 

 
3.2.  YAP/TAZ are required for skin homeostasis 
 
Knockdown of YAP in various epithelial cell cultures is known to reduce cell 

proliferation and survival whilst YAP overexpression drives proliferation and 

suppresses apoptosis and differentiation (Zhang, Pasolli et al. 2011, Zhi, Zhao et 

al. 2012). In vivo studies found that overexpression or nuclear localisation of YAP 

in skin resulted in elevated epidermal cell proliferation, with expansion of the basal 

layer compartment and a thickened epidermis (Schlegelmilch, Mohseni et al. 2011, 

Zhang, Pasolli et al. 2011, Beverdam, Claxton et al. 2013). Epidermis lacking YAP 

is fragile and thin with reduced progenitor cell proliferation (Schlegelmilch, Mohseni 

et al. 2011, Zhang, Pasolli et al. 2011). Since YAP and TAZ show functional 

redundancy in other tissues it is possible that residual proliferation is driven by TAZ 

in YAP-deficient skin. One study used siRNA to knockdown YAP and TAZ in the 

skin but the results were inconclusive because the knockdown was transient and 

non-cell-specific (Lee, Byun et al. 2014). In order to better understand the 

physiological function of YAP and TAZ in the epidermis we generated double 

conditional knockout mice (dKO) and drove the tamoxifen-inducible Cre 

recombinase in the skin with the Keratin-5 promoter (K5-CreERT YAPfl/fl TAZfl/fl, Fig. 

3.3A). Thus upon tamoxifen application YAP and TAZ were deleted specifically 

from the epidermis (Fig. 3.3B,C). 
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Figure 3.3. Conditional YAP/TAZ deletion. (A) The floxed mouse was generated by gene 
targeting to insert LoxP sites flanking the target sequence (in this case YAP or TAZ). The 
Cre transgenic mouse expressed the bacterial Cre-recombinase which recognises the 
palindromic loxP sequence under the control of the Keratin-5 promoter. Two generations 
are required to obtain offspring homozygous for the floxed allele and carrying the Cre 
recombinase, i.e. K5-CreERT YAPfl/fl. The Cre will be expressed in tissues expressing 
Keratin-5. (B) The time of deletion was controlled by using a tamoxifen-inducible 
recombinase: CreERT. The Cre-recombinase fused to a mutated form of the estrogen 
receptor is excluded from the nucleus. Only upon binding of the active tamoxifen metabolite 
4-hydroxytamoxifen (4-OHT) is CreERT able to translocate from the cytoplasm into the 
nucleus, where it excises the floxed gene segment. (C) Epidermal basal cells express 
Keratin-5 and YAP. YAZ is deleted in the basal cells upon treatment of the K5-CreERT 
YAP floxed mice with tamoxifen. Since the basal cells are progenitor/stem cells which give 
rise to the suprabasal cells of the epidermis, the entire epidermis will be YAP-deficient 
upon epidermal turnover. These mice are crossed two generations to TAZfl/fl mice to 
obtain K5-CreERT YAPfl/fl TAZfl/fl. 
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Whilst the skin of control mice remained covered by a thick layer of hair (Fig. 3.4A), 

the dKO adult mice started to lose hair in patches two weeks after the first 

tamoxifen application (Fig. 3.4B,C). Neonatal dKO animals treated with tamoxifen 

at P1 (see Methods) failed to develop any hair (Fig. 3.4D). Histological sections 

confirmed the expression of YAP and TAZ in the control and the loss of both 

proteins in adult dKO one week after tamoxifen application. Proliferation of basal 

layer cells, marked by Ki-67, was significantly reduced in dKO skin (Fig. 3.4A,B,E). 

Despite the reduction in Ki-67-positive cells in dKO epidermis, the epidermal 

thickness was not significantly different (Fig. 3.4F). The YAP/TA dKO skin hair loss 

and impaired basal layer cell proliferation phenotypes are reminiscent of those 

seen in skin-specific β1 integrin conditional knockouts (Brakebusch, Grose et al. 

2000, Raghavan, Bauer et al. 2000, Grose, Hutter et al. 2002, Piwko-Czuchra, 

Koegel et al. 2009, Singh, Chen et al. 2009). Notably, neither YAZ nor TAZ single 

knockout had an effect on hair or basal layer cell proliferation, confirming that these 

proteins act redundantly in the epidermis (data not shown). 
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Figure 3.4. Epidermal deletion of YAP and TAZ results in impaired skin homeostasis. 
(A) Control mice have a thick layer of hair (fur) covering their skin. YAP, TAZ and Ki-67 are 
expressed in basal cells of the epidermis. (B) Double conditional YAP/TAZ knockout mice 
treated with tamoxifen as adults experience significant hair loss. Back skin sections stain 
negative for YAP and TAZ and Ki-67 staining is reduced. Representative histological skin 
sections are shown. Adult mice were 8-10 weeks old. Scale bar 50 μM. (C) Quantification 
of hair loss (Ctrl n=11; dKO n=12) (D) Representative control and dKO neonatal mice (P8) 
treated with tamoxifen at P1. Control mice develop hair whilst dKO mice do not. (E) Ki-67-
positive cells quantified as a percentage of total interfollicular basal cells in each randomly 
selected 40Å~ field of view. n=757 control cells; n=896 dKO cells. Values are 
means±s.e.m. **P<0.01. (F) Epidermal thickness in μM of WT and dKO animals. n=3 
samples each from 8 WT and 8 dKO animals. p > 0.05. 
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3.3.  YAP/TAZ contribute to cutaneous wound healing 
 
Given that deletion of YAP and TAZ resulted in reduced proliferation of basal layer 

cells, we next sought to examine the effect of their loss when increased 

proliferation of keratinocytes is in particularly high demand, during wound healing. 

A previous study found that siRNA knockdown of YAP and TAZ resulted in delayed 

wound closure (Lee, Byun et al. 2014). However, as the siRNAs were applied using 

a topical gel the knockdown was transient and affected other cell types including 

dermal cells. Using the conditional K5-CreERT to knock out YAP and TAZ we were 

able to dissect the roles of these proteins specifically in epidermal keratinocytes 

during wound healing. 

 

I found that expression of both YAP and TAZ was increased in the epidermis of 

healing wounds, with strong nuclear staining of both proteins in the basal layer 

keratinocytes (Fig. 3.5A). Next, we sought to examine whether YAP and TAZ 

contribute to wound repair. To this end, we measured the time taken for small 

punch wounds (4mm) to close in control and dKO mouse back skin (Fig 3.5B; see 

Methods). We found that wounds in dKO animals took longer to close (12 days 

versus 10 days in controls. Fig. 3.5C). Yap and Taz single skin knockouts did not 

show a delay in wound closure compared to controls (data not shown). In control 

animals Ki-67 was strongly expressed in the basal layer cells of healing epidermis 

three days after wounding (Fig. 3.5D). The number of Ki-67-positive cells was 

significantly reduced in dKO epidermis, indicating that the delayed wound healing 

may be in part attributed to decreased basal layer keratinocyte proliferation in 

YAP/TAZ dKO animals (Fig. 3.5D). These data show that YAP and TAZ have an 

important physiological function in basal layer keratinocytes to promote 

proliferation. 
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Figure 3.5.  Epidermal-specific deletion of YAP and TAZ impairs wound healing. (A) 
Punch biopsy wound edge of wild type mouse skin stained for YAP and TAZ, taken 3 days 
after wounding. Dotted lines demarcate wound scab above newly formed epidermis. 
Arrows show strong nuclear expression of YAP and TAZ in basal cells of reepithelizing 
epidermis. Scale bar 100 μM. (B) Punch wound healing in YAP/TAZ double conditional 
knockout mice (dKO; n=8) is delayed compared to control (n=8). Representative images 
are shown. (C) Quantification of wound healing rates in control versus dKO mice. ImageJ 
was used to measure the wound area at each stage. Values are means±s.e.m. *P<0.05, 
**P<0.01. (D) Ki-67 staining is reduced in dKO healing epidermis (3 days post punch 
wound) compared to control animals. Representative sections shown. n=7 animals. Scale 
bar 50 μM. 
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Although YAP/TAZ dKO mice showed delayed wound healing, most wounds were 

fully re-epithelialized by 12-13 days after wounding (Fig 3.5D). I also noticed that 

some of the mice used for the hair loss experiment (Fig 3.4B) began to redevelop 

hair around 4 weeks after tamoxifen induction. It has been shown that following 

skin-specific knockout of β1 integrin, the few keratinocytes that escape Cre-

mediated recombination can rapidly repopulate the mutant epidermis (Piwko-

Czuchra, Koegel et al. 2009). Interestingly, the amplification of β1 integrin-positive 

cells escaping Cre-mediated recombination was more notable yet during wound 

closure. Similarly, we found that shortly after tamoxifen induction of Cre 

recombination the epidermis was mostly negative for YAP and TAZ though a small 

number of cells retain nuclear expression of the proteins (Fig. 3.6A,B). Yet, five 

weeks after tamoxifen administration YAP and TAZ were widely expressed 

throughout the epidermal basal layer keratinocytes, with expression levels similar 

to that of the wild type (Fig. 3.6C,D). This rapid repopulation of the epidermis by 

YAP-positive and TAZ-positive cells highlights their role in basal layer keratinocyte 

proliferation and suggests that YAP-positive and TAZ-positive cells escaping Cre-

mediated recombination may be responsible for re-epithelialization of healing 

wounds in the dKO animals.  
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Figure 3.6.  Repopulation of YAP/TAZ dKO skin by cells escaping Cre-mediated 
recombination. (Legend overleaf). 
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Figure 3.6.  Repopulation of YAP/TAZ dKO skin by cells escaping Cre-mediated 
recombination. Histological sections of dKO back skin stained for YAP (A) and TAZ (B) at 
1 week post-tamoxifen induction of K5-CreERT show very little epidermal expression. Note 
mosaic deletion. 4-6 weeks post-tamoxifen induction YAP (C) and TAZ (D) staining shows 
increased basal epidermal cell expression, similar to wild type expression. Scale bar 100 
μM. 
 
 
 
 
3.4.  YAP regulates a set of target genes in epidermal basal layer 
keratinocytes 
 
Having confirmed that YAP and TAZ promote proliferation in basal layer epidermal 

progenitor cells we sought to examine the downstream targets enacting this effect. 

As a first step we designed an experiment to identify YAP target genes in human 

keratinocytes. RNA sequencing (RNA-seq) was performed on mRNA isolated from 

A431 cells or HaCaT cells transfected with a mutant activated form of YAP 

(YAP5SA) or siRNA against YAP (Fig. 3.7A,B). Differences in individual gene 

expression may be undetectable when comparing expression profiles for specific 

experimental conditions. Gene set enrichment analysis (GSEA) is a computational 

method that associates a priori defined aggregations of genes (gene sets defined 

by shared biological function or regulation) with an experimental condition 

(Subramanian, Tamayo et al. 2005). GSEA thus enables identification of gene sets 

that are statistically enriched or depleted between two expression profiles, 

providing a list of gene sets to prioritise for further study. GSEA of the RNA-seq 

data yielded several gene sets as YAP-regulated in human keratinocytes: the 

previously identified Hippo/YAP signalling reactomes; cell cycle reactomes 

(including PCNA and E2F targets and Cyclin E-associated genes); cell growth 

reactomes (including c-Myc, global translation regulators and related to regulation 

of ornithine decarboxylase); cancer signalling reactomes (including EGFR-Ras 

signalling targets); and cancer microenvironment/metastasis reactomes (including 

regulators of cellular-extra cellular matrix interactions) (see Methods 2.5.1). Gene 

sets identified were then analysed for the presence of TEAD-specific binding motifs 

within ±1 kb of their transcription start sites, since these would be likely to be direct 

YAP targets. These genes are listed in Fig. 3.7C. A limitation of only looking for 

direct targets is the likelihood of missing important functional effectors of YAP 

which are not direct transcriptional targets. 
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Figure 3.7.  Gene set enrichment analysis of YAP target genes in keratinocytes. (A) 
Analysis of YAP-dependent gene expression by RNA-seq was performed by comparison of 
YAP loss and gain of function in keratinocytes (see materials and methods). Fig continued 
overleaf. 
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(B) A431 keratinocyte lysates were transfected with 
YAP5SA or siRNA against YAP. Results were compared 
to HaCaT keratinocytes. RNAseq analysis was 
performed on biological triplicates. After trimming of 
sequenced reads and mapping to the Refseq genome 
model, TMM (treated mean of M-values) normalisation 
and differential expression analysis using the negative 
binomial model was carried out with the 
RBioconductorpackage ‘EdgeR’. Enrichments of 
pathway, category and motif gene sets were assessed 
using GSEA with logFC preranked gene lists. Gene sets 
with an enrichment false discovery rate (FDR) value of 
less than 0.05 were judged to be strongly statistically 
significant and values of less than 0.25 significant. The 
table lists gene sets induced upon YAP5SA expression 
and decreased upon YAP siRNA treatment. Raw data 
available upon request. (C) The gene sets identified in 
(B) were then analysed for putative TEAD1-binding sites 
-/+ 1kB of transcription start sites. The TEAD1 motif 
sequence (retrieved from JASPAR-2014 database motif 
ID: MA0090.1) was aligned to the -/+ 1 kB region around 
transcription start sites using a stringency setting of 
0.85. See Appendix 7.2 for TEAD binding raw data. 
Bioinformatic analyses were performed with the help of 
Stefan Boeing, Francis Crick Institute. 

 
 
We next sought to validate candidate YAP target genes in vivo. Quantitative RT-

PCR analysis found multiple YAP target genes (CTGF, MYC, AREG1, PCNA1, 

CCNE1) were indeed downregulated at the mRNA level in YAP/TAZ dKO skin (Fig. 

3.8A). We confirmed that PCNA and CCNE1 were also downregulated at the 

protein level in dKO skin (Fig. 3.8B,C). The Human Protein Atlas dataset was 

mined to gain further information on the expression pattern of the YAP target genes 

identified in human keratinocyte culture: regulators of the cell cycle [CCNE2, 

PCNA, E2F1], cell growth [RPTOR, ODC1, ADC] and EGFR and integrin signalling 

(CYR61, CTGF, AREG, integrins α3, β1, β4).  All YAP targets were strongly 

expressed in the basal cell layer of human skin epidermis. This is consistent with 

the notion that in this tissue YAP is transcriptionally active exclusively in the basal 

layer progenitor cells (Fig. 3.9).  
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Figure 3.8.  YAP/TAZ target gene expression is reduced in YAP/TAZ double knockout 
skin. Several YAP target genes identified in RNAseq experiments were selected for 
expression analysis in wild type versus YAP/TAZ dKO back skin. (A) Quantitative RT-PCR 
analysis shows downregulation of multiple YAP-dependent genes at the mRNA level in 
dKO skin compared to control. (B) Histological sections stained for PCNA, one of the 
putative target genes, show downregulation at the protein level in dKO back skin compared 
to control; quantified in (B’) n=300 cells from at least 3 different mice. (C) Histological 
sections stained for CCNE1, another putative target gene, show downregulation at the 
protein level in dKO backskin compared to control; quantified in (C’) n=300 cells from at 
least 3 different mice. Scale bar 50 μM. 
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Figure 3.9.  YAP-regulated genes in human skin. 
YAP target genes identified in cell culture and mice show similar basal cell expression in 
human epidermis. Images from Human Protein Atlas. Scale bar 50 μM. 
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3.5.  Summary 
Our data indicate a physiological role for YAP and TAZ in driving basal layer 

progenitor keratinocyte cell proliferation and maintaining epidermal homeostasis 

(Fig. 3.2,3.3,3.4). YAP/TAZ conditional double knockout leads to hair loss and 

thinning of the epidermis. dKO animals show delayed cutaneous wound healing, 

due at least partly to reduced keratinocyte proliferation (Fig. 3.5). YAP and TAZ are 

nuclear localised in the basal layer progenitor cells, where they stimulate a 

transcriptional program comprising a set of genes involved in cell growth, cell cycle, 

cancer signalling and cell-matrix adhesion. (Fig. 3.2,3.6,3.7,3.8).  
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Chapter 4. YAP is regulated by basal integrin-Src 
signalling in keratinocytes 

4.1.  Epithelia under physiological conditions 
 
4.1.1.  Stratified squamous epithelia: integrin and Src signalling promote 
YAP nuclear localisation in keratinocytes 
 
Having established that YAP nuclear localization and transcriptional activity is 

restricted to the basal layer progenitor cells of the epidermis, we sought to 

elucidate the mechanism regulating YAP subcellular localisation and ensuing 

activity in this tissue. Conditional knockout of MST1/2 (known negative regulators 

of YAP in many organs) in the epidermis does not affect YAP localisation or activity 

and no phenotype is observed (Schlegelmilch, Mohseni et al. 2011). This suggests 

that mechanisms other than Hippo signalling are responsible for regulating YAP in 

this tissue. An obvious difference between the basal layer and suprabasal 

keratinocytes is that the former contact the basement membrane extracellular 

matrix via integrins whilst the latter do not. Integrins are membrane-spanning 

heterodimeric cell adhesion proteins that link the ECM to the cytoskeleton and 

function in outside-in signal transduction (Hynes 2002, Miranti and Brugge 2002). 

Others have shown that deletion of β1 integrin (ITGB1) in the epidermis results in 

hair loss and skin blistering; a phenotype reminiscent of YAP/TAZ dKO. ITGB1 

mutant epidermis exhibit impaired proliferation, tissue architecture organisation, 

differentiation, and wound healing (Brakebusch, Grose et al. 2000, Raghavan, 

Bauer et al. 2000, Grose, Hutter et al. 2002).   
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Figure 4.1.  Integrin-Src & EGFR-PI3K localise in similar basal pattern as YAP in 
human stratified squamous epithelia. The Human Protein Atlas dataset was mined to 
identify genes that are expressed in the basal layer keratinocytes of human skin and could 
therefore act as regulators of YAP expression or nuclear localization in the epidermis. (A) 
YAP, ITGB1, SRC, EGFR and AKT2 immunostainings show basal layer expression in skin 
epidermis. (B) YAP, ITGB1, SRC, EGFR and AKT2 immunostainings show basal layer 
expression in cervix epithelium. (C) YAP, ITGB1, SRC, EGFR and AKT2 immunostainings 
show basal layer expression in oesophageal epithelium. Scale bar 100 μM. (D) Model for 
YAP regulation in stratified squamous epithelia. 
 
Studies in cultured MCF10A breast cancer cells and in Drosophila showed that 

integrin-Src signalling and EGFR-PI3K signalling stimulate nuclear localisation of 

YAP (Enomoto and Igaki 2013, Fan, Kim et al. 2013, Kim and Gumbiner 2015). To 

investigate whether these pathways contribute to YAP regulation in skin we first 

examined their expression in human skin. By analysing the Human Protein Atlas 

dataset we found that ITGB1, SRC, EGFR and AKT2 (a marker of PI3K activation) 

are all strongly expressed in the epidermal basal layer of skin, while AKT2 is 

particularly enriched at the interface between basal layer cells and the underlying 

basement membrane extracellular matrix (Fig. 4.1A). These proteins show a similar 

pattern of basal layer expression in other squamous epithelia (cervix, Fig. 4.1B and 

oesophagus, Fig. 4.1C). These data suggest that integrin-Src and/or PI3K 

signalling could contribute to YAP nuclear localisation in basal layer cells in skin 

epidermis, and more generally across squamous epithelia (Fig. 4.1D). YAP is also 

known to function as a mechanosensor, with cell tension and spreading driving 

YAP into the nucleus (Dupont, Morsut et al. 2011, Wrighton 2011). Although the 

molecular mechanism is not fully understood, this process is dependent on 

actomyosin contractility. F-actin and non-muscle myosin II form bundles, regulated 

by RhoGTPase, that enable force generation and cell motility. Studies have shown 

that Yki/YAP in Drosophila and human cell culture was activated by F-actin 

polymerisation (Sansores-Garcia, Bossuyt et al. 2011, Reddy, Deguchi et al. 2013), 
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whilst treatment of cells with inhibitors of F-actin (latrunculin B) or myosin II ATPase 

(blebbistatin) decreased YAP nuclear localisation (Fernandez, Gaspar et al. 2011, 

Wada, Itoga et al. 2011, Zhao, Li et al. 2012, Fernandez, Jezowska et al. 2014, 

Deng, Wang et al. 2015, Fletcher, Elbediwy et al. 2015, Wong, Li et al. 2015). 

 

To elucidate whether integrin-Src and/or PI3K signalling promote YAP nuclear 

localisation in keratinocytes we systematically inhibited components of these 

pathways in cultured human keratinocytes (Fig 4.2A-E). Inhibition of ITGB1 with 

siRNA or blocking antibodies or inhibition of the downstream effectors Src or FAK 

significantly hindered YAP nuclear localisation (Fig. 4.2A,B). Inhibition of PI3K 

similarly abolished YAP nuclear localisation. Interestingly inhibition of PI3K 

effectors AKT or TORC1 (at concentrations validated for this cell line) had no 

impact on YAP nuclear localisation, whereas inhibition of PDK1 partially impaired 

YAP nuclear localisation (Fig. 4.2B,C). Inhibition of F-actin significantly reduced 

YAP nuclear localisation, whilst the effect of myosin II or Rho kinase inhibition was 

moderate (Fig. 4.2D, quantified in 4.2E). Treatment of keratinocytes with either 

PI3K or Src inhibitors resulted in a significant increase in pYAP levels (YAP 

phosphorylated at S127; this form of YAP is retained in the cytoplasm and thereby 

is inactive. Fig. 2.3F). S127 is a major LATS phosphorylation site. This suggests 

that inhibiting Src or PI3K promotes Hippo (MST-LATS) signalling in keratinocytes. 

This is consistent with recent studies showing that Src inhibits Hippo signalling by 

tyrosine phosphorylation of LATS1 in multiple other cell lines (Si, Ji et al. 2017, 

Lamar, Xiao et al. 2019). EGFR via PI3K signalling has also been shown to 

negatively regulate hippo signalling in various cell culture lines (Fan, Kim et al. 

2013, Azad, Janse van Rensburg et al. 2018). In a keratinocyte ‘scratch-wound’ 

assay YAP rapidly becomes nuclear at the leading edge of the wound. This nuclear 

localisation is abolished by treatment with Src inhibitor dasatinib (Fig. 4.2G). 

Overall, these data indicate that integrin-Src and EGFR-PI3K signalling are 

required for YAP nuclear localisation in keratinocytes (Fig. 4.2H). In line with our 

results, an earlier study found that Src directly phosphorylates YAP at three sites 

independent of LATS1/2 phosphorylation in keratinocytes, and that this 

phosphorylation is necessary for YAP nuclear localisation, interaction with TEAD 

and transcriptional activity (Li, Silvis et al. 2016) 
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Figure 4.2. Blocking integrin-Src signalling inhibits YAP nuclear localisation in 
human HaCaT keratinocyte epithelial cells. (Fig. continued and legend on next page) 
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Figure 4.2.  Blocking integrin-Src signalling inhibits YAP nuclear localisation in 
human HaCaT keratinocyte epithelial cells. (A) YAP is both nuclear and cytoplasmic 
localised in HaCaTs plated at low density treated with control IgG or control siRNA. YAP 
nuclear localisation is significantly reduced by treatment of keratinocytes with anti-ITGB1 
antibodies (PD52) or by ITGB1 siRNA treatment. (B) YAP nuclear localisation is 
significantly reduced by treatment of keratinocytes with Src inhibitor dasatinib, by FAK 
inhibitor PF573228 or by PI3K inhibitor GDC0941, but not by treatment with DMSO solvent. 
(C) YAP nuclear localisation is reduced by treatment of keratinocytes with PDK1 inhibitor 
BX795, but not by AKT inhibitor MK2206, TORC1 inhibitor Everolimus or DMSO solvent. 
(D) YAP nuclear localisation is reduced by treatment of keratinocytes with F-actin 
destabilising drug Latrunculin, myosin II inhibitor Blebbistatin, or Rho-kinase inhibitor 
Y27632. Scale bar 25 μM. (E) Quantification of YAP nuclear/cytoplasmic ratio of A-D. 
Using ImageJ, the ROI was manually attached to the nucleus and the integrated intensity 
divided by that for the cytoplasm, yielding the nuclear/cytoplasmic ratio. Values are 
means±s.e.m. n=3 FOV, 5 repeats each condition. (F) Western blotting analysis of p-YAP 
levels in keratinocytes treated with either DMSO control, PI3K inhibitor or Src inhibitor. 
Total YAP levels are shown as a control. p-YAP is low keratinocytes treated with DMSO 
control and increased in keratinocytes treated with PI3k inhibitor or Src inhibitor (G) YAP 
nuclear localisation at the leading edge of a scratch wound in keratinocyte culture is 
prevented by treatment with Src inhibitor. Scale bar 50 μM. (H) Model of YAP regulation in 
keratinocytes. 
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We next sought to determine whether integrin-Src signalling plays a similar role in 

regulating YAP localisation in vivo. To this end, we examined genetic knockdown or 

chemical inhibition of pathway components in both mouse skin with and without 

TPA (the phorbol ester 12-O-tetradecanoylphorbol-13-acetate) treatment. TPA is 

an inflammatory agent known to induce epidermal hyperplasia and elevated Src 

kinase activity in mouse skin (Matsumoto, Jiang et al. 2003). YAP nuclear intensity 

was slightly elevated upon TPA treatment of control skin (Fig. 4.3A), possibly 

mediated by Src signalling. Knockdown of either FAK or Src resulted in a significant 

decrease in YAP levels and nuclear YAP in both normal and TPA-induced 

hyperplastic epidermis (Fig. 4.3 A-E). A similar reduction in nuclear localisation of 

YAP and total YAP levels was observed after topical Src inhibitor (dasatinib) 

treatment of both normal or TPA-treated skin, as well as in skin papillomas (Fig. 

4.3D and Fig. 4.10). These data suggest that integrin-Src signalling increases YAP 

nuclear localisation and YAP protein levels in basal layer epidermal keratinocytes. 

Analysis of YAP expression and cellular localization in β1 Integrin knockout 

epidermis would add weight to these data. The effect of integrin-Src signalling on 

YAP protein levels could be due to increased YAP stability upon Src tyrosine 

phosphorylation. It has been shown that phosphorylation of YAP on Y357 reduces 

the rate of YAP protein degradation in cell culture (Levy, Adamovich et al. 2008, 

Taniguchi, Wu et al. 2015).  
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Figure 4.3. Blocking integrin-Src signalling reduces YAP nuclear 
localisation in mouse epidermis.  The effect of the loss of FAK or Src on 
YAP expression and localisation was compared in normal and TPA-treated 
(to induce hyperplasia) back skin (A) control and TPA-treated skin stained 
for YAP (B) YAP staining is reduced in FAK conditional KO skin with or 
without TPA treatment. (C) YAP staining is reduced in Src conditional KO 
skin with or without TPA treatment. (D) YAP staining is reduced in 
dasatinib-treated skin with or without TPA treatment. Scale bar 50 μM. (E) 
Quantification of nuclear YAP intensity in A-D. Values are means±s.e.m, 
normalised to K14-Cre control. A students t test was performed on the    
data; p<0.001. 

 



Chapter 4. YAP is regulated by integrin-Src signallng 

 

89 

 

 
4.1.2.  Columnar epithelia: Apical domain formation inhibits YAP nuclear 
localisation in columnar epithelia 
 
Our and others’ data suggest that proliferation of epidermal basal cells depends on 

contact with the basement membrane extracellular matrix and consequent integrin-

Src and EGFR-PI3K signalling to promote YAP nuclear localisation and their self-

renewing progenitor cell quality. According to this model, daughter cells would stop 

proliferating and differentiate by loss of contact with the basement membrane 

extracellular matrix and consequent loss of signalling (Fig 4.4B). Other types of 

stratified squamous epithelia show the same pattern of YAP subcellular 

localisation, suggesting that this may be a general mechanism of proliferation 

control (Fig. 4.4A). This model, however, is not expected to apply to columnar 

epithelia because differentiated columnar cells maintain contact with the basement 

membrane extracellular matrix. It has been well established that apical proteins 

associated with Crumbs (CRB3) promote Hippo (MST-LATS) signalling to promote 

YAP accumulation in the cytoplasm (Chen, Gajewski et al. 2010, Ling, Zheng et al. 

2010, Varelas, Samavarchi-Tehrani et al. 2010, Fletcher, Elbediwy et al. 2015, 

Szymaniak, Mahoney et al. 2015). It is conceivable that the continuous presence of 

this apical signal in columnar epithelial cells overrides the basal signal, enabling 

these cells to differentiate.  

 

To investigate the possible in vivo relevance of the model above (suppression of 

YAP by apical signals) we compared the subcellular localisation of YAP and the 

apical marker CRB3 in stratified squamous epithelia, pseudostratified columnar 

epithelia and simple columnar epithelia. Stratified squamous epithelial cells do not 

express CRB3 (Fig. 4.4A,B). In simple columnar epithelia, such as endometrial or 

gallbladder, columnar cells express apical CRB3 and YAP is localised 

cytoplasmically (Fig. 4.4E,F). In pseudostratified columnar epithelia, such as lung 

bronchus or salivary gland, YAP localises to the cytoplasm of columnar cells that 

express apical CRB3. Basal layer stem/progenitor cells that lack an apical domain 

and CRB3 expression retain nuclear YAP (Fig. 4.4C,D). Thus, in these tissues, 

CBR3 expression correlates with cytoplasmic localisation of YAP whilst absence of 

CRB3 expression and contact with the basement membrane extracellular matrix 

correlates with nuclear YAP. Key upstream Hippo pathway components  
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Figure 4.4.  Human columnar epithelial cells that have an apical domain do not 
express nuclear YAP. Using the Human Protein Atlas dataset, the localisation of YAP was 
compared in cells with the presence or absence of an apical domain in different types of 
epithelia. (A) YAP is nuclear localised in the basal layer progenitor cells andcytoplasmic in 
the suprabasal cells of skin, oesophageal, oral mucosa, and uterine cervical stratified 
squamous epithelia. Scale bar 50 μM. (B) Schematic diagram of YAP localisation in 
stratified squamous epithelia. (C) YAP is nuclear localised in the basal layer progenitor 
cells, which lack a CRB3-positive apical domain, and cytoplasmic in columnar epithelial 
cells, which express a CRB3-positive apical domain, in the lung bronchus and salivary 
gland pseudostratified epithelia. Scale bar 50 μM. (D) Schematic diagram of YAP 
localisation in pseudostratified columnar epithelia. (E) YAP is cytoplasmic in simple 
columnar epithelial cells of the endometrium and gallbladder, which express a CRB3-
positive apical domain. Scale bar 50 μM. (F) Schematic diagram of YAP localisation in 
simple columnar epithelia. 
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Figure 4.5. NF2, SAV1, KIBRA & EZRIN localise in the same apical fashion as CRB3. 
Human Protein Atlas data show that NF2, SAV1, KIBRA and EZRIN localise in the same 
apical fashion as CRB3 in columnar cells of various epithelia. 
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NF2, SAV1, KIBRA and EZRIN (known to function in cytoplasmic sequestration of 

YAP) colocalised apically with CRB3 in pseudostratified columnar and simple 

columnar epithelia (Fig 4.5) (Hamaratoglu, Willecke et al. 2006, Chen, Gajewski et 

al. 2010, Genevet, Wehr et al. 2010, Ling, Zheng et al. 2010, Yu, Zheng et al. 

2010, Zhang, Bai et al. 2010, Yin, Yu et al. 2013). 

 

In summary, these data suggest that YAP nuclear localisation requires signalling 

from contact with the basement membrane extracellular matrix but is inhibited by 

Hippo signalling arising from the apical surface. I suggest that when both signals 

are present, apical signalling dominates over basal signalling. 

 

The above analysis is correlative. We therefore sought to test whether impairing 

the apical domain would prevent YAP from localising to the cytoplasm in columnar 
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epithelial cells. Human intestinal epithelial (Caco2) cells in culture are columnar 

cells that can form 3D cysts or 2D monolayers at high density. In both cases YAP is 

localised in the cytoplasm of these cells. SiRNA knockdown of either the apical 

protein CDC42 or LATS1/2 resulted in a similar relocalisation of YAP to the nucleus 

(Fig. 4.6A,B). Thus, at high density Hippo signalling via CDC42 and LATS1/2 

results in YAP being sequestered in the cytoplasm. When apical Hippo signalling is 

abrogated YAP inhibition is released and YAP is driven into the nucleus (Fig. 

4.6C,D). 
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Figure 4.6.  Apical domain formation inhibits YAP nuclear localisation in Caco2 cells. 
(A) Caco2 colon adenocarcinoma cells form 3D cysts in cell culture. YAP is cytoplasmic 
localised. siRNA knockdown of CDC42 disrupts apical-basal polarity and YAP becomes 
more nuclear. (B) Caco2 colon adenocarcinoma cells form 2D epithelial monolayers at high 
density. siRNA knockdown of CDC42 disrupts apical-basal polarity and YAP becomes 
more nuclear, similar to silencing of LATS1/2. Scale bar 10 μM. (C) Schematic diagram of 
YAP localisation regulation in Caco2 cells. This work was performed in collaboration with 
Ahmed Elbediwy. 
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When Caco2 cells are plated at low density they assume a more spread out 

morphology with a larger basal surface and are unable to differentiate an apical 

domain. YAP becomes nuclear (Fig. 4.7A). Inhibition of integrins (with low calcium 

media, anti-ITGB1 antibodies or ITGB1 siRNA), Src or FAK resulted in YAP 

relocalising to the cytoplasm (Fig. 4.7A,B). This indicates that when apical 

signalling is blocked basal integrin-Src signalling similar to that in keratinocytes 

drives YAP into the nucleus in these cells. Inhibition of PI3K, PDK1 reduced YAP 

nuclear localisation to a similar extent as blocking F-actin or Rho. Neither AKT nor 

TORC1 inhibition had a significant effect (Fig. 4.7C,D,E). pYAP (phosphorylated at 

S127) levels increased after inhibition of ITGB1, Src, FAK or PI3K, indicating that 

integrin-Src signalling regulates YAP localisation at least in part via regulating 

LATS phosphorylation of YAP. One limitation of this experimental approach is that 

manipulating the apical domain could have an effect on the basal domin. 

Nonetheless, these findings are consistent with data from the Human Protein Atlas, 

which show YAP to be nuclear localised in basal progenitor cells that express 

ITGB1, Src and EGFR and cytoplasmic in cells that express these basal signals as 

well as an apical domain in pseudostratified columnar epithelia (Fig. 4.8A-E).  
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Figure 4.7.  Blocking integrin-Src signalling inhibits YAP nuclear localisation in 
human Caco-2 cells when apical formation is blocked. Caco2 cells plated at low density 
to prevent apical domain formation show strong YAP nuclear localisation. (A) Treatment of 
Caco2 cells with low-calcium medium, anti-ITGB1 antibodies (PD52) or by ITGB1 siRNA 
knockdown inhibits YAP nuclear localisation. (B) Treatment of Caco2 cells with Src inhibitor 
dasatinib, by FAK inhibitor PF573228 or by PI3K inhibitor GDC0941 reduces YAP nuclear 
localisation compared to treatment with DMSO solvent. (C) Treatment of Caco2 cells with 
PDK1 inhibitor BX795 reduces YAP nuclear localisation. YAP nuclear localisation is not 
changed by treatment with AKT inhibitor MK2206, TORC1 inhibitor Everolimus or DMSO 
solvent. (D) YAP nuclear localisation is reduced by treatment of Caco2 cells with F-actin 
destabilising drug Latrunculin, myosin II inhibitor Blebbistatin or Rho kinase inhibitor 
Y27632, or a combination of Blebbistatin and Y27532. Scale bar 20 μM. (E) Quantification 
of A-D. Values are means±s.e.m. (F) Western blotting analysis of p-YAP levels in Caco2 
cells treated with control siRNAs, ITGB1 siRNAs, DMSO control, FAK inhibitor, PI3K 
inhibitor or Src inhibitor. Total YAP levels are shown as a control. (G) Schematic diagram of 
YAP cellular localisation regulation in Caco2 cells.  
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Figure 4.8. YAP is nuclear localised in basal progenitor 
cells that express integrin, Src and EGFR, and 
cytoplasmic in columnar cells that express an apical 
domain in human pseudostratified columnar epithelia. 
Using Human Protein Atlas data, the expression and 
localisation of YAP, ITGB1, SRC and EGFR were examined 
in pseudostratified epithelia. (A) YAP is nuclear localised in 
the basal layer progenitor cells of bronchus, salivary gland, 
epididymis and prostate. (B) ITGB1 is expressed in the 
basal layer progenitor cells of bronchus, salivary gland, 
epididymis and prostate. (C) SRC is expressed in the basal 
layer progenitor cells of bronchus, salivary gland, epididymis 
and prostate. (D) EGFR is expressed in the basal layer 
progenitor cells of bronchus, salivary gland, epididymis 
and prostate. Scale bar 100 μM. (E) Schematic diagram 
of YAP regulation in pseudostratified columnar epithelia.  
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In summary, the above analysis suggests an antagonistic system governing YAP 

subcellular localisation across epithelia in which apical determinants via Hippo 

signalling activate LATS resulting in YAP sequestration in the cytoplasm, whilst 

basal integrin-Src and PI3K signalling inhibit LATS, allowing YAP to localise to the 

nucleus.  

 
4.2.  Epithelia under pathological conditions 
 
4.2.1. YAP in stratified squamous epithelial tumours 
 
 
Disrupted cell polarity is a hallmark of epithelial cancers (Bilder 2004, Cavatorta, 

Fumero et al. 2004, Nakagawa, Yano et al. 2004, Navarro, Nola et al. 2005, 

Gardiol, Zacchi et al. 2006, Huang and Muthuswamy 2010). Although YAP 

mutations have not been found in human epithelial cancers, YAP expression and 

activity is associated with tumour formation and progression (Ma, Yang et al. 2015, 

Maugeri-Sacca, Barba et al. 2015, Zanconato, Cordenonsi et al. 2016, Bae, Kim et 

al. 2017). Since loss of polarity strongly induces YAP nuclear localisation, we 

sought to explore this relationship in epithelial tumours. 

 

In human normal stratified squamous epithelia and squamous cell carcinoma YAP 

is nuclear in basal cells that are in contact with the basement membrane 

extracellular matrix and express integrin and Src whilst YAP is cytoplasmic in cells 

that do not contact the basement membrane extracellular matrix and lack integrin 

and Src expression (Fig. 4.9). Treatment of mouse DMBA/TPA-induced papillomas 

and squamous cell carcinomas with topical Src inhibitor (dasatinib) significantly 

reduced nuclear YAP and YAP levels in these tumours (Fig. 4.10). In line with 

these results, other groups have shown that the size and frequency of DMBA/TPA-

induced tumours in mice can be significantly decreased by dasatinib treatment or 

genetic deletion of YAP (Serrels, Serrels et al. 2009, Creedon and Brunton 2012, 

Zanconato, Forcato et al. 2015). 
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Figure 4.9.  YAP is nuclear localised in cells that are in contact with the ECM and 
express integrin and Src in human normal stratified squamous epithelia and 
squamous cell carcinoma. Human Protein Atlas data were analysed to examine the 
expression and localisation of (A) YAP, (B) Integrin β1 and (C) Src in skin and cervical 
normal stratified squamous epithelia and squamous cell carcinoma. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4. YAP is regulated by integrin-Src signallng 

 

101 

 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.10.  Nuclear YAP expression in mouse DMBA/TPA-induced cutaneous 
papilloma and squamous cell carcinoma is reduced by treatment with Src inhibitor 
dasatinib. (A) YAP staining of mouse skin papilloma induced by DMBA-TPA treatment of 
mice expressing v-Ha-Ras (see Materials and Methods). Note stronger nuclear localisation 
in the basal layer. A’ higher magnification. (B) YAP staining of mouse skin squamous cell 
carcinoma induced by DMBA-TPA treatment of v-Ha-Ras-expressing mice. B’ higher 
magnification. (C) YAP staining is strongly reduced by topical treatment of DMBA-TPA 
induced papillomas with Src inhibitor dasatinib (see Materials and Methods). C’ higher 
magnification. Scale bars A,B,C 50 μM; A’,B’,C’ 25 μM. (D) Quantification of nuclear YAP 
intensity in A-C. Values are means±s.e.m, normalised to control. A student’s t test was 
performed on the data; p<0.0001. n=3 tumours each from 3 animals. 
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4.2.2.   YAP in columnar epithelial tumours 
 
We next sought to investigate the subcellular localisation of YAP in columnar 

epithelial tumours. In epithelial tumours of the colon, stomach, lung, endometrium, 

urothelium or ovary (Fig. 4.11A-F) YAP was localised cytoplasmically in cells that 

maintained their columnar epithelial morphology and expressed apical CRB3. 

Invasive adenocarcinomas of the same tissue origin displayed a dramatic loss of 

epithelial tissue architecture, epithelial cell morphology and CRB3 expression whilst 

nuclear YAP localisation increased (Fig. 4.11A-F). These data suggest that YAP 

becomes nuclear during tumour progression consequent to loss of cell polarity and 

apical determinant expression. Thus we next tested whether inhibition of integrin-

Src signalling would reduce nuclear YAP in invasive adenocarcinomas. Apc-/- p53-

/- mutant intestinal organoids subcutaneously transplanted into nude mice quickly 

yield adenocarcinomas that rapidly invade the surrounding tissue. We found that 

YAP was expressed throughout the implanted organoid, and was strongly nuclear 

in the invasive tumour cells infiltrating into the surrounding stroma (Fig. 4.11G). 

Mice with these invasive tumours were treated with Src inhibitor dasatinib. Nuclear 

YAP was significantly reduced, as was tumour growth and invasion (Fig. 4.11H,I). 

These data show that Src activity stimulates YAP nuclear localisation in vivo. 
 
Fig. 4.11.  YAP becomes nuclear in invasive adenocarcinomas, which are sensitive to 
dasatinib. (A-F) Comparison of YAP localisation in human epithelial and invasive 
adenocarcinomas. In the colon (A) and stomach (B) YAP is cytoplasmic in columnar 
epithelial cells in epithelial adenocarcinoma. These columnar cells have an apical domain 
expressing CRB3. YAP becomes nuclear in invasive adenocarcinoma cells, which have 
lost their columnar shape, lack CRB3 expression and lack a lumen. (C) In the bronchus 
YAP is nuclear in basal layer stem/progenitor cells and cytoplasmic in columnar epithelial 
cells that express apical CRB3 in epithelial adenocarcinoma. YAP is nuclear in invasive 
adenocarcinoma cells that have lost their columnar shape and lack CRB3 expression. (D) 
In the endometrial epithelium YAP is cytoplasmic in columnar epithelial cells in epithelial 
adenocarcinoma, and nuclear in invasive adenocarcinoma cells. (E) In urothelial epithelium 
YAP is cytoplasmic in pseudostratified columnar cells that express apical CRB3 in epithelial 
adenocarcinoma and nuclear in invasive adenocarcinoma cells which lack CRB3 
expression. (F) In ovarian epithelium YAP is cytoplasmic in ovarian adenocarcinoma cells 
that express apical CRB3, and nuclear in invasive ovarian adenocarcinoma cells which lack 
CRB3 expression. (Fig overleaf). 
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Figure 4.11. (G) YAP staining in Apc−/− p53−/− tumour organoids implanted 
subcutaneously under back skin into nude mice, which invade significantly into the 
surrounding tissue. Note that YAP is nuclear in cells at the invasive front, whereas 
columnar epithelial cells in the central regions of the tumour express cytoplasmic YAP. 
Scale bars G,G’ 50μm; G’’’ 500 μM. (H) Treatment of Apc−/− p53−/− tumour organoids 
implanted subcutaneously into nude mice with Src inhibitor dasatinib strongly reduces YAP 
staining. Invasive tumour cells are not visible. Scale bars H 50 μM; H’ 500 μM. (I) 
Quantification of nuclear YAP intensity in Apc−/− p53−/− tumour organoids implanted 
subcutaneously into nude mice with and without dasatinib treatment. Values are 
means±s.e.m, normalised to control. n=200 tumour cells, 3 samples for each condition. 
This work was performed in collaboration with Owen Samson, Beatson Institute, Glasgow. 
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It is known that YAP can be activated downstream of inflammatory cytokines, such 

as interleukin-6 (IL-6). Our results are consistent with a recent study showing that 

gp130 (the IL-6 corecptor) promotes YAP stability and nuclear translocation via Src 

kinases (Taniguchi et al. 2015). Others found that damage to intestinal epithelia 

activated IL-6, resulting in intestinal regeneration – a process in which Src and YAP 

are known to play a role (Cai, Zhang et al. 2010, Cordero, Ridgway et al. 2014, 

Kuhn, Manieri et al. 2014, Taniguchi, Wu et al. 2015). In line with this, we found 

that radiation injury to the intestine resulted in increased YAP levels, and 

importantly that this did not happen in Src-knockout intestine, indicating that Src is 

required for elevation of YAP levels upon intestinal injury (Fig. 4.12A) In wild-type 

irradiated intestines YAP remains largely nuclear in the basal crypt progenitor cells 

lacking an apical domain and cytoplasmic in columnar cells bearing and apical 

domain, suggesting that increased Src signalling upon inflammation is not sufficient 

to override the apical signalling retaining YAP in the cytoplasm (Fig. 4.12A).  

 

 

 

 
 
 
 

 

 
 
 
Figure 4.12. Src is required for YAP activation after intestinal irradiation. (A) Mouse 
small intestines stained for YAP before and after 72hrs of gamma-irradiation with 14Gy. 
Note increase in YAP in crypt progenitor cells. (B) Note decreased YAP levels and nuclear 
localisation in Src, Fyn, Yes triple knockout intestines or in Src single knockout intestines 
after 14Gy irradiation. Scale bar 100 μM. (C) Quantification of (A) and (B). Values are 
means±s.e.m, normalised to control. n=15 FOV each of 4 animals per condition. This work 
was performed in collaboration with Owen Samson, Beatson Institute, Glasgow.  
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4.3.  Summary 
In summary, apical-basal polarity signals play a role in controlling proliferation 

versus differentiation decisions in epithelial cells. We found that YAP, an oncogene 

known to promote proliferation/stemness in tumour cells, acts as a sensor of such 

polarity signals. We showed that integrin-Src and EGFR-PI3K – signalling 

molecules proposed to drive YAP to the nucleus in MCF10A cultured breast cells – 

are expressed in the basal layer keratinocytes of human and mouse epidermis and 

promote YAP nuclear localization in cultured keratinocytes and mouse basal layer 

cells in vivo. YAP induces expression of integrins, integrin ligands (CTGF, CYR61) 

and EGFR ligands (AREG) (Fig. 3.8). It is therefore conceivable that a positive 

feedback loop exists in which basal signals stimulate YAP nuclear localization, 

which in turn drives transcription of such signals. This loop would be broken when 

daughter cells lose contact with the basement membrane, thus creating a bistable 

system for determining progenitor versus differentiated cell fate. This model of YAP 

regulation appears to hold true for other squamous epithelia. Columnar epithelia, 

on the other hand, express an apical domain that overrides basal signals and 

results in cytoplasmic sequestration of YAP via MST/LATS kinase phosphorylation. 
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Chapter 5. YAP synergises with the wound healing 
response to drive ZEB1-mediated EMT and spindle 
cell squamous carcinoma formation  

As discussed in the previous chapter, loss of polarity is linked to aberrant nuclear 

expression of YAP and progression to invasive tumours. To test whether increased 

and aberrant nuclear YAP expression induce tumour growth we expressed an 

activated nuclear YAP in the mouse epidermis and assayed the consequences. 

 

YAP drives epidermal cell proliferation in the skin of mouse embryos (Zhang, 

Pasolli et al. 2011) and promotes squamous cell carcinoma (SCC) formation in 

embryonic mouse skin after transplantation into nude mice (Schlegelmilch, 

Mohseni et al. 2011). Conversely Yap knockout prevent Ras-driven skin SCC 

formation (Zanconato, Forcato et al. 2015, Debaugnies, Sanchez-Danes et al. 

2018). YAP is furthermore known to exhibit recurrent amplifications in human SCC 

tumours (India Project Team of the International Cancer Genome 2013, Hiemer, 

Zhang et al. 2015) and to promote human SCC cell proliferation in culture (Walko, 

Woodhouse et al. 2017). SCC is an epithelial cancer that arises from keratinocytes 

in stratified squamous epithelia, such as skin, oesophagus, oral cavity, prostate, 

vagina or cervix. SCC is the most common cancer capable of progressing to 

metastatic malignancy and cutaneous SCC (cSCC) is the second most prevalent 

human cancer worldwide. SCC can progress to an aggressive and invasive 

morphologically distinct subtype called spindle cell squamous cell carcinoma 

(spSCC). SpSCC is characterized by elongated atypical spindle-shaped cells that 

infiltrate the dermis. Since spSCC arises in the same anatomical locations as SCC, 

the cell of origin is thought to be epidermal, even though the “sarcomatoid” 

appearance is reminiscent of mesenchymal fibroblasts of fibrosarcomas. SpSCC 

cells express mesenchymal markers such as Vimentin whilst downregulating 

epithelial markers such as cytokeratins and E-cadherin (Cassarino, Derienzo et al. 

2006). The molecular mechanism for spSCC formation is not definitively known. 

One possibility is that the vimentin-expressing elongated spindle-shaped cells of 

spSCC could originate from epithelial cells of the epidermis via an epithelial to 

mesenchymal transition (EMT) (Yang and Weinberg 2008, Brabletz, Kalluri et al. 
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2018). EMT has been shown to occur in some mouse models of RasG12D-driven 

cutaneous carcinomas (Latil, Nassar et al. 2017).  Unambiguous evidence of an 

epithelial cell of origin in spSCC requires new mouse models enabling lineage 

tracing.  

 
5.1.  YAP is nuclear localised in human cutaneous spindle cell 
squamous cell carcinoma  
 
To address whether spSCC formation involves YAP we began by examining YAP 

expression in human cutaneous spSCC samples. In normal human skin, YAP is 

expressed predominantly in the keratinocytes of the epidermis and nuclear 

localised in the basal layer of progenitor cells (Fig. 5.1B,C). The epidermis is 

Keratin-5-positive whilst the underlying dermal stroma does not express Keratin-5 

(K5; Fig. 5.1A). SpSCCs did not express K5, indicating that these tumours are not 

epidermal (Fig. 5.1A). Interestingly, despite the absence of epithelial marker, YAP 

was highly expressed and strongly nuclear throughout the tumours (Fig. 5.1B,C; 

Fig. 5.2A,B,C). These observations suggest that YAP accumulation in spSCCs 

correlates with the absence of Keratin-5 expression. 
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Figure 5.1.  YAP is nuclear localised in human spindle cell squamous cell carcinoma, 
which is Keratin-5-negative. Histological sections of normal human skin and spindle cell 
carcinoma patient tumour. Representative images shown, see Fig 5.2 and Appendix 7.1 for 
more spSCC tumour sections stained for YAP. See Methods for protocol. (A) normal skin 
and spSCC stained for the epithelial marker Keratin-5. Note that mass of tumour (arrow) is 
negative for Keratin-5. Scale bar 200 μM. (B) normal skin and spSCC stained for YAP. 
Note tumour (arrow) is strongly positive for YAP. Scale bar 200 μM. (C) High magnification 
view of (B) (area indicated by arrow is magnified in the tumour). Note nuclear localisation of 
YAP protein in spSCC cells. Scale bar 50 μM. 
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Figure 5.2.  Human cutaneous spSCC tumours express high levels of nuclear YAP. 
(A) Normal human skin and human cutaneous spSCC immunostained for YAP Note 
widespread nuclear YAP localization in spSCC. Scale bars: left panels 200 μM, right panels 
50 μM. (B) Higher magnification of normal skin and spSCC sections stained for YAP. Note 
in normal skin YAP is nuclear localised in the basal layer keratinocytes and cytoplasmic 
localised in the suprabasal keratinocytes of the epidermis. In spSCC Yap is nuclear in cells 
throughout the tumour. Scale bar 10 μM. For clarity only one sample is shown here, see 
Appendix 7.1 for gallery of spSCC tumour samples stained for YAP. (C) Quantitation of 
nuclear YAP-positive cells in normal skin versus spSCC. Values are nuclear positive cells 
per field of vision as means±s.e.m, n=22 samples, 3 fields of vision per sample.  
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5.2. Nuclear YAP drives formation of squamous cell carcinoma and 
spindle cell squamous cell carcinoma in mouse skin 

To test whether high levels of nuclear YAP can contribute to spSCC formation we 

generated a conditional inducible NLS-tagged activated YAP transgene (Rosa26 

LoxSTOPLox NLS-YAP-5SA IRES LacZ). YAP5SA has five serine LATS 

phosphorylation sites mutated to alanine, rendering this form of YAP constitutively 

active. These mice were crossed to a strain expressing a tamoxifen-inducible Cre 

recombinase under the control of the Keratin-5 promoter, enabling conditional 

expression of nuclear activated YAP specifically in the epidermis (Fig. 5.3A). A 

LacZ gene comprising an IRES was included to allow lineage tracing of cells that 

undergo Cre-mediated excision of the STOP cassette and therefore express NLS-

YAP-5SA. SCC as well as spSCC developed rapidly (2-4 weeks after tamoxifen 

administration) (Fig. 5.3B,D). SpSCCs were distinguished histologically from SCC; 

by their lack of Keratin-5 expression (Fig. 5.3B). SCCs were Keratin-5 positive, 

morphologically resembled hyperplastic epidermis, and arose randomly throughout 

the skin. spSCCs tended to be much larger in mass and tumour cells were dermal 

rather than epithelial in location and character (absence of K5 expression; 

Fig.5.3B). It is worth noting that spSCCs predominantly formed at grooming sites 

where the mice scratch their skin (top of the head, neck/shoulder and flank; Fig. 

5.3C). SpSCCs were associated with epidermal wounds, as indicated by the 

disruption in the continuity of Keratin-5-positive epithelium above spSCC tumours 

(Fig. 5.3B). The results so far suggest that epidermal damage, in combination with 

nuclear YAP expression could lead to the transformation of K5-positive SCC into 

K5-negative spSCC. 

 

In order to test whether the dermal spSCC tumour cells derived from the K5-

positive epidermal cells expressing NLS-YAP-5SA, we stained SCCs and spSCCs 

for beta-Galactosidase (the product of the LacZ gene), which becomes expressed 

upon K5-CreERt-mediated recombination. Following Cre induction by tamoxifen 

administration nuclear beta-Galactosidase was expressed sporadically in patches 

of cells in the skin epidermis and in SCC-like epidermis (Fig. 5.3E). This indicated 

that only a small proportion of epidermal cells undergo Cre-mediated recombination 

and express NLS-YAP-5SA, along with beta-Galactosidase, and that this 
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keratinocyte population is sufficient to drive epidermal hyperplasia and SCC. In 

spSCCs, which arose solely at grooming scratch sites and were associated with 

epidermal wounding, beta-Galactosidase was strongly expressed throughout the 

dermal tumour cells and in some epidermal cells (Fig. 5.3E,G). Thus, the K5-

negative dermal spSCC tumour cells are daughter cells of the K5-positive NLS-

YAP-5SA-expressing keratinocytes. In SCCs, expression of the proliferation marker 

Ki-67 was largely confined to the basal layer cells of the epidermis, indicating that 

the epidermal hyperplasia results from over-proliferation of basal layer cells (Fig. 

5.3F). By contrast Ki-67 was expressed irregularly throughout SpSCCs and these 

tumours were highly proliferative (Fig. 5.3F,G). Together these results suggest that: 

 

1. Nuclear activated YAP expression can drive transformation of epidermal K5-

positive epithelial cells into dermal K5-negative mesenchymal spindle cells 

in spSCC formation. 

2. Epidermal wounding is involved in this epithelial to mesenchymal 

transformation process. 
 
 
 
Figure 5.3.  Epidermal nuclear YAP expression drives formation of SCC and spCC in 
mouse skin. (A) K5-CreERt mice were crossed to a line carrying a Lox-Stop-Lox cassette 
upstream of an NLS-YAP-5SA sequence to achieve epidermal-specific conditional 
expression of nuclear YAP. LacZ in the construct allows for lineage tracing of basal layer 
skin cells expressing the nuclear YAP. (Fig. continued on next page). 
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Figure 5.3. Epidermal nuclear YAP expression drives formation of SCC and spCC in 
mouse skin. (B) Expression of NLS-YAP-5SA in epidermal basal layer cells drives 
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formation of both SCC-like hyperplasia (Keratin-5 positive) and SpSCC-like tumours 
(mostly Keratin-5 negative). Note the disruption in the continuity of Keratin-5 positive 
epithelial layer above the SpSCC tumour, indicative of a wound-induced tumour. Scale 
bars 100 μM (n= 20). (C) Multiple SpSCC tumours arise per animal, but only in grooming 
sites (n= 22). (D) Kaplan-Meier analysis shows rapid tumour formation upon tamoxifen 
induction of NLS-YAP-5SA expression in epidermal basal layer cells (control n=12; NLS-
YAP-5SA n=14). (E) Lineage tracing with LacZ (encoding nuclear beta-Gal immunostained 
in brown) shows that both SCC and SpSCC tumours arise from the K5-positive basal layer 
of the skin (n= 22). (F) Control, SCC and SpSCC sections stained for proliferation marker 
Ki-67 (n= 25). Scale bars E,F 100 μM. (G) Quantification of (E) and (F) in epidermal, E vs 
dermal, D compartments. Values are means+s.e.m. (See previous page). 
 
5.3. YAP-driven mouse spindle cell squamous cell carcinoma 
formation involves transcriptional induction of Zeb1 and epithelial to 
mesenchymal transition 
 
To confirm that the formation of nuclear activated YAP-driven SpSCC involves 

epithelial to mesenchymal transition (EMT) we stained NLS-YAP-5SA tumours for 

classic EMT biomarkers (Thiery and Sleeman 2006, Yang and Weinberg 2008, 

Kalluri and Weinberg 2009, Zeisberg and Neilson 2009, Lamouille, Xu et al. 2014). 

EMT was first characterised as a switch in transcriptional and signalling programs 

driving an ectodermal to mesodermal cell fate during normal embryonic 

development (Boulay, Dennefeld et al. 1987, Thisse, Stoetzel et al. 1988, Fortini, 

Lai et al. 1991, Leptin 1991, Nieto, Bennett et al. 1992, Broihier, Moore et al. 1998, 

Shook and Keller 2003). Epithelial cells lose their apicobasal polarity and cell-cell 

adhesion, acquiring the undifferentiated and motile potential of mesenchymal stem 

cells (Savagner 2015). During this process, which has since been well established 

as playing a role in tumour metastasis, epithelial markers such as keratins and E-

cadherin are downregulated whilst mesenchymal markers including Vimentin and 

N-cadherin are upregulated and the cell becomes elongated. As discussed above, 

progression of activated nuclear YAP-driven tumours from SCC to spSCC following 

epidermal damage was accompanied by a loss of Keratin-5 expression (Fig. 5.3B). 

Concurrently, Vimentin was upregulated (Fig. 5.4B). High levels of Vimentin in 

tumours have been associated with elevated risk of metastasis and poor prognosis. 

There is growing evidence indicating that the role of Vimentin in EMT is causal as 

well as correlative: by inducing cytoskeletal reorganization, Vimentin effects 

changes in cell morphology, motility and adhesion (Satelli and Li 2011, Dauphin, 

Barbe et al. 2013, Yamashita, Tokunaga et al. 2013, Liu, Lin et al. 2015). Loss of 

cell adhesion via downregulation of E-cadherin and consequent loss of intercellular 
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junctions is another hallmark of EMT, causing cells to lose their apical-basal 

polarity and gain migration ability (Capaldo and Macara 2007, Baum and Georgiou 

2011). 

 

The classical inducers of EMT comprise three transcription factor families: the 

Snail, Twist and ZEB families. These factors bind to conserved enhancer box (E-

box) sequences in the promoters of epithelial target genes, such as E-cadherin and 

other junctional proteins, directly repressing their transcription. ZEB1/2 (Zinc finger 

E-Box-binding homeobox) transcription factors are potent inducers of motility and 

stemness and are associated with aggressive invasive tumours with poor prognosis 

(Eger, Aigner et al. 2005, Aigner, Dampier et al. 2007, Krebs, Mitschke et al. 2017). 

 

ZEB1 is known to be widely expressed in tissues undergoing developmental EMT 

(Funahashi, Sekido et al. 1993, Yang and Weinberg 2008, Thiery, Acloque et al. 

2009, Nieto, Huang et al. 2016). Whilst a comprehensive analysis of ZEB1 

expression in healthy human adult tissues is lacking, studies so far have found that 

ZEB1 is expressed in some mesodermal-derived cells, such as activated 

fibroblasts, but not in the majority of healthy adult post-mitotic epithelial cells (Hurt, 

Saykally et al. 2008, Furuya, Masuda et al. 2017). This suggests that expression of 

ZEB1 endows cells with mesenchymal properties such as migration and 

proliferation ability. Indeed, overexpression of ZEB1 in mammalian cancer cell lines 

can induce EMT and metastasis (Comijn, Berx et al. 2001, Eger, Aigner et al. 2005, 

Aigner, Dampier et al. 2007, Spaderna, Schmalhofer et al. 2008, Al Saleh, Sharaf 

et al. 2011, Hugo, Kokkinos et al. 2011, Ahn, Gibbons et al. 2012, Liu, Sun et al. 

2012, Nieto 2013, Krebs, Mitschke et al. 2017). Furthermore, ZEB1 expression has 

been found in many human epithelial cancers and is associated with 

downregulation of E-cadherin and mestastasis (Guaita, Puig et al. 2002, Eger, 

Aigner et al. 2005, Pena, Garcia et al. 2005, Spoelstra, Manning et al. 2006, Witta, 

Gemmill et al. 2006, Peinado, Olmeda et al. 2007, Vandewalle, Van Roy et al. 

2009, Wellner, Brabletz et al. 2010, Sanchez-Tillo, Siles et al. 2011, Jia, Liu et al. 

2012, Okugawa, Toiyama et al. 2012, Zhou, Cao et al. 2012, Zhang, Zhou et al. 

2013, Zhang, Lu et al. 2013, Bronsert, Kohler et al. 2014, Matsubara, Kishaba et al. 

2014). Although well established as a transcriptional repressor of epithelial genes, 

ZEB1 can also function as a transcriptional activator of mesenchymal genes such 
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as vimentin, myosin, smooth muscle actin and collagens. (Chamberlain and 

Sanders 1999, Postigo 2003, Nishimura, Yasuhara et al. 2006, van Grunsven, 

Taelman et al. 2006, Lazarova and Bordonaro 2017). Furthermore, a recent study 

found that ZEB1 can interact directly with YAP and promote transcription of 

mesenchymal genes in cell culture (Lehmann, Mossmann et al. 2016). For these 

reasons, we decided to focus on the possible role of ZEB1 in the progression of 

SCC to spSCC. 
 

We found neither ZEB1 mRNA nor protein to be expressed in mouse skin 

epidermal cells (Fig. 5.4C,D). Notably, ZEB1 was not expressed in SCC but was 

strongly expressed at both the mRNA and protein level in NLS-YAP-5SA-driven 

spSCC (Fig. 5.4C,D,F). Similarly, SNAIL1 mRNA was expressed in nuclear YAP-

driven spSCC but not in normal epidermis nor in SCC (Fig. 5.4E). These data 

suggest that an EMT involving activation of ZEB1 expression could contribute to 

the formation of nuclear YAP-driven spSCC. 

 
 
Figure 5.4.  YAP-driven mouse spSCC formation involves transcriptional induction of 
Zeb1 expression and epithelial to mesenchymal transition. (A) Control skin and NLS-
YAP-5SA-driven SCC-like and spSCC tumour sections immunostained for YAP (n= 32). (B) 
Control skin and NLS-YAP-5SA-driven SCC-like and spSCC tumour sections 
immunostained for Vimentin (mesenchymal marker). Note strong staining in spSCC 
(n= 30). (C) Control skin and NLS-YAP-5SA-driven SCC-like and spSCC tumour sections 
immunostained for ZEB1 (EMT inducing transcription factor) immunostaining of control skin 
as well as NLS-YAP-5SA driven SCC and spSCC tumours. Note strong nuclear staining in 
spSCC (n= 33). Scale bars controls 100 μM; SCC and spCCs 50 μM. (D) ZEB1 mRNA in 
situ hybridisation of control skin and NLS-YAP-5SA driven SCC and SpSCC tumour 
sections. Note strong induction in SpSCC (n= 29). (E) SNAIL1 mRNA in situ hybridisation 
of control skin and NLS-YAP-5SA driven SCC and spSCC tumour sections. Note strong 
induction in SpSCC (n= 8). Scale bars control 50 μM, SCC and SpCC 100 μM. (F) 
Quantitation of YAP and ZEB1 nuclear expression in samples from control skin and NLS-
YAP-5SA-driven SCC-like and SpSCC-like mouse skin tumours in epidermal, E, and 
dermal, D, compartments. (n> 30 samples for each case). (Fig. on next page). 
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Figure 5.4. YAP-driven mouse 
spSCC formation involves 
transcriptional induction of ZEB1 
expression and epithelial to 
mesenchymal transition. (Legend on 
previous page). 
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5.4.  Human spindle cell squamous cell carcinomas express high 
levels of nuclear ZEB1  
 
We next sought to verify whether activation of ZEB1 expression also occurs in 

human spSCC. Human spSCCs co-express high levels of nuclear YAP and ZEB1 

with a concurrent gain of Vimentin and loss of E-cadherin (Fig. 5.5; Fig. 5.6). These 

data imply that in human, as well as in mice, spSCC formation could involve 

nuclear YAP expression plus ZEB1-mediated EMT. 
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Figure 5.5.  YAP and ZEB1 are co-expressed in human spSCC tumours. (A) YAP 
immunostaining of normal human skin, SCC and spSCC-like tumours. Note strong nuclear 
localisation in spindle-shaped spSCC tumour cells. (B) ZEB1 immunostaining of normal 
human skin, SCC and spSCC-like tumours. Note strong nuclear expression in spindle-
shaped spSCC tumour cells. (C) Vimentin immunostaining of normal human skin, SCC and 
spSCC-like tumours. Note strong expression in spindle-shaped spSCC tumour cells. (D) E-
cadherin immunostaining of normal human skin, SCC and spSCC-like tumours. Note 
absence of expression in spindle-shaped spSCC tumour cells. (E) Ki-67 immunostaining of 
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normal human skin, SCC and spSCC-like tumours. Scale bars 100 μM. Representative 
images shown; n= 20.  
 
 
 

 
 
 
 
 
Figure 5.6.  Human spSCC tumours express high levels of nuclear ZEB1. (A) Normal 
human skin and human cutaneous spSCC immunostained for ZEB1. Note widespread 
nuclear ZEB1 localisation in spSCC. Scale bars: left panels 200 μM, right panels 50 μM. 
Note widespread nuclear ZEB1 localisation. (B) Higher magnification of normal skin and 
spSCC sections stained for ZEB1. Note in normal skin ZEB1 is nuclear localised in some of 
the basal layer keratinocytes. In spSCC Yap is nuclear in cells throughout the tumour. 
Scale bar 10 μM. For clarity only one sample is shown here, see Appendix 7.1 for gallery of 
spSCC tumour samples stained for ZEB1. (C) Quantitation of mean pixel intensity of 
normal skin versus spSCC. Values are per field of vision means±s.e.m, n=22 samples, 3 
fields of vision per sample. 
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5.5.   ZEB1 becomes nuclear expressed after epidermal wounding in 
a YAP and TEAD-dependent manner 
 
Why do some nuclear YAP-driven tumours express ZEB1 and progress to spSCC 

whilst others do not express ZEB1 and do not progress beyond SCC? As 

discussed previously, we found spSCCs to be associated with scratch wounds 

whilst SCCs arose randomly in the absence of wounding (Fig. 5.3C). Following 

epithelial tissue injury, cells at the wound edge lose their cell-cell adhesions, 

proliferating and migrating to close the wound. Thus, the wound healing response 

requires a partial and reversible EMT before reconstitution of epithelial sheet 

integrity (Arnoux et al. 2005, (Leopold, Vincent et al. 2012, Nieto, Huang et al. 

2016). ZEB1 is expressed at the leading edge of healing wounds in various tissues 

and models (Chaturvedi, Reichert et al. 2017, Li, Lang et al. 2018). Studies in cell 

culture have shown that knockdown of ZEB1 hinders closure of a monolayer of 

cells in a scratch wound healing assay whilst overexpression of ZEB1 accelerates 

closure (Joseph, Conroy et al. 2014, Ran, Lin et al. 2015, Gu, Zhao et al. 2016, 

Orellana-Serradell, Herrera et al. 2018). This suggests that ZEB1 could be a key 

regulator of the transient EMT that accompanies the wound healing response. 

 

In support of the suggestion that ZEB1 might contribute to wound healing, we found 

ZEB1 to be expressed in healing epidermal wounds in normal mouse skin (Fig. 

5.7A). We previously showed that YAP is also upregulated during the wound 

healing process (Fig. 3.6A). Both YAP and ZEB1 were nuclear expressed at the 

leading edge of scratch wounded cultured keratinocyte monolayer (Fig. 5.7B).  
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Figure 5.7.  ZEB1 becomes nuclear at the leading edge of epidermal wounds. (A) 
Section of punch wounded of mouse skin immunostained for ZEB1 at lower and higher 
magnification. Note nuclear expression of ZEB1 in some of the leading edge cells of the 
healing epidermis. Sections taken 2 days post-wound. Scale bars 100 μM. n=8 animals. Fig 
continued on next page  
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Figure 5.7.  (B) Scratch wounding of human HaCaT keratinocytes in culture 
immunostained for ZEB1, YAP and DAPI. Note ZEB1 and YAP nuclear expression in 
leading edge cells. Scale bar 50 μM.  
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We used this system to test whether the induction of ZEB1 expression at the 

leading edge of healing wounds is YAP-dependent. ZEB1 expression was 

abolished in scratch-wounded keratinocyte monolayers treated with siRNAs against 

YAP/TAZ (Fig. 5.8A). Treatment of scratch-wounded keratinocyte monolayers with 

dasatinib, a Src family kinase inhibitor known to inhibit YAP activation (Kim and 

Gumbiner 2015, Elbediwy, Vincent-Mistiaen et al. 2016, Li, Silvis et al. 2016), 

similarly abrogated ZEB1 expression at four hours post-wounding (Fig. 5.8B). 

These results suggest that active YAP is required to maintain epidermal wound-

induced ZEB1 expression. SiRNA knockdown of TEAD1-4 also inhibited ZEB1 

expression following scratch wounding, indicating that wound-induced ZEB1 

expression depends on YAP-TEAD-mediated transcription (Fig. 5.8C). Chromatin 

Immunoprecipitation confirmed that TEAD1 binds to an enhancer upstream of 

ZEB1 (Fig. 5.8D).  
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Figure 5.8.  Blocking YAP or TEAD1-4 inhibits ZEB1 nuclear localisation after 
epidermal wounding. (A) Expression of ZEB1 at the leading edge of keratinocyte scratch 
wound is abolished by transfection with siRNAs against YAP and TAZ. (B) Expression of 
ZEB1 at the leading edge of keratinocyte scratch wound is abolished by treatment with 
dasatinib, a Src-family kinase inhibitor that prevents YAP activation. Fig continued on next 
page. 
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Figure 5.8. (C) Expression of ZEB1 at the leading edge of keratinocyte scratch wound is 
abolished by transfection with siRNAs against TEAD1-4. Scale bars A,B,C 50 μM. All 
confocal images were taken at the same setting. (A-C) n=3 FOV for each of 3 repeats per 
condition. (D) Chromatin Immunoprecipitation of TEAD1 at an upstream enhancer of the 
ZEB1 gene in keratinocytes before or after scratch wounding. The weak enrichment may 
be explained by the small percentage of ZEB1-expressing cells in this experiment. Data 
were analysed by a Mann-Whitney Test n= 9 samples per experimental condition. (E) 
Overexpression of ZEB1-GFP in HaCaT cells causes cells to be extruded and assume an 
fibroblast-like morphology. This work was performed in collaboration with Ahmed Elbediwy 
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5.6.  Summary 
In summary, we found that epidermal basal layer cell expression of nuclear YAP 

resulted in the formation of both SCC and SpSCC. Lineage tracing confirmed that 

both SCC and SpSCC originate from basal layer cells. Hyperactivation of YAP 

results in SCC (essentially abnormal hyperproliferation of the epidermis) wherein 

tumour cells retain their epithelial characteristics. SpSCC formation, however, 

required hyperactivation of YAP in addition to wound-induced EMT driven by ZEB1. 
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Chapter 6. Discussion 

In this thesis, I have described a physiological role for YAP/TAZ in driving 

proliferation of epidermal basal layer progenitor cells to maintain skin homeostasis 

and repair wounds. Nuclear YAP/TAZ levels were increased at the margin of 

healing wounds, correlating with an increase in proliferation marker Ki-67. This is 

functionally important since epidermal-specific YAP/TAZ double knockout resulted 

in reduced basal layer proliferation and delayed wound healing. I also confirmed 

that a set of YAP target genes previously identified in other tissues were expressed 

in keratinocytes in a YAP-dependent manner: These genes (associated with cell 

cycle progression, EGFR signalling and integrin-ECM adhesion) were 

downregulated in vivo in YAP/TAZ double knockout skin. Having established that 

YAP is physiologically important in the basal layer of the epidermis, we sought to 

understand how YAP becomes nuclear in these cells. We show that basal integrin-

Src signalling promotes YAP nuclear localisation in basal layer cells. We suggest 

that YAP activity in progenitor cells is induced by basal contact with the ECM, 

which is increased upon loss of apicobasal polarity and cell spreading that occurs 

in both physiological wounding and tumourigenesis (6.1).   

During epithelial tissue repair, this upregulation of YAP activity is transient. 

However, constitutive activation can result in tumour formation and progression: 

Expression of a constitutively active form of YAP in the epidermis resulted in the 

formation of squamous cell carcinoma (SCC) and the invasive subtype spindle cell 

SCC (spSCC). The molecular mechanism and cell of origin of the mesenchymal-

like spSCC was not well understood. Using lineage tracing we show that YAP-

driven spSCCs originate in epidermal basal layer cells and arise at scratch wound 

sites. We report nuclear expression of EMT transcription factor ZEB1 at the wound 

margin of wild-type mice and in human spSCC. Furthermore, we show that wound-

induced ZEB1 expression depends on YAP-TEAD. Whilst completion of normal 

tissue repair is accompanied by a return to baseline of YAP, activated YAP could 

lock wound-induced ZEB1 into a constitutive positive feedback loop. We propose 

that sustained YAP activation synergises with the wound healing response to drive 

ZEB1-mediated EMT and malignant progression from SCC to spSCC (Fig. 6.1B, 

Fig. 6.2).  
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Figure 6.1.  Model of YAP regulation in basal layer keratinocytes in normal epidermis 
and in wound healing/tumourigenesis. (Legend on next page). 
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Fig 6.1.  Model of YAP regulation in basal layer keratinocytes in normal epidermis 
and in wound healing/tumourigenesis. (A) In uninjured epidermis, basal signals from 
integrin-Src signalling, actin cytoskeletal tension, and growth factor receptors promote YAP 
nuclear localisation whilst signals from adherens junctions components inhibit YAP. These 
inputs can function through multiple LATS-dependent and independent mechanisms. 
Nuclear YAP binds to TEAD to stimulate the expression of cell cycle genes (CCNE1, 
PCNA) EGFR ligand (AREG), integrins (ITGB1) and integrin ligands (CTGF, CYR61), 
thereby promoting basal layer cell proliferation and maintaining progenitor cell fate. (B) 
Following epidermal injury, loss of cell-cell adhesion (1) and apicobasal polarity (2) at the 
wound margin releases negative regulation of YAP by adherens junction contact inhibition 
and apical Hippo components. In addition, cell spreading over the basal surface increases 
integrin-Src activation (3) and mechanical strain on the actin cytoskeleton (4), both of which 
promote YAP nuclear translocation. Increased growth factors and cytokines (5) in the 
inflammatory wound healing milieu further activate YAP via Src tyrosine phosphorylation. 
An unidentified wound-induced signal (6) synergises with YAP-TEAD to drive the 
expression of EMT transcription factor ZEB1 (green in schematic). TGFβ –Smad, MRTF-
SRF, Ras-AP1 are potential candidates. During normal wound healing, cessation of 
inflammatory signals is accompanied by a return to baseline of YAP and ZEB1 levels. 
However oncogenic mutations and chronic inflammation could YAP and ZEB1 in a positive 
feedback loop, with sustained activation driving malignant progression, EMT and 
metastasis. ((6) is discussed further in section 6.3) 
 

6.1.  YAP/TAZ play a physiological role in epidermal homeostasis 
and wound healing  

The basal layer progenitor cells are known to endow the epidermis, a stratified 

squamous epithelium, with the ability for continual renewal required to maintain 

barrier function. The proliferation rate of these cells must be flexible whilst under 

tight control to meet the demands of developing skin and heal wounds, without 

resulting in tumourigenesis. Here we report heterogeneous nuclear localization of 

YAP/TAZ in adult epidermal basal layer cells, which increased significantly 

following wounding. YAP was nuclear in almost all foetal and neonatal basal layer 

cells, likely due to the higher rates of proliferation during epidermal development 

than in adult homeostasis. Epidermal-specific conditional double knockout (dKO) of 

YAP/TAZ (K5-CreERt YAPfl/fl TAZfl/fl) in adults resulted in reduced target gene 

expression accompanied by a reduction in basal layer cell proliferation. Whilst dKO 

in these adult mice showed slight epidermal thinning and patchy hair loss, they did 

not develop significant defects. When YAP/TAZ were deleted in neonates, these 

animals failed to develop any hair and were significantly smaller than wildtype, 

consistent with the higher levels of nuclear YAP and proliferative demand in 

neonatal compared to adult epidermis. Wound healing was moderately delayed in 



Chapter 6. Discussion 

 

131 

 

dKO adults, partly due to reduced keratinocyte proliferation (Fig. 3.2-3.5). This was 

corroborated by recent work reporting upregulation of nuclear YAP and its cofactor 

WBP2 at the margin of epidermal wounds (Walko, Woodhouse et al. 2017). Loss of 

epidermal WBP2 similarly reduced basal layer proliferation and delayed wound 

healing. Reduced cell migration in YAP/TAZ dKO animals could also contribute to 

the delayed epidermal repair. Since activation of EGFR can disrupt adherens 

junctions by phosphorylation of the cadherin-catenin complex, enhanced YAP-

dependent expression of EGFR ligand AREG could contribute to loss of cell-cell 

adhesion required for cell migration in wound closure (Fig. 3.7-8) (Bhora, Dunkin et 

al. 1995, Hudson and McCawley 1998, Repertinger, Campagnaro et al. 2004). 

Recent work in other tissues found that YAP promotes epithelial cell migration by a 

mechanism involving focal adhesions, Rho, and the actin cytoskeleton (Qiao, Chen 

et al. 2017, Mason, Collins et al. 2019). It would be interesting to explore the 

relevance of these mechanisms in the epidermis. For example, 

immunofluorescence could be used to compare stress fibre formation in wild-type 

and YAP/TAZ dKO healing wounds.  

 

We found that YAP stimulates a transcriptional programme comprising a set of 

genes involved in cell cycle progression, EGFR signalling and integrin-matrix 

adhesion. We identified TEAD-specific binding motifs within 1kb of the transcription 

start sites in the promoters of several target genes identified by RNA-seq, including 

the cell cycle genes CCNE1 and PCNA, EGFR ligand AREG, integrin β1 and 

integrin ligands CTGF and CYR61. These were validated in vivo, and were also 

found to be expressed in the basal layer keratinocytes of human epidermis using 

the Human Protein Atlas database (Fig. 3.2,3.6,3.7,3.8). Interestingly, a recent 

study of a psoriasis model found that YAP promoted hyperproliferation of 

keratinocytes in an AREG-dependent manner (Jia, Li et al. 2018). Our search for 

TEAD binding motifs, which was limited to those located within 1kb of the 

transcription start sites, is unlikely to have been comprehensive. In flies, Yorkie 

primarily binds to the promoter region of target genes and YAP/TAZ-TEAD 

complexes have been shown to bind to promoter regions (Lian, Kim et al. 2010, 

Oh, Slattery et al. 2013, Ikmi, Gaertner et al. 2014). However, recent ChIP-seq 

studies report predominant binding of YAP/TAZ-TEAD to distal enhancer regions in 

keratinocytes and other cell types (Galli, Carrara et al. 2015, Stein, Bardet et al. 
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2015, Zanconato, Forcato et al. 2015). Since enhancers tend to be located further 

than 1kb from transcription start sites, it is likely that further putative target genes 

could be identified by expanding the region searched for TEAD binding sites. 

Furthermore, whilst we searched solely for genes downregulated upon loss of 

YAP/TAZ and upregulated upon YAP overexpression, there is also evidence of 

YAP/TAZ acting as a transcriptional co-repressor of genes involved in terminal 

differentiation (Kim, Kim et al. 2015). 

The classical binary model of regulation of YAP/TAZ activity defines on versus 

off by nuclear versus cytoplasmic subcellular localisation respectively. Recent 

work argues for a far more dynamic model, with the balance between nuclear 

import and export determining activity (Shreberk-Shaked and Oren 2019). Thus, 

a limitation of using immunohistochemistry to define YAP/TAZ activity by 

nuclear localisation is that only a static snapshot is captured. Furthermore, 

whilst nuclear localisation of YAP/TAZ is required for their transcriptional 

activity, it has not been definitively shown that nuclear localisation equals 

activation. Different phosphorylation states and interactions with co-factors 

could dictate their ability to bind to TEAD or other transcription factors. This 

could explain some of the discrepancies between nuclear YAP and proliferation 

marker Ki-67 (Fig. 3). Despite some uncertainty in whether all keratinocytes 

expressing nuclear YAP/TAZ are transcriptionally active, I am confident of their 

physiological relevance in epidermis as wound healing and target gene 

expression were both reduced in dKO animals.  

6.2.  YAP is a sensor of polarity and tissue damage  

After establishing the function of YAP/TAZ in promoting epidermal basal layer cell 

proliferation, we sought to understand how their nuclear localization is regulated in 

these cells. We focused on YAP because TAZ nuclear expression was weaker and 

less clear, possibly due to antibody quality or more rapid ubiquitin-mediated 

degradation of TAZ protein (Liu, Zha et al. 2010, Cordenonsi, Zanconato et al. 

2011). Why is YAP nuclear in basal cells and cytoplasmic in suprabasal cells? An 

obvious difference between these cells is whether they make direct contact with the 

basement membrane. Studies in epithelial breast cells reported induction of YAP 
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nuclear localization by integrin-Src and EGFR-PI3K signalling (Fan, Kim et al. 

2013, Kim and Gumbiner 2015). Furthermore, the phenotype of YAP/TAZ dKO 

epidermis was reminiscent of that of integrin β1 epidermal deletion (Fig. 3.2-3.5) 

(Brakebusch, Grose et al. 2000, Raghavan, Bauer et al. 2000, Grose, Hutter et al. 

2002, Piwko-Czuchra, Koegel et al. 2009, Singh, Chen et al. 2009). We found that 

components of integrin-Src and EGFR-PI3K signalling were strongly expressed in 

the basal layer of human epidermis and that systematic inhibition of these 

components reduced YAP nuclear localization (Fig 4.1,4.2). Since YAP promotes 

expression of integrin β1, integrin ligands (CYR61, CTGF) and EGFR ligands 

(AREG) (Fig. 3.8), it is conceivable that a positive feedback loop exists in which 

basal signals stimulate YAP nuclear localization, which in turn drives transcription 

of such signals. Interestingly, ectopic expression of integrin β1 in suprabasal layers 

resulted in hyperproliferation and defective differentiation of keratinocytes and 

epidermal inflammation (Carroll, Romero et al. 1995). It would be interesting to 

determine if ectopic expression of integrin β1 triggers YAP nuclear localisation in 

these suprabasal keratinocytes. Genetic knockdown of Src or FAK or chemical 

inhibition of Src with dasatinib resulted in a significant decrease in nuclear YAP and 

YAP protein levels in normal and inflamed epidermis, as well as in skin papillomas 

and SCCs. These data suggest that Src signalling promotes YAP nuclear 

localization in vivo, and highlights the therapeutic potential of dasatinib in 

cutaneous tumours or inflammatory disorders (Fig. 4.3). In line with this, several 

recent studies report integrin-Src-mediated YAP activation various cell lines (Ames, 

Contois et al. 2016, Sabra, Brunner et al. 2017, Si, Ji et al. 2017, Ando, Charindra 

et al. 2018, Cui, Morales et al. 2018). YAP subcellular localization could be 

examined in integrin β1 knockout epidermis with and without Dasatinib treatment to 

extend these findings in vivo. 

 

We found an increase in pYAP-S127 upon inhibition of integrin β1, FAK or Src 

suggesting that integrin-Src signalling negatively regulates LATS1/2 to induce YAP 

nuclear localization (Fig. 4.2). Consistent with this, Src has been shown to activate 

YAP by inhibitory phosphorylation of LATS1/2 (Kim and Gumbiner 2015, Ames, 

Contois et al. 2016, Fisher, Kerr et al. 2016, Si, Ji et al. 2017, Ando, Charindra et 

al. 2018). Src has also been reported to activate YAP by direct phosphorylation of 

tyrosine residues (Y341/357/394) in the transactivation domain, which hinders YAP 
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binding to 14-3-3 proteins and promotes its binding to TEAD (Taniguchi, Wu et al. 

2015, Vlahov, Scrace et al. 2015, Li, Silvis et al. 2016, Smoot, Werneburg et al. 

2018). The decrease in YAP protein levels observed in epidermis lacking Src or 

FAK could be due to reduced rate of pYAP-Y357 proteasomal degradation seen in 

cultured cells (Levy, Adamovich et al. 2008, Shanzer, Adler et al. 2017). These 

studies suggest that Src can promote YAP nuclear localization in multiple tissues 

via LATS1/2-dependent and independent pathways. Li et al reported widespread 

phosphorylation of Y341/357/394 in endogenous YAP in human and mouse SCC 

(Li, Silvis et al. 2016). Furthermore, Src family kinase (SFK) inhibition significantly 

reduced SCC growth, in line with our observation of dasatinib treatment abolishing 

nuclear YAP in mouse SCC (Fig. 4.3). To ascertain the relative importance of these 

pathways in the epidermis, future work could examine YAP nuclear localization 

upon topical dasatinib treatment of transgenic mice expressing YAP5SA (resistant 

to LATS1/2 phosphorylation) or YAP3YF (resistant to SFK phosphorylation). 

Although the mechanisms by which tyrosine phosphorylation drives YAP nuclear 

localization is not fully understood, recent work point to the contribution of 

interaction with TEADs or SWI/SNF in the nucleus or the rate of nuclear export 

(Zhu, Li et al. 2015, Song, Herranz et al. 2017, Ege, Dowbaj et al. 2018). 

 

Src activation by other receptors, besides integrins, has recently been reported to 

induce YAP nuclear localisation. For example, platelet derived growth factor 

receptor and the interleukin-6 (IL-6) co-receptor gp130 – both of which can be 

activated in response to inflammation – were shown to activate Src upstream of 

YAP activation. YAP activation by the IL-6-gp130 axis was required for 

regeneration of injured intestine in mice (Taniguchi, Wu et al. 2015, Smoot, 

Werneburg et al. 2018). Consistently, we observed a Src-dependent increase in 

YAP levels and nuclear localization upon TPA-induced inflammation of the 

epidermis (Fig. 4.3). Thus, Src activation of YAP could link inflammatory cues to a 

transcriptional response required for epithelial tissue repair. It would be interesting 

to test whether dasatinib treatment abrogates the elevated nuclear YAP and 

keratinocyte proliferation at the margin of healing epidermal wounds. Notably, the 

inflammatory pathways that activate Src-YAP in epithelial regeneration could be 

recapitulated in tumourigenesis. It is thought that YAP hyperactivity observed in 

many human tumours is due to pro-oncogenic and stromal inflammatory cues as 
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YAP mutations are rarely seen. Therefore, inhibition of YAP activators such as Src 

provides an attractive therapeutic avenue. Moreover, several FDA-approved Src 

inhibiting drugs already exist (Finn 2008, Kim, Song et al. 2009, Elias and Ditzel 

2015). 

 

In the above model of YAP regulation by basal ECM-integrin-Src signalling would 

induce YAP nuclear localization solely in the basal layer keratinocytes. In this way, 

progenitor cell specification and cell proliferation would depend on contact with the 

basement membrane. Nuclear YAP would be maintained in these cells by an 

integrin-Src-YAP-growth factor positive feedback loop. This loop would be broken 

when daughter cells lose contact with the basement membrane, thus creating a 

bistable system for determining progenitor versus differentiated cell fate. Cytokine 

signalling or mechanotransduction upon cell spreading induced by wounding would 

further increase nuclear YAP levels (Dupont, 2011). In this way YAP could act as a 

sensor for tissue damage.  

This model appears to apply to other types of stratified squamous epithelia (Fig. 

4.1). It is important to note however, that in columnar epithelia, YAP is cytoplasmic 

in differentiated cells that contact the basement membrane. Unlike squamous 

epithelia, columnar epithelia express apical domain components (CRB3, NF2, 

SAV1, KIBRA, EZRIN), which appear to override basal signals and result in 

cytoplasmic sequestration of YAP, ostensibly via MST/LATS kinase recruitment 

and phosphorylation at the apical membrane (Fig 4.4) (Hamaratoglu, Willecke et al. 

2006, Baumgartner, Poernbacher et al. 2010, Chen, Gajewski et al. 2010, Genevet, 

Wehr et al. 2010, Ling, Zheng et al. 2010, Varelas, Samavarchi-Tehrani et al. 2010, 

Yu, Zheng et al. 2010, Yin, Yu et al. 2013, Fletcher, Elbediwy et al. 2015, Sun, 

Reddy et al. 2015, Szymaniak, Mahoney et al. 2015). In simple columnar epithelia, 

such as gallbladder or endometrium, in which all cells contact the basement 

membrane and feature an apical domain, YAP is cytoplasmic. In pseudostratified 

columnar epithelia, like lung bronchus or salivary gland, YAP is cytoplasmic in cells 

that possess a well-defined apical domain, whilst basal layer progenitor cells lack 

an apical domain and retain nuclear YAP (Fig. 4.4). A recent study in the mouse 

lung epithelium found that CRB3 was required for LATS1/2-dependent cytoplasmic 

retention of YAP in differentiated cells whilst progenitor/stem cells lacked CRB3 
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and featured nuclear YAP (Szymaniak, Mahoney et al. 2015). We found that 

disrupting the apical domain of confluent columnar intestinal cells in culture drove 

YAP from the cytoplasm to the nucleus in a LATS-dependent manner (Fig. 4.6), 

highlighting the opposing influences of the apical and basal domains. Interestingly, 

inhibition of integrins or Src in these cells triggered relocalisation of YAP to the 

cytoplasm. This suggests that when the apical domain in columnar cells is 

disrupted, basal integrin-Src signalling promotes YAP nuclear localization. Thus, in 

columnar cells that lose apicobasal polarity – such as in cancer – YAP “behaves” 

as it does in stem cells. In line with this, we found that when columnar epithelial 

tumours lose their apical domain and invade into the surrounding stroma, YAP 

becomes nuclear. Dasatinib treatment significantly reduced nuclear YAP and 

tumour invasion, suggesting that Src activation of YAP is important in these 

malignancies (Fig. 4.11). Loss of Hippo signalling upon polarity disruption, 

accompanied by increased contact with the surrounding ECM and consequent 

integrin-Src signalling could contribute to YAP activation and tumour progression. 

This conclusion is developed in a paper that I co-first authored with Ahmed 

Elbediwy, a post-doctoral fellow in the lab (Elbediwy, Vincent-Mistiaen et al. 2016).  

In summary, our results suggest that integrin-Src signalling induced by contact with 

the basement membrane extracellular matrix promotes YAP nuclear localisation 

and progenitor cell fate. Conversely, YAP nuclear localization is inhibited by Hippo 

signalling arising from the apical surface. When both signals are present, apical 

signalling dominates over basal signalling to drive cell differentiation. Loss of 

apicobasal polarity, changes in cell morphology, ECM remodelling, inflammatory 

signals and crosstalk with other signalling pathways could activate YAP in the 

context of epithelial tissue repair or tumourigenesis.  

6.3.  Sustained YAP activation synergises with the wound healing 
response to drive ZEB1-mediated EMT and spindle cell squamous 
carcinoma formation 

Nuclear YAP expression has been reported in murine and human squamous cell 

carcinomas (SCC), a type of epithelial cancer arising from stratified squamous 

epithelia of the body such as the skin, oesophagus or cervix (Schlegelmilch 2011 
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(Muramatsu, Imoto et al. 2011, Schlegelmilch, Mohseni et al. 2011, Silvis, Kreger et 

al. 2011, Liu, Liu et al. 2013, Xiao, Wu et al. 2014, He, Mao et al. 2015, Song, 

Honjo et al. 2015, Zanconato, Forcato et al. 2015, Jia, Li et al. 2016). 

Overexpression of YAP or deletion of negative regulator α‐catenin in basal layer 

keratinocytes results in cutaneous SCC formation (Vasioukhin (Vasioukhin, Bauer 

et al. 2001, Kobielak and Fuchs 2006, Schlegelmilch, Mohseni et al. 2011, Silvis, 

Kreger et al. 2011). Furthermore, epidermal YAP/TAZ double knockout blocks 

formation of Ras-driven papilloma and SCC (Zanconato (Zanconato, Forcato et al. 

2015, Jia, Li et al. 2016). These findings highlight the contribution of YAP to SCC 

formation. The majority of cutaneous SCCs are well-differentiated with limited 

invasive potential, however malignant progression to an aggressive subtype known 

as spindle cell SCC (spSCC) can lead to metastasis. SpSCC has a sarcomatoid 

appearance and is characterized by atypical spindle-shaped cells that infiltrate into 

the dermis. These spindled cells morphologically and functionally resemble 

mesenchymal fibroblasts of malignant fibrosarcomas, suggesting that formation of 

spSCC involves epithelial-mesenchymal transition (EMT) (Thiery, Acloque et al. 

2009, Viswanathan, Rahman et al. 2010, Watson, Chernock et al. 2013, Bavle, 

Govinda et al. 2016, Nieto, Huang et al. 2016, Brabletz, Kalluri et al. 2018). 

However, the molecular mechanism underlying this EMT is not understood. Why do 

only some SCCs progress to spSCC? 

 
We found that YAP was strongly nuclear throughout human spSCCs, which lacked 

Keratin-5 (K5) expression, suggesting that YAP could be involved in the 

progression to spSCC (Fig. 5.1-2). K5-Cre-driven overexpression of activated YAP 

(NLS-YAP-5SA) resulted in rapid formation of both K5-positive SCC and K5-

negative spSCC in mice.  Lineage tracing confirmed that the mesenchymal 

spindled cells invading the dermis derived from NLS-YAP-5SA transgene-

expressing basal layer epidermal cells. Interestingly, spSCCs arose at grooming 

(scratch wound) sites, whilst SCCs formed at unwounded skin (Fig. 5.3). This 

suggests that whilst YAP-driven SCC formation represents an exaggerated 

programme of normal basal layer proliferation, sustained YAP activation under 

conditions of tissue damage can promote metaplastic transformation of K5-positive 

epidermal epithelial cells into K5-negative mesenchymal spindle cells of spSCC. In 
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YAP-driven spSCCs, loss of K5 expression was accompanied by loss of E-

cadherin and upregulation of Vimentin (Fig. 5.4) 

 

To explore the mechanism of metaplastic transformation during oncogenic YAP-

driven spSCC formation, we examined the expression of classical EMT markers 

(Fig. 5.4) (Yang and Weinberg 2008). A defining feature of EMT is the 

downregulation of epithelial markers such E-cadherin or Keratins and the 

upregulation of Vimentin. In nuclear YAP-driven tumours, K5 expression is 

inactivated and Vimentin expression is strongly induced upon transformation of 

SCC to spSCC following wounding. We found that the EMT transcription factor 

ZEB1 was not expressed in normal skin but was strongly expressed at the mRNA 

and protein level in spSCC (Fig. 5.4). Epithelial tissue repair is known to involve a 

reversible EMT, in which cells at the wound margin lose their cell-cell adhesions, 

proliferate and migrate to close the wound, before redifferentiating to restore the 

epithelial sheet integrity (Barriere, Fici et al. 2015, Stone, Pastar et al. 2016). ZEB1 

has been reported to become expressed at the wound edge and accelerate closure 

in vitro, partly by downregulation of E-cadherin and consequent loss of cell 

adhesion (Kuwahara, Hatoko et al. 2001, Joseph, Conroy et al. 2014, Ran, Lin et 

al. 2015, Gu, Zhao et al. 2016, Chaturvedi, Reichert et al. 2017, Li, Lang et al. 

2018, Orellana-Serradell, Herrera et al. 2018). We show that ZEB1 is expressed 

during the wound healing response in mouse epidermis and in cultured 

keratinocytes, suggesting that ZEB1 could be a regulator of the transient EMT 

induced following epithelial tissue damage. Knockdown of YAP or TEAD1-4 in 

scratch-wounded keratinocytes prevented ZEB1 expression. Furthermore, we 

detected TEAD1 binding to an upstream enhancer at the ZEB1 locus upon scratch 

wounding (Fig. 5.7-8). Taken together, these data suggest that wound-induced 

ZEB1 expression is dependent on YAP-TEAD transcription. In future work, this 

could be verified in vivo by examining whether ZEB1 is expressed in YAP/TAZ dKO 

skin wounds.  

 

Significantly, the normal wound healing response is self-limiting, with cessation of 

inflammatory signals upon wound resolution accompanied by a return of YAP and 

ZEB1 to baseline levels. Conversely, sustained ZEB1 expression in the presence 

of NLS-YAP-5SA drives EMT and spSCC formation. ZEB1 becomes co-expressed 
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with YAP concurrent with a loss of E-cadherin and gain of Vimentin expression in 

human spSCC tumours, suggesting that this mechanism could be relevant in 

humans (Fig. 5.5-6). However, a limitation of this study is that exogenous 

overexpression of nuclear activated YAP may not accurately reflect the 

pathogenesis of human spSCC. As described in Vincent-Mistiaen et al, we propose 

that wound-induced ZEB1 expression synergises with aberrant activation of YAP 

by other oncogenic signals to form a positive-feedback loop driving tumour 

progression (Fig. 6.2) (Vincent-Mistiaen, Elbediwy et al. 2018). It would be 

interesting to test whether deletion of ZEB1 in NLS-YAP-5SA mice blocks spSCC 

formation (Brabletz, Lasierra Losada et al. 2017). 

 

 

 
 
 
 
Figue 6.2.  Sustained YAP activation synergises with wound-induced ZEB1 to drive 
EMT and tumour progression. 
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Aberrant ZEB1 expression has been reported in multiple human cancers of 

epithelial origin, and is associated with loss of E-cadherin and metastasis (Eger, 

Aigner et al. 2005, Spoelstra, Manning et al. 2006, Wellner, Brabletz et al. 2010, 

Jia, Liu et al. 2012, Zhang, Zhou et al. 2013, Zhang, Lu et al. 2013, Bronsert, 

Kohler et al. 2014, Matsubara, Kishaba et al. 2014). In addition to E-cadherin, 

several epithelial polarity genes – including CRB3 and Lgl2 – directly repressed by 

ZEB1 are known to be negative regulators of YAP (Aigner, Dampier et al. 2007). 

Furthermore, ZEB1 has been reported to induce the expression of mesenchymal 

markers and matrix metalloproteinases, driving further loss of polarity, ECM 

stiffening, and increase surface area of cell-ECM contact. Thus, whilst YAP 

promotes ZEB1 expression, downstream effects of ZEB1 activity on polarity, cell-

cell adhesion and ECM feeds back onto YAP activity (Fig. 6.3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3.  Model of YAP-ZEB1 positive feedback loop. Following epithelial injury, YAP 
induces ZEB1 expression. ZEB1-mediated repression of epithelial genes such as E-
cadherin, CRB3 and Lgl2 would promote YAP activity. Activation of mesenchymal genes 
such Vimentin and N-cadherin as well as matrix metalloproteinases by ZEB1 would 
promote a permissive microenvironment for further YAP activation. 
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Interestingly, recent studies in cell culture report the direct interaction of ZEB1 and 

YAP to cooperatively drive a common set of target genes. Expression of this 

common YAP/ZEB1 target gene set in human breast cancer correlated with 

increased metastasis, therapy resistance and poor prognosis (Lehmann, 

Mossmann et al. 2016, Qiu, Wei et al. 2018, Kowalski-Chauvel, Gouaze-Andersson 

et al. 2019). This could explain why overexpression of YAP alone is usually not 

sufficient to induce malignant neoplasm formation, requiring a second hit from 

wound-induced ZEB1 expression.  

 

How the wound-healing response synergises with YAP to induce ZEB1 

transcription remains unclear. A preliminary future study to test the importance of 

inflammation in YAP-mediated transcription of ZEB1 could involve treating 

experimental mice with an anti-inflammatory and then observing whether these 

mice express ZEB1 and develop SpSCCs. 

 

More specifically, binding sites for the effectors of various other wound-induced 

signalling pathways (TGFβ-SMAD, MRTF-SRF, Ras-AP1) have been found in the 

ZEB1 regulatory sequence (Davies, Robinson et al. 2005, Yang and Weinberg 

2008, Rasanen and Vaheri 2010, Bakiri, Macho-Maschler et al. 2015, David, 

Huang et al. 2016, Brabletz, Kalluri et al. 2018, Gasparics and Sebe 2018). YAP 

has been reported to form complexes with SMADS, SRF and AP1 in various cell 

types (Kim, Yang et al. 2015, Zanconato, Forcato et al. 2015, Kim, Jang et al. 

2018). Thus, activation of these pathways in parallel with YAP activation could 

result in cooperative induction of ZEB1 transcription (Fig. 6.1). Also, inflammatory 

cytokines such as IL-6 have been reported to activate YAP by Src-mediated 

tyrosine phosphorylation of the YAP transactivation domain. This might potentiate 

YAP-TEAD binding to the ZEB1 enhancer or interaction with other co-factors. A 

tyrosine phosphorylation-resistant form of YAP (YAP-3YF) could be used to test the 

relevance of this tyrosine phosphorylation for ZEB1 expression in a keratinocyte 

scratch assay. 
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6.4.  Conclusion 

In conclusion, YAP functions as a nexus integrating a multitude of biochemical and 

mechanical inputs to elicit cell and context-dependent transcriptional outputs. In 

basal layer progenitor cells of the epidermis YAP acts as a senor of polarity, with 

basal integrin-Src signalling upon contact with the basement membrane promoting 

YAP nuclear localization and cell proliferation to maintain epidermal homeostasis. 

YAP also acts as a sensor of tissue architecture, allowing for rapid reconstitution of 

barrier function following epithelial damage. Loss of apicobasal polarity and cell-cell 

adhesion, inflammation, increased cell-ECM contact and mechanical tension upon 

wounding would all be expected to induce YAP nuclear localization and activity. 

Importantly, all of these inputs are implicated in cancer. We propose that signals 

induced by tissue damage/inflammation synergise with YAP to induce transient 

ZEB1 expression and EMT necessary for tissue repair. Wound resolution is 

normally accompanied by downregulation of YAP and ZEB1, whereas constitutive 

activation results in a feed-forward loop and malignant progression (Fig. 6.1). We 

identify YAP as a driver of both cutaneous SCC and spSCC, originating in the 

basal keratinocytes of the epidermis. Sustained nuclear YAP results in abnormal 

acceleration of physiological epidermal proliferation and SCC formation, wherein 

tumour cells retain their epithelial attributes. In contrast, SpSCCs represent an 

alliance of sustained YAP activation and wound-induced ZEB1 EMT. Thus, YAP 

provides an important link between inflammation and tissue repair mechanisms that 

can be hijacked by cancer. In this thesis, I have begun to provide a molecular 

framework for why spSCC is frequently associated with chronic skin injury, infection 

and inflammation. My work suggests that aberrant YAP activation and sustained 

ZEB1 expression could be induced and maintained by oncogenic mutations and 

inflammation caused by chronic exposure to UV radiation. 
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Chapter 7. Appendix 

7.1.   Supplementary YAP and ZEB1 immunostaining in human spSCCs. 
 

 

Figure 5.2 Supplementary YAP human spSCC. Panel of human cutaneous SpSCC 
tumours stained for YAP. Samples are labelled 1-22 and shown at two magnifications. 
Scale bars: left panels 200 μM; right panels 50 μM. 
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Figure 5.6 Supplementary human ZEB1 spSCC. Panel of human cutaneous SpSCC 
tumours stained for ZEB1. Samples are labelled 1-22 and shown at two magnifications. 
Scale bars: left panels 200 μM; right panels 50 μM. 
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7.2.  Raw data from Chapter 3 Figure. 3.7C.  

 

TEAD1 binding on transcript strand 
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TEAD1 binding on antisense strand
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Predicted TEAD1 binding sites by stringency setting 

 

 
 

TEAD1 binding on both strands
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