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ABSTRACT 
 

Aberrant expression or activation of YAP and TAZ, the two effectors of the Hippo 

signalling pathway, plays an oncogenic role in several human cancers. Liver progenitor 

cells (LPCs) are a putative cancer stem cell in primary liver cancers, and Hippo pathway 

dysregulation is implicated in LPC-driven cancers. Investigation of the role of YAP in 

LPCs using shRNA revealed a transient reduction in cell proliferation in YAP-depleted 

cells that was accompanied by a concomitant increase in TAZ abundance. Conversely, 

increased YAP expression induced TAZ degradation. These experiments revealed a 

novel mechanism whereby YAP inversely regulates TAZ abundance post-

translationally. Using a range of chemical inhibitors, it was found that proteasomes, and 

to a lesser extent proteases, mediate YAP-induced TAZ degradation. In contrast, TAZ 

expression did not affect YAP abundance. Slower turnover and increased stability of 

YAP relative to TAZ is proposed to account for this. 

 

Structure/function analyses suggest that YAP-induced TAZ degradation requires 

transcription by YAP. The TEAD-binding, PDZ-binding and transactivation domains of 

YAP were all necessary to induce TAZ degradation. It was found that YAP, but not 

TAZ, could induce Lats kinase abundance and it was hypothesised that the increased 

Lats expression might mediate TAZ degradation. However, Lats knockdown did not 

block YAP-induced TAZ degradation, thereby eliminating this possibility. Further 

investigation of possible upstream regulators of TAZ degradation revealed that neither 

PI3 kinase signalling nor CK-1 is involved in YAP-induced TAZ degradation. 

However, treatment with a HSP90 or GSK-3 inhibitor increased TAZ abundance in 

growing cells and importantly prevented YAP-induced TAZ degradation. This indicates 

both HSP90 and GSK-3 are integral for intrinsic TAZ turnover as well as being 

necessary to mediate YAP-induced TAZ degradation. The YAP-transactivated target 

gene/s that increase GSK-3 activity, possibly via HSP90, remain to be identified and 

this is an area for future study. 

 

YAP-induced TAZ degradation was observed in human cells indicating this mechanism 

is conserved from mouse to human. Unexpectedly, this was not mediated by GSK-3 in 

human cells. YAP signalling in human cells is more complex than in mice, with eight 

isoforms identified in humans compared to just two forms in mice. Structural 

differences between human YAP isoforms, specifically the number of WW domains 
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and sequence variation within the transcription activation domain, suggest variable 

transcriptional activities. Accordingly, a marked difference in the efficiency of TAZ 

degradation was observed upon overexpression of two human YAP isoforms (hYAP1-

1β and hYAP1-2α). TAZ degradation in human cells was efficiently induced by the 

expression of hYAP1-2α, but not hYAP1-1β. Analysis of the transcriptional potency of 

full-length human YAP isoforms revealed significant differences in their transcriptional 

activities, however only modest differences between several isoforms were observed 

using GAL4-YAP transactivation domain fusion constructs. Interestingly, expression of 

either human isoform could induce TAZ degradation in mouse cells. Moreover, 

mutation of both WW domains of mouse YAP did not block YAP-induced TAZ 

degradation in mouse or human cells. Collectively, these results suggested that the 

combination of a single WW domain and a disrupted leucine zipper within the 

transactivation domain might be sufficient to prevent hYAP1-1β-induced TAZ 

degradation.  

 

Finally, the dual function of YAP to promote and prevent apoptosis in human cells was 

examined in the context of TAZ degradation. Unlike in mouse cells in which TAZ 

depletion had no affect on cell viability or growth, TAZ knockdown in human cells 

induced apoptotic cell death akin to that seen following prolonged hYAP1-2α 

overexpression. It is proposed that human YAP isoforms perform distinct roles in 

cellular signalling, with TAZ depletion driven by specific human YAP isoforms (e.g., 

hYAP1-2α) but not others (e.g., hYAP1-1β), thereby contributing to YAP-induced 

apoptosis. 

 

Since the discovery of the mammalian Hippo pathway and its two effectors, YAP has 

taken centre stage whereas TAZ has been largely overlooked, assumed to play a 

redundant role within the cell. The work presented in this thesis brings to light 

significant differences between YAP and TAZ signalling in mice, and their regulation in 

mouse and human cells, which have not previously been described, raising questions 

about the validity of using mice to model human Hippo signalling. A greater 

understanding of the complex nature of YAP and TAZ regulation would enable 

effective targeting of these effectors for anti-cancer therapy. 
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Chapter 1 – General Introduction 2 

1.1 Literature review  
The Hippo pathway is a large, complex network of proteins that regulates tissue growth 

via control of proliferation and apoptosis during development, regeneration and has 

been implicated in human disease, namely cancer. This review will cover the discovery 

of the core components of the Hippo pathway focusing on the two effector proteins, 

YAP and TAZ, and the mechanisms by which their activity is regulated. The structure 

of the effector proteins will then be discussed in relation to their function, and their 

target genes will be introduced in the context of outcomes of Hippo signalling. This will 

then be linked to the roles of Hippo signalling in mammals including control of organ 

size and regeneration, regulation of stem cell properties, and tumorigenesis. The role of 

YAP and TAZ in cancer is a particular focus of this review. This includes oncogenic 

signalling, regulation of cancer stem cells, potential use as a cancer therapeutic, and 

YAPs controversial tumour-suppressor role. Finally, the specific role of YAP in liver 

progenitor cell (LPC)-driven liver cancer will be discussed. 

 

1.1.1 The Hippo pathway 
The first component of the Hippo pathway, the NDR (nuclear Dbf-2-related) family 

protein kinase Warts (Wts), was discovered in Drosophila by genetic mosaic screens for 

tumour suppressor genes (1, 2). Loss of function mutations of this gene resulted in 

significant tissue overgrowth, particularly resulting from hyperplasia of imaginal disc 

epithelial cells. This phenotype was later recapitulated by inactivation of three other 

genes encoding the proteins Salvador (Sav) (3, 4), the Ste-20-like protein kinase Hippo 

(Hpo) (5-9), and Mob-as-tumour-suppressor (Mats) (10). These four tumour 

suppressors form a core kinase cassette whereby Hpo, bound to its adaptor protein Sav, 

phosphorylates and activates the Wts-Mats kinase complex (7, 11), resulting in 

activation of Wts kinase. Yorkie (Yki) was discovered as a Wts-binding protein by 

Huang et al. in 2005 using a yeast two-hybrid screen (12). Genetic and biochemical 

assays, in particular the observation that overexpression of Yki in flies results in a 

similar phenotype to loss-of-function mutations of Hpo, Sav or Wts, led to the 

discovery of Yki as the downstream effector protein of the Hippo signalling pathway in 

Drosophila (12).  

 

Yki is a transcriptional co-activator that associates with DNA binding transcription 

factors, e.g., Scalloped to activate target gene expression (12-15). Since dysregulation 

of Hippo signalling in Drosophila results in tissue overgrowth it is not surprising that 
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Yki has been primarily reported to regulate genes involved in the promotion of cell 

proliferation and prevention of apoptosis, namely cyclin E (4), E2F1 (13), the 

microRNA (miR) bantam (16, 17), and diap-1 (Drosophila inhibitor of apoptosis) (4, 7). 

 

Mammalian orthologues exist for all components of the Drosophila Hippo pathway: 

Mst1/2 (Hpo orthologues), WW45 (Sav orthologue), Lats1/2 (Wts orthologues) and 

Mob1 (MOBKL1A and MOBKL1B, Mats orthologues), Yes-associated protein (YAP) 

and its paralogue transcriptional coactivator with PDZ-binding motif (TAZ, also 

referred to as WWTR1) (Yki orthologues). Evolutionarily, there is a high degree of 

functional conservation between the Drosophila and mammalian Hippo pathways. 

Indeed studies have shown that expression of the corresponding human orthologue of 

Hpo, Wts, Mats and Yki can rescue loss of function mutations in Drosophila (7, 10, 12, 

18). The relationship between the core components of the mammalian Hippo pathway in 

regulating YAP and TAZ function is illustrated in Fig. 1.1. 

 

1.1.2 Regulation of YAP and TAZ activity 
1.1.2a Localisation 

Activation of Lats1/2 via the Hippo pathway results in phosphorylation of YAP and 

TAZ. This phosphorylation event occurs primarily on serine (S) residues S127 and S89 

in human YAP and TAZ respectively (19-22). Phosphorylation of these residues 

generates a 14-3-3-protein binding site, resulting in cytoplasmic sequestration of YAP 

and TAZ thus inhibiting target gene transcription (23, 24). Consistent with this model, 

conditional deletion of Mst1/2 and WW45 genes in the livers of mice significantly 

decreased YAP phosphorylation (25, 26). Surprisingly, Zhou et al. showed that the 

phosphorylation status of Lats1/2 was minimally altered by Mst1/2 deletion (25). 

Moreover, a subsequent publication demonstrated that loss of WW45 did not 

significantly alter Lats1/2 phosphorylation (26). 
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Figure 1.1 Core components of the mammalian canonical Hippo signalling pathway and 

their mode of action.  

Triggered by upstream signals e.g., cell-cell contact, and interacting pathways, Mst1/2 
phosphorylates (P) and activates WW45, Lats1/2 and Mob1. Activated Lats1/2 can 
phosphorylate YAP/TAZ, resulting in cytoplasmic sequestration and degradation, whereas un-
phosphorylated YAP/TAZ is active, and can translocate into the nucleus and associate with 
DNA-binding transcription to activate gene transcription. 
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These contradictions to canonical Hippo signalling raise questions regarding the 

requirement of WW45 for Mst1/2 activation, and suggest that Mst1/2 is able to act 

through a kinase other than Lats1/2 to phosphorylate YAP. Both studies used 

hepatocyte-specific conditional knockout models, thus cell/tissue specificity of Hippo 

components may contribute to these findings. In addition to Lats1/2, Akt (also known as 

protein kinase B) can phosphorylate YAP/TAZ on the same residue (S127/S89) 

similarly resulting in cytoplasmic retention (27) (Fig. 1.2). These studies highlight the 

complexity of mammalian Hippo pathway signalling. 

 

1.1.2b Degradation 

The Guan lab identified an additional Lats1/2 phosphorylation site (S381/S311) in YAP 

and TAZ that primes them for subsequent phosphorylation on a proximal serine residue 

(S384/S314 for YAP/TAZ respectively) by casein kinase 1 delta/epsilon (CK1δ/ε) (28, 

29). Phosphorylation on this site, referred to as a phosphodegron, results in recruitment 

of Beta-transducin repeat containing E3 ubiquitin protein ligase (β-TrCP), a component 

of the SCFβ-TrCP E3 ligase complex, which ubiquitinates YAP/TAZ for proteasomal 

degradation (28, 29). Interestingly, the S384/S314 phosphodegron of YAP/TAZ is not 

present in Yki. This represents a divergence between Drosophila and mammals, and 

adds an additional layer of complexity to the regulation of the mammalian Hippo 

effector proteins. Similarly, Glycogen synthase kinase-3 (GSK-3) can promote 

degradation by phosphorylating TAZ on S58 and S62 phosphodegrons in response to 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt signalling (30), however the 

S58 residue is not conserved in YAP (Fig. 1.2). 

 

1.1.2c Additional phosphorylation events 

Aside from the Lats kinases and Akt, YAP and TAZ are phosphorylated by a number of 

kinases in response to signalling events. For example, Tomlinson et al. reported that 

JNK phosphorylates YAP on at least three residues in vivo (S138, S317 and T362), with 

an additional two sites identified in vitro (31). Phosphorylation of these residues 

enhances stabilization of the pro-proliferative p53-family member ∆Np63α by direct 

binding, resulting in proliferation and protection from p73-dependent cell death (31). 

Contrastingly, Levy et al. reported that c-Abl phosphorylates YAP on tyrosine (Y) 

residue 357 of human YAP (hYAP) 1-1 (Y391 in hYAP1-2), altering the YAP’s affinity 

for DNA-binding proteins (32). The location and flanking sequences of phosphorylated 

residues of YAP and TAZ targeted by the afore mentioned kinases is shown in Fig. 1.2. 
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Figure 1.2 YAP/TAZ can be phosphorylated at a number of sites by numerous kinases. 

Location and flanking sequences of human YAP and TAZ residues phosphorylated by Lats1/2, 
Akt, c-Jun N-terminal kinases (JNK), Glycogen synthase kinase 3 (GSK-3), casein kinase 1 
delta and epsilon (CK1δ/ε), and Abelson murine leukaemia viral oncogene homolog 1 (c-Abl). 
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1.1.2d De-phosphorylation to activate YAP/TAZ 

Many studies have focused on phosphorylation and deactivation of YAP and TAZ as 

the mechanism of regulation. Conversely YAP/TAZ are dephosphorylated by a number 

of proteins leading to activation, such as the serine/threonine phosphoprotein 

phosphatase member PP1. Liu et al. demonstrated that the catalytic subunit of PP1 

(PP1A), cooperates with ASPP2 (ankyrin repeat-containing, SH3 domain-containing, 

and proline-rich region-containing protein) to dephosphorylate TAZ (33). This 

interaction increased TAZ stability, promoted nuclear localisation of TAZ and induced 

TAZ regulated gene expression. Likewise, PP1 was found to dephosphorylate YAP 

both in vitro and in vivo leading to increased nuclear localisation and transcriptional 

activity (34).  

 

The catalytic unit of PP2Ac (protein phosphatase 2A) also dephosphorylates YAP 

promoting nuclear localisation and activation of gene expression (35). This interaction 

is negatively regulated by α-catenin, whereby α-catenin stabilises the interaction 

between YAP and 14-3-3, and/or inhibits binding of PP2Ac to YAP. Ribeiro et al. had 

previously identified a role for PP2A in Hippo pathway signalling in Drosophila, 

through direct interaction and dephosphorylation of Mst1/2 (36). PP2A may therefore 

operate at multiple points within the Hippo pathway to modulate YAP/TAZ activity. 

Alternatively this may represent a divergence between the Drosophila and mammalian 

pathways. 

 
1.1.2e Upstream and independent regulators of the mammalian Hippo pathway 

Upstream mechanisms coupling extracellular signals to the core Hippo kinase cassette 

are complex and not fully understood. Controversy surrounds the specific triggers for 

some of the upstream pathway regulators, and members that relay these signals to the 

core kinase cascade are yet to be determined. Presently there are four recognised 

upstream regulatory branches of the Hippo pathway that influence YAP/TAZ activity. 

These pathways include apical-basal polarity and planar cell polarity for which there is 

a substantial amount of literature covering these mechanisms, and mechanotransduction 

and G-protein coupled receptor signalling which are still largely uncharacterised. 

Proteins involved in these pathways typically regulate YAP/TAZ activity by two 

means: activation or repression of members of the core kinase cassette, or through direct 

interaction with YAP and/or TAZ. A detailed account of the upstream components of 

the Hippo pathway can be found in many excellent reviews (37-39).  
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Recently, numerous regulators of YAP/TAZ activity that act independently of the 

Hippo signalling pathway have been identified. Three independent groups have reported 

negative regulation of YAP by PTPN14 (protein tyrosine phosphatase non-receptor type 

14) via direct binding and promotion of cytoplasmic localisation (40-42). Association of 

YAP and PTPN14 is mediated by the WW domain/s of YAP, and whilst YAP appears 

to be a target of PTPN14-mediated tyrosine de-phosphorylation (40), how this affects 

YAP localisation is unclear. 

 

Positive regulators of YAP and TAZ that are independent of the Hippo pathway have 

also been described. WW domain-binding protein 2 (Wbp2) was first identified as a 

YAP binding protein using a functional screen of a mouse cDNA expression library 

(43). It was not until recently however that the functional significance of this interaction 

was revealed. Two papers published in 2011 identified Wbp2 as a co-factor for TAZ, 

YAP and Yki transcriptional activity (44, 45). Moreover, using overexpression and 

knockdown of Wbp2, Chan et al. found that Wbp2 is required for the transforming 

properties of TAZ in a mammary epithelial cell line (44). Similarly, Mask1/2 (Multiple 

ankyrin repeats single KH domain-containing protein 1/2) enhances YAPs 

transcriptional co-activation activity (46, 47), though the nature of this interaction is not 

yet known. 

 

From the above cited studies and many more that could not be included due to space 

restrictions, it is clear that YAP and TAZ do not simply lie at the bottom of the core 

Hippo signalling cassette, but in the middle of a complex network of interacting 

pathways in which multiple phosphorylation and dephosphorylation events compete and 

cooperate to regulate gene transcription. For this introduction, a summary of the core 

components of the Hippo pathway, together with well-characterised members of the 

upstream branches and independent regulators of Hippo signalling, are presented in 

Table 1.1. 
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Table 1.1 Hippo signalling pathway components in Drosophila and mammals. 
 

Drosophila 
protein 

Mammalian 
orthologue 

ONC/ 
TSG 

Role in mammalian Hippo pathway Refs 

Core pathway components 

Hpo Mst1/2 TSG Phosphorylates WW45, Lats1/2 and Mob1 to activate 
(7, 19, 48, 

49) 

Sav 
WW45 (also 

known as Sav1) 
TSG 

Associates with Mst1/2 as an adaptor protein to 
increase activity 

(4, 48) 

Wts Lats1/2 TSG Phosphorylates YAP/TAZ to create 14-3-3 binding site  
(12, 22, 

23, 50-52) 

Mats Mob1a/b TSG Associates with Lats1/2 as cofactor to increase activity (11, 49) 

Yki YAP/TAZ ONC 
Effector protein/s for the Hippo pathway and 
transcriptional co-activators 

(12, 20, 
22, 23, 50, 

53) 

Sd TEAD1-4 ONC DNA-binding transcription factor that associates with 
YAP/TAZ 

(13-15, 
54) 

Other components 

Tao TAO Kinase1-3 TSG Phosphorylates and activates Mst1/2 (55, 56) 

14-3-3 14-3-3 TSG 
Binds phosphorylated YAP/TAZ to sequester in 
cytoplasm 

(23, 24, 
51, 52) 

Slimb β-TrPC TSG 
Component of SCF E3 ligase complex that 
ubiquitinates YAP/TAZ for degradation 

(28-30) 

dSTRIPAK 
complex PP2A complex ONC Dephosphorylates Mst1/2 and YAP/TAZ (35, 36) 

PP1 PP1 ONC Dephosphorylates YAP/TAZ (33, 34) 

Wbp2 Wbp2 ONC Binds YAP/TAZ to increase transcriptional activity (44, 45) 

Mask MASK1/2 ONC Binds YAP to increase transcriptional activity (46, 47) 

Pez PTPN14 TSG Binds YAP to promote cytoplasmic localisation (40-42) 

RASSF RASSF1-6 ONC 
Competes with Sav for Hpo and recruits PP2A complex 
to alter Hpo activity 

(57-59) 

Apical-basal cell polarity  

Kibra 
KIBRA/ 
WWC1/2 

TSG 

Interacts as complex with Lats, Sav and Mst to recruit 
to plasma membrane apical domain for activation/ 
interaction. Ex may inhibit Yki by direct binding. 
Linker for the apical plasma membrane and actin 
cytoskeleton 

(60-65) 
Ex FRMD6? 

Merlin NF2 

Crb Crb1-3 

TSG 
Interact with expanded (together with Pals1 and Patj) to 
modulate localisation and stability. Couples 
extracellular events to cytoplasmic signalling 

(66-70) Sdt PALS1 

DPATJ PATJ 
aPKC aPKC λ/ζ 

ONC 
Acts as apical Par complex to inhibit Hippo pathway 
components 

(70) Bazooka PAR3 
Par6 PAR6 
Scrib Scrib 

TSG 
Acts as basal complex to inhibit Par complex and 
positively regulate the Hippo pathway kinases, 
including regulating localisation of Mst 

(70-72) Lgl Lgl1-2 

Dlg Dlg 

Not 
identified 

Amot, 
AmotL1/2 

TSG 
Bind and sequester YAP/TAZ to tight junctions/ 
cytoskeleton. Might act as a scaffold to induce YAP 
phosphorylation by Lats 

(73-75) 

Pyd 
ZO-2 (also 

known as Tjp2) 
ONC Induce YAP/TAZ nuclear localisation via PDZ domain (73-78) 
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Table 1.1 cont. 
 

Drosophila 
protein 

Mammalian 
orthologue 

ONC/ 
TSG Role in mammalian Hippo pathway Refs 

Planar cell polarity 

Ft Fat4/Fat-j (?) 
TSG 

Interact to activate Ex and/or Lats. Regulates 
localisation of Dachs (to inhibit). Ds gradient may also 
regulate Dachs localisation. Ft contribute to Ex 
localisation and/or stability 

(79-86) 
Ds Dchs1/2 

Fj Fjx1 TSG 
Regulates dimerization of Ft and Ds via 
phosphorylation as they transit through the Golgi 

(87) 

Dachs Not identified 
ONC 

Polarized Dachs promotes interaction between Zyxin 
and Lats1/2, resulting in Lats degradation 

(88) 
Zyx 

Zyxin, Lpp, 
Trip6 

Lft Lix1, Lix1-like TSG Binds and increases stability of Ft and Ds (89) 

Dco CKI δ/ε TSG 
Phosphorylates Ft and induces activity in Drosophila. 
Phosphorylates YAP/TAZ to promote degradation 

(28, 29, 
90, 91) 

G-protein coupled receptors 

cta 
Gα-q 
Gα-i 

Gα-12/13 
Gα-q/11 
Gα-i/o 

ONC 
Transmit signal from cognate ligand to inhibit Lats1/2 
activity via Rho GTPase and protein kinase A 
signalling to activate YAP/TAZ (92, 93) 

Gα-s Gα-s TSG 
Signal from cognate ligand to activate Lats1/2 activity 
via Rho GTPase signalling to repress YAP/TAZ 

Mechanotransduction 

Micro-
tubules 

Microtubules TSG 
Stimulates Lats1/2 activity to increase YAP/TAZ 
phosphorylation and repress activity 

(94) 

Cpa, Cpb, 
Dia 

Cpa, Cpb,  
Dia 

TSG 
ONC 

Regulate YAP/TAZ activity via modulation of Lats1/2 (94, 95) 

 
Abbreviations: Amot – Angiomotin, AmotL - Angiomotin-like protein, aPKC – Atypical Protein Kinase C, β-TrCP 
– Beta-transducin repeat containing E3 ubiquitin protein ligase, CKI – Casein kinase 1, Cpa/b – F-Actin Capping 
protein a/b, cta – Concertina, Crb – Crumbs, Dchs1/2 – Dachsous 1/2, Dco – Discs overgrown, Dia – Diaphanous, 
Dlg – Discs large, DPATJ – Drosophila PALS1-associated tight junction protein (formerly Discs lost), Ds – 
Dachsous, dSTRIPAK – Drosophila striatin-interacting phosphatase and kinase, Ex – Expanded, F-actin – 
Filamentous actin, Fj – Four-jointed, Fjx1 – Four jointed box 1, Ft – Fat, Gα – alpha subunits (G-protein coupled 
receptor), G Protein – Guanine Nucleotide Binding Protein, Hpo – Hippo, KIBRA – Kidney and brain protein, 
Lats1/2 – Large tumour suppressor 1/2, Lft – Lowfat, Lgl – Lethal giant larvae, Lpp – Lipoma-preferred partner, 
MASK – Multiple ankyrin repeats single KH domain-containing protein, Mats – Mob-as-tumour-suppressor, 
Mob1a/b – Mob kinase activator 1a/b, Mst1/2 – Mammalian STE20-like protein kinase, NF2 – Neurofibromin 2, 
ONC – Oncogene, PATJ – PALS1-associated tight junction protein, PP1 – Protein phosphatase 1, PP2A – Protein 
phosphatase 2A, PTPN14 – Protein tyrosine phosphatase non-receptor type 14, Pyd – Polychaetoid, RASSF – Ras-
association domain family, Refs – References, Sav – Salvador, Scrib – Scribble, Sd – Scalloped, Sdt – Stardust, 
Slimb – Supernumerary limbs, Tao – Thousand and one amino acid protein, TAZ – Transcriptional coactivator with 
PDZ-binding motif, TEAD – TEA domain-containing sequence-specific transcription factor, Trip6 – Thyroid 
hormone receptor interactor 6, TSG – Tumour suppressor gene, Wbp2 – WW domain-binding protein 2, Wts – 
Warts, YAP – Yes-associated protein, Yki – Yorkie, ZO-2 – Zonula occludens 2, Zyx – Zyxin. 
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1.1.3 YAP and TAZ: protein structure and function 
YAP and TAZ are located on different chromosomes: hYAP (NCBI gene ID 10413) is 

located at 11q22, and human TAZ (hTAZ) at 3q23-q24 (NCBI gene ID 25937). Due to 

differential splicing, distinct variants of the hYAP gene have been reported. The most 

comprehensive analysis of these variants was published in 2012 by Gaffney et al., 

describing a total of eight hYAP isoforms; with either single (YAP1-1) or duplicate 

(YAP1-2) WW domains, and variations within the C-terminal region of the protein (96). 

In comparison, only two variants have thus far been identified for TAZ (97). 

Comparison of the most similar splicing variants of human YAP and TAZ reveal 46% 

amino acid sequence identity. YAP and TAZ share many important protein domains 

(Fig. 1.3), the functions of which are outlined in detail below. 

 

YAP was initially identified bound to the modulatory region of the Yes proto-oncogene 

via YAPs Src homology 3 (SH3) binding domain (98). In this publication YAP was also 

shown to bind other signalling molecules containing SH3 domains including the adaptor 

proteins Nck, Crk, and tyrosine-protein kinase Src (98). Despite being the first 

characterised association for YAP, little information exists regarding the biological 

relevance of these interactions. TAZ does not have an SH3-binding domain. It is 

therefore hypothesised that YAPs SH3-binding domain is not critical for function as a 

Hippo pathway effector. 

 

During subsequent cloning and characterization of YAP from chicken, mouse and 

human, Sudol et al. noted that mouse YAP (mYAP) contained an additional sequence of 

38 amino acids representing a semi-conserved repeat to an upstream motif (99). This 

observation led to the identification of a novel protein domain known as the WW 

domain, thus named due to the two characteristic tryptophan residues (100). Its function 

was delineated by Chen and Sudol following identification of two putative ligands of 

the WW domain with homologous proline-rich domains referred to as the PY motif 

(43). The consensus sequence for WW domain binding was subsequently refined as 

consisting of two proline residues and a tryptophan residue symbolized by PPxY, where 

x represents any amino acid (43). 
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Figure 1.3 Domain structures and interacting proteins of YAP and TAZ. 

A) Schematic illustration of the protein structure of mYAP, the single (YAP1-1) and double 
(YAP1-2) WW domain isoforms of hYAP, and TAZ. Protein interaction domains: TEAD-
binding domain (TEAD, green), WW domains (WW1, red and WW2, orange), Src homology 3-
binding domain (SH3, yellow), transcription activation domain (TAD, blue) and Post-synaptic 
density, Discs large, Zonula occludens-1-binding motif (PDZ, mauve). The location of the 
coiled-coil motif (leucine zipper) within the TAD is marked by the crimson bar. B) Proteins that 
interact with the different domains of YAP and TAZ. 
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The discovery of the WW domain was crucial for our understanding of the mechanism 

underlying numerous protein interactions within the Hippo pathway. For example, WW 

domain/PPxY motif interactions facilitate binding of the upstream Hippo regulator 

Kibra with Lats (101), and Lats1/2 with YAP and TAZ (20). The WW domain/s of 

YAP also bind phosphorylated serine residues, as shown by Aragón et al. whereby 

YAPs first WW domain recognizes the cyclin-dependent kinase phosphorylated residue 

S206 of Smad1 (102). This finding significantly expanded our understanding of how 

WW domain/s mediate protein-protein interactions, and revealed a broader range of 

potential binding partners for WW domain-containing proteins. 

 

Not long after its initial discovery, YAP was identified as a transcriptional co-activator 

in mammals (53). In this pivotal study, the authors found that the C-terminal region of 

YAP, rich in serine, threonine and acidic amino acids, acts as a strong transcription 

activation domain (TAD) reminiscent of herpesvirus VP16. A more recent study by 

Gaffney et al. made specific note of a coiled-coil domain residing within this region that 

contains five highly-conserved leucine residues at every seventh position (96). This 

structure, referred to as the leucine zipper was described in 1988, and mediates protein-

protein interactions (103). It is hypothesised that YAP co-activates transcription by 

recruiting components of the basal transcription machinery, potentially via leucine 

zipper mediated protein interactions. Interestingly both Yki and TAZ lack a leucine 

zipper within their TADs, although TAZ is predicted to have a potential coiled-coil 

domain in this region (UniProtKB: Q9GZV5). This implies that this region is not 

essential for co-activation, though may enhance the transactivation activity of YAP. 

 

YAP and TAZ do not harbour an intrinsic DNA-binding domain, thus rely on 

association with DNA-binding proteins to co-activate gene transcription. In Drosophila, 

Yki associates primarily with the TEAD/TEF transcription factor Scalloped (Sd) to 

activate transcription (13-15), although other transcription factors including Mad (104), 

Homothorax and Teashirt (105) have also been implicated. In mammals there are four 

highly conserved orthologues of Sd (TEAD1 to -4) that target genes with a TEAD-

binding sequence in their promoter region (106, 107). Vassilev et al. demonstrated that 

YAP interacts specifically with all four TEAD proteins via a novel TEAD-specific 

protein-binding domain within YAP/TAZ (Fig. 1.3) to drive transcription (106). Closer 

analyses of the YAP-TEAD interaction using structural complexes revealed extensive 
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interaction between YAP and TEAD, with hYAP residues 86-100, which form an 

alpha-helix the most critical for binding (108). 

 

In the afore mentioned publication by Yagi et al. that characterised YAP’s TAD, the 

authors showed that YAP cooperates with the Runt family member PEBP2α (B subunit, 

also referred to as Runx1) to drive gene transcription via WW domain/PY binding (53). 

The association between TAZ and PEBP2α to drive transcription was subsequently 

confirmed in two studies (109, 110). Since then many other DNA-binding partners have 

been identified that utilize the WW domain/s of YAP/TAZ for interaction, including the 

p53 family member p73 (111), Smad2/3/4 (112), Pax3 (113), Tbx5 (114), and the C-

terminal fragment of ErbB-4 (115). Importantly, the interaction between YAP and 

TEADs was shown to be significantly stronger than YAP and PEBP2α A subunit, and 

the activation of TEADs upon YAP binding was significantly higher than for ErbB-4 

(54), indicating that TEADs are the major binding factors for YAP. 

 

As a co-activator of transcription, YAP and TAZ must be localized within the nucleus 

to exert their effect, though YAP and TAZ do not harbor a traditional nuclear 

localisation signal. In 2009, a study by Oka and Sudol showed that the C-terminally 

located Post-synaptic density, Discs large, Zonula occludens-1 (PDZ)-binding motif is 

critical for mediating nuclear localisation and apoptotic signalling (77). This study was 

complemented by a subsequent publication from the same group that revealed YAP 

forms a complex with the tight junctions protein zona occludens-2 (ZO-2) in a PDZ-

binding domain dependent manner to mediate nuclear localisation (76). This mechanism 

of nuclear localisation was subsequently confirmed for TAZ by Remue et al. (78). 

 

The regulation of YAP localisation is multifaceted, with different domains of YAP/TAZ 

influencing formation of multi-protein complexes that regulate YAP/TAZ activity and 

localisation. Notably, a report by Zhao et al. found that both the TEAD-binding and 

WW domains are required for the growth stimulation and oncogenic transformation 

functions of YAP (116). Additionally, a recent publication revealed that angiomotin-

like-1 (AmotL1) and ZO-2 form a tripartite complex with YAP to oppositely regulate 

its activity in HEK293 cells (117). Whereas AmotL1 binds to YAP WW domain/s to 

sequester it within the cytoplasm, ZO-2 associates via PDZ-binding motif to facilitate 

nuclear localisation (117).  
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Indeed, the role of the angimotin (AMOT) family members in the regulation of YAP 

and TAZ is an area of increasing interest. Chan et al. reported that overexpression of 

Amot and AmotL1 caused cytoplasmic retention of TAZ and suppressed its 

transcriptional outcome (73). Phosphorylation of the p130 splicing isoform of Amot 

(Amot-p130) by Lats augmented its ability to bind and inhibit YAP signalling and cell 

growth (118), whereas Yi et al. demonstrated that Amot-p130 acts as a YAP co-factor, 

blocking access to YAPs WW domains and preventing YAP phosphorylation by Lats. 

This led to activation of a sub-set of YAP targets genes and facilitated tumorigenesis 

(119). These contrasting studies suggest that phosphorylation of Amot may play a 

crucial role in the regulation of YAP/TAZ activity. 

 

1.1.4 YAP and TAZ signalling outcomes 
Numerous target genes have been identified that are activated by both YAP and TAZ, 

and these can be divided into three broad categories; regulators of proliferation and/or 

survival, regulators of the canonical Hippo pathway, and proteins that mediate crosstalk 

between different signalling pathways. YAP regulates cell growth and survival in 

cultured cells (120-122) via transactivation of genes including connective tissue growth 

factor (CTGF) (54, 123), the IAP family member Birc5 (survivin) (23), and the EGF 

family member AREG (amphiregulin) (124, 125).  

 

Importantly, several publications have demonstrated a pro-apoptotic role for YAP 

mediated by association with p73 in response to apoptotic stimuli, such as DNA damage 

(21, 27, 32, 126). Overexpression of YAP increases p73 transcription activity (111, 

126), in addition to enhancing p73 stability (32, 127). A study by Levy et al. showed 

that YAP competes with the ubiquitin E3 ligase Itch to protect p73 from proteasomal 

degradation (127). As previously described, YAP can be phosphorylated by c-Abl on 

Y357 (32), increasing YAP’s affinity for p73 and resulting in activation of pro-

apoptotic genes (32). Undoubtedly, the ability to regulate both cell proliferation and 

apoptosis is advantageous for the precise control of organ size during development and 

adult tissue homeostasis. The dual functions of YAP to both promote and prevent 

apoptosis is important for our understanding of the Hippo signalling pathway in cancer, 

and will be discussed further below (section 1.1.6). 

 

Feedback loops within the Hippo pathway have been revealed from studies in 

Drosophila by a number of groups. Examples of both positive and negative feedback 
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regulation exist, whereby members and regulators of the Hippo pathway are 

transcriptionally up-regulated by Yki. Yki induces the expression of Kibra, Expanded, 

Crumbs, and Four-jointed (62, 63, 79), and as upstream members of the Hippo pathway, 

negatively feeds-back on Yki activity. Examples of positive feedback loops within the 

Hippo pathway are less common. A recent study by Jukam et al. describes up-regulation 

of Melted by Yki, which positively feeds-back on Yki in neuronal differentiation via 

repression of Wts transcription (128). Negative and positive feedback loops add another 

layer of complexity onto Hippo pathway regulation and enable tighter control of target 

gene transcription downstream of Yki, YAP and TAZ. 

 

Recently, numerous publications have focused on characterization of YAP and TAZ 

mediated crosstalk with critical signalling pathways involved in cellular proliferation. 

Wnt signalling regulates many biological processes including proliferation and 

differentiation, particularly during embryonic development. TAZ has been identified as 

a regulator of Wnt signalling by two mechanisms involving β-Catenin (129, 130). 

Firstly, TAZ binds Dishevelled and prevents its hyperphosphorylation by CK1δ/ε, 

consequently blocking an increase in β-Catenin levels to inhibit Wnt signalling (130). 

Secondly, YAP and TAZ directly bind β-Catenin to sequester it in the cytoplasm (129), 

and/or promote its degradation (131, 132) to suppress Wnt target gene expression. 

Moreover, Yki negatively regulates the cell surface proteins division abnormally 

delayed (Dally) and Dally-like protein (Dlp) that regulate several secreted ligands 

including Wingless (Drosophila orthologue of Wnt) (133). Hippo signalling has also 

been linked to the regulation of the TOR signalling pathway. YAP down-regulates 

PTEN via induction of microRNA-29 (134). PTEN is an up-stream regulator of 

mammalian target of rapamycin (mTOR) and is a crucial mediator of cell growth, 

required for proliferation.  

 

Since YAP and TAZ share many of their DNA-binding partners, it is expected that 

YAP and TAZ play largely redundant roles within the cell. Contrastingly, expression 

analysis in MCF10A mammary epithelial cells revealed distinct target genes regulated 

by YAP and TAZ (123). Moreover, knockout studies in mice revealed strikingly 

different phenotypes for YAP and TAZ. Whereas YAP knockout is embryonically 

lethal at day 8.5 (135), TAZ knockout mice survive till adulthood (136-138), although 

surviving mutants show severe defects in the kidneys and lungs. Mice with a double 

knockout of YAP and TAZ however die extremely early, prior to implantation (139). 
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These studies demonstrate that transcriptional regulation by YAP and TAZ is complex, 

and is influenced by cell/tissue-specificity and developmental stage. 

 

1.1.5 Roles of Hippo signalling in mammals 
1.1.5a Organ size and regeneration 

The discovery that the Hippo signalling pathway regulates organ size during Drosophila 

development led many researchers to question the role of YAP and TAZ in mammals. 

Overexpression of YAP in mammalian tissues was first reported in two seminal 

publications that utilised transgenic mice conditionally overexpressing YAP in the liver 

upon exposure to tetracycline and doxycycline respectively (23, 140). Both publications 

noted significant enlargement of the liver after 3-4 weeks, a result of an increase in cell 

number, rather than cell size, indicating increased cellular proliferation. Camargo et al. 

also observed induction of YAP promoted resistance to Fas-mediated apoptosis (140). 

This was supported by Dong et al., who demonstrated YAP induction of several 

negative regulators of apoptosis (23). Remarkably, the increase in liver size was 

completely reversed upon removal of tetracycline/doxycycline, indicating that the 

increased liver size was dependent on the continued expression of YAP. 

 

Subsequent studies performed using other tissue-specific promoters revealed that YAP 

overexpression promotes overgrowth in numerous other tissues including skin (35), 

intestine (140), and neural tube (141). Conditional knockout, or shRNA-mediated 

knockdown of YAP resulted in failure of epidermal expansion during development due 

to a reduction in proliferative potential (35), and decreased the thickness of the neural 

tube, with a marked increase in cell death rather than decreased proliferation (141). 

Interaction with TEAD transcription factors was identified to be crucial for YAP-

mediated tissue overgrowth in the skin and neural tube, evidenced by TEAD 

knockout/knockdown and mutant overexpression studies (35, 141). Additionally, the 

outcome of YAP overexpression was mimicked by conditional knockout of upstream 

components of the Hippo pathway; Mst1/2 in the liver and stomach (25, 26, 142), and 

WW45 in the heart (143), skin, intestine, and lungs (data not shown) (144).  

 

YAP signalling also plays a role in tissue regeneration. YAP protein, though not RNA, 

was markedly increased (two to three-fold) in regenerating rat liver following partial 

hepatectomy (145). Likewise, YAP protein was significantly up-regulated in 

regenerating intestinal crypts following treatment with dextran sodium sulfate (DSS), 
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and down-regulation of YAP severely impaired regenerative capacity (146). In contrast, 

a different study found that YAP overexpression reduced Wnt target gene expression 

and suppressed growth during intestinal regeneration following irradiation (147). The 

authors of the second study were able to confirm the previous findings of the DSS 

model, thus the apparent differences in YAP function during intestinal regeneration are 

unclear, and may reflect differences in experimental design. Taken together, these 

results support the hypothesis that the Hippo pathway mediates organ size in mammals 

via regulation of cellular proliferation and apoptosis, although the specific mechanisms 

are clearly complex and are yet to be fully elucidated. 

 

1.1.5b Regulation of stem cell proliferation and differentiation 

Dysregulation of YAP expression in the germline, or under the control of ubiquitously 

expressed drivers, predominantly affects tissues that have the capacity for growth and 

regeneration (e.g., skin, liver and intestine) (25, 26, 140, 142, 144). It was hypothesized 

that this is due to the presence of a stem/progenitor cell population residing within these 

tissues that can be activated to proliferate under certain conditions. In support of this, 

numerous studies citing YAP-induced tissue overgrowth also noted an expansion of 

undifferentiated progenitor cells within these tissues (35, 140, 141, 144). Subsequent 

analyses revealed that this expansion was due to proliferation of a resident population of 

stem/progenitor cells, and not dedifferentiation of mature, terminally differentiated cells 

(140). This accumulation of progenitor cells was bolstered by an accelerated 

proliferation rate, failure to exit the cell cycle, and decreased propensity for 

differentiation (140, 141, 144).  

 

The expression of active (nuclear) YAP has been shown to localise within the 

stem/progenitor compartment of some tissues in vivo, particularly the intestinal/colonic 

crypts and skin (140, 148, 149). Furthermore, YAP and TEAD2 were found to be 

enriched in neural and hematopoietic stem cell populations when compared to their 

differentiated counterparts (150). A weakness of these results is that they are 

correlative, and do not confirm a functional role for YAP in stem cell regulation. A 

thorough assessment of the role of YAP in stem cell proliferation and differentiation 

was performed by Lian et al. (151). They found that YAP is highly expressed in 

embryonic stem cells (ESCs), and is down-regulated during differentiation. Using 

knockout studies, they found that YAP is required to maintain pluripotency of ESCs, 

and demonstrated that YAP overexpression enhances re-programming of terminally 
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differentiated fibroblasts to induced pluripotent stem cells (iPSCs) (151). A similar role 

for TAZ in promoting ESC pluripotency has also been verified (112). 

 

1.1.5c Tumorigenesis 

Due to YAPs pro-proliferative and anti-apoptotic effects, it is not surprising that YAP 

functions as an oncogene. A striking feature of YAP dysregulation in mammalian 

tissues, particularly in the liver, intestine, and skin was the development of tumours 

after only 4-10 weeks of YAP induction (23, 35, 140). Tumour development was also 

observed when Hippo components were depleted in the liver, however this process took 

longer (5-6 months), indicating that Hippo-independent mechanisms may also regulate 

YAP/TAZ expression (26, 142). There are currently no published reports of TAZ 

overexpression in mammalian tissues to assess its effect on growth in vivo. 

Nevertheless, based on the similarity between YAP and TAZ with respect to target gene 

regulation, it is anticipated that they would have similar roles in promoting 

tumorigenesis. 

 

Numerous studies have revealed that YAP and TAZ induce cellular traits characteristic 

of tumorigenic transformation. Overholtzer et al. was the first to describe this 

phenomenon for YAP, whereby YAP overexpression in MCF10A cells resulted in 

growth factor-independent proliferation, and anchorage-independent growth (152). YAP 

over-expressing cells also exhibited an invasive phenotype, with morphological changes 

in three-dimensional culture, altered expression of epithelial and mesenchymal markers, 

and a significant increase in migration ability (152). The authors concluded that 

induction of YAP triggers epithelial-mesenchymal transition (EMT), a hallmark of 

tumorigenic transformation. Similar experiments were performed by Lei et al. which 

found that TAZ is also able to promote EMT, and reasoned that TAZ regulates the 

transcription of key factors involved in EMT (50). Interestingly, two studies from the 

same group determined that the TEAD transcription factors are required to mediate the 

growth-promoting and transforming functions of YAP and TAZ (54, 123).  

 

1.1.6 YAP and TAZ in cancer 
1.1.6a Oncogenic role 

Increased expression of YAP and nuclear localisation has been reported in the majority 

of solid cancer types, including ovarian, brain, liver, lung, and breast cancers (23, 149, 

153, 154). With the exception of mutational inactivation of Neurofibromin 2 (NF2) 
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resulting in the inherited cancer syndrome Neurofibromatosis (155, 156), germline or 

somatic mutations within Hippo components is relatively rare (38). Epigenetic silencing 

of Hippo pathway components, particularly promoter methylation, is a relatively 

unexplored mechanism of YAP/TAZ regulation, however hypermethylation of Lats1/2 

and Mst1/2 has been shown to correlate with and contribute to tumorigenesis in brain 

cancer (astrocytoma) (157) and soft tissue sarcoma (158). 

 

Comparably, amplification of the 11q22 gene locus containing YAP has been identified 

in numerous human malignancies (152, 154, 159, 160), and at least two studies further 

identified YAP as the tumorigenic driver in these amplicons (152, 154). Although 

profiling TAZ expression in human malignancies is not as common as for YAP, two 

studies found TAZ was overexpressed in 20-80% of breast cancers (161, 162). 

Expression of YAP and TAZ also correlated positively with cancerous colorectal tissue 

(163), and TAZ was significantly increased in non-small cell lung cancer cell lines 

compared to cells derived from non-tumorigenic primary lung tissue (164). 

Interestingly, in one study, the frequency of TAZ locus amplification within breast 

tumours exhibiting high TAZ activity was only 14% (162). This suggests that other 

mechanisms, such as epigenetic regulation or post-translational mechanisms e.g., 

degradation, are responsible for increasing TAZ abundance in the majority of tumour 

samples.  

 

1.1.6b Regulation of cancer stem cells 

Given that YAP and TAZ play a functional role in stem cell regulation including 

promotion of pluripotency, it is reasonable to hypothesise that YAP and TAZ drive 

tumorigenesis by regulating a cancer stem cell population. In support of this, TAZ 

overexpression correlated with the stem cell phenotype of human breast tumours 

characterised by expression of stem cell markers (162). Furthermore, dysregulation of 

TAZ in breast cancer cell lines promoted cancer stem cell features including cell 

migration/invasion and self-renewal in vitro (161, 162). This result can be linked to in 

vivo data in which TAZ overexpression positively correlated with tumour 

invasiveness/metastasis (162), which is a hallmark of cancer stem cells. 

 

Not surprisingly, patients with poorly differentiated high-grade tumours with increased 

metastatic potential have decreased survival outcomes. Fittingly, numerous publications 

cite YAP and TAZ as independent predictors of patient outcome in various human 
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cancers including liver, ovarian, and colorectal (153, 163, 165, 166). Of note, YAP 

expression could predict disease free survival as well as overall survival in liver cancer 

(153). Furthermore, Wang et al. observed a synergistic effect between YAP and TAZ 

overexpression in colorectal cancer, correlating with the worst patient outcomes (163).  

 

1.1.6c Targeting YAP/TAZ as a cancer therapeutic 

Targeting the Hippo pathway to alter YAP/TAZ activity has shown promise as a novel 

strategy for cancer treatment (for a comprehensive review see 167). Several groups have 

shown that knockdown of YAP or TAZ is effective in reducing the proliferation of 

tumorigenic cell lines and inhibiting tumorigenic characteristics in vitro, including 

growth in low serum, anchorage-independent growth, and apoptotic resistance (120, 

121, 168). The most relevant studies however are those that demonstrate targeting of 

YAP can prevent tumour formation in vivo. In one of the original papers in which YAP 

was revealed to be oncogenic in liver cancer, Zender et al. observed that YAP 

knockdown slowed the progression of tumours following transplantation of progenitor 

cells expressing cancer drivers (myc and activated Akt) in mice (154). Heterozygous 

deletion of YAP also suppressed overgrowth and tumorigenic phenotypes caused by 

deletion of NF2 in the liver (169), or Mst1/2 in the intestine/colon (170). 

 

The most comprehensive study was performed by Liu-Chittenden et al. who first 

showed in cell-based assays that blocking TEAD activity by expression of a TEAD2 

dominant-negative construct could suppress YAP mediated transactivation and 

anchorage-independent growth in soft agar (171). They then translated their model into 

transgenic mice where dominant-negative TEAD2 could prevent YAP-induced 

hepatomegaly and liver tumorigenesis resulting from direct YAP overexpression or NF2 

knockout. Importantly, expression of the dominant-negative TEAD2 had no effect on 

normal liver homeostasis. The authors subsequently identified a small molecular 

inhibitor of the YAP-TEAD interaction, which upon administration to transgenic mice, 

showed similar effects to the dominant-negative construct in its ability to ablate YAP-

induced tumorigenesis (171). Whilst this study reveals incredible potential for targeting 

YAP to block tumorigenesis, the authors themselves acknowledge that it is not known 

whether this approach would have any effect on pre-established tumours. 
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1.1.6d Tumour suppressor role 

As discussed previously (see section 1.1.4), YAP mediates apoptotic signalling in 

response to certain cellular cues (e.g, DNA damage). In support of this, YAP has been 

reported as a tumour suppressor in human breast and colorectal cancers (147, 172). 

Using similar experiments to those performed in studies demonstrating YAP’s 

oncogenic potential, Yuan et al. reported that 63% of breast cancer specimens tested 

were negative for YAP staining, and this correlated with deletion of the YAP gene locus 

(172). Moreover, breast cancer cells with YAP knockdown exhibited increased colony 

formation, anchorage-independent growth, migration, and invasion. Most importantly, 

YAP knockdown significantly increased the onset and progression of tumour growth in 

an in vivo nude mouse assay (172). 

 

In a different study, expression of constitutively active mutant YAP (S127A) in the 

intestinal epithelium resulted in a loss of proliferative cells accompanied by a down-

regulation of stem cell signature genes and inhibition of the Wnt signalling pathway 

(147). Induction of wild-type (WT) and active YAP in a colorectal adenocarcinoma cell 

line also resulted in a marked reduction in tumour growth in nude mouse assay. The 

evidence for YAP acting as a tumour suppressor is convincing, despite the majority of 

publications classifying YAP as an oncogene in human cancers. It is clear that many 

factors such as cell-type specificities and crosstalk between signalling pathways play a 

role in determining YAP/TAZ signalling outcome. Thus caution must be exercised 

when targeting YAP and/or TAZ for cancer therapy. On the whole, a better 

understanding of the intricacies of YAP and TAZ signalling and Hippo pathway 

regulation is required if we wish to control this pathway in a biological context. 

 

1.1.7 YAP in liver progenitor cell-driven cancer development 
Liver cancer is the sixth most commonly diagnosed cancer, and the fourth leading cause 

of cancer related death worldwide (173). Hepatocellular carcinoma (HCC) accounts for 

the majority (85-90%) of primary liver cancers in adults, with the remainder attributed 

to cholangiocarcinoma (CC) (174). Curative treatment of liver cancer remains 

challenging, as traditional therapies are largely ineffective. Furthermore, late diagnosis 

leading to ineligibility for liver transplant coupled with a high rate of recurrence and 

frequent metastases, results in poor patient outcomes (reviewed in 175). As discussed 

above, the liver is extremely sensitive to Hippo pathway signalling, and there is a 

multitude of evidence advocating a role for YAP and TAZ dysregulation in the 
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development of liver cancer. A more complete understanding of the underlying genetics 

behind liver cancer resulting in more successful treatment options, will have significant 

impact on the outcomes of patients suffering this disease. 

 

Within the adult liver, a small population of bipotent cells, known as liver progenitor 

cells (LPCs), reside within the terminal bile ductules, the Canals of Hering. LPCs can 

be activated to proliferate and differentiate into cholangiocytes (biliary epithelial cells) 

and hepatocytes in response to chronic liver injury when hepatocyte proliferation is 

blocked. In the majority of cases, chronic liver injury characterised by inflammation, 

fibrosis, and activation of LPCs, precedes the development of liver cancer (reviewed in 

176).  

 

The LPC-theory of liver cancer development suggests that LPCs are the cell of origin 

for a subset of primary liver cancers, and there is increasing evidence to support a role 

for Hippo pathway dysregulation in LPC-driven cancer development. Numerous 

publications have reported liver-specific knockout of Hippo pathway components 

including Mst1/2, Sav1, and NF2, produces tumours resembling both HCC and CC 

(142, 169). In some cases, tumours with a mixed phenotype intermediate between HCC 

and CC, were also reported (26, 61, 177). Mixed-phenotype tumours could arise from 

transformed LPCs (also referred to as ‘oval cells’) which express markers of both 

hepatocellular and cholangiocellular populations. Consistent with this possibility, mixed 

phenotype liver cancers are also observed in human patients (178-180). Moreover, 

several studies reporting mixed-phenotype tumours upon Hippo pathway dysregulation 

also noted an increased number of small periductal cells that express LPC markers 

including CK19, A6, and AFP (26, 61, 142, 177). Comprehensive analyses using a 

combination of histopathology and immunostaining allowed both Lee et al. (177), and 

Benhamouche et al. (61) to confirm that inactivation of Sav1 or NF2 results in the 

proliferation and expansion of LPCs.  

 

Intriguingly, direct overexpression of YAP in the liver does not produce 

cholangiocarcinoma or tumours with a mixed-phenotype (23). The discrepancy between 

direct overexpression of exogenous YAP and up-regulation of endogenous YAP is 

difficult to reconcile, although it may be due to regulation of proteins other than YAP, 

down-stream of the Hippo pathway. Alternatively, the Apolipoprotein E (ApoE) 
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promoter that was used to directly overexpress YAP may be poorly expressed in LPCs, 

as the majority of liver drivers express mainly in hepatocytes e.g., albumin promoter. 

 

Another explanation for mixed-phenotype tumours is that mature cells undergo 

dedifferentiation and acquire progenitor cell characteristics during tumorigenic 

transformation. A recent publication by Yimlamai et al. provides compelling evidence 

to support this alternate model of liver cancer development (181). Overexpression of 

active YAP or Hippo pathway dysregulation was sufficient to dedifferentiate adult 

hepatocytes into progenitor-like cells, which exhibited progressive silencing of 

hepatocyte genes (e.g., albumin and Hnf4a) and induction of LPC-related genes (e.g., 

Hes1 and Sox9) (181). These progenitor-like cells also exhibited the capacity to self-

renew and could engraft into fumarylacetoacetate hydrolase-deficient (Fah-/-) mice. 

Consistent with previous findings showing reversibility of the YAP-induced overgrowth 

phenotype (23, 140), normalisation of Hippo signalling promoted re-differentiation of 

hepatocyte-derived progenitor-like cells (181). 

 

These studies highlight the need for a more complete understanding of the role of YAP 

signalling in LPCs to either support or oppose the theory of LPCs as cell-based drivers 

of tumorigenesis in the liver. In a broad sense, the focus of our lab is to characterise 

potential mechanisms of primary liver cancer development, including LPC 

transformation, for which dysregulated Hippo signalling is clearly implicated. Therefore 

elucidation of the complex nature of YAP and TAZ signalling and regulation would 

enable effective targeting of these effectors for anti-liver cancer therapy. 
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1.2 Project outline 
The fundamental objective of this project was to gain a better understanding of the role 

of YAP in the tumorigenic transformation of LPCs. This included investigation of the 

sub-cellular localisation of YAP in non-tumorigenic LPCs using immunofluorescence 

in Appendix A. 

 

Next, the role of the YAP protein in the proliferation of non-tumorigenic LPCs was 

investigated. Determination of TAZ abundance in YAP-modulated cells, revealed a 

novel mechanism of TAZ regulation in Chapter 3, whereby YAP regulates TAZ 

abundance post-translationally. This led to the investigation of differences between 

YAP and TAZ regulation in mouse cells, and specifically their differences in protein 

synthesis and degradation.  

 

Subsequently, the down-stream signalling mechanism by which YAP regulates TAZ 

abundance was examined in Chapter 4, including: structure-function analysis to 

determine which YAP domains are required to promote TAZ degradation, identification 

of YAP-regulated genes that could be involved in this process, and the role of the Lats 

kinases, CK1, and GSK-3 in YAP-induced TAZ degradation. Furthermore, an aim of 

the work presented in Chapter 4 was to determine whether YAP-induced TAZ 

degradation is conserved from mouse to human cells. 

 

In Chapter 5, the differences between hYAP isoforms with respect to YAP-induced 

TAZ degradation and transcriptional potency were investigated, including the 

contribution of YAP’s WW domains and sequence variability within the TAD of 

several YAP isoforms. Finally, the effect of TAZ depletion in human cells was assessed 

to determine whether this contributes to the dual functions of YAP to promote and 

prevent apoptosis in human cells. 
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2.1 Materials 
2.1.1 Antibodies and chemicals 
All chemicals used for the experiments presented in this thesis were LR grade or better. 

Chemicals and reagents specifically used to treat cells are listed in Table 2.1. All 

antibodies used for Western blot and immunofluorescent protein analyses are listed in 

Table 2.2. 

 

2.1.2 Plasmids and cDNA 
Expression plasmids containing hYAP isoforms hYAP1-1β (pcDNA3.1-hYAP1) and 

hYAP1-2α (pCMV-2xFlag-hYAP2), and a partial cDNA clone (clone ID mYAP6) 

containing the coding region corresponding to mYAP (NCBI NM_009534.3) were 

generously provided by Marius Sudol (Geisinger Clinic, Danville, PA). hYAP1-2γ 

(hYAP2L) was kindly provided by Kieran Harvey (Peter MacCallum Cancer Centre, 

Melbourne, VIC). Mouse TAZ (mTAZ) (NCBI NM_133784.3) was amplified from 

cDNA prepared by Robyn Strauss from RNA isolated from a murine ARF-/- BMEL 

LPC line. The 4HT-inducible lentiviral vectors pF-5xUAS-MCS-W-SV40puro and pF-

5xUAS-FLAG-MCS-W-SV40puro (182, 183) were used to induce expression of WT 

and mutant mYAP constructs, hYAP1-1β, hYAP1-2α, and mTAZ. The TEAD 

pGT4Tluc Firefly Luciferase reporter plasmid and pCI-HA-TEAD-2 (106) were 

provided by Melvin DePamphilis (NICHHD/NIH). Control (SHC202), YAP, TAZ, 

Lats1, and Lats2 MISSION shRNA lentiviral vectors were purchased from Sigma 

(Sigma-Aldrich Castle Hill, NSW) (Table 2.3). 

 

2.1.3 Mouse YAP mutants 
The mYAP mutants used in these studies were generated by Bernard Callus unless 

otherwise indicated, and include point mutants with mutations to abolish binding within 

the TEAD-binding domain (S79A) (made by Megan Finch), SH3-binding domain 

(P272A), WW domain 1 (W184A and P187A) (WW1*), WW domain 2 (W243A and 

P246A) (WW2*), or both WW domains (WW1*/WW2*). Furthermore, truncation 

mutants of the TEAD-binding domain (residues 1-140) (∆TEAD), PDZ-binding domain 

(residues 468-472) (∆PDZ), TAD (residues 276-467) (∆TAD), or both TAD and PDZ-

binding domains (residues 276-472) (∆CT) were generated (see Fig. 5.2). The position 

of the relevant amino acid residues is according to the wild-type mYAP sequence 

(NCBI NM_009534.3).  
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Table 2.1 Chemicals and reagents used for treating cells for the experiments presented in 
this thesis. 

 
*Supplier information: Sigma-Aldrich (Sigma) Castle Hill, NSW; Thermo Fisher Scientific Scoresby, VIC; Roche 
Applied Science (Roche) Castle Hill, NSW; Merck Millipore Kilsyth, VIC; Cell Signaling Technology (CST) - 
Genesearch Arundel, QLD; Sapphire Bioscience Waterloo, NSW; Sapphire Bioscience, Waterloo, NSW. 

  

Reagent *Supplier Catalogue number Preparation 

17-(Allylamino)-17-demethoxy-
geldanamycin (17-AAG) 

Sigma A8476 DMSO 

4-hydroxytamoxifen (4HT) Sigma H7904 Ethanol 

Ammonium chloride (NH4Cl) Thermo Fisher Scientific 32-500G Water 

Complete protease inhibitor 
cocktail (P.I.C.) Roche 11697498001 Water 

Cycloheximide Sigma C7698 Ethanol 

Dimethyl sulfoxide (DMSO) Sigma D8418 - 

GSK-3 inhibitor IX Merck Millipore 361550 DMSO 

IC261 CK1 inhibitor Merck Millipore 400090-5MG DMSO 

Leptomycin B (LMB) CST 9676 Ethanol 

LY294002 PI3K inhibitor CST 9901 DMSO 

MG-132 CST 2194 DMSO 

Q-Val-Asp (non-omethylated)-OPh 
pan caspase inhibitor (Q-VD) 

Sapphire Bioscience IMI-2309-1 DMSO 
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Table 2.2 Primary and secondary antibodies used for the experiments presented in this 
thesis. 
 

Antibody 
a Supplier and 

catalogue number 
Details 

Application and working 
dilution 

Primary antibodies 

YAP CST #4912 Rabbit, polyclonal 
WB 1:5 000, IF 1:50-100,  

IHC 1:25 

TAZ (V386) CST #4883 Rabbit, polyclonal WB 1:5 000 

β-Actin (AC-15) Sigma #A1978 Mouse, monoclonal WB 1:20 000 

Lats1 Bethyl #A300-477A Rabbit, polyclonal WB 1:5 000-10 000 

Lats2 Bethyl #A300-479A Rabbit, polyclonal WB 1:5 000-10 000 

FLAG (M2) Sigma #F1804 Mouse, monoclonal WB 1:1 000-3 000 

Fibrillarin (38F3) Abcam #ab4566 Mouse, monoclonal IF 1:500-1000 

ARF/CDKN2A Abcam #ab80 Rabbit, polyclonal WB 1:1000, IF 1:250 

phospho-Akt (Ser473) CST #9271 Rabbit, polyclonal WB 1:1000 

p53 (1C12) CST #2524 Mouse, monoclonal WB: 1:1000 

Secondary antibodies 

HRP anti-mouse GE #NA9310 Sheep, polyclonal WB 1:5 000 

HRP anti-rabbit GE #NA934 Donkey, polyclonal WB 1:5 000 

AF488 anti-rabbit Life Tech #A11008 Goat, polyclonal IF 1:200-500 

AF594 anti-mouse Life Tech #A11005 Goat, polyclonal IF 1:200-500 

 
Abbreviations: AF – Alexa Fluor, HRP – horseradish peroxidase, IF – immunofluorescence, IHC – immunohisto-
chemistry, WB – Western blot. 
a Supplier information: Cell Signaling Technology (CST) Genesearch, Arundel, QLD; Sigma-Aldrich (Sigma) 
Castle Hill, NSW; Bethyl laboratories Inc (Bethyl) VWR International Murarrie, QLD; Abcam - Sapphire 
Bioscience, Waterloo, NSW; GE Healthcare (GE), Rydalmere, NSW; Life Technologies (Life Tech), Mulgrave, VIC.  
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Table 2.3 Sigma-Aldrich MISSION shRNAs used for stable knockdown of target genes. 
 

shRNA construct 
TRC 

Number 
Clone ID Sequence (5’-3’) 

SHC202  
TRC2 pLKO.5-puro Non-

Mammalian Control 
- - 

CCG GCA ACA AGA TGA AGA GCA 
CCA ACT CGA GTT GGT GCT CTT 
CAT CTT GTT GTT TTT 

YAP 432  
TRC2 pLKO.1-puro 
against mouse Yap1 

0000238432 
NM_009534.2-

1531s21c1 

CCG GGA AGC GCT GAG TTC CGA 
AAT CCT CGA GGA TTT CGG AAC 
TCA GCG CTT CTT TTT G 

Lats1 539  
TRC2 pLKO.1-puro 
against mouse Lats1 

0000274539 
NM_010690.1-

3991s21c1 

CCG GTA GTC AAT TCT TGG TAC 
TTA ACT CGA GTT AAG TAC CAA 
GAA TTG ACT ATT TTT G 

Lats1 541  
TRC2 pLKO.1-puro 
against mouse Lats1 

0000274541 
NM_010690.1-

1848s21c1 

CCG GCC TAT TCA ACA GCC CGT 
GAA ACT CGA GTT TCA CGG GCT 
GTT GAA TAG GTT TTT G 

Lats1 543 
TRC2 pLKO.1-puro 
against mouse Lats1 

0000274543 
NM_010690.1-

878s21c1 

CCG GGC AAC ATT CAA TTA ACC 
GAA ACT CGA GTT TCG GTT AAT 
TGA ATG TTG CTT TTT   G 

Lats2 705 
TRC1 pLKO.1-puro 
against mouse Lats2 

0000022705 
NM_015771.1-

1748s1c1 

CCG GCG CAA GAA TAG CAG AGA 
TGA ACT CGA GTT CAT CTC TGC 
TAT TCT TGC GTT TTT 

Lats2 707 
TRC1 pLKO.1-puro 
against mouse Lats2 

0000022707 
NM_015771.1-

3112s1c1 

CCG GCG CCT TCT ATG AGT TCA 
CCT TCT CGA GAA GGT GAA CTC 
ATA GAA GGC GTT TTT 

TAZ 951  
TRC2 pLKO.1-puro 

against mouse WWTR1  
0000095951 

NM_133784.1-
771s1c1 

CCG GCA GCC GAA TCT CGC AAT 
GAA TCT CGA GAT TCA TTG CGA 
GAT TCG GCT GTT TTT G 

TAZ 953  
TRC2 pLKO.1-puro 

against mouse WWTR1  
0000095953 

NM_133784.1-
1048s1c1 

CCG GCC ATG AGC ACA GAT ATG 
AGA TCT CGA GAT CTC ATA TCT 
GTG CTC ATG GTT TTT G 

TAZ 149 
TRC2 pLKO.1-puro 

against human WWTR1  
0000319149 

NM_015472.3-
706s21c1 

CCG GGC GAT GAA TCA GCC TCT 
GAA TCT CGA GAT TCA GAG GCT 
GAT TCA TCG CTT TTT G 

TAZ 469 
TRC2 pLKO.1-puro 

against human WWTR1  
0000019469 

NM_015472.3-
706s1c1 

CCG GGC GAT GAA TCA GCC TCT 
GAA TCT CGA GAT TCA GAG GCT 
GAT TCA TCG CTT TTT 
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2.1.4 Cell lines 
The LPC lines used for these studies were derived from either embryonic mice yielding 

bipotential murine embryonic liver (BMEL) cell lines, or adult mice yielding bipotential 

murine oval liver (BMOL) cell lines. Non-tumorigenic BMELs with enhanced GFP 

driven by the Actin promoter (BMEL aEGFP), ARF-/- BMEL (from which mTAZ was 

cloned), BMOLs derived from p53-null mice (aka p53-immortalised liver (PIL) cell 

line) (PIL4), and BMOLs derived from WT mice (BMOL) were provided by George 

Yeoh. The tumorigenic status of LPC lines was assessed by anchorage independent 

growth using soft-agar assay described below (section 2.2.2b).  

 

Immortalised mouse embryonic fibroblasts (MEFs) and HEK293T cells were obtained 

from David Vaux (The Walter and Eliza Hall Institute (WEHI), Parkville, VIC). p53-/- 

MEFs were generated from p53-/- mice provided by Philippe Bouillet (WEHI). NIH3T3 

cells were obtained from Doug Hilton (WEHI) and HeLa cells were provided by David 

Huang (WEHI). D645 and ACHN cell lines were obtained from John Silke (WEHI) and 

Glenda Gobe (University of Queensland), respectively. MCF-7 cells were generously 

provided by Louise Wedlock (UWA), which were purchased from the American Type 

Culture Collection (ATCC, Manassas, VA). All cell lines used for the work presented in 

this thesis that were generated in our laboratory are listed in Table 2.4. 

 

2.2 Methods 
2.2.1 Molecular biology 
2.2.1a Polymerase chain reaction 

To facilitate cloning, DNA fragments were amplified by polymerase chain reaction 

(PCR) using the Bio-Rad iCycler. Reaction and cycling conditions were optimized for 

each PCR. All PCRs were performed using either Pfu DNA polymerase (Promega, 

Sydney, NSW Cat. M7741), or KAPA HiFi DNA polymerase (Geneworks, Hindmarsh, 

SA Cat. KK2101). 
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 Table 2.4 Cell lines generated for the work presented in this thesis. 

 
Abbreviations: BC – Bernard Callus, BMEL – bipotential murine embryonic liver, BMOL – bipotential murine oval 
liver, hYAP – human YAP, MF – Megan Finch, mTAZ – mouse TAZ, mYAP – mouse YAP, NT – non-tumorigenic, 
pF-UAS – pF-5xUAS-MCS-W-SV40puro, pF-UAS-FLAG – pF-5xUAS-FLAG-MCS-W-SV40puro, PIL – p53-
immortalised liver.  

Cell line Made by 
 

BMEL 
Actin-EGFP 

SHC202 shRNA 
YAP 432 shRNA 
TAZ 951 and 953 shRNA 

MF 
MF 
MF 

PIL4 pF-UAS-mYAP + GEV16 BC 

NT BMOL pF-UAS-mYAP + GEV16 MF 
 

NIH3T3 pF-UAS-mYAP + GEV16 
pF-UAS-mYAP ∆TAD + GEV16 
pF-UAS-mYAP WW1* + GEV16 
pF-UAS-mYAP WW2* + GEV16 
pF-UAS-mYAP WW1*/WW2* + GEV16 
pF-UAS-mYAP P272A + GEV16 
pF-UAS-mYAP S79A + GEV16 
pF-UAS-FLAG-mYAP + GEV16 
pF-UAS-FLAG-mYAP S79A + GEV16 
pF-UAS-FLAG-mYAP ∆TAD + GEV16 
pF-UAS-FLAG-mYAP ∆TAD+PDZ + GEV16 
pF-UAS-FLAG-mYAP ∆PDZ + GEV16 
pF-UAS-FLAG-mYAP ∆TEAD + GEV16 
pF-UAS-hYAP1-1β + GEV16  
pF-UAS-hYAP1-2α + GEV16 
pF-UAS-FLAG-mTAZ + GEV16 
SHC202 shRNA 
mYAP 432 shRNA  
mLats1 539, 541 and 543 shRNA 
mLats2 705 and 707 shRNA 
pF-UAS-mYAP + GEV16 + SHC202 
pF-UAS-mYAP + GEV16 + Lats1 539 shRNA 
pF-UAS-mYAP + GEV16 + Lats1 541 shRNA 

BC + MF 
BC + MF 

BC 
BC 
BC 
BC 
MF 

BC + MF 
MF 

BC + MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 

 

MEF pF-UAS-mYAP + GEV16 
pF-UAS-FLAG-mYAP + GEV16 
SHC202 shRNA 
mYAP 432 shRNA 

BC + MF 
MF 
MF 
MF 

MCF-7 pF-UAS-hYAP1-1β + GEV16  
pF-UAS-hYAP1-2α + GEV16 

MF 
MF 

 

HeLa pF-UAS-hYAP1-1β + GEV16  
pF-UAS-hYAP1-2α + GEV16 
pF-UAS-mYAP + GEV16 
pF-UAS-mYAP WW1* + GEV16 
pF-UAS-mYAP WW2* + GEV16 
pF-UAS-mYAP WW1*/WW2* + GEV16 
SHC202 shRNA 
hTAZ 149 and 469 shRNA 

BC + MF 
MF 
MF 
MF 
MF 
MF 
MF 
MF 

 

D645 pF-UAS-hYAP1-1β + GEV16  
pF-UAS-hYAP1-2α + GEV16 
SHC202 shRNA 
hTAZ 149 and 469 shRNA 

BC + MF 
MF 
MF 
MF 
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2.2.1b Restriction enzyme digest 

DNA was digested using appropriate restriction enzymes according to manufacturer’s 

recommendations. Typically each restriction digest contained 2 µg DNA, restriction 

enzyme buffer (1x final), 10-20 U restriction enzyme, and 100 µg/mL bovine serum 

albumin (BSA) (if required), in a total volume of 20 µL. Restriction digests were 

typically performed at 37°C for 1-2 hours (h). Digested fragments were separated by 

agarose gel electrophoresis described below (2.2.1c), visualized, and excised from the 

gel using a Dark Reader transilluminator (Clare Chemical Research, Dolores CO Cat. 

DR-46B).  

 

2.2.1c Agarose gel electrophoresis 

DNA gel electrophoresis was typically performed using 1% (w/v) agarose gels, which 

were prepared by dissolving 0.5 g agarose (VWR International Murarrie, QLD Cat. 

A2114) in 50 mL of TAE buffer (40 mM Tris-acetate, 2mM Ethylenediaminetetraacetic 

acid (EDTA) disodium dehydrate, pH 8.5) with 0.5 µg/mL ethidium bromide (Astral 

Scientific, Gymea, NSW Cat. AM0492). DNA samples were mixed with 6x DNA 

loading dye (30% (v/v) glycerol, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene 

cyanole FF), loaded onto the gel, and electrophoresed at 110 V for 20-30 minutes (min). 

The Promega BenchTop 1kb DNA ladder (Cat. G7541) was used as the base pair 

reference. 

 

For RNA samples denaturing RNA gel electrophoresis was performed using 1% (w/v) 

agarose gels, which were prepared by dissolving 0.5 g agarose (VWR International 

Murarrie, QLD Cat. A2114) in 50 mL of DEPC-MOPS-Formaldehyde buffer (1x 

MOPS buffer (20 mM MOPS, 5 mM sodium acetate trihydrate, 1 mM EDTA, pH 7.0), 

5.55% (v/v) formaldehyde, made up in DEPC-treated (1 mL/L) water). RNA samples 

were mixed with 2 µL RNA loading buffer (1x MOPS buffer, 50% (v/v) formamide, 

17.6% (v/v) formaldehyde, 10% (v/v) RNA dye (50% (v/v) glycerol, 1 mM EDTA, 

0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanole FF) made up in DEPC-

treated water) per 1 µg RNA in a total volume of 10 µL. Samples were heat-denatured 

at 65°C for 10 min, loaded onto the gel, and electrophoresed at 70 V for approximately 

60 min. 
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Following electrophoresis, gel images were captured (following excision of digested 

DNA bands if required) using the ChemiDoc XRS system (Bio-Rad Laboratories, 

Gladesville, NSW) with Quantity One software (Bio-Rad). 

 

2.2.1d Cloning 

Cloning mutant mYAP and WT mTAZ constructs into inducible vectors 

All mutant YAP constructs were generated by PCR from plasmid DNA containing WT 

mYAP using specific primers (Table 2.5). Amplified mTAZ was cloned into pCR-

TOPO2.1 (Life Technologies, Mulgrave, VIC) according to the manufacturer’s 

instructions. All constructs were then sub-cloned into the lentiviral expression vectors 

mentioned above (section 2.1.2) using the protocol described in sections 2.2.1b, c, e, f).  

 

Generation of untagged and FLAG-tagged pFA-CMV-GAL4 vectors expressing YAP 

TADs 

Bernard Callus generated the FLAG-tagged expression vector, pFA-CMV-GAL4-

FLAG. An annealed oligo pair encoding the FLAG sequence (amino acids 

DYKDDDDK; see Table 2.5) was sub-cloned in frame into the pFA-CMV-GAL4 vector 

using unique BglII/BamHI and EcoRI restriction sites thereby generating a new BamHI 

site 3’ of the FLAG sequence (Fig. 2.1) to facilitate subsequent cloning of YAP TADs.  

 

YAP TADs corresponding to those of mYAP, and hYAP isoforms α, β and γ, were 

amplified by PCR as described above, then cloned in-frame into both pFA-CMV-GAL4 

and pFA-CMV-GAL4-FLAG vectors using unique BamHI and XbaI sites (Fig. 2.1). All 

untagged and FLAG-tagged GAL4 vectors expressing the YAP TADs were generated 

by Bernard Callus.  

 

2.2.1e Ligations and bacterial transformation 

Prior to ligation, all digested DNA fragments were purified using the Wizard SV Gel 

Purification kit (Promega Cat. A9282) according to the manufacturer’s instructions. 

Ligations were typically performed in a 10-20 µL reaction volume, with 1 U of T4 

DNA ligase (Roche Cat. 10716359001), 1x ligation buffer (Roche). Molar ratios of 

vector DNA to insert DNA used were typically 1:3. Ligations were incubated at 16°C 

for between 1-2 h.  
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Table 2.5 Sequences of primers used for generation of constructs for cloning. 
 

Mouse YAP 

mYAP fwd WT (BamHI)  GTA GGA TCC ATG GAG CCC GCG CAA CA 

mYAP rev WT (XbaI) GTG TCT AGA CTA TAA CCA CGT GAG AAA GCT TTC 

mYAP rev ∆TAD (XbaI) 
truncation 

GTG TCT AGA CTA TGG GCT CTG GGG AGC CAA 

mYAP rev ∆PDZ (XbaI) 
truncation 

GTG TCT AGA CTA GCT TTC TTT ATC TAG CTT GGT G 

mYAP rev ∆TAD+PDZ (XbaI) 
truncation 

GTG TCT AGA CTA TAA CCA CGT GAG AAA TGG GCT CTG GGG 
AGC CAA GGG T 

mYAP fwd ∆TEAD (BamHI) 
truncation 

GTA GGA TCC ATG CCT GCA GCT CAG CAT CTC 

mYAP fwd WW1* SDM CAG ACA ACA ACA GCG CAG GAC GCC CGG AAG GCC ATG 

mYAP rev WW1* SDM CAT GGC CTT CCG GGC GTC CTG CGC TGT TGT TGT CTG 

mYAP fwd WW2* SDM CAA GAC CAC ATC CGC GCT GGA CGC AAG GCT GGA C 

mYAP rev WW2* SDM GTC CAG CCT TGC GTC CAG CGC GGA TGT GGT CTT G 

mYAP fwd P272A (SH3) SDM CAC CCT TGG CTG CGC AGA GCC CAC AG 

mYAP rev P272A (SH3) SDM CTG TGG GCT CTG CGC AGC CAA GGG TG 

mYAP fwd S79A (TEAD) SDM TCG CAA GCT GCC CGA CGC CTT CTT CAA GC 

mYAP rev S79A (TEAD) SDM GCT TGA AGA AGG CGT CGG GCA GCT TGC GA 

mYAP fwd TAD (BamHI) GAL4-
DBD fusion 

GTA GGA TCC CAG GGA GGC GTC CTG GGT GGA 

Human YAP 

hYAP fwd  WT (BglII) GTA AGA TCT GCC ACC ATG GAT CCC GGG CAG CA 

hYAP rev WT (XbaI) GTG TCT AGA CTA TAA CCA TGT AAG AAA GCT 

hYAP fwd TAD (BamHI) GAL4-
DBD fusion 

GTA GGA TCC CAG GGA GGC GTC ATG GGT GGC A 

Mouse TAZ 

mTAZ fwd (BamHI) cloning 
from cDNA  

GTA GGA TCC ATG AAT CCG TCC TCG GTG CCC CAT 

mTAZ rev (XbaI) cloning from 
cDNA  

GTA TCT AGA TTA CAG CCA GGT TAG AAA GGG CTC GCT 

Other 

FLAG-tag fwd (BglII) for GAL4-
DBD fusion 

GAT CTG GAG ACT ACA AAG ACG ATG ACG ATA AAG GAT CCG G 

FLAG-tag rev (BamHI, EcoRI) 
for GAL4-DBD fusion 

AAT TCC GGA TCC TTT ATC GTC ATC GTC TTT GTA GTC TCC A 

 
Abbreviations: ∆ – delta/truncation, cDNA – complementary DNA, DBD – DNA binding domain, fwd – forward 
primer, hYAP – human YAP, mTAZ – mouse TAZ, mYAP – mouse YAP, P272A – mutation of proline residue 272 
to alanine, PDZ – Post-synaptic density Discs large, Zonula occludens-1 binding domain, rev – reverse primer, S79A 
– mutation of serine residue 79 to alanine, SDM – site directed mutagenesis, SH3 – SH3 binding domain, TAD – 
transactivation domain, TEAD – TEAD-binding domain, WT – wild-type, WW1* – point mutations within the first 
WW domain, WW2* – point mutations within the second WW domain. 
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Figure 2.1. Generation of untagged and FLAG-tagged pFA-CMV-GAL4-YAP TAD fusion 

constructs. 

Annealed oligos encoding the FLAG peptide were cloned in-frame into the multiple cloning site 
(MCS) 3’ to the GAL4 DNA binding domain (GAL4-DBD) in the expression vector, pFA-
CMV-GAL4. The transactivation domain (TAD) of each YAP construct was then cloned 3’ to 
the FLAG sequence within the pFA-CMV-GAL4-FLAG or directly into the pFA-CMV-GAL4 
MCS using unique BamHI/XbaI sites. 
 

  

GAL4 DBDpFA-CMV

      TAD

MCS

kanamycin P SV40 P bla f1 oripUC ori

FLAG

BamHI / BglII BamHI   EcoRI    XbaI

      YAP

XbaI-rev primer

BamHI-fwd primer

TK pA1
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DNA plasmid or ligation reactions were transformed into 50 µL competent DH10B 

Escherichia coli by incubation on ice for 5 min, heat shock at 37°C for 3 min, then 

further incubation on ice for 5 min. Transformants were selected via overnight growth 

at 37°C on LB agar (20 g/L LB broth (Sigma Cat. L3022) and 15 g/L agar (BD 

Biosciences Cat. 281230)) plates containing 100 µg/mL Ampicillin (Sigma Cat. 

A9518), or 50 µg/mL Kanamycin (Sigma Cat. B2564), as required. Bacteria 

transformed with Kanamycin-resistant vectors were allowed to recover in LB broth for 

1 h at 37°C with shaking prior to plating. Positive transformants were selected initially 

by restriction digest mapping, and ultimately verified by sequencing (AGRF, Perth, 

WA). 

 

2.2.1f Plasmid DNA preparation 

For small-scale mini-preps transformed bacteria were cultured in 2 mL of LB broth with 

the required antibiotic at 37°C overnight with shaking. Bacteria were pelleted by 

centrifugation at 16 000g for 5 min before being resuspended in 100 µL ice-cold P1 

solution (50 mM glucose, 25 mM Tris-acid, 10 mM EDTA, pH 8.0). Bacteria were 

lysed by the addition of 200 µL of P2 solution (0.2 M sodium hydroxide, 1% (w/v) 

sodium dodecyl sulphate (SDS)) and rapid inversion of the tube five times. Genomic 

DNA was precipitated by adding 150 µL of P3 solution (3 M potassium acetate, 11.5% 

(v/v) glacial acetic acid) and pelleted by centrifugation at 16 000g for 5 min. Plasmid 

DNA present in the supernatant was precipitated with two volumes of 100% ethanol in 

a clean tube followed by centrifugation at 16 000g for 5 min. The pellet was washed 

once with 70% ethanol and centrifuged as before. The pellet was allowed to dry for 

approximately 10 min at 37°C before being resuspended in 50 µL TE buffer (10 mM 

Tris, 1 mM EDTA, pH 8.0) supplemented with 10 µg DNase-free RNase (Roche Cat. 

11119915001) and incubated at 37°C for 1 h. 

 

For larger DNA preps transformed bacteria were cultured in 50-100 mL of LB broth 

with the required antibiotic at 37°C overnight with shaking. DNA was purified using the 

HiSpeed plasmid midi-kit (Qiagen, Chadstone Centre, VIC Cat. 12643) according to 

manufacturer’s recommendations, prior to transfection. 

 

2.2.1g RNA extraction 

Total RNA was extracted from cells using the Qiagen miRNeasy Mini Kit (Cat. 74014), 

using 1 mL QIAzol Lysis Reagent (Qiagen Cat. 79306) per sub-confluent 60 mm dish, 
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according to the manufacturer’s instructions. DNA was digested on-column using the 

RNase-Free DNase Set (Qiagen Cat. 79254) and RNA was eluted twice with 50 μL of 

nuclease-free water and stored at -80°C. RNA was quantitated using a Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific) and checked for quality by 

electrophoresis on a 1% RNA-denaturing gel as described above (section 2.2.1c). 

 

2.2.1h Messenger RNA expression microarray 

After RNA isolation, total RNA integrity was assessed using the Agilent Bioanalyser 

2100 (Agilent Technologies, Mulgrave, VIC), in combination with the RNA 6000 Nano 

LabChip® kit. Electropherograms confirmed high quality total RNA and quantitation 

with the Nanodrop confirmed acceptable quantities for use in microarray experiments. 

The microarrays used for analysis were Affymetrix mouse tiling arrays (MoGene-1_0-

st-v1) (Cat. 901169). The GeneChip® Whole Transcript Sense Target Labelling Assay 

was used, involving the Ambion® WT Expression kit and WT Terminal Labelling and 

Hybridisation kit to generate labelled, single stranded DNA ready for hybridisation. The 

GeneChip® Wash and Stain kit were then used in combination with the Affymetrix 

Fluidics Station 450, and the chips were scanned using and an Affymetrix GeneChip 

Scanner 3000 7G. Reena Narsai performed the messenger RNA expression arrays in-

house from RNA prepared from three technical replicates. 

 

2.2.1i Microarray analysis 

All CEL files were imported into Partek Genomics Suite (version 6.4) and RMA 

normalised. The tiling array workflow was utilised and the individual expression 

intensities were combined using the gene summary tool with median summarisation, to 

generate an expression intensity for each of the 35 399 genes represented on the array. 

Data was trimmed only to include genes expressed above background, resulting in 25 

943 genes expressed. For the differential expression analysis (mYAP-4HT vs 

mYAP+4HT), the Cyber-T method was used, which incorporates Bayesian statistics 

and a PPDE analysis for false discovery rate correction (184, 185). Genes were defined 

and significantly differentially expressed where p<0.05 and PPDE>0.95 i.e. <5% false 

discovery. This method of differential expression analysis has been used in previous 

studies (186). Microarray analysis was performed by Reena Narsai. 
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2.2.1j Reverse transcription for quantitative real-time PCR 

Reverse transcription (RT) of 5 µg total RNA into complementary DNA (cDNA) was 

performed using the Tetro cDNA synthesis kit (Bioline, Alexandria, NSW Cat. BIO-

65042) using a modified protocol utilizing some reagents from the Invitrogen 

Thermoscript Reverse Transcriptase kit (Cat. 12236-014). RNA was denatured at 65°C 

for 5 min before 1.25 ng/µL random primers (Invitrogen) and 500 µM dNTP Mix were 

added in a volume of 12.5 µL. This reaction mixture was incubated at room temperature 

for 10 min, before heating to 45°C and then adding 1x RT Buffer (Bioline), 2 U/µL 

Ribosafe RNase Inhibitor (Bioline), 2.5 µM Oligo dT (Invitrogen), and 10 U/µL Tetro 

Reverse Transcriptase (Bioline), made up to a final volume of 20 µL using DEPC-

treated water. RT was performed at 45°C for 1 h before being terminated at 85°C for 5 

min. cDNA was stored at overnight at 4°C or at -20°C for longer-term storage. Adam 

Passman performed RT of samples for quantitative real-time PCR (qPCR). 

 

2.2.1k Quantitative real-time PCR 

The transcript abundance of specific target genes was investigated by qPCR using the 

Roche Universal Probe Library (UPL) system, which utilizes double-labelled TaqMan 

probe technology in combination with gene-specific primers. Primer-probe 

combinations were designed using a web-based tool (Universal Probe Library Assay 

Design Centre: https://www.roche-applied-science.com/webapp/wcs/stores/servlet/Cate 

goryDisplay?catalogId=10001&tab=&identifier=Universal+Probe+Library&langId=-1# 

tab-3), and are listed in Table 2.6. qPCR reactions were performed in a total volume of 

10 µL, with 4 µL cDNA diluted 1/10 and 6 µL Mastermix comprising 1x Roche 

LightCycler 480 Probes Master (Cat. 04707494001), 0.2 µM of each primer, and 0.15 

µM UPL probe. qPCR amplification was performed using the LightCycler 480 System 

(Roche) with the following cycling conditions: 95°C for 10 min, then 55 cycles of 95°C 

for 10 seconds (s) followed by 59°C for 30 s, and finally 40°C for 30 s.  
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Table 2.6 Primer-probe combinations used for quantitative real-time PCR. 
 

Target gene  
(NCBI ID) 

UPL Probe ID 
(Catalogue number) 

Forward primer (5’-3’) Reverse primer (5’-3’) 

YAP 
(NM_009534.3) 

#71 (04688945001) 
CAG GAA TTA TTT CGG 
CAG GA 

CAT CCT GCT CCA GTG 
TAG GC 

TAZ 
(NM_133784.3) 

#70 (04688937001) 
GTT CCA GCT CGT CAG 
TTC G 

TGC GTG ACG TGG ATG 
ACT 

TAF4A 
(NM_001081092.1) 

#71 (04688945001) 
CCA CAG CAG ATC CAA 
CTG AA 

GGT AAC ACG GTG GGT 
TTC AC 
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All reactions were performed in triplicate, with three repeats for each experiment. A 

standard curve was generated for each target gene using a pool of cDNA prepared from 

mouse liver tissue. The standard cDNA was diluted using serial 1/5 dilutions to 1/3125. 

An absolute quantitation/fit point analysis was performed using the LightCycler 480 

Software (release 1.5.0). During this process the threshold was automatically set based 

on the greatest calculable efficiency for the standard curve. The relative abundance of 

each target gene was then generated based on their Cq value. Each target gene was 

normalised to the housekeeper gene (TAF4A) before the relative fold-changes were 

compared. Statistical analysis was determined by performing paired t-tests using 

GraphPad Prism software (GraphPad Software, Inc. v4.0b). Sample groups were 

deemed to be significantly different when p-value (p) <0.05 (*), <0.01 (**), and <0.001 

(***). qPCR was performed by Adam Passman from three technical replicates. 

 

2.2.2 Mammalian cell culture 
2.2.2a Cell culture 

All LPC lines used for the work presented in this thesis were previously isolated in the 

Yeoh lab using the “plate and wait” method (as described in 187). Established LPC 

lines were maintained in Williams’ Medium E (WEM) growth medium (Sigma Cat. 

W4125-10X1L) supplemented with 5% (v/v) fetal bovine serum (FBS) (Fisher Biotec, 

Wembley, WA Cat. FBS-001-AU), 2.5 μg/mL Fungizone (amphotericin B) (Life 

Technologies, Mulgrave, VIC Cat. 15290-018), 48.4 µg/mL (80 U/mL) penicillin G 

(Merck Cat. 5161), 675 µg/mL streptomycin sulphate (Life Technologies Cat. 11860-

038), 2 mM L-glutamine (Sigma Cat. G8540-100G), 10 μg/mL Humulin R U-100 

(UWA Campus Pharmacy, Nedlands, WA), 30 ng/mL insulin-like growth factor II 

(ProSpec-Tany TechnoGene, Ness-Ziona, Israel Cat. CYT-265) and 20 ng/mL 

epidermal growth factor (BD Biosciences, North Ryde, NSW Cat. 354001). Cells were 

grown at 37°C in a humidified 5% CO2 incubator with media changes every 2-3 days 

(d) and routine passaging at 4-7 d intervals.  

 

MEF, NIH3T3, HEK293T, MCF-7, HeLa, and D645 cell lines were maintained in 

Dulbecco’s Modified Eagle (DME) medium (Life Technologies Cat. 11885) 

supplemented with 10% (v/v) FBS (Fisher Biotec), 2 mM L-glutamine (Life 

Technologies Cat. 25030), and 50 U/mL penicillin G with 50 µg/mL streptomycin (Life 

Technologies Cat. 15070). Cells were grown at 37°C in a humidified 10% CO2 

incubator and passaged every 4-7 d. Unless otherwise indicated, cells were seeded at 
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20-25% confluency in a 6-well plate 1 d prior to the start of each experiment. 

Experiments were typically performed with biological replicates using different cell 

lines (2-3 lines as shown), and technical replicates (2-3 replicates, one representative 

experiment shown). 

 

2.2.2b Soft agar assay 

To determine whether LPC lines were capable of anchorage-independent growth as an 

indicator of tumorgenicity, approximately 1x104 cells/mL were resuspended in WEM 

growth medium supplemented with 0.4% (w/v) agar (BD Biosciences Cat. 281230) and 

layered atop a 0.8% (w/v) agar base containing WEM growth medium excluding all 

supplements except FBS. Cells were cultured in a humidified 5% CO2 incubator at 

37°C, and 1 mL of WEM growth medium was added weekly to prevent drying. The 

culture dishes were examined for the presence of singly suspended cells at 24 h post-

plating, and anchorage-independent growth was assessed weekly using a Nikon Eclipse 

TS100 microscope, and a Wild Heerbrugg M8 stereo microscope. Images were captured 

with a Nikon Digital Sight DS-L3. 

 

2.2.2c Generation of stable cell lines 

To generate 4HT-inducible and knockdown cell lines, lentiviruses were first generated 

by transfecting sub-confluent 10 cm plates of HEK293T cells with 0.6 µg of lentiviral 

vector plasmid together with 1 µg pCMV-δR8.2 and 0.4 µg pVSV-G lentiviral 

packaging constructs using Effectene (Qiagen Cat. 301425) according to the 

manufacturer’s specifications, and cultured at 37°C for 48 h. Viral supernatants were 

collected, filtered through a 0.22 µm filter (Merck), mixed with 4 µg/mL polybrene 

(Sigma Cat. 107689), and added to cells, which were centrifuged at 1 100g for 90 min at 

room temperature. Where viral supernatants were used for co-infections, such as for the 

inducible expression system which requires co-expression of the GEV16 expression 

plasmid (182), viral supernatants were mixed 1:1 with polybrene before adding to cells. 

Stably infected cells were selected in the presence of puromycin (Sigma Cat. P7255), 

and hygromycin B (Roche Cat. 10843555001) as required, at a pre-determined 

concentration that was sufficient to kill 100% of non-infected cells within 2-4 d. 

 

When citing the passage number of stably-infected cell lines the nomenclature used 

within this thesis states the passage number at which the cells were infected followed by 
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the number of subsequent passages. For example, cells initially infected at passage 20 

then passaged six times would be denoted p20.6. 

 

2.2.2d Cell proliferation assay 

Cells were seeded in 96-well plates at 1x104 cells/mL and cell confluency was measured 

twice daily over 5 d using a CellaVista (Roche). Doubling times were determined from 

a minimum of five time points within the exponential phase of cell proliferation by 

performing non-linear regression analysis using GraphPad Prism software (GraphPad 

Software, Inc. v4.0b). Statistical significance was determined from three independent 

technical replicate experiments by performing a one-way ANOVA analysis with 

Tukey’s multiple comparison test. Sample groups were deemed to be significantly 

different when p<0.05. 

 

2.2.2e Crystal violet staining of cells 

Cells in 60 mm culture dishes were washed once with PBS before being fixed with PBS 

containing 1% (v/v) glutaraldehyde (Sigma Cat. G6257) for 10 min at room 

temperature. Cells were washed twice with PBS before being stained with a 0.1% (w/v) 

crystal violet (Sigma Cat. C3886) solution for 20 min at room temperature. Cells were 

washed three times with water before being dried overnight. 

 

2.2.3 Luciferase Assay 
2.2.3a TEAD-reporter 

TEAD dependent luciferase assays were performed by transfecting sub-confluent 12-

well plates of HEK293T cells with 0.1 µg pGT4Tluc Firefly Luciferase reporter 

plasmid, 0.3 µg pF-5xUAS-MCS-W-SV40puro plasmid expressing WT or mutant YAP 

construct, 0.05 µg pRL-TK Renilla luciferase (internal control) reporter plasmid, either 

with or without 0.05 µg pCI-HA-TEAD-2 expression plasmid, and pUC13 to a total of 

0.5 µg DNA, using Effectene (Qiagen Cat. 301425) according to manufacturer’s 

specifications with an Effectene:DNA ratio of 10:1.  

 

2.2.3b GAL4-reporter 

GAL4 dependent luciferase assays were performed essentially as described previously 

(188). Briefly, sub-confluent 12-well plates of HEK293T cells were transfected with 0.1 

µg pFR-Luc Firefly Luciferase reporter plasmid, 0.05 µg pFA-CMV-GAL4 or pFA-

CMV-GAL4-FLAG YAP-TAD fusion expression plasmids (2.2.1d), 0.1 µg pRL-TK, 
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and pUC13 to a total of 0.5 µg DNA, using Effectene. For HeLa, D645 and NIH3T3 

cell lines, cells were transfected with 0.4 µg pFR-Firefly Luciferase reporter plasmid, 

0.2 µg pFA-CMV-GAL4-FLAG YAP-TAD fusion constructs, and 0.4 µg pRL-TK, 

using ViaFect (Promega) according to the manufacturer’s recommendations with a 

ViaFect:DNA ratio of 4:1. 

 

After 24 h, cells were lysed with 1x passive lysis buffer (Promega) and the luciferase 

activity of 20 µL of cell lysate was measured in white 96-well plates (Sigma Cat. 

CLS3362), using the Dual Luciferase Reporter Assay (Promega) according to 

manufacturer’s instructions with the exception that only 50 µL of Luciferase Assay 

Reagent II, and 50 µL of Stop & Glo Reagent was used per reaction. Luminescence was 

measured using the Tropix TR717 Microplate Luminometer (Life Technologies) with 

Tropix WinGlow software (v1.11). Firefly luciferase luminescence activity values were 

first normalised against the corresponding Renilla luciferase activity value, before an 

average luciferase activity was generated and expressed relative to a reference construct 

that was arbitrarily set to 100% as defined in the figure legends. Data was assumed to be 

normally distributed and statistical significance was calculated by performing a one-

way ANOVA with Tukey’s multiple comparison test from at least three independent 

technical replicate experiments. Sample groups were deemed to be significantly 

different when p<0.05. Where possible to confirm equivalent expression of constructs, 

20 µL of the cell lysates were run on a Western blot (section 2.2.4b). 

 

2.2.4 Protein analysis 
2.2.4a Cell lysis 

Cells were harvested and washed once with phosphate buffered saline (PBS) before 

being resuspended in DISC lysis buffer (150 mM sodium chloride (NaCl), 2 mM 

EDTA, 1% (v/v) Triton X-100, 10% (v/v) glycerol and 20 mM Tris pH 7.5, 

supplemented with 1x complete protease inhibitor cocktail (P.I.C.) (Roche) and 10 mM 

sodium fluoride, 2 mM sodium pyrophosphate, 1 mM sodium molybdate and 5 mM β-

glycerophosphate) and incubated for 30 min on ice before being centrifuged at 16 000g 

for 10 min at 4°C. Clarified cell lysates were quantified using the Bradford Protein 

Assay (Bio-Rad Cat. 500-0006).  
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2.2.4b Western blotting 

Cell lysates (50 µg of total protein) were boiled in sample buffer (2% (w/v) SDS, 10% 

(v/v) glycerol, 62.5 mM Tris pH 6.8, 0.02% (w/v) bromophenol blue, with 1% (v/v) 2-

mercaptol ethanol) and separated by SDS polyacrylamide gel electrophoresis (SDS-

PAGE) on linear Tris-glycine gels (range 8% to 14% resolving gel) in running buffer 

(25 mM Tris pH 8.3, 192 mM glycine, 0.1% SDS (w/v)) using the Mini-PROTEAN 

Tetra Cell system (Bio-Rad). The Bio-Rad Precision Plus Protein All Blue Pre-stained 

Standards (Cat. 161-0373) was used as the molecular weight reference. 

 

Separated proteins were transferred to Hybond C-extra membrane (GE Cat. RPN303E) 

using the Criterion blotter system (Bio-Rad) at 110 V for 40 min at 4°C in transfer 

buffer (25 mM Tris-base, 192 mM glycine, 20% (v/v) methanol). Transfer efficiency 

and quality was visualised using Ponceau S stain (0.1% (w/v) Ponceau S (Electran Cat. 

440832H), 5% (v/v) acetic acid). Membranes were washed with water, then Tris-

buffered saline-Tween-20 (TBST) (25 mM Tris pH 7.5, 150 mM NaCl, 0.1% (v/v) 

Tween-20) to remove all traces of Ponceau S stain before being blocked with 5% (w/v) 

skim milk powder in TBST for 30 min at room temperature.  

 

Membranes were incubated with primary antibody overnight at 4°C, before washing 

four times for 5 min each with TBST and incubated with secondary antibody for 1 h at 

room temperature, and washing again with TBST. For β-Actin blots, membranes were 

incubated in primary antibody for 30-60 min at room temperature before being washed 

as described above. Signal was detected using Amersham Hyperfilm (GE Cat. 28-9068) 

with Immobilon Western Chemiluminescent HRP Substrate (Merck Cat. WBKLS0500) 

using Kodak GBX developer and fixer (Henry Schein Halas, Perth, WA Cat. KD-

4037180/4037214). Primary and secondary antibody dilutions are provided in Table 

2.2. Exposure times varied and were antibody dependent. 

 

2.2.4c Immunofluorescence 

Cells were seeded into 60 mm dishes containing 13 mm coverslips (Hurst Scientific, 

Canningvale, WA) coated twice with 600 μL of 500 μg/mL type 1 rat-tail collagen 

(Sigma Cat. C3867-1VL). After 24 h cells were fixed by incubation with PBS 

containing 4% (w/v) paraformaldehyde (Merck Cat. 104005100) and 4% (w/v) sucrose 

(Merck Cat. 10274) for 15 min at room temperature. After washing twice with PBS for 

5 min, fixed cells were permeabilised by incubation with 0.25% (v/v) Triton X-100 



Chapter 2 – Materials and Methods 46 

(Sigma Cat. T-9284) in PBS for 5 min. Blocking was performed using 10% (w/v) BSA 

(Sigma Cat. A7906) in PBS for 30 min at 37°C.  

 

Primary antibodies were diluted in 3% (w/v) BSA/PBS before being applied to 

coverslips and incubated at 37°C for 2 h. After three washes with PBS, coverslips were 

incubated with secondary antibody diluted in 3% (w/v) BSA/PBS at 37°C for 45 min. 

Cells were washed twice with PBS, before 0.33 μM Hoechst stain diluted in PBS was 

applied for 5 min. Cells were washed a further three times before coverslips were 

mounted onto glass slides using Gelvatol mounting medium (10.5% (w/v) polyvinyl 

alcohol, 21% (v/v) glycerol, 0.106 M Tris pH 8.5, sodium azide). Slides were viewed 

using an Olympus IX71 microscope using an Olympus U-RFL-T fluorescent lamp, and 

images were captured using DP Controller software (Olympus Corporation, 2.1.1.183). 

 

2.2.4d Immunohistochemistry 

Paraffin-embedded formalin fixed liver sections (4 µm) were de-waxed and rehydrated 

before being boiled in antigen retrieval buffer (10 mM Tris, 1 mM EDTA, 0.05% 

Tween-20, pH 9.0) for 20 min prior to blocking endogenous peroxidases with 3% 

hydrogen peroxide. Sections were blocked in serum-free protein block (Dako, North 

Sydney, NSW Cat. X0909) for 30 min at room temperature before being incubated 

overnight at 4°C with primary antibody diluted in REALTM Antibody Diluent (Dako 

Cat. S2022). Sections were washed with Tris-buffered saline (TBS) before staining was 

detected with the LSAB+ kit (Dako Cat. K0679) and visualised using diaminobenzidine 

according to the manufacturer’s instructions. Sections were counterstained with 

haematoxylin and mounted before being viewed with an Olympus CX41 and images 

captured with a Nikon DS-Fi1 camera at 40x magnification. Immunohistochemical 

staining was performed by Robyn Strauss. 
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3.1 Introduction 
As outlined in Chapter 1 (see section 1.1.4), YAP and TAZ promote cellular 

proliferation via transcription of genes involved in cell growth including CTGF (54, 

123), AREG (124, 125), survivin (23), and cyclin A (189). This is demonstrated by 

numerous studies in vitro, whereby knockdown or overexpression of YAP or TAZ 

results in changes in cellular proliferation, and in some studies apoptotic resistance (50, 

120-122, 163, 164, 168, 189).  

 

For example, Wang et al. observed a significant decrease in the proliferation rate of 

A549 lung cancer cells upon TAZ knockdown, which was due to modulation of the cell 

cycle (189). Furthermore, TAZ knockdown cells exhibited increased paclitaxel-induced 

apoptosis. Conversely, TAZ overexpression increased proliferation and inhibited 

apoptosis in the bronchial epithelial HBE cell line (189). These data support previous 

findings by Zhou et al., which demonstrated that restoration of TAZ levels in lung 

cancer cell lines via transfection with either shRNA (in TAZ overexpressing cells) or 

lentiviral infection with HA-tagged TAZ (in TAZ knockdown cells), normalised 

proliferation and tumorigenic phenotype e.g., anchorage independent growth in soft 

agar and tumour growth in nude mice (164). Modulation of TAZ abundance was also 

shown to mediate colony formation in vitro, and TAZ knockdown in the RKO 

colorectal cancer cell line resulted in slower growing tumours with reduced average 

tumour volume 6 weeks post-inoculation in an in vivo xenograft model (168). 

 

Studies from three independent groups also observed reduced proliferation rate 

following YAP knockdown in pancreatic cancer (121), gastric cancer (120), and ovarian 

granulosa tumour cells (122). Interestingly, Diep et al. and Zhou et al. observed 

induction of apoptosis following YAP knockdown in the PANC-1 and BxPC-3 

pancreatic cancer cell lines, and the SGC7901 gastric cancer cell line, respectively (120, 

121). However, a third study found no change in cell viability following transfection of 

KGN granulosa tumour cells with YAP targeting siRNA (122). This could represent a 

cell-type specific effect of YAP knockdown. A more recent publication assessed the 

combined effect of modulating both YAP and TAZ abundance in HCT116 colon cancer 

cells (163). Using siRNA knockdown the authors demonstrated a synergistic 

relationship between YAP and TAZ, whereby double knockdown significantly reduced 

proliferation rate, apoptotic resistance, migration, and invasion, compared to the single 

knockdowns of YAP or TAZ.  
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Translation from in vitro cell-based models to in vivo experiments is a crucial step in 

confirming a protein’s biological function. Studies in which YAP and/or TAZ were 

knocked-down or deleted in tissues have confirmed a role for YAP in proliferative 

processes. For example deletion of YAP in the epidermis results in thinner, more fragile 

skin, and a failure of skin expansion in some areas linked to reduced epidermal stem 

cell proliferative capacity (35). More recently YAP and TAZ were shown to regulate 

cutaneous wound healing (190). Knockdown of YAP and TAZ in this study markedly 

delayed the rate of wound closure. The proliferative advantages affected by YAP 

overexpression in vivo are well characterised, with numerous papers citing tissue 

overgrowth and tumour formation following increased YAP expression, particularly 

within the liver. Pivotal publications describing this were discussed in detail in the 

Chapter 1 (see section 1.1.5). 

 

Despite several papers citing the effects of direct or indirect YAP modulation on the 

mammalian liver, there is a distinct lack of reports assessing the role of YAP and TAZ 

in liver cell proliferation. As shown in Appendix A, our laboratory demonstrated 

increased YAP mRNA and protein expression in tumorigenic LPCs, which display an 

increased proliferation rate (unpublished data). Furthermore one model of liver cancer 

development postulates proliferation and expansion of LPCs that have undergone 

tumorigenic transformation. Hence modulation of YAP and or TAZ as a means to 

control LPC proliferation is of interest in the context of liver cancer. 

 

It was hypothesised that YAP and TAZ mediate LPC proliferation, and that 

dysregulation of YAP and/or TAZ expression contributes to LPC tumorigenesis. The 

role of YAP in LPC proliferation will therefore be investigated, and previous results 

will be expanded by determining the status of TAZ in these cells. Furthermore, the 

relationship between YAP and TAZ abundance will be investigated, particularly in the 

context of protein stability in an attempt to highlight differences between these proteins, 

which may be relevant to our understanding of aberrant LPC proliferation in liver 

cancer. 

 

Aim: The aims of this chapter were to: 

1) Determine the role of YAP and TAZ in the proliferation of LPCs,  

2) Determine the status of TAZ in YAP-modulated cells, 

3) Determine the relative stability of YAP and TAZ proteins. 
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3.2 Results 
3.2.1 YAP knockdown transiently reduces LPC proliferation rate  
To evaluate the role of YAP in LPC proliferation, non-tumorigenic BMEL aEGFP cells 

were infected with lentiviruses bearing either the non-targeting control (SHC202) or 

YAP-specific (YAP 432) shRNA constructs at passage 21 (p21.0). Effective YAP 

knockdown was verified by Western blot (Fig. 3.1A), where YAP protein was 

undetectable in cells bearing the YAP-specific shRNA (KD), but was unchanged in 

cells infected with the non-targeting control (Con) shRNA, compared to the uninfected 

(WT) cells. 

 

Whilst selecting stably infected cells it was observed that the YAP KD cells were 

proliferating much more slowly than the WT and Con cells. To quantify these 

differences, cell doubling times were determined using the CellaVista (Fig. 3.1B). The 

average doubling times for the WT and Con cells was 30 h and 33 h respectively, with 

the KD cells exhibiting a significantly slower doubling time of 45 h (p<0.05) up to four 

passages post-infection (p21.2-4) (Fig. 3.1B). Interestingly, after four or five passages 

in culture (p21.4-5), the doubling time of the KD cells had recovered to approximately 

WT levels at 29.5 h (Fig. 3.1C). To exclude the possibility that the YAP shRNA had 

lost its effectiveness during continuous culture, the ‘recovered’ KD cells were re-blotted 

for YAP at p21.5 (Fig. 3.1D). Immunoblot revealed that YAP was still undetectable in 

the KD cells (Fig. 3.1D). 

 

This data suggests that the YAP-knockdown cells can compensate for the loss of YAP 

via up-regulation of another mediator of cell proliferation. As TAZ plays a similar role 

to YAP in the cell, it was hypothesised that TAZ is compensating for the loss of YAP in 

the KD cells, either by increased abundance and/or increased activity. 
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Figure 3.1 YAP knockdown transiently reduces LPC proliferation. 

Wild-type (WT) non-tumorigenic BMEL aEGFP (BMEL) LPCs were stably infected with 
lentiviruses bearing non-targeting control (Con) or YAP-targeting (KD) shRNAs. A) After 
selection with puromycin stably infected cells were harvested. Cell lysates were separated by 
SDS-PAGE, transferred to membrane and immunoblotted for YAP and the loading control β-
Actin as indicated. Size markers are shown in kilodaltons. B) Cell confluency of stable cell lines 
was measured using a CellaVista twice daily for 5 d to determine proliferation rate, presented as 
doubling time (h), as mean + SEM (n=4) up to four passages post-infection (p21.2-4). Statistical 
analysis was performed using a one-way ANOVA with Tukey’s multiple comparison test, 
*p<0.05. C) Cell proliferation rates were determined as in (B), for cells 4-5 passages post-
infection (p21.4-5) (n=2). D) YAP protein abundance in ‘recovered’ cells (p21.5) was 
determined by Western blot as described in (A).  
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3.2.2 TAZ abundance increases in YAP knockdown cells 
To determine whether TAZ abundance is altered in YAP KD cells Western blot 

analyses were performed in the BMEL aEGFP WT, Con and KD cells (Fig. 3.2A). TAZ 

abundance was increased in the KD cells compared to the WT and Con cells (Fig. 

3.2A). To ascertain whether the increase in TAZ abundance following YAP knockdown 

is specific to LPCs, YAP was subsequently knocked-down using YAP 432 shRNA in 

mouse NIH3T3 cells and immortalised MEFs. Consistent with the LPC data, YAP was 

effectively depleted in both YAP knockdown cell lines as determined by Western blot 

(Fig. 3.2B). Importantly, TAZ abundance was modestly, but consistently increased in 

the NIH3T3 and MEF KD cells compared to the Con and WT cells (Fig. 3.2B). 

 

As the Con and KD stable cell lines were selected by continuous passage with 

antibiotics, cells with a proliferative advantage will in time be over-represented in the 

culture. Increased TAZ abundance is hypothesised to offer a proliferative advantage, 

therefore to rule out that increased TAZ abundance in the KD cells resulted from 

selection of cells with inherently higher TAZ expression, a short-term inducible system 

was adopted, which is less prone to selection bias. Since the YAP knockdown 

constructs were in constitutive expression vectors, a system of inducible overexpression 

of the YAP coding sequence was utilised to investigate its effect on TAZ. 
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Figure 3.2 TAZ abundance is increased in YAP knockdown cells. 

Wild-type (WT) non-tumorigenic BMEL aEGFP (BMEL) LPCs (A), NIH3T3, and 
immortalized MEF (B) cells were stably infected with lentiviruses bearing non-targeting control 
(Con) or YAP-targeting (KD) shRNA. Stably infected cells were harvested and cell lysates were 
separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, and the 
loading control β-Actin as indicated. Size markers are shown in kilodaltons. 
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3.2.3 YAP and TAZ protein levels are inversely correlated 
To determine whether short-term overexpression of YAP results in down-regulation of 

TAZ protein NIH3T3 cells stably expressing a 4-hydroxytamoxifen (4HT)-inducible 

mYAP construct (NIH imYAP) were generated. Induction of mYAP by the addition of 

4HT for 48 h resulted in a 10.3-fold increase in YAP mRNA as determined using 

Affymetrix gene expression arrays (Table C.1). This large change in YAP mRNA was 

confirmed by qPCR analysis, which revealed a 38-fold increase in YAP mRNA 

(p<0.01) in the induced samples (Fig. 3.3A), normalised to the housekeeper gene 

TAF4A.  

 

To characterise the induction of YAP expression a time-course was performed in 

NIH3T3 (NIH) and NIH imYAP cells and YAP abundance was determined by Western 

blot (Fig. 3.3B). YAP abundance in parental, WT cells (NIH) remained unchanged 24 h 

post 4HT treatment, whereas significant up-regulation of YAP was observed within 8 h 

in the NIH imYAP cells (Fig. 3.3B), and this was consistent with changes observed at 

the mRNA level (Fig. 3.3A). Increased YAP expression was maintained for at least 24 h 

following addition of 4HT. Noticeably, a significant decrease in TAZ abundance was 

observed by 16 h of 4HT treatment in the NIH imYAP cells (Fig. 3.3B), with no change 

observed in the parental NIH cells at 24 h. These results demonstrate that robust and 

prolonged overexpression of YAP protein is achieved within 8 h of 4HT treatment, 

which is accompanied by a significant down-regulation of TAZ abundance.  

 

Interestingly, TAZ mRNA expression was not substantially altered at 48 h following 

YAP-induction as measured by microarray (Table C.1), and this result was verified by 

qPCR (Fig. 3.3C). This suggests that the decrease in TAZ abundance following YAP 

induction occurs post-transcriptionally. 

 

To elucidate whether TAZ abundance is affected by YAP in other cell lines, inducible 

mYAP cell lines were generated from BMOL and PIL4 non-tumorigenic LPC lines 

(BMOL imYAP and PIL4 imYAP), and immortalised MEFs (MEF imYAP). Treatment 

of cells with 4HT for 24 h resulted in a consistent increase in YAP abundance that was 

concomitantly associated with a decrease in TAZ abundance in the three cell lines, 

consistent with that observed in NIH imYAP cells (Fig. 3.3D). Collectively this data 

indicates that YAP modulates TAZ abundance in murine cell lines, and this is not 

dependent on cell selection during continuous passage.  
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Figure 3.3 YAP and TAZ protein levels are inversely correlated. 

A) NIH3T3 cells stably expressing an inducible mYAP construct (NIH imYAP) were treated 
with (+) or without (-) 100 nM 4HT for 48 h. Total RNA was harvested and qPCR analysis was 
performed to determine the relative YAP mRNA expression in these cells. Transcript abundance 
was normalised to TAF4A. Data is presented as mean + SEM (n=3), with expression in non-
4HT treated cells normalised to 1.0. Statistical analysis was performed using a one-way 
ANOVA with Tukey’s multiple comparison test, **p<0.01. B) NIH3T3 wild-type (NIH) and 
NIH imYAP cell lines were treated with 100 nM 4HT for the indicated times before being 
harvested. Cell lysates were separated by SDS-PAGE, transferred to membrane and 
immunoblotted for YAP, TAZ, and β-Actin as indicated. Size markers are shown in kilodaltons. 
C) qPCR of RNA from the same samples in (A) was performed to determine the relative mRNA 
expression of TAZ. D) BMOL, PIL4, NIH3T3 (NIH), and MEF cells stably expressing an 
inducible mouse YAP construct (imYAP) were treated with (+) or without (-) 100 nM 4HT for 
24 h. Cell lysates were prepared and immunoblotted as described in (B). 
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3.2.4 TAZ depletion does not alter LPC proliferation rate 
Since an increase in TAZ abundance following YAP knockdown was associated with 

the normalisation of LPC doubling-times, it was hypothesised that increased TAZ levels 

leads to an increase in cell proliferation. To test this passage 29 (p29.0) non-tumorigenic 

BMEL aEGFP cells were infected with lentiviruses bearing the non-targeting control 

(SHC202), or TAZ-specific (TAZ 951 or 953) shRNA constructs. 

 

Effective TAZ knockdown was verified by Western blot analysis, which showed 

significant TAZ reduction in both of the TAZ shRNA infected cell lines (KD951 and 

KD953) compared to the uninfected (WT) and control (Con) cells (Fig. 3.4A). The 

proliferation rate of each cell line was determined using the CellaVista assay. A 

significant increase in cell doubling time was observed for the KD951 cells (100.9 h) 

compared to the WT (23.7 h, p<0.05) and Con (25.5 h, p<0.05) cells (Fig. 3.4B). 

Conversely, infection with virus bearing shRNA953 plasmid did not significantly alter 

the doubling time (24.2 h) (Fig. 3.4B), despite producing a greater level of TAZ 

knockdown than shRNA951 (Fig. 3.4A).  

 

3.2.5 TAZ modulation does not alter YAP abundance 
Results presented demonstrate that YAP regulates TAZ abundance, and since YAP and 

TAZ are reportedly regulated by the same mechanisms within the cell (see Chapter 1, 

section 1.1.2), it was hypothesised that TAZ might similarly regulate YAP abundance. 

To investigate this, TAZ knockdown cells were immunoblotted for YAP (Fig. 3.5A). 

Consistent with previous data (Fig. 3.4A), TAZ knockdown by the 951 (KD951) and 

953 (KD953) TAZ-specific shRNAs significantly reduced TAZ abundance (Fig. 3.5A). 

Surprisingly, TAZ knockdown did not alter YAP abundance in the BMEL aEGFP cells.  

 

To determine whether overexpression of TAZ can reduce YAP abundance, NIH3T3 

cells stably expressing 4HT-inducible mTAZ were generated (NIH imTAZ). Despite a 

significant increase in TAZ 24 h post induction with 4HT, no change in YAP 

abundance was observed (Fig. 3.5B). It was concluded that the level of TAZ protein 

does not influence YAP abundance. This suggests that in addition to common 

regulatory mechanisms shared by YAP and TAZ, the abundance of TAZ is further 

modulated by a direct effect of YAP, but not vice versa. 
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Figure 3.4 TAZ knockdown non-specifically reduces the proliferation rate of LPCs. 

Wild-type (WT) non-tumorigenic BMEL aEGFP (BMEL) LPCs were stably infected with 
lentiviruses bearing non-targeting control (Con) or TAZ-targeting (KD951 and KD953) 
shRNAs. A) After puromycin selection stably infected cells were harvested and cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for TAZ and β-
Actin as indicated. Size markers are shown in kilodaltons. B) Cell confluency of stable cell lines 
was measured using a CellaVista twice daily for 5 d to determine proliferation rate, presented as 
doubling time (h), up to three passages post-infection (p29.1-3). Data represents mean + SEM 
(n=4). Statistical analysis was performed using a one-way ANOVA with Tukey’s multiple 
comparison test, *p<0.05. C) Cell proliferation rates were determined as in (B) for cells 4-5 
passages post-infection (p29.4-5) (n=2).  
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Figure 3.5 TAZ does not regulate YAP abundance. 

Wild-type (WT) non-tumorigenic BMEL aEGFP (BMEL) LPCs were stably infected with 
lentiviruses bearing non-targeting control (Con) or TAZ-targeting (KD951 and KD953) 
shRNAs. A) After selection with puromycin, stably infected cells were harvested. Cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for TAZ, YAP, 
and β-Actin as indicated. B) NIH3T3 cells stably expressing an inducible mTAZ construct (NIH 
iTAZ) were treated with (+) or without (-) 100 nM 4HT for 24 h. Cell lysates were prepared and 
immunoblotted as described in (A). Size markers are shown in kilodaltons. 
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3.2.6 TAZ, but not YAP, is rapidly turned over in the cell 
To identify differences between YAP and TAZ regulation inhibitors of protein synthesis 

and degradation were utilised to characterise their relative stabilities. Treatment of 

NIH3T3 cells with cycloheximide, a potent protein synthesis inhibitor, significantly 

decreased TAZ abundance within 16 h, whereas YAP levels remained constant relative 

to β-Actin (Fig. 3.6A). Furthermore, blocking protein degradation with the proteasome 

inhibitor MG-132 resulted in a significant increase in TAZ abundance in both a time- 

(Fig. 3.6B), and dose-dependent (Fig. 3.6C) manner. Specifically, TAZ was rapidly 

increased within 4-8 h of MG-132 treatment. TAZ abundance also maximally increased 

upon treatment with 0.5 µM of MG-132 for 24 h. Notably, YAP abundance was not 

affected by blocking proteasomes in NIH3T3 cells under these conditions. This 

demonstrates that YAP is significantly more stable than TAZ. 

 

3.2.7 YAP-induced TAZ degradation occurs in the cytoplasm 
To determine the mechanism by which YAP induces a decrease in TAZ abundance a 

range of inhibitors were utilised to block pathways that may be involved in TAZ 

regulation. Specifically, these included the broad-spectrum caspase inhibitor Q-Val-Asp 

(non-omethylated)-OPh (Q-VD) as a negative control, ammonium chloride (NH4Cl) to 

disrupt lysosomal-facilitated degradation via increasing the pH of intracellular vacuoles, 

the Roche protease inhibitor cocktail (P.I.C.) containing a combination of protease 

inhibitors, and MG-132 to block the proteasome as previously described. 

 

NIH imYAP cells were treated with each inhibitor either in the presence or absence of 

4HT and cell lysates were immunoblotted for YAP and TAZ (Fig. 3.7A). Treatment 

with the vehicle control (DMSO), negative control (Q-VD), or NH4Cl offered no 

protection from TAZ depletion following the addition of 4HT (Fig. 3.7A).  

 

Consistent with previous data (Fig. 3.6B and C), treatment of NIH imYAP cells with 

MG-132 resulted in a significant increase in TAZ abundance compared to the vehicle 

and negative controls (Fig. 3.7A). Furthermore, MG-132 largely protected TAZ from 

YAP-induced depletion (Fig. 3.7A), suggesting that YAP-overexpression induces the 

proteasomal degradation of TAZ. 
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Figure 3.6 TAZ is relatively unstable compared to YAP. 

NIH3T3 cells were treated with 20 μg/mL cycloheximide (CHX) for the indicated times (A), or 
with MG-132 at 2.5 µM for the indicated times (B), or for 24 h at the indicated concentrations 
(C) before being harvested. Cell lysates were separated by SDS-PAGE, transferred to 
membrane and immunoblotted for YAP, TAZ, and β-Actin as indicated. Size markers are 
shown in kilodaltons 
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Figure 3.7 YAP-induced TAZ proteasomal degradation occurs in the cytoplasm. 

NIH3T3 imYAP cells were treated with dimethyl sulfoxide (DMSO) (as vehicle control), 50 
μM Q-Val-Asp (non-omethylated)-OPh pan caspase inhibitor (Q-VD), 50 mM ammonium 
chloride (NH4Cl), 1x protease inhibitor cocktail (P.I.C), or 1 μM MG-132 (A), or with ethanol 
(as vehicle control), or Leptomycin B (LMB) (B), and either with (+) or without (-) 100 nM 
4HT for 24 h before harvesting. Cell lysates were separated by SDS-PAGE, transferred to 
membrane and immunoblotted for YAP, TAZ, and β-Actin as indicated. Size markers are 
shown in kilodaltons *High intensity of β-Actin chemiluminescence resulted in damage to the 
membrane and loss of signal. 
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Treatment of cells with the P.I.C. resulted in decreased TAZ abundance in un-induced 

cells compared to controls (Fig. 3.7A). Notably, the P.I.C. blocked further decrease in 

TAZ abundance following YAP induction. This suggests that a component of the P.I.C. 

affects basal TAZ expression, and can also block YAP-induced TAZ depletion. 

Together, these data indicate that whilst caspases and lysosomal vesicles are not 

essential, the proteasome and another protease that is P.I.C.-sensitive mediate TAZ 

degradation following YAP-induction. 

 

The canonical pathway of TAZ degradation requires phosphorylation of phosphodegron 

sequences leading to proteasomal degradation. Proteasomes are found within the 

cytoplasm and nucleus (191). To determine the cellular location of TAZ degradation 

following YAP induction a specific inhibitor of nuclear export, Leptomycin B (LMB) 

was used in combination with 4HT-induced YAP expression. In the absence of YAP 

induction, treatment with LMB slightly increased TAZ abundance in NIH imYAP cells 

(Fig. 3.7B). Strikingly, in the presence of 4HT, treatment with LMB completely 

blocked YAP-induced TAZ degradation (Fig. 3.7B). This result indicates that upon 

YAP induction, TAZ must be localised to the cell cytoplasm to be degraded. 

 

3.3 Discussion 
Consistent with reports in other non-transformed cell lines (120-122), YAP knockdown 

by shRNA significantly reduced the proliferation rate of the non-tumorigenic LPC line 

BMEL aEGFP (Fig. 3.1). Surprisingly, the cellular proliferation rate of the knockdown 

cells was fully restored within a few passages in continuous culture. This was despite no 

recovery of YAP expression, indicating that the YAP-targeting shRNA was still 

effective. This led to investigation of the status of TAZ in the YAP-knockdown cells. 

 

Results presented here show that YAP regulates TAZ abundance using both knockdown 

and overexpression systems in a number of murine cell lines (Figs. 3.2 and 3.3), which 

has not been previously described. Furthermore, using an inducible expression system it 

was demonstrated that this regulation occurs rapidly (within 16 h), and does not induce 

a significant change in TAZ mRNA expression, indicating that the effect of YAP on 

TAZ is post-transcriptional (Fig. 3.3). This is a novel observation, which may have 

previously been overlooked because for example, array-based studies cannot detect 

post-transcriptional modification. Furthermore, the inducible system used in these 

studies allows short-term analysis of protein overexpression, which enabled generation 



Chapter 3 – YAP regulates TAZ abundance 63 

of data that was not confounded by selection or growth bias. The failure of 4HT to 

increase YAP, or decrease TAZ abundance in the NIH3T3 parental cells (Fig. 3.3B) 

acts as a control to show that treatment with 4HT itself does not affect YAP and TAZ 

expression, making this a suitable system to use for induction of YAP in these cells. 

 

It was hypothesised that recovery of LPC proliferation following YAP-knockdown was 

the result of TAZ up-regulation and subsequent promotion of cellular proliferation. 

However the data revealed that YAP-mediated TAZ regulation is rapid (Fig. 3.3), whilst 

recovery of proliferation is only attained after four or five passages in culture (Fig. 3.3). 

It is unlikely that TAZ directly mediates the recovery of LPC proliferation considering 

the lag between TAZ up-regulation and the increase in proliferation. 

 

The TAZ-shRNA knockdown results are ambiguous as these experiments showed a lack 

of consistency between the two shRNAs tested in regard to their effect on cell 

proliferation (Fig. 3.4). Despite comparable knockdown efficiencies, shRNA953 had no 

effect on cell proliferation whereas shRNA951 significantly decreased LPC 

proliferation rate, indicating this is likely to be an off-target effect of shRNA951. This 

serves as a reminder to exercise caution when utilising this technique to infer biological 

significance as some RNA interference constructs are known to have off-target effects 

(reviewed in 192), and thus cause and effect cannot be reliably linked. 

 

Furthermore, LPCs that showed significant reduction in their proliferation rate 

following TAZ knockdown using shRNA951 recovered their proliferation rate after a 

period of time equivalent to cells in which YAP had been knocked down (Fig. 3.4). 

Hence the recovery observed for the YAP-knockdown cells is unlikely to be due to 

TAZ compensating for the loss of YAP. It is more likely that recovery following 

approximately four passages post-YAP knockdown in culture is an artefact of the 

technique employed. This could potentially be avoided by using inducible shRNA 

constructs that are free from selection bias. 

 

Despite the potential for off-target effects that alter cell proliferation, the TAZ 

knockdown experiments allowed us to ascertain that TAZ does not regulate YAP 

abundance, which was subsequently verified using inducible overexpression of TAZ 

(Fig. 3.5). This result was surprising, as YAP and TAZ are reported to be regulated by 

the same mechanisms e.g., phosphorylation by CK1δ/ε and subsequent β-TrCP-
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mediated degradation (28, 29). YAP and TAZ are typically treated as one and the same, 

particularly as few differences between the two proteins have been identified with 

regards to their DNA-binding partners and target genes. However the data presented 

clearly indicates differences in the regulation of the two Hippo effector proteins. 

 

Indeed, these results demonstrate that the two proteins exhibit marked differences in 

their rates of synthesis and degradation. Namely, that TAZ is rapidly turned over whilst 

YAP is relatively stable (Fig. 3.6). This is consistent with the findings of Liu et al. who 

demonstrated that TAZ is an unstable protein (29). A significant decrease in TAZ 

abundance was observed following 2 h of treatment with cycloheximide in HeLa and 

MCF10A cells. Moreover, treatment of a number of cell lines including MCF10A and 

BT549 with MG-132 significantly increased TAZ abundance (29). Although the authors 

did not directly compare the stabilities of YAP and TAZ, in the same year, Vigneron et 

al. reported that in cycloheximide-treated U2OS cells YAP had a half-life 

approximately twice that of TAZ (193). 

 

Protein stability impacts protein activity. A short half-life indicates a protein is rapidly 

and dynamically regulated within the cell. However this also means that the cell 

expends more energy to tightly regulate these proteins. Thus evolutionary conservation 

of this energy-rich process hints at the biological importance of short-lived proteins. 

The apparent difference in the stabilities of YAP and TAZ warrants further 

investigation to increase our understanding of the differences between these proteins. 

 

Next the mechanism of TAZ depletion following YAP induction was investigated. As it 

has been well defined that YAP and TAZ are degraded by the proteasome (28, 29), this 

was the logical mechanism of YAP-mediated TAZ depletion. These results indicate 

proteasome involvement in YAP-mediated TAZ degradation as treatment with MG-132 

largely prevented depletion of TAZ protein following overexpression of YAP (Fig. 3.7). 

However this is complicated by the finding that the proteasome also mediates TAZ 

turnover. Thus other factors could be required for TAZ degradation for example the 

data in Fig. 3.7 suggests that proteases may have a role to play.  

 

Recently, Mo et al. described a mechanism of YAP/TAZ regulation via protease-

activated receptors (PARs) that signal through G12/13 and Rho GTPase to inhibit Lats1/2 

and decrease phosphorylation (194). According to their model, treatment of cells with 
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P.I.C. would block PARs thereby increasing YAP/TAZ phosphorylation and promoting 

their degradation. This model is consistent with the data presented here, where TAZ 

abundance was decreased following treatment with the P.I.C. It is also possible that 

YAP affects this pathway to regulate TAZ abundance e.g., YAP may block PARs. 

Further investigation is warranted to determine whether this mechanism plays a 

significant role in YAP-induced TAZ degradation. Furthermore, PAR-mediated TAZ 

degradation would also feed into the proteasomal degradation pathway subsequent to 

Lats kinase phosphorylation, thus linking these degradative pathways. 

 

A disadvantage of using inhibitors for these experiments is that off target effects cannot 

be discounted. For example, the exact composition of the P.I.C. is undisclosed and may 

contain inhibitors that also non-specifically target the proteasome, e.g., Calpain 

inhibitor I. Hence the mechanism of action for the P.I.C. blocking TAZ depletion cannot 

be clearly defined. Future studies could address these inconsistencies by assessing 

ubiquitination of TAZ following YAP induction. 

 

Finally, the cytoplasmic location of TAZ degradation was elucidated. This was 

evidenced by the increase in TAZ abundance following LMB treatment in un-induced 

cells indicating that TAZ is endogenously degraded within the cytoplasm, and most 

notably by the total block in YAP-induced TAZ degradation in the presence of LMB 

(Fig. 3.7). 

 

The work presented in this chapter highlights a novel mechanism of TAZ regulation 

whereby YAP regulates TAZ abundance post-transcriptionally. Interestingly, this 

mechanism is unidirectional, which may be due to significant differences in the 

stabilities of YAP and TAZ. Whilst the signalling pathway of TAZ degradation remains 

unclear, the data presented here suggests that the proteasome and possibly a protease is 

involved (Fig. 3.8). 
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Figure 3.8. Proposed pathways of YAP and TAZ interaction. 

YAP signals via protease-activated receptors (PARs) and/or an unknown mediator (X) to 
regulate TAZ degradation via direct or indirect mechanisms. Lats1/2 phosphorylation may 
enhance CK1-mediated degradation via the proteasome. Alternatively, undefined mediators may 
regulate TAZ proteasomal degradation directly. Grey arrows show possible signalling 
pathways, with established pathways in black. Established (red) and proposed/non-specific 
(blue) mechanisms of action for the inhibitors examined in this Chapter are shown as blunted 
arrows. 
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The significance of these findings lies in the context of YAP-targeting strategies, 

particularly for cancer treatment. Targeting of YAP alone may be insufficient to 

modulate the oncogenic effects of Hippo signalling since YAP and TAZ share a 

common set of target genes. For example, to successfully block YAP-driven 

proliferation of cancer cells, a combinatorial treatment knocking-down YAP and TAZ 

may be required, or far more efficacious. Furthermore, the ability of YAP to regulate 

TAZ abundance could explain in part how YAP and TAZ are reported to play 

contradicting roles as both oncogenes and tumour suppressors. Perhaps when YAP is 

down-regulated or deleted in cancer, the resultant increase in TAZ abundance has an 

overall oncogenic effect. Similarly, for YAP to be oncogenic the mechanism by which 

TAZ is degraded may need to be dysregulated to prevent TAZ loss that would 

compensate for increased YAP abundance/activity. 

 

Despite these experiments being performed in cell line models, these pilot studies lay 

the foundation for future studies in vivo. Future work should build on the results 

presented here to obtain a more complete understanding of the mechanism of TAZ 

regulation mediated by YAP (Fig. 3.8), and whether this mechanism is conserved in 

animal models. 
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4.1 Introduction 
As outlined in Chapter 1, TAZ degradation involves the phosphorylation of a 

phosphodegron sequence by CK1δ/ε or GSK-3 (29, 30). This promotes β-TrCP binding 

and recruitment of SCFβ-TrCP E3 ubiquitin ligase complex for subsequent ubiquitination 

and proteasomal degradation (Fig. 4.1). CK1 and GSK-3 are broad acting serine-

threonine protein kinases that exhibit high activity in unstimulated mammalian cells. 

CK1 and GSK-3 phosphorylate numerous proteins including metabolic enzymes, 

transcription factors, and structural proteins (see respective reviews 195, 196), and 

hence play an important role in the regulation of many cellular processes. The activities 

of CK1 and GSK-3 are primarily regulated via phosphorylation/de-phosphorylation of 

key residues, although protein binding and sub-cellular localisation also contribute to 

their regulation (195, 196). 

 

CK1 is predominantly phosphorylated at S370 by protein kinase A (PKA) resulting in 

inhibition of its catalytic activity, however Akt, protein kinase C alpha (PKCα), and 

CLK2 have also been shown to phosphorylate CK1 at other sites between residues 305-

375 in vitro (197). Furthermore, autophosphorylation of long C-terminal extensions (δ 

and ε isoforms) inhibits CK1 catalytic activity (198, 199). Phosphatases maintain CK1 

in its active form (200), with PP1, PP2A, and PP2B identified as likely candidates 

(201). 

 

GSK-3 regulation is more complex. Whereas phosphorylation of S21/9 (in GSK-3α and 

β respectively) or T43 (GSK-3β only) results in inhibition, phosphorylation of 

Y279/216 in GSK-3α/β increases activity (reviewed in 195, 202, 203). Numerous 

kinases have been shown to phosphorylate GSK-3 in response to extracellular signals 

(e.g., insulin binding to its receptor) (195, 202, 203). These include Akt, integrin-linked 

kinase (ILK), and PKA on S21/9, and Erk on T43. Moreover, Pyk2, Fyn, Csk, and 

MEK1/2 target Y279/216 (see reviews 195, 202, 203), although intramolecular 

autophosphorylation has also been proposed as a mechanism for tyrosine 

phosphorylation (204). Little is known about the mechanisms that de-phosphorylate 

GSK-3, however S21/9 de-phosphorylation has been attributed to the actions of PP2A 

and PP1 (205). 
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Figure 4.1 Known mechanisms of TAZ degradation. 

Phosphorylation of TAZ residue S311 by Lats1/2 primes TAZ for subsequent phosphorylation 
of S314 by CK1δ/ε. Additionally, GSK-3 is proposed to directly phosphorylate TAZ within the 
N-terminal phosphodegron at both S58 and S62. Phosphorylation of two serine residues within 

either of TAZ’s phosphodegron motifs promotes binding of β-TrCP and recruitment of SCFβ-

TrCP E3 ubiquitin ligase complex. An alternative mechanism for GSK-3-mediated TAZ 
degradation has been proposed in which GSK-3 phosphorylates β-catenin on S33/37, which acts 
as a scaffold and promotes TAZ association with β-TrCP. Association with the SCFβ-TrCP E3 
ubiquitin ligase results in polyubiquitination of TAZ and its subsequent degradation, though 
whether TAZ is primarily degraded by direct GSK-3 phosphorylation or in complex with β-
catenin is not known. 
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Both CK1 and GSK-3 show a preference for phosphorylated “primed” substrates, 

however whilst CK1 utilises a phosphorylated recognition motif N-terminal of the 

target site (206), GSK-3 recognises a phosphorylated serine or threonine four residues 

C-terminal of the target site (207). Importantly, Marin et al. (1994) demonstrated that 

while CK1 can phosphorylate un-primed sites that possess an optimal target sequence, 

e.g., SLS followed by a cluster of acidic residues as in β-catenin (208), the 

phosphorylation of these sites is significantly less efficient than of primed sites (209). 

GSK-3 can also phosphorylate un-primed substrates (e.g., Presenilin-1) (210), however 

it is not yet clear how this occurs. 

 

In 2010 Liu et al. showed that CK1-mediated TAZ degradation is dependent on a 

priming phosphorylation by Lats kinases at S311 (29) (Figs. 1.2 and 4.1). Mutation of 

either the Lats site (S311) or the CK1 site S314 significantly diminished the interaction 

between TAZ and β-TrCP, thereby stabilising TAZ (29). Similarly, transfection of cells 

with a kinase-dead Lats mutant reduced the association of TAZ and β-TrCP, and using 

in vitro kinase assays, they showed that CK1ε was unable to phosphorylate TAZ 

without pre-phosphorylation by Lats2 (29). Notably, these critical serine residues 

(S381/384) are conserved in YAP, and a publication from the same group revealed that 

Lats/CK1δ/ε also mediates YAP degradation (28). 

 

Unlike YAP, TAZ contains a second phosphodegron within its N-terminus. Using 

ectopically expressed Akt and GSK-3 and several chemical inhibitors, Huang et al. 

showed that GSK-3 destabilises TAZ by phosphorylating S58 and S62 in response to 

PI3K signalling (30) (Fig. 4.1). S66 was previously identified as a Lats phosphorylation 

site in TAZ (50), and could be the priming phosphorylation site for GSK-3. 

Surprisingly, in vitro kinase assays and mutational studies revealed that neither Lats 

kinase nor S66 is required for GSK-3-mediated TAZ phosphorylation (30). The authors 

therefore concluded that GSK-3 does not require priming to phosphorylate TAZ. 

 

In an alternative model, Azzolin et al. reported that GSK-3 does not directly 

phosphorylate TAZ, but rather GSK3-phosphorylates β-catenin which serves as a 

scaffold to recruit TAZ and promote its association with β-TrCP leading to TAZ 

degradation (132) (Fig. 4.1). Their conclusions were based on their findings that 

mutation of S58 and S62 did not alter the susceptibility of TAZ for GSK-3-mediated 

degradation, and that siRNA mediated β-catenin depletion stabilised TAZ abundance 
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(132). In a subsequent publication by the same group, YAP/TAZ was found to be 

essential for β-TrCP recruitment to the destruction complex and β-catenin inactivation 

(131). Moreover, Wnt signalling via LRP6 (low-density lipoprotein receptor-related 

protein 6) releases YAP and TAZ from the destruction complex, thus blocking β-TrCP 

recruitment  

 

The discordance between these studies may be explained by cell-specific differences as 

Huang et al. utilised mouse NIH3T3 fibroblasts (30) whereas Azzolin et al. used human 

MCF10A-MII pre-malignant breast cancer and HEK293 cells (131, 132). This is further 

supported by the observation that NIH3T3 and HeLa cells exhibit significant differences 

in the phosphorylation of N- and C-terminal phosphodegrons, with respect to TAZ 

degradation (30). 

 

In the previous chapter, it was shown that YAP induces TAZ degradation, although the 

mechanism remains unknown. It was hypothesised that YAP modulates an established 

pathway leading to TAZ degradation e.g., CK1 phosphorylation. The objective of this 

work was to expand on the results of the previous chapter and investigate the down-

stream signalling mechanism by which YAP regulates TAZ abundance. 

 

Aims: The aims of this chapter were to:  

1) Determine the domains of YAP that promote TAZ degradation, 

2) Identify genes significantly regulated by YAP induction, and elucidate their role in 

YAP-induced TAZ degradation, 

3) Confirm that the HSP90 inhibitor 17-AAG depletes Lats1 and 2, and assess whether 

the Lats kinases are required for YAP-induced TAZ degradation, 

4) Determine whether CK1 and GSK-3 contribute to YAP-induced TAZ degradation, 

and whether this is conserved between mouse and human cells. 
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4.2 Results 
4.2.1 The TEAD-binding, TAD, and PDZ-binding domains of YAP 

mediate TAZ degradation 
To determine which domains of YAP mediate TAZ degradation mYAP constructs 

harbouring mutations in various domains were generated as previously described 

(Chapter 2, section 2.1.3 and Fig. 4.2A). The ability of the mYAP mutants to promote 

TAZ degradation in NIH3T3 cells after 24 h of induction was assessed by Western blot 

(Fig. 4.2B and C). Mutation of the WW domains (WW1*/WW2*) or SH3-binding 

domain (P272A) had no effect on YAP’s ability to induce TAZ degradation (Fig. 4.2B). 

In contrast, expression of the TEAD-binding domain point mutant (S79A) partially 

prevented TAZ degradation compared to WT mYAP (Fig. 4.2B). 

 

Deletion of the TAD and PDZ-binding domains (∆CT) totally abolished YAP-mediated 

TAZ degradation compared to WT (Fig. 4.2C). In addition, the deletion of either of 

these domains (∆TAD or ∆PDZ) revealed that both are needed to induce TAZ 

degradation (Fig. 4.2C). Since the S79A mutant result indicated a role for TEAD-

binding in YAP-mediated TAZ degradation, the N-terminal truncation mutant (∆TEAD) 

was examined. ∆TEAD was not detected by Western blot (Fig. 4.2C), suggesting it is 

poorly expressed or unstable in NIH3T3 cells. The requirement of TEAD-binding for 

inducing TAZ degradation is therefore inconclusive. 

 

Together, this data indicates that the PDZ-binding and transcription activation domains 

are necessary to promote TAZ degradation. Furthermore, the results suggest that YAP-

induced transcription is mediated, at least in part, by DNA-binding TEAD factors. 
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Figure 4.2 YAP nuclear localisation, TEAD-binding, and transactivation domains are 

implicated in TAZ-degradation. 

A) The wild-type (WT) mYAP structure indicates the relative position of the functional 
domains including the TEAD-binding domain (TEAD, green), WW domains (WW1, red and 
WW2, orange), SH3-binding domain (SH3, yellow), transcription activation domain (TAD, 
blue), and Post-synaptic density, Discs large, Zonula occludens-1-binding motif (PDZ, mauve). 
Mutant mYAP constructs include those with point mutations in both of the WW domains 
(WW1*/WW2*), SH3-binding (P272A), and TEAD-binding (S79A) domains, or deletions of 
the C-terminus (∆CT), TAD (∆TAD), PDZ-binding (∆PDZ), or TEAD-binding (∆TEAD) 
domains. NIH3T3 cells expressing inducible un-tagged (B), or FLAG-tagged (C) wild-type 
(WT) or mutant mYAP constructs were treated with (+) or without (-) 100 nM 4HT for 24 h 
before being harvested. Cell lysates were separated by SDS-PAGE, transferred to membrane 
and immunoblotted for YAP, TAZ, FLAG, and β-Actin as indicated. Size markers are shown in 
kilodaltons. 
 

 

4.2.2 YAP mutants lacking TEAD-binding, TAD, and PDZ-binding 

domains have reduced transcriptional activity 
To determine whether YAP mutants with truncated TAD, PDZ-binding, or TEAD-

binding domains were defective in transcriptional co-activator activity, luciferase assays 

were performed using a TEAD-dependent reporter plasmid (Fig. 4.3). Transfection of 

the WT mYAP construct alone in HEK293T cells produced a significant 16.1-fold 

increase (p<0.001) in luciferase activity compared to the control (LUC). Despite 

comparable expression levels by Western blot (Fig. 4.3 lower panels), the TAD (∆TAD) 

and PDZ-binding domain (∆PDZ) mutants exhibited significantly lower activity than 

WT mYAP (28.1-fold, p<0.001 and 8.8-fold, p<0.001 respectively) (Fig. 4.3).  

 

The TEAD-binding domain truncated mutant (∆TEAD) also exhibited significantly 

lower luciferase activity than WT mYAP (9.8-fold, p<0.001), however this mutant was 

expressed at a lower level in the HEK293T cells (Fig. 4.3 lower panels). This is 

consistent with previous data from NIH3T3 cells, which suggested that the ∆TEAD 

mYAP mutant is poorly expressed or unstable (see Fig. 4.2). 
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Figure 4.3 YAP mutants lacking transactivation, nuclear localisation, or TEAD-binding 

domains have reduced transcriptional activity.  
HEK293T cells were transfected with the TEAD-dependent pGT4Tluc Firefly luciferase 
reporter plasmid (LUC), and wild-type (WT) or mutant FLAG-tagged mYAP constructs with 
deletions of the transcription activation domain (∆TAD), PDZ-binding (∆PDZ), or TEAD-
binding (∆TEAD) domains, in the presence (+) or absence (–) of co-transfected pCI-HA-
TEAD-2 (TEAD2). After 24 h the cells were harvested and luciferase activity determined using 
the Dual Luciferase reporter system. Firefly luciferase activity was normalised to Renilla 
luciferase activity. The average luciferase activities were then normalised to WT mYAP alone, 
which was arbitrarily set to 100%. Data is presented as mean + SEM from three independent 
experiments. Statistical analysis was performed using a one-way ANOVA with Tukey’s 
multiple comparison test, *p<0.05, **p<0.01, ***p<0.001. #=p<0.001 compared to WT 
mYAP–TEAD2. §=p<0.001 compared to WT mYAP+TEAD2. Lower panels: Cell lysates were 
separated by SDS-PAGE, transferred to membrane and immunoblotted for FLAG and β-Actin 
as indicated. Size markers are shown in kilodaltons. 
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Transfection of cells with TEAD2 alone did not induce luciferase activity yet co-

transfection of TEAD2 significantly increased luciferase activity for WT (3.6-fold, 

p<0.001) and ∆PDZ (5.9-fold, p<0.05) mYAP constructs (Fig. 4.3). Importantly, the 

relative luciferase activity for ∆PDZ in the presence of TEAD2 was significantly lower 

(5.4-fold lower, p<0.001) than WT mYAP (Fig. 4.3), indicating that truncation of the 

PDZ-binding domain significantly impairs YAPs transcriptional activity. No increase in 

luciferase activity above the LUC control was observed for the ∆TAD and ∆TEAD 

mYAP mutants in the presence of co-transfected TEAD2 (Fig. 4.3). These results 

demonstrate that the TEAD reporter is specific for YAP-TEAD association, and 

provides evidence to support the hypothesis that YAP-induced TAZ degradation 

requires transcriptional activation by YAP. 

 
4.2.3 Minimal changes in the RNA expression level of Hippo pathway 

components following YAP induction 
Since Hippo signalling negatively regulates TAZ abundance (via Lats priming for CK1-

phosphorylation), it was hypothesised that YAP promotes the transcription of at least 

one component of the Hippo pathway to modulate TAZ degradation. To determine 

whether YAP induction results in the significant up- or down-regulation of Hippo 

pathway components, data from the previously performed YAP microarray analysis 

(Chapter 3, section 3.2.3) was scrutinised for such changes (Table C.2). 

 

With the exception of YAP, which increased 10.3-fold (p=0) as expected following 

treatment with 4HT for 48 h, only PAR6 (2.03-fold up-regulated, p=1.15x10-5) and Fat4 

(2.68-fold down-regulated, p=3.55x10-6) were significantly changed by more than two-

fold (Table C.2, red genes). As PAR6 negatively regulates Hippo components, its up-

regulation would effectively decrease TAZ degradation. Similarly, Fat4 is a negative 

regulator of YAP and TAZ; hence these genes are unlikely to be mediating TAZ 

degradation following YAP induction. Furthermore, there is controversy surrounding 

the involvement of Fat4 in Hippo signalling. A recent publication indicates that mouse 

Fat4 cadherin does not regulate the Hippo pathway in the murine liver (211), further 

suggesting Fat4 involvement in TAZ degradation is unlikely. 

 

An additional 14 Hippo pathway genes were significantly regulated (p<0.05) by less 

than two-fold following YAP induction (Table C.2, blue genes), including Zyxin (up 

1.93-fold), RASSF2 (up 1.85-fold), KIBRA (up 1.67-fold), Dlg (up 1.66-fold), and 
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Lats2 (up 1.63-fold). Collectively, these changes were considered unlikely to result in 

significant TAZ degradation.  

 

Since there were no obvious Hippo pathway components that were markedly regulated 

by YAP that could solely account for TAZ degradation, Lats kinase 1 and 2 were 

investigated more closely as: 1) they are positioned directly upstream of TAZ (and 

YAP), and Lats phosphorylation is required for CK1-mediated TAZ degradation (29); 

and 2) Lats2 mRNA was increased 1.63-fold by YAP induction (Table C.2). It was 

hypothesised that YAP regulates Lats1/2 abundance, possibly post-transcriptionally, 

thereby inducing the phosphorylation of YAP and TAZ, resulting in their degradation. 

Since YAP is continuously expressed following 4HT treatment, and is more stable 

(Chapter 3, section 3.2.6), it is expected that YAP would not be as readily depleted as 

TAZ under these conditions. 

 

4.2.4 YAP, but not TAZ, induces Lats kinase protein abundance 
To determine whether Lats protein abundance is altered by YAP induction, NIH imYAP 

and MEF imYAP cells were treated with 4HT for 24 h. Western blot analyses revealed 

Lats2 abundance increased in both cell lines, with no change observed for Lats1 

following induction of YAP (Fig. 4.4). Blotting for Lats2 revealed two bands of similar 

size, particularly evident in the MEF imYAP cell line (Fig. 4.4). These two bands most 

likely represent the phosphorylated and un-phosphorylated forms of Lats2. In un-

induced samples, the majority of expressed Lats1 and 2 appears to be the upper band, 

and the increase in Lats2 abundance upon YAP induction is mainly the lower band. 

 

In contrast Lats abundance was not affected by TAZ overexpression. No change in 

either Lats1 or 2 was observed following induction of mTAZ in NIH3T3 cells with 4HT 

(Fig. 4.4). These results suggest that the increase in Lats2 abundance following YAP 

induction is a possible mediator of TAZ degradation. 
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Figure 4.4 Induction of YAP and not TAZ increases Lats2 protein abundance. 

NIH imYAP, MEF imYAP and NIH imTAZ cells were treated with (+) or without (-) 100 nM 
4HT for 24 h before being harvested. Cell lysates were separated by SDS-PAGE, transferred to 
membrane and immunoblotted for YAP, TAZ, Lats1, Lats2, and β-Actin as indicated. Size 
markers are shown in kilodaltons. 
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4.2.5 HSP90 inhibitor 17-AAG blocks YAP-induced TAZ degradation 
Heat shock protein 90 (HSP90) is a highly conserved molecular chaperone required for 

the correct folding and regulation of numerous cellular proteins (212). The HSP90 

inhibitor 17-AAG depletes Lats1 and 2 leading to a decrease in YAP phosphorylation in 

A549 and MCF10A cells (213). To confirm this observation NIH3T3 and MEF cells 

were treated with 17-AAG for 24 h. Western blot analyses revealed a dose-dependent 

decrease in Lats1 and 2 abundance with 17-AAG treatment (Fig. 4.5A). Interestingly, 

no significant change in total YAP abundance was observed in either cell line, although 

the abundance of the upper, possibly phosphorylated, YAP band decreased with 

increasing 17-AAG concentration (Fig. 4.5A). In contrast, the amount of the lower, 

possibly unphosphorylated, TAZ band increased slightly in NIH3T3 cells, yet total TAZ 

abundance was significantly increased in MEFs in a dose-dependent manner (Fig. 

4.5A). 

 

To determine whether the Lats kinases, in particular Lats2, mediate YAP-induced TAZ 

degradation, NIH imYAP and MEF imYAP cells were treated with 17-AAG in 

combination with 4HT. Consistent with earlier results (Fig. 4.4) YAP induction 

increased Lats2 abundance (Fig 4.5B). Interestingly, Lats1 abundance was also 

increased in response to YAP induction albeit not as much as Lats2. Treatment of cells 

with 17-AAG largely blocked the up-regulation of Lats1 and 2 following YAP 

induction (Fig. 4.5B). Strikingly, 17-AAG treatment completely prevented YAP-

induced TAZ degradation at 1.0 µM in both cell lines (Fig. 4.5B). This indicates that a 

HSP90 substrate, possibly Lats1 or 2, mediates YAP-induced TAZ degradation.  

 

To more directly assess the role of Lats1 and 2 in TAZ degradation, Lats-targeting 

shRNAs were utilised in NIH3T3 cells. Unexpectedly, shRNA-mediated knockdown of 

Lats1 and 2 did not significantly affect YAP or TAZ abundance (Appendix B.3). 

Moreover, partial knockdown of Lats1 and 2 was insufficient to prevent YAP-induced 

TAZ degradation, suggesting that the Lats kinases are not involved in this process. 

 

As introduced previously, the phosphorylation of YAP or TAZ by CK1δ/ε and GSK-3 

targets them to the proteasome for degradation (28-30). As the data supporting the 

requirement of Lats for YAP-induced TAZ degradation is inconclusive, the role of 

CK1δ/ε and GSK-3 in this process was subsequently investigated.  
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Figure 4.5 HSP90 inhibitor 17-AAG reduces Lats1 and 2 abundance and prevents YAP-

induced TAZ degradation. 

A) Wild-type NIH3T3 and MEF cells were treated with 17-AAG for 24 h as indicated. B) YAP-
inducible cell lines, NIH imYAP and MEF imYAP were treated with 17-AAG with (+) or 
without (-) 100 nM 4HT for 24 h as indicated. Cell lysates were prepared and separated by 
SDS-PAGE, transferred to membrane and immunoblotted for Lats1, Lats2, YAP, TAZ, and β-
Actin as indicated. Size markers are shown in kilodaltons. 
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4.2.6 GSK-3, but not CK1δ/ε, mediates YAP-induced TAZ degradation 
As shown in Table C.2, YAP-induction did not significantly alter the abundance of 

CK1δ/ε or GSK-3 transcripts. This however does not exclude a role for these factors in 

mediating TAZ degradation, especially as CK1 and GSK-3 activity is predominantly 

regulated post-translationally by phosphorylation (see Introduction, section 4.1). 

 

As CK1 and GSK-3 are negative regulators of TAZ (Fig. 4.1), inhibition of one or both 

of these kinases is expected to increase TAZ abundance and prevent YAP-induced TAZ 

degradation. Unexpectedly, treatment of NIH3T3 cells with the CK1δ/ε inhibitor IC261 

resulted in a dose-dependent decrease in YAP and TAZ abundance (Fig. 4.6A). 

Furthermore, treatment of NIH3T3 imYAP cells with IC261 in combination with 4HT 

was unable to prevent YAP-induced TAZ degradation (Fig. 4.6B). In contrast, treatment 

with the GSK-3 inhibitor IX significantly increased TAZ abundance, whilst YAP levels 

remained unchanged (Fig. 4.6C). Importantly, GSK-3 inhibition completely blocked 

YAP-mediated TAZ degradation in the NIH imYAP cells (Fig. 4.6D), indicating that 

these cells, GSK-3 is required for YAP-induced TAZ degradation. 

 

As discussed previously, GSK-3 activity is regulated by upstream signalling events. In 

the publication by Huang et al., which identified GSK-3 as a mediator of TAZ 

degradation, PI3K signalling was implicated as an important regulator of this 

mechanism (30). Activation of PI3K promotes phosphorylation and partial activation of 

Akt on T308 by PDK1 (214). Subsequent phosphorylation of Akt at S473 by mTOR 

(215) results in fully active Akt, which phosphorylates GSK-3 on S21/9 causing its 

inhibition thereby liberating TAZ from GSK-3-mediated degradation (see Fig. B.4 for a 

summary of PI3K-Akt-GSK-3 signalling). 

 

To investigate whether PI3K/Akt signalling affects GSK-3-mediated degradation of 

TAZ, LY-294002 was used to inhibit PI3K. Based on the well-established model of 

PI3K-Akt-GSK-3 signalling (Fig. B.4), it was predicted that PI3K inhibition would 

decrease phospho-Akt abundance, leading to increased GSK-3 activity, and decreased 

TAZ abundance. Surprisingly, no marked change in TAZ (or YAP) abundance was 

observed following treatment with LY-294002 (Appendix B.5), suggesting that a 

PI3K/Akt-independent mechanism is responsible for regulating GSK-3 in these cells. 
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Figure 4.6 GSK-3, but not CK1δ/ε, mediates YAP-induced TAZ degradation. 

Wild-type NIH3T3 (A, C) or NIH3T3 imYAP cells (B, D) were treated with the CK1 inhibitor 
IC261 (A, B) or GSK-3 inhibitor IX (C, D) at the indicated concentrations alone (A, C), or 
either with (+) or without (-) 100 nM 4HT (B, D) for 24 h before being harvested. Cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, 
and β-Actin as indicated. Size markers are shown in kilodaltons. 
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In order to increase GSK-3 activity YAP would need to either down-regulate a negative 

regulator, or up-regulate a positive regulator of GSK-3, or a combination of the two. To 

identify possible regulators of GSK-3 that are induced by YAP, the YAP microarray 

data (Chapter 3, section 3.2.3) was scrutinised for PI3K/Akt-independent regulators of 

GSK-3. Of the known negative regulators of GSK-3 detected in the array, only PKAβ, 

Erk1 (Mapk3), and Prkcd were significantly decreased by 1.5-fold or less following 

YAP induction, and no known positive GSK-3 regulators were increased by YAP that 

would lead to increased GSK-3 activity and subsequent TAZ degradation (Table C.3). 

Indeed, YAP-induction resulted in the regulation of a greater number of negative 

regulators of GSK-3 than positive, suggesting that YAP does not increase GSK-3 

activity via an increase in steady-state mRNA levels of any established upstream 

regulators of GSK-3. 

 

4.2.7 YAP-induced TAZ degradation is conserved in human cells, but 

is not mediated by GSK-3 
To determine whether YAP-induced TAZ degradation is conserved between mouse and 

human, two human cell lines (HeLa and D645) were generated that stably express the 

hYAP1-2α isoform (96) that is most similar to mYAP (89% identity). Consistent with 

the mouse cell results, induction of hYAP1-2α significantly decreased TAZ abundance 

within 24 h (Fig. 4.7). Western blot analyses detected multiple bands using the YAP 

antibody (Fig. 4.7) and these most likely represent the different endogenous hYAP 

isoforms expressed in these cells (see Chapter 1, section 1.1.3). 

 

It was hypothesised that, akin to mouse cells, GSK-3 would mediate TAZ degradation 

in human cells. Surprisingly, this was not the case (Appendix B.6), indicating that at 

least in D645 cells, GSK-3 does not mediate YAP-induced TAZ degradation. This 

highlights a significant difference between TAZ regulation in mouse and human cells. 

 

Huang et al. reported that mouse (NIH3T3) and human (HeLa) cells responded 

differently to GSK-3 and CK1 inhibition (30). Specifically that GSK-3 inhibition had a 

discernable effect on TAZ in mouse cells, but only a minor effect in human cells, with 

the opposite observed for CK1 inhibition. Consequently it was hypothesised that CK1 

might play a more significant role in TAZ degradation in human cells, however contrary 

to published findings (30) and consistent with mouse data, CK1 was not involved in 

TAZ turnover in human (D645) cells (Fig. B.6C).  
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Figure 4.7 YAP-induced TAZ degradation is conserved in human cells. 

HeLa and D645 cells stably expressing inducible hYAP1-2α were treated with (+) or without (-) 
100 nM 4HT for 24 h before being harvested. Cell lysates were separated by SDS-PAGE, 
transferred to membrane and immunoblotted for YAP, TAZ, and β-Actin as indicated. Size 
markers are shown in kilodaltons. 
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4.3 Discussion 
Previous work revealed a novel mechanism of TAZ regulation whereby the level of 

YAP protein determines TAZ abundance. Proteasomal degradation and proteases were 

shown to be involved this process, however the signalling mechanisms and the 

mediators of this effect are unknown. The work presented in this chapter sought to 

identify this mechanism. 

 

First, structure/function analysis of YAP domain/s that induce TAZ degradation 

revealed that the TAD, PDZ-binding domains are indispensible, whilst YAP-TEAD 

association was implicated by the partial protection of TAZ degradation afforded by 

mutation of S79 to A (Fig. 4.2). Schlegelmilch et al. demonstrated that mutation of S79 

significantly reduced interaction with TEAD factors, although not entirely (35). This 

may explain why YAP-induced TAZ degradation was only partially blocked. The 

∆TEAD mutant was subsequently utilised to eliminate association with TEADs, 

however poor expression/stability of ∆TEAD prevented verification of the TEAD 

domain involvement. The TEAD-binding domain for association with TEAD 

transcription factors, the TAD for activating transcription, and the PDZ-binding domain 

for nuclear localisation are integral to YAP’s transcriptional activity. These results 

indicate that YAP-induced TAZ degradation is a consequence of activated gene 

transcription, however these results do not exclude additional non-transcriptional 

mechanisms. An additional experiment that could be performed to determine the 

requirement of activated gene transcription for TAZ degradation would be to inhibit 

transcription in combination with YAP induction and to assess the effect on TAZ 

degradation. 

 

The requirement of the TEAD-binding, TAD, and PDZ-binding domains for 

transactivation was supported by the luciferase assay data (Fig. 4.3). An exception was 

the PDZ-binding domain mutant in the presence of co-transfected TEAD2, which 

showed limited activity. This can be attributed to mislocalisation of the mutant protein 

to the nucleus due to its very high expression in 293T cells that can overwhelm intrinsic 

localisation regulatory mechanisms. Once nuclear, the PDZ mutant would effectively 

activate transcription. Nevertheless, the significantly lower luciferase activity implies 

that only a small fraction of the PDZ mutant entered the nucleus. 
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It was hypothesised that YAP transactivates a member of the Hippo pathway to 

modulate TAZ degradation. This was based on published studies that have identified 

feedback loops within the Hippo pathway (62, 63, 79), though scrutiny of gene 

expression microarray data failed to uncover any substantial changes in Hippo pathway 

genes that would support significant TAZ degradation. Notably, there were modest 

changes in the expression of several pathway components, and these should not be 

discounted since multiple small cumulative changes can be significant. For example, 

four positive regulators of Lats activity: Mst1, KIBRA, Lgl2, and Dlg2 were 

significantly up-regulated by YAP, and could synergise with the small increase in Lats2 

kinase expression. Furthermore, YAP regulation of Hippo pathway components may be 

complicated by the complexity of other regulatory mechanisms, thus effects may only 

be observed at a post-transcriptional or post-translational level. 

 

Another factor to consider when using this strategy to identify YAP regulated targets is 

that non-mRNA mediators e.g., microRNAs (miRs) will be overlooked. This is relevant, 

as for example, Tumaneng et al. identified miR-29 as a target of YAP signalling 

whereby YAP up-regulation of miR-29 abundance suppresses PTEN to influence the 

PI3K signalling pathway (134). Hence YAP may regulate other miRs that may directly 

or indirectly regulate crucial signalling components. Regulation of miRs by YAP that 

could affect TAZ degradation was not addressed in this study however should be 

addressed in future work. 

 

In the absence of obvious targets from the microarray expression data, the Lats kinases 

were hypothesised to regulate TAZ degradation since some YAP regulated Hippo 

pathway components affect Lats activity e.g. Mst1, KIBRA, Lgl2, and Dlg2. The 

observation that overexpression of YAP, but not TAZ, increased Lats abundance 

supported this hypothesis (Fig. 4.4). Specifically an increase in the active 

(phosphorylated upper band) form of Lats would substantially affect TAZ degradation 

and would be more significant than an increase in total Lats abundance. Based on the 

size of the detected bands however, YAP primarily induced the inactive 

(unphosphorylated lower band) form of Lats. This result needs verification using an 

antibody specific for phospho-Lats2 or by treating lysates with lambda phosphatase to 

dephosphorylate the phosphorylated forms. 
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Whilst treatment with the HSP90 inhibitor depleted Lats1 and 2 and successfully 

blocked YAP-induced TAZ degradation (Fig. 4.5), there was legitimate concern 

regarding the specificity of targeting Lats1/2 via inhibition of the broad acting HSP90 

chaperone. It was determined that a more specific approach was required to reduce 

Lats1/2 abundance. Consequently specific shRNAs were utilised to do this, though 

regrettably the Lats1 and 2 shRNAs employed exhibited poor knockdown efficiency 

and poor specificity (Fig. B.3). Nevertheless, despite reasonable reduction of Lats1 and 

2, the abundances of YAP and TAZ were not affected. Furthermore, Lats1/2 

knockdown did not prevent nor affect YAP-induced TAZ degradation to any significant 

extent (Fig. B.3). Thus although the role of Lats1 and 2 in mediating YAP-induced TAZ 

degradation remains somewhat inconclusive, the data suggests that a substrate of 

HSP90 other than Lats1/2 is mediating the effect. To conclusively address the role of 

Lats1/2 in YAP-mediated TAZ degradation the CRISPR/Cas9 genome editing system 

could be utilised as an alternate mechanism to achieve reduction in gene activity. 

 

Other mediators of YAP-induced TAZ degradation considered were the phosphodegron 

phosphorylating kinases CK1 and GSK-3. Inhibition of these kinases using chemical 

inhibitors produced surprisingly dissimilar results (Fig. 4.6), and revealed three things: 

firstly inconsistent with published findings (29), CK1 is not involved in TAZ turnover 

or YAP-induced TAZ degradation. Secondly, basal GSK-3 activity appears to be high 

in non-induced cells, assuming that GSK-3 is participating in TAZ degradation, and 

thirdly, suggests that GSK-3 mediates YAP-induced TAZ degradation. It was 

hypothesised that in mouse cells, GSK-3 is responsible for high TAZ turnover and upon 

YAP induction, the transcription of a YAP target gene further increases GSK-3 activity 

to enhance TAZ degradation (Fig. 4.8). 
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Figure 4.8 TAZ turnover and YAP-induced degradation mediated by GSK-3. 

In resting cells (-4HT) TAZ is continually turned over by GSK-3 activity. Upon YAP induction 
(+4HT), GSK-3 is induced to further deplete TAZ abundance.  
 
 
 
 

 

Figure. 4.9 Proposed signalling pathways for YAP-induced TAZ degradation in mice. 

YAP transactivates one or more target genes that regulate Lats1/2, Calpain, and/or an unknown 
mediator (X). Lats1/2 inhibits YAP and TAZ activity by promoting cytoplasmic localisation 
whereas Calpain or other unknown factors may act to increase GSK-3 activity, which promotes 
TAZ degradation via the proteasome. Grey arrows show possible signalling pathways, with 
established pathways in black. Established (red) and proposed/non-specific (blue) mechanisms 
of action for the relevant inhibitors are shown as blunted arrows. 
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Integral to these observations is the assumption that GSK-3 activity is altered by YAP 

induction, however this has not yet been shown. YAP regulation of GSK-3 activity is an 

important detail to verify in future studies. This could be achieved using antibodies 

specific for phospho-GSK-3, and are predicted to show an inverse correlation between 

YAP abundance and GSK-3 phosphorylation to support the proposed hypothesis. A 

weakness of these data is the reliance on a single chemical inhibitor to test the 

requirements for CK1 and GSK-3. Non-specific effects of these inhibitors could 

produce misleading data. Additional inhibitors, as well as independent means on 

modulating GSK-3 activity e.g., shRNA knockdown or CRISPR/Cas9 gene editing 

would support these findings. 

 

The role of GSK-3 in promoting TAZ degradation is significant in light of previous 

results, in particular the relative stabilities of YAP and TAZ in mouse cells (Chapter 3, 

section 3.2.6). Since YAP does not possess the GSK-3 target site (see Fig. 1.2), it would 

not be phosphorylated for degradation by GSK-3. This would contribute to the 

unidirectional mechanism of YAP-TAZ regulation. Furthermore, the effects of the 

protease inhibitor cocktail and HSP90 inhibitor can also be linked to GSK-3 mediation 

of YAP-induced TAZ degradation. Calpain increases GSK-3 activity by cleaving 

inhibitory motifs (216). YAP may potentially signal via Calpain to activate GSK-3, 

therefore inhibition of Calpain by the P.I.C. would block TAZ degradation (Fig. 4.9). 

 

Similarly, GSK-3 tyrosine (activating) intramolecular autophosphorylation is reportedly 

mediated by HSP90 (217). A decrease in HSP90-mediated GSK-3 activity, and not 

depletion of Lats1/2 could account for the effectiveness of the HSP90 inhibitor and 

relative ineffectiveness of the Lats shRNAs, in preventing YAP-induced TAZ 

degradation (Fig. 4.9). Examination of phospho-GSK-3 (Y279/216) in 17-AAG treated 

cells could substantiate this hypothesis.  

 

Inconsistent with published data (30), PI3K/Akt signalling does not regulate GSK-3 

mediated TAZ degradation in the NIH3T3 cells used in these experiments (Fig. B.5). 

Moreover, analysis of microarray data failed to identify any known regulators of GSK-3 

that were significantly altered by YAP induction. This suggests that GSK-3 regulation 

by YAP may involve novel regulators of GSK-3, adding further to the complexity of 

GSK-3 regulation. 
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The findings here support the model proposed by Azzolin et al. (Fig. 4.1) in which 

GSK-3 phosphorylation of β-catenin and association with TAZ (or YAP) results in β-

TrCP binding and degradation (131, 132). Further support for this model could be 

garnered by assessing β-catenin activity and/or abundance following YAP induction, as 

β-catenin inactivation and TAZ degradation are proposed to be tightly linked. An 

important question that remains to be answered is the means by which YAP/TAZ 

promotes β-TrCP recruitment to the destruction complex. β-TrCP typically recognises 

doubly-phosphorylated destruction motifs for binding (reviewed in 218), suggesting that 

a TAZ-targeting kinase may be involved in this mechanism. Future studies should focus 

on identifying this kinase, and further analysis of the YAP microarray data may 

highlight possible candidates. 

 

Due to the significance of phosphorylation/dephosphorylation for GSK-3 activity, YAP-

induced phosphatases may also be important. Notably, multiple members of the dual 

specificity protein phosphatase (DUSP) enzyme family were up-regulated by YAP 

overexpression, including Dusp4 (up 3.79-fold, p=3.51x10-9), Dusp1 (up 2.85-fold, 

p=5.22x10-11), and Dusp3 (up 2.18-fold, p=8.52x10-8) (Table C.1). Although DUSPs 

have not been directly linked to GSK-3 regulation, they have been implicated as 

important mediators of numerous cellular signalling pathways, e.g., MAPK/Erk 

signalling (reviewed in 219, 220). 

 

Up to this point, all experiments have been performed in mouse cells. It is important to 

verify these findings in human cells since YAP and TAZ are known oncogenes in 

human cancers (reviewed in 38). Moreover, an understanding of the mechanisms 

linking YAP and TAZ abundance is crucial as YAP-depleting strategies for cancer 

treatment gain attention. Importantly, induction of hYAP1-2α promoting TAZ 

degradation was conserved in at least two human cell lines (Fig. 4.7), though 

unexpectedly this was not mediated by GSK-3 (Fig. B.6). 

 

Considering the conservation of the Hippo and GSK-3 pathways in mammals, the 

species-specific mechanisms regulating YAP-induced TAZ degradation is surprising. A 

key difference between the Hippo pathways of mouse and human is the eight YAP 

isoforms in human compared to just two reported forms in mouse. This disparity 

suggests a greater level of complexity in humans, though how this might affect GSK-3-
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mediated TAZ degradation is unclear. It is possible that answers may lie in the as yet 

unidentified upstream mediators of this mechanism i.e. between YAP and GSK-3. 

 

In summary, the work presented in this chapter suggests that YAP transcriptional 

activity is required for YAP-induced TAZ degradation. Furthermore, whilst YAP up-

regulated the abundance of the Lats kinases, partial knockdown of Lats1 and 2 was 

insufficient to block YAP-induced TAZ degradation, suggesting that the Lats kinases 

are not required for this process. Contrastingly, it was convincingly demonstrated that 

GSK-3 is central for YAP-induced TAZ degradation, in addition to TAZ turnover in 

non-induced cells.  

 

No known regulators of GSK-3 were identified from the YAP microarray data, however 

this does not preclude a role for these proteins in a complex, post-transcriptional 

mechanism of TAZ degradation. The exception being PI3K/Akt signalling, which was 

eliminated as a regulator of GSK-3-mediated TAZ degradation following further 

investigation. Most intriguingly, whilst YAP induced TAZ degradation is conserved in 

human cells, GSK-3 does not appear to be involved in these cells. Future work should 

focus on identifying YAP-induced regulators of GSK-3, as well as define the 

differences between mouse and human YAP signalling in a bid to reconcile these 

findings. 

 

Though the experimental approach adopted in this thesis was hypothesis driven, one 

recognised weakness is that by using published literature to direct the investigation of 

the mechanism of YAP-mediated TAZ regulation, is that it does not facilitate the 

discovery of truly novel mediators. For example, scrutiny of array data for known 

regulators of GSK-3 may fail to uncover a genuine regulator of GSK-3 that has yet to be 

identified. Given the time and resources to perform large-scale screens, for example 

gene silencing through RNA interference, for novel regulators of TAZ degradation that 

are induced by YAP, this may uncover interesting targets for validation. 

 

The results of this chapter significantly expand our understanding of the down-stream 

signalling mechanism by which YAP regulates TAZ abundance. Furthermore, these 

results highlight substantial differences between YAP and TAZ signalling in mice, 

particularly YAP-specific post-transcriptional induction of Lats abundance, and TAZ-

specific GSK-3-mediated degradation. GSK-3 involvement in TAZ turnover and YAP-
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induced TAZ degradation is particularly significant, as it presents a novel target for the 

specific regulation of TAZ in mice. The disparity in the requirement of GSK-3 for TAZ 

degradation in mouse and human cells highlights an intriguing species-specific 

mechanism of TAZ regulation, which has not previously been described.  
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5.1 Introduction 
As described previously (Chapter 1, section 1.1.3), eight hYAP isoforms have been 

identified, which are all expressed as mRNA in several human tissues (96).  The human 

YAP1 gene contains nine exons and the different isoforms arise from alternative splicing 

(Fig. 5.1). Exons 1-3 comprise the N-terminal region of the protein which includes the 

TEAD-binding and first WW domain, whilst exon 4 encodes the second WW domain 

that is present only in hYAP1-2 isoforms. The C-terminal half of YAP that includes the 

TAD and PDZ-binding domain is encoded by exons 5-9. Exon 5 has an alternate splice 

donor site, which generates an extended transcript (exon 5B) that encodes an additional 

four amino acids (VRPQ), and exon 6 specifies an additional 16 amino acid sequence 

(AMRNINPSTANSPKCQ) (Fig. 5.1 lower panel). Exons 5B and 6, which are present 

in half of the hYAP isoforms, insert within the region that encodes the leucine zipper 

motif of the TAD at position 291/329 in hYAP1-1/-2 respectively to generate the α, β, 

γ, and δ isoforms (96). 

 

Standardised nomenclature for the hYAP isoforms was proposed by Gaffney et al. (96), 

who recognised that many publications reporting use of “hYAP cDNA” for functional 

studies actually used one of several isoforms, making it difficult to compare data 

between studies. For example, numerous publications have used hYAP1-2γ (12, 20, 22, 

23, 40, 152) and one study used hYAP1-2α (221). This is potentially important because 

overexpression of hYAP1-2γ promoted increased cellular proliferation, EMT, colony 

formation, protection from apoptosis in MCF10A cells in vitro (20, 22, 152), and liver 

overgrowth in vivo (23), whereas overexpression of hYAP1-2α in the UMSCC-11A 

squamous cell carcinoma line resulted in increased cell death (221). 

 

Other publications have directly compared hYAP isoforms to draw conclusions about 

the importance of different YAP domains for functionality (21, 115). For example, 

Komuro et al. assessed the transcriptional activity of hYAP1-1β and hYAP1-2α, and 

showed that hYAP1-2α is a significantly stronger activator than hYAP1-1 (115). The 

authors attributed this to a higher affinity for ErbB-4, mediated by its second WW 

domain. Similarly, Oka et al. demonstrated significant differences between hYAP1-1 

and -2 with regards to promotion of apoptosis (PARP cleavage) and p73 stabilisation 

(21). In both of these publications, the contribution of the TAD sequence to 

transcriptional activity was not assessed.  
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Figure 5.1 Schematic of gene structure and transcriptional activation domain sequence 

variations of human YAP isoforms. 

The eight hYAP1 isoforms are encoded by nine exons. Exons 1 and 2 form the N-terminal 
region including the TEAD-binding domain (lime green). Exon 2 and 3 form the first WW 
domain (red), whereas the second WW domain, present only in hYAP1-2 isoforms, is encoded 
by exon 4 (orange). The C-terminal portion of the hYAP protein is encoded by exons 5-9 
(aqua), with exons 5B (extended transcript of exon 5, dark green) and 6 (purple) encoding an 
extra four and 16 amino acids, respectively. The presence or absence of these additional amino 
acids within the leucine zipper motif (crimson bar above the hYAP1-2 protein structure) located 
within the transcriptional activation domain (blue), give rise to the α, β, γ, and δ hYAP isoforms 
as indicated in the lower panel. The position of the five leucine residues that form the leucine 
zipper motif are indicated in red. 
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It is important that researchers clarify which YAP isoform/s are used for functional 

studies, as there is sufficient evidence indicating that YAP protein-protein interaction 

domains contribute significantly to its activity. Multiple publications have shown that 

mutation of critical residues within one or both of YAP’s WW domains significantly 

reduced transcriptional activity (45, 115, 116). This may occur by preventing YAP 

association with DNA-binding transcription factors (e.g., ErbB-4 and Runx2) as shown 

by Zhao et al. (116). Subsequent studies utilising Yki WW mutants (Sd-dependent 

transcriptional activity) and pull-down binding assays (45), revealed that WW domain 

mutants are impaired in recruitment of transcription enhancing factors e.g., Wbp2 as 

discussed previously (see Chapter 1, section 1.1.2e). 

 

Furthermore, Komuro et al. proposed that the second WW domain in hYAP1-2α 

contributes to higher transcriptional activity (115). They also discussed the possibility 

that the four extra amino acids within the TAD of hYAP1-1β may negatively influence 

transcriptional activity (115). This was reiterated by Gaffney et al., who suggested that 

the β, γ, and δ isoforms of hYAP may be unable to participate in a variety of protein-

protein interactions mediated by the leucine zipper motif (96), although they conceded 

that this effect may only be subtle. 

 

Data presented in the previous chapter revealed that hYAP1-2α promotes TAZ 

degradation in two human cell lines (Fig. 4.7). Whether other hYAP isoforms can 

similarly induce TAZ degradation is unknown. Since YAP induces TAZ degradation 

via a transcriptional response, and structural differences between YAP isoforms alter 

YAP’s transcriptional activity, it was hypothesised that hYAP isoforms with only one 

WW domain or a disrupted leucine zipper motif may be unable to induce TAZ 

degradation. Consequently the differences between several hYAP isoforms will be 

investigated with respect to YAP-induced TAZ degradation and transcriptional activity. 

 

Aim: The aims of this chapter were to: 

1) Determine whether hYAP1-1β can induce TAZ degradation in human cells, 

2) Compare the transcriptional activities of full-length hYAP1-2α and hYAP1-1β, 

3) Determine the contributions of the second WW domain and an intact leucine zipper 

motif to hYAP transcriptional activity, 

4) Assess the effect of TAZ depletion in human cells.  
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5.2 Results 
5.2.1 hYAP1-1β can induce TAZ degradation in mouse but not human 

cells 
To determine whether hYAP1-1β that contains one WW domain and a disrupted leucine 

zipper motif can promote TAZ degradation in human cells, HeLa, D645 and MCF7 

cells expressing inducible hYAP1-1β and hYAP1-2α constructs were generated. 

Treatment with 4HT for 24 h strongly induced comparable expression of both hYAP 

isoforms in all cell lines although hYAP1-2α expression was slightly reduced compared 

to hYAP1-1β abundance in MCF7 cells (Fig. 5.2A).  

 

Consistent with previous results (Fig. 4.7), multiple endogenous hYAP isoforms were 

detected by the YAP antibody, and induction of hYAP1-2α promoted TAZ degradation 

to barely detectable levels in all three cell lines (Fig. 5.2A). In contrast TAZ abundance 

was unaffected by hYAP1-1β induction in HeLa and D645 cells (Fig. 5.2A). In MCF7 

cells, hYAP1-1β induction led to a decrease in TAZ abundance although this was 

significantly less than that observed for hYAP1-2α (Fig. 5.2A). 

 

Previous data indicated that YAP-induced TAZ degradation is dependent on YAP 

transcriptional activity (Chapter 4, section 4.2.1-2). It was hypothesised that the 

inability of hYAP1-1β to promote TAZ degradation is due to a significant reduction in 

its transcriptional activity compared to hYAP1-2α. Either the absence of the second 

WW domain or the disruption of the leucine zipper motif in hYAP1-1β could 

potentially decrease its transcriptional activity and mediate these differences. 

 

Since hYAP constructs have been expressed in mouse cells in vitro (28, 52, 116) and 

mice in vivo (23, 140), differences between hYAP isoforms could have significant 

consequences for the interpretation of these studies. To determine whether the disparity 

between hYAP1-1β and hYAP1-2α induced TAZ degradation was conserved in mouse 

cells, NIH3T3 cells expressing inducible hYAP1-1β and hYAP1-2α were generated. 

Surprisingly, induction of both hYAP isoforms resulted in TAZ degradation to a level 

similar to that observed for mYAP (Fig. 5.2B). This potentially suggests that hYAP1-1β 

driven transcription is higher in mouse cells than in human cells, and highlights yet 

another difference in YAP/TAZ signalling between mouse and human cells. 
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Figure 5.2 Human YAP isoform hYAP1-1β can promote TAZ degradation in a mouse, but 

not human, cell lines. 

A) HeLa, D645 and MCF7 cells stably expressing ihYAP1-1β (1-1β), or ihYAP1-2α (1-2α), and 
(B) NIH3T3 cells stably expressing imYAP, ihYAP1-1β, or ihYAP1-2α were treated with (+) or 
without (-) 100 nM 4HT for 24 h before being harvested. Cell lysates were separated by SDS-
PAGE, transferred to membrane and immunoblotted for YAP, TAZ, and β-Actin as indicated. 
Size markers are shown in kilodaltons. 
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5.2.2 Human YAP isoforms hYAP1-1β and hYAP1-2α possess different 

transcriptional activities 
To compare the transcriptional activities of mYAP, hYAP1-1β, and hYAP1-2α, 

luciferase assays were performed using a TEAD-dependent reporter plasmid in 

HEK293T cells (Fig. 5.3). Transfection of mYAP or hYAP1-2α significantly increased 

luciferase activity 18.6-fold (p<0.001) and 16.2-fold (p<0.001), respectively compared 

to the control (LUC) (Fig. 5.3). In contrast, hYAP1-1β failed to increase luciferase 

activity significantly above control levels. Furthermore, hYAP1-1β luciferase activity 

was significantly lower than mYAP (8.2-fold lower p<0.001) and hYAP1-2α (7.2-fold 

lower p<0.001) (Fig. 5.3). 

 

As shown previously, the TEAD-dependent luciferase reporter is specific for YAP-

TEAD association (Fig. 4.3). As expected, transfection of cells with TEAD2 alone 

produced negligible luciferase activity whereas co-transfection of TEAD2 significantly 

increased activity approximately two-fold for mYAP and hYAP1-2α (p<0.001), and 

more than eight-fold for hYAP1-1β (p<0.001) (Fig. 5.3). Despite the large increase in 

luciferase activity for hYAP1-1β in the presence of TEAD2, this was still significantly 

lower than that measured for mYAP (2.1-fold lower p<0.001) and hYAP1-2α (1.7-fold 

lower p<0.001) (Fig. 5.3). 

 

These results suggest that the absence of a second WW domain and disruption of the 

leucine zipper significantly reduces YAP transcriptional activity. However hYAP1-1β 

was expressed at a lower level than mYAP and hYAP1-2α in the HEK293T cells (Fig. 

5.3 lower panels). The reduced expression of hYAP1-1β might account for its reduced 

transcriptional potency in the presence of co-expressed TEAD2, however is unlikely to 

explain the marked reduction in the absence of TEAD2. 

 

Since hYAP1-1β differs from hYAP1-2α in both the number of WW domains and 

leucine zipper motif it was important to assess the contribution of these factors 

independently to YAP’s transcriptional potency, and consequently to YAP-mediated 

TAZ degradation.  
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Figure 5.3 Human YAP isoform hYAP1-1β is less transcriptionally active than hYAP1-2α.  

HEK293T cells were transfected with the TEAD-dependent, pGT4Tluc, luciferase reporter 
plasmid (LUC), together with mYAP, hYAP1-1β, or hYAP1-2α, in the presence (+) or absence 
(-) of co-transfected pCI-HA-TEAD-2 (TEAD2). Firefly luciferase activity was normalised to 
Renilla luciferase activity, measured using the Dual Luciferase Reporter Assay 24 h after 
transfection. Data is presented as mean + SEM from three independent experiments, and 
expressed relative to the activity of mYAP alone, which was arbitrarily set to 100%. Statistical 
analysis was performed using a one-way ANOVA with Tukey’s multiple comparison test, 
***p<0.001. #=p<0.001 compared to LUC–TEAD2. §=p<0.001 compared to LUC+TEAD2. 
Lower panels: cell lysates were separated by SDS-PAGE, transferred to membrane and 
immunoblotted for YAP and β-Actin as indicated. Size markers are shown in kilodaltons. 
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5.2.3 The WW domain/s of mYAP contribute to transcriptional 

activity 
As outlined previously (see Introduction, section 5.1), YAP’s WW domains enhance 

transcriptional activity by either promoting association with DNA-binding transcription 

factors (53, 111, 112) or recruitment of transcription enhancing factors such as Wbp2 

(44, 45). By utilising a TEAD-dependent reporter plasmid it was possible to eliminate 

the influence of WW domain-mediated transcription factor binding, as YAP associates 

with TEADs via its N-terminal TEAD binding domain. 

 

To confirm previously published data showing that YAP’s WW domains contribute to 

transcriptional activity, luciferase assays were performed using WT or mutant mYAP 

constructs with point mutations within the first (WW1*), second (WW2*), or both 

(WW1*/WW2*) WW domains (see Fig. 4.2A). Transfection of WT, WW1* and WW2* 

mYAP constructs significantly increased luciferase activity above control levels (LUC) 

(Fig. 5.4). Consistent with previous data (Fig. 5.3), co-transfection of TEAD2 

significantly increased activity for all mutants, with the largest fold-changes observed 

for the WW1* and WW1*/WW2* mutants at 3.7- and 3.5-fold respectively (p<0.001). 

 

Mutation of either the first (WW1*) or second (WW2*) WW domain of YAP did not 

significantly affect transcriptional activity compared to WT. In contrast, the double 

mutant (WW1*/WW2*) exhibited reduced transcriptional activity compared to WT 

whether alone (1.3-fold lower p<0.05) or in the presence (2.1-fold lower p<0.05) of 

TEAD2 (Fig. 5.4). Since all constructs were comparably expressed (Fig. 5.4 lower 

panels) these data indicate that mutation of both WW domains is sufficient to affect a 

significant, albeit modest reduction in YAP transcriptional activity, however mutation 

of only one WW domain is not. 
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Figure 5.4 WW domain/s are not required for TEAD-dependent mYAP transcriptional 

activity.  

HEK293T cells were transfected with the TEAD-dependent, pGT4Tluc, luciferase reporter 
plasmid (LUC), together with wild-type (WT) or mutant mYAP constructs with point mutations 
within the first (WW1*), second (WW2*), or both (WW1*/WW2*) WW domains, in the 
presence (+) or absence (–) of co-transfected pCI-HA-TEAD-2 (TEAD2). Firefly luciferase 
activity was normalised to Renilla luciferase activity 24 h after transfection. Data was expressed 
relative to WT activity without TEAD2, which was arbitrarily normalised to 100% and 
presented as mean + SEM from three independent experiments. Statistical analysis was 
performed using a one-way ANOVA with Tukey’s multiple comparison test, *p<0.05, 
***p<0.001. #=p<0.001 compared to LUC–TEAD2, ¶=p<0.05 compared to LUC–TEAD2. 
§=p<0.001 compared to LUC+TEAD2. Lower panels: cell lysates were separated by SDS-
PAGE, transferred to membrane and immunoblotted for YAP and β-Actin as indicated. Size 
markers are shown in kilodaltons. 
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5.2.4 Intact mYAP WW domains are not required to promote TAZ 

degradation in a human cell line 
Previously it was shown that mutation of both YAP WW domains does not block YAP-

induced TAZ degradation in NIH3T3 cells (Fig. 4.2). Subsequently, the double WW 

domain mutant was found to have modestly reduced transcriptional activity by 

luciferase assay (Fig. 5.4). Whether intact WW domains are required for YAP-induced 

TAZ degradation in human cells is unknown. To test this, HeLa cells expressing the 

readily available 4HT-inducible WT mYAP or WW domain mutants were generated. 

Treatment with 4HT for 24 h resulted in strong induction of the WT and mYAP mutant 

constructs, particularly WW1*/WW2*, which also showed higher YAP basal 

expression in uninduced cells (Fig. 5.5). Mutation of WW1, WW2, or both domains 

together did not affect YAP’s ability to degrade TAZ, with all mYAP mutants 

promoting TAZ degradation to barely detectable levels, similar to WT (Fig. 5.5). 

 

This data suggests that the modest reduction in transcriptional activity resulting from 

mutation of mYAP’s WW domains is insufficient to prevent YAP-induced TAZ 

degradation in human cells. The inability of hYAP1-1β to promote TAZ degradation is 

more likely due to disruption of its leucine zipper motif, or the combination of a single 

WW domain and a disrupted leucine zipper. 

 

5.2.5 Transcriptional activity of hYAP TAD is marginally reduced by 

disruption of the leucine zipper motif 
Previous data indicated differences in the transcriptional activity of hYAP1-1β and 

hYAP1-2α (Fig. 5.3), however this was confounded by variable expression of the two 

isoforms. To limit uncontrolled factors that may influence YAP transcriptional activity 

e.g., WW domain disparity or isoform stability, and to directly examine their 

transcriptional potency the TAD of the α, β, and γ hYAP isoforms and mYAP were 

fused to untagged or FLAG-tagged GAL4-DNA binding domain vectors as described 

(see Chapter 2, section 2.2.1d, Fig. 2.2). Luciferase assays were subsequently performed 

using a GAL4-dependent reporter plasmid in HEK293T cells (Fig. 5.6).  
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Figure 5.5 YAP WW domain/s are dispensable for TAZ degradation in HeLa cells. 
HeLa cells bearing 4HT-inducible wild-type (WT) or mutant mYAP constructs with point 
mutations within the first (WW1*), second (WW2*), or both (WW1*/WW2*) WW domains 
were treated with (+) or without (-) 100 nM 4HT for 24 h before being harvested. Cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, 
and β-Actin as indicated. Size markers are shown in kilodaltons. 
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Figure 5.6 Disruption of the leucine zipper motif modestly reduces YAP transcriptional 

activity. 

HEK293T cells were transfected with the GAL4-dependent pFR-Luc luciferase reporter plasmid 
(LUC) together with untagged or FLAG-tagged (F-) empty vector (EV), or the transcription 
activation domain of mYAP (m), hYAP1-1β (β), hYAP1-2α (α), and hYAP1-2γ (γ) isoforms 
fused to the GAL4 DNA-binding domain. Firefly luciferase activity was normalised to Renilla 
luciferase activity after 24 h. Data is presented as mean + SEM from three independent 
experiments, and expressed relative to the activity of α, which was arbitrarily set to 100%. 
Statistical analysis was performed using a one-way ANOVA with Tukey’s multiple comparison 
test, *p<0.05, **p<0.01, ***p<0.001. #=p<0.001 compared to LUC and EV. §=p<0.001 
compared to LUC and F-EV. Lower panels: cell lysates were separated by SDS-PAGE, 
transferred to membrane and immunoblotted for FLAG and β-Actin as indicated. Size markers 
are shown in kilodaltons. 
 
  

20

0

40

80

60

100
R

el
at

iv
e 

lu
ci

fe
ra

se
 a

ct
iv

ity
 (%

)

FLAG

β-Actin
50

37

75 

     LUC      EV        m           β           α          γ       F-EV     F-m       F-β        F-α       F-γ 

120

**
***

**
***

*#
#

§

§
#

#

§

§



Chapter 5 – hYAP isoform differences 107 

Transfection of the GAL4-YAP TAD fusion constructs significantly increased luciferase 

activity compared to the luciferase alone (LUC) and empty-vector (EV/F-EV) controls 

(Fig. 5.6). The untagged β and γ TADs produced significantly less luciferase activity 

than mYAP (m) (1.3-fold lower p<0.01 and 1.4-fold lower p<0.001 respectively), 

though no difference was observed between the m and α isoforms (Fig. 5.6). 

Interestingly, both β and γ isoforms had 20% lower activity compared to α, but this was 

not statistically significant after three independent experiments. The FLAG-tagged 

constructs behaved similarly to the untagged constructs, with F-β and F-γ producing 

1.4-fold (p<0.01) and 1.5-fold (p<0.001) lower luciferase activity than F-m, 

respectively. F-α was also more transcriptionally active compared to F-γ (1.3-fold 

higher p<0.05), which was not observed with the untagged constructs. 

 

Western blot analyses indicated that the GAL4-YAP fusion constructs were all 

expressed at comparable levels except the γ isoform, which was slightly higher (Fig. 5.6 

lower panel). The F-EV (GAL4-DNA binding domain alone) was not detected by 

Western blot suggesting it is unstable or poorly expressed. No significant difference 

was observed between any of the untagged and FLAG-tagged equivalent constructs, 

indicating that the FLAG-tag at the 5’ end of the YAP TAD does not interfere with its 

transcriptional activity. Future experiments can exploit the FLAG-tagged GAL4-YAP 

fusion constructs for detection by Western blotting. 

 

Since there was no statistical difference between the luciferase activity produced by the 

α and β TADs, disruption of the leucine zipper alone, leading to reduced transcriptional 

activity cannot account for the inability of hYAP1-1β to promote TAZ degradation. 

HEK293T cells express very high levels of transfected constructs, with expression 

levels significantly higher than physiological levels. It is possible that the hYAP β TAD 

has significantly attenuated transcriptional activity, however the high expression in the 

HEK293T cells partially compensates for this. To resolve this, experiments were 

repeated in three different cell lines (HeLa, D645 and NIH3T3) where expression of the 

GAL4-YAP fusion constructs would be closer to physiological levels (Fig. 5.7). 
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Figure 5.7 Decreased transcriptional activity for YAP isoforms with a disrupted leucine 

zipper is observed in human but not mouse cell lines. 

HeLa (A), D645 (B) and NIH3T3 (C) cells were transfected with the GAL4-dependent pFR-Luc 
luciferase reporter plasmid (LUC), together with FLAG-tagged (F-) empty vector (EV), or the 
transcription activation domain of mYAP (m), hYAP1-1β (β), hYAP1-2α (α), and hYAP1-2γ 
(γ) isoforms fused to the GAL4 DNA-binding domain. 24 h after transfection Firefly luciferase 
activity was normalised to Renilla luciferase activity. Top panels: data presented is relative 
luciferase activity recorded for each repeat experiment and the mean (n=4 or 5) is represented 
by the black bar. Lower panels: data is presented as mean + SEM (n=4 or 5), with activity of F-
α arbitrarily set to 100%. Statistical analysis was performed using a one-way ANOVA with 
Tukey’s multiple comparison test, **p<0.01, ***p<0.001. #=p<0.001 compared to F-m, F-β, F-
α, F-γ. 
 
 
 

Transfection of F-α resulted in significantly higher luciferase activity compared with F-

β and F-γ in HeLa and D645 cells (Fig. 5.7A and B). Specifically, luciferase activity 

produced by F-α was 1.3- and 1.4-fold higher (p<0.001) in HeLa cells, and 1.9- and 2.0-

fold higher (p<0.001) in D645 cells, than F-β and F-γ, respectively. Consistent with 

HEK293T data (Fig. 5.6), F-m exhibited higher luciferase activity than F-β and F-γ 

especially in D645 cells (1.3- and 2.3-fold higher p<0.001), though was not 

significantly different compared to F-α (Fig. 5.7A and B). Interestingly, unlike in 

human cells, there was no statistical difference in the luciferase activities produced by 

the three YAP isoforms in NIH3T3 cells (Fig. 5.7C), though F-m still exhibited higher 

activity than F-β (1.6-fold p<0.001), F-α (1.4-fold p<0.01), and F-γ (1.6-fold p<0.001) 

(Fig. 5.7C). 

 

These results indicate that in weaker expressing cell lines the differences in 

transcriptional activity of the hYAP TADs are more pronounced, equating to an 

approximate 30% reduction in activity in HeLa cells, and up to 50% in D645 cells. 

Since the FLAG-tagged constructs were not detected by Western blot in any cell line 

(data not shown), equivalent expression of the GAL4-YAP fusion constructs could not 

be verified. Nevertheless, it was assumed that the constructs would be comparably 

expressed since the same construct preparations were used in the HEK293T 

experiments. 

 

Intriguingly, as discussed in Chapter 1 (see section 1.1.4) YAP can both promote and 

prevent apoptosis in human cell lines (21, 23, 31, 77, 140). Since TAZ shares many of 
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YAP’s properties (50, 123) it was hypothesised that in human cells YAP-induced 

apoptosis may result in part from TAZ depletion driven by particular hYAP isoforms 

(e.g., hYAP1-2α) but not others (e.g., hYAP1-1β). This is supported by the findings of 

Oka et al. showing isoform specific differences in YAP-induced apoptosis (21). 

 

5.2.6 Prolonged hYAP overexpression reduces HeLa cell numbers 
To confirm published results demonstrating cell death induced by YAP overexpression, 

hYAP1-2α was overexpressed in HeLa cells. An altered cellular morphology was 

observed following short-term (48 h) YAP overexpression (Fig. 5.8A). Cells appeared 

flatter, with an increased cytoplasmic/nuclear ratio, indicative of slower proliferation. 

Prolonged hYAP1-2α overexpression markedly reduced the number of cells stained 

with crystal violet at 7 d (Fig. 5.8B). This effect could be due to inhibition of 

proliferation or induction of apoptosis, or a combination of both.  

 

The conclusion that hYAP overexpression promotes cell death is complicated by the 

knowledge that TAZ is degraded upon YAP induction in these cells. It cannot be 

concluded with certainty whether this effect results from YAP overexpression and 

subsequent increase in pro-apoptotic target genes (e.g., via interaction with p73), or by 

YAP-induced TAZ depletion, or a combination of both. Studies in mouse cells showed 

that TAZ knockdown does not affect YAP abundance (Chapter 3, section 3.2.5). If this 

is conserved in human cells, it would provide a practical way to examine the effect of 

TAZ depletion in vitro, independent of YAP. 
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Figure 5.8 Prolonged overexpression of hYAP reduces HeLa cell numbers. 

A) HeLa cells stably expressing ihYAP1-2α were treated with (+) or without (-) 100 nM 4HT 
for 48 h before images were captured. Scale bars represent 300 µm (4X) and 100 µm (10X). B) 
Cells were then resuspended and 10% of the volume was re-plated into 60 mm culture dishes. 
4HT was maintained and the cells were cultured for an additional 5 d before being fixed with 
glutaraldehyde and stained with crystal violet. 
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5.2.7 TAZ knockdown in human cell lines induces apoptotic cell death 
To evaluate the effect of TAZ depletion in human cells HeLa and D645 cells were 

infected with lentiviruses bearing the non-targeting control (SHC202), or hTAZ-specific 

(TAZ 149 or 469) shRNAs. During selection, cells infected with the TAZ targeting 

shRNAs were observed to round up and did not appear to be proliferating. In order to 

obtain experimental data, in repeat experiments a short selection of only 24 h was 

employed. Consequently, cultures may not represent pure populations of shRNA-

transduced cells. 

 

Effective TAZ knockdown was verified by Western blot analysis, which showed 

significant TAZ reduction in HeLa and D645 cells transduced with both TAZ shRNAs 

(KD149 and KD469) compared to the uninfected (WT) and control (Con) cells (Fig. 

5.9A). Consistent with mouse data (Fig. 3.5), TAZ knockdown did not significantly 

alter YAP abundance (Fig. 5.9A). 

 

Comparable to prolonged hYAP overexpression in HeLa cells (Fig. 5.8B), TAZ 

knockdown in HeLa and D645 cells resulted in significantly fewer cells 6-7 d post-

infection (Fig. 5.9B). This was accompanied by early marked changes in HeLa cellular 

morphology within 3 d post-infection (Fig. 5.9C) in which KD cells were observed to 

be flatter and rounder, reminiscent of short-term hYAP1-2α overexpression in HeLa 

cells (Fig. 5.8A). 

 

To assess whether the reduced number of cells following TAZ knockdown is the result 

of induced cell death, shRNA infected cells were treated with the pan-caspase inhibitor 

Q-VD immediately following selection to block apoptosis (222). Treatment with Q-VD 

markedly increased the number of adherent TAZ knockdown cells at 4 d post-infection, 

whilst having minimal effect on the WT and Con cells (Fig. 5.9D). Contrasting with 

mouse data (Chapter 3, section 3.2.4), these results indicate that TAZ knockdown 

induces apoptotic cell death in some human cells e.g., HeLa, D645. 
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Figure 5.9 TAZ knockdown in human cell lines induces apoptotic cell death.  

Wild-type (WT) HeLa and D645 cells were stably infected with lentiviruses bearing non-
targeting control (Con) or TAZ-targeting (KD149 and KD469) shRNAs. After selection with 
puromycin for 24 h cells were trypsinised. A) Trypsinised cells were harvested and cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for TAZ, YAP, 
and β-Actin as indicated. Size markers are shown in kilodaltons. B) HeLa and D645 cells were 
counted and 6.7x104 cells were plated into 60 mm dishes and cultured until WT cells 
approached confluency (4-5 d). Cells were then fixed with glutaraldehyde and stained using 
crystal violet. C) HeLa cells were prepared as in (B) and images were captured 1 d after plating 
(3 d post-infection). Scale bars represent 50 µm. D) HeLa cells were prepared as in (B) except 
cells were plated in the presence (+) or absence (-) of 20 μM Q-VD and cultured for 4 d before 
capturing images. Scale bars represent 300 µm. 
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5.3 Discussion 
Work presented in Chapter 4 partly revealed the mechanism of YAP-induced TAZ 

degradation in mice, showing that transcription by YAP and GSK-3 signalling are 

required. Particularly intriguing was the discrepancy between the requirement of GSK-3 

for TAZ degradation in mouse but not human cells. The increased complexity of Hippo 

signalling in humans, with eight isoforms of hYAP generated by alternate splicing, 

suggests non-redundant roles for the different isoforms. This is supported by at least 

two publications that identified differences between hYAP isoforms, specifically in the 

promotion of PARP cleavage (21), Erb-B4 binding, and transcriptional activity (115). In 

this chapter the transcriptional activity and ability to promote TAZ degradation of 

dissimilar hYAP isoforms was compared. 

 

A marked difference in the efficiency of TAZ degradation was observed upon 

overexpression of hYAP1-1β and hYAP1-2α in three human cell lines (Fig. 5.2A). This 

was not surprising since structural differences between YAP isoforms are predicted to 

affect transcriptional activity (53, 96, 223). Indeed, this was previously observed for 

WW mutants (21, 115, 116). The novelty of this work is in using TAZ degradation 

promotion as a readout of YAP activity. This finding emphasises the complexity of 

YAP signalling in humans, and demonstrates that the multiple isoforms of hYAP signal 

differently. Surprisingly, the disparity between hYAP1-1β and hYAP1-2α induced TAZ 

degradation was not conserved in NIH3T3 cells, indicating that mouse cells are less 

sensitive to structural variability within YAP that may alter transcriptional activity. 

Alternatively, human cells might require other factor/s that are superfluous in mouse 

cells to promote TAZ degradation. This is significant in light of numerous studies in 

which hYAP constructs have been expressed in vitro in murine cells and in vivo in mice 

(23, 28, 52, 116, 140). These results suggest that expression of different hYAP isoforms 

in mice should not result in significantly different outcomes, with respect to TAZ 

degradation. 

 

Preliminary assessment of the transcriptional potency of full-length mYAP, hYAP1-1β 

and hYAP1-2α revealed significantly reduced transcriptional activity for hYAP1-1β 

(Fig. 5.3), which could account for inefficient YAP-induced TAZ degradation. Low 

expression of hYAP1-1β compared to the other constructs confounded this result. It was 

hypothesised that lower expression of hYAP1-1β in the HEK293T cells may be the 

result of reduced stability, possibly due to impairment of protein-interactions mediated 
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by tandem WW domains. Overexpression data from all other cell lines tested did not 

support this (Fig. 5.2). It is therefore likely that lower expression in HEK293Ts is cell-

specific or a consequence of experimental variation. Regardless, these results indicate a 

lower transcriptional potency for hYAP1-1β, and this may be due to its single WW 

domain or disruption of its leucine zipper. 

 

Assessment of the contribution of YAP’s WW domains to transcriptional activity 

showed that mutation of both WW domains significantly reduced transcriptional 

potency (Fig. 5.4). This was somewhat surprising since previous results indicated that 

mutation of mYAP’s WW domains had no effect on YAP-induced TAZ degradation in 

NIH3T3 cells (Fig. 4.2B), and this was subsequently confirmed in human cells (Fig. 

5.5). Notably, mutation of a single WW domain did not affect transcriptional activity. 

Together, these results suggest that the WW domains contribute to YAP’s 

transcriptional activity, though not enough to affect YAP signalling to degrade TAZ. 

 

YAP’s WW domains have two defined functions: to bind non-TEAD DNA-binding 

transcription factors e.g., p73 and ErbB-4 (111, 115), and to recruit transcriptional 

enhancers e.g., Wbp2 (44, 45) or repressors (224). Since a TEAD-dependent reporter 

plasmid was used in this study to assess transcriptional activity, this will not take into 

consideration non-TEAD dependent transcription. Hence variability of YAP’s WW 

domains will not affect transcription factor binding and instead contribute to 

transcriptional activity solely by recruitment of enhancers (or repressors) of 

transcription. This was deemed appropriate since results from Chapter 4 implicated 

TEAD-binding in YAP-induced TAZ degradation (Fig. 4.2). Interestingly, Wbp2 (and 

Wbp1) contain multiple consensus sequences for WW domain binding (PPxY). 

McDonald et al. found that the WW domains of hYAP can bind all of these motifs with 

differential efficiencies (223). They propose that tandem WW domains (e.g., in hYAP1-

2 isoforms) enhance binding affinity thereby increasing transcriptional activity. Clearly 

in the cells tested here, this does not appear to be contributing significantly and may be 

cell-type dependent. 

 

One possibility to consider is that the WW domain/s point mutations (see Fig. 4.2A) are 

insufficient to fully prevent binding with proline motifs. This is not supported by the 

literature, since the identical point mutations in the first WW domain of hYAP 

completely abolished binding to ErbB-4 (115). It is interesting to speculate that perhaps 
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the WW domains mediate a function of YAP that is not dependent on these key 

residues. This could be resolved by testing YAP mutants with a deletion of the second 

WW domain, or even both WW domains to conclusively assess their influence. 

 

A weakness of these experiments is that due to time constraints, the readily available 

mYAP mutants were analysed to assess YAP’s WW domains rather than generating the 

corresponding constructs in hYAP. It was hypothesised that mYAP WW mutant 

constructs would provide insight into the function of hYAP, since the sequence identity 

between mYAP and hYAP1-2α is approximately 89%, with only one residue mismatch 

within each WW domain: the isoleucine at position 193 in hYAP corresponds to 

asparagine 178 in mYAP WW1, and the isoleucine at hYAP 246 corresponds to valine 

231 in mYAP WW2. Moreover, the transcriptional potencies of mYAP and hYAP1-2α 

were found to be similar in human cells. Yet the functional consequences of expressing 

mYAP constructs in human cells remains unclear, and findings should be verified using 

hYAP constructs. In spite of this obvious flaw, the results suggest that the WW domains 

contribute to YAP’s transcriptional activity, however not enough to appreciably alter 

YAP’s ability to degrade TAZ. It was subsequently hypothesised that variability within 

YAP’s TAD, which disrupts the leucine zipper, has a greater influence on 

transcriptional potency. 

 

Unexpectedly, disruption of the leucine zipper only modestly altered YAP’s 

transactivation activity assessed using a GAL4 luciferase assay (Fig. 6.6). This was cell-

type dependent to a certain degree, since the D645 cells showed more pronounced 

differences, whereas there was no difference between the isoforms in NIH3T3 cells. 

This is particularly interesting since both hYAP1-1β and hYAP1-2α effectively 

promoted TAZ degradation in NIH3T3 cells (Fig. 5.2B), and suggests that the relative 

transcriptional activity and the ability to degrade TAZ are linked. This may be due to 

the binding affinity of hYAP with a transcriptional co-factor in human and mouse cells. 

For example, it is possible that sequence or structural variation of a YAP-binding 

protein in mouse compared to human cells supports more efficient interactions with a 

sub-optimal target, i.e. with one versus two WW domains (e.g., hYAP1-1β compared to 

hYAP1-2α). Structural differences between hYAP isoforms would therefore not 

significantly affect transcriptional activity. The relative abundance of a YAP co-factor 

could also contribute to differences in transcriptional activity, with a more limited 
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abundance exaggerating differences in binding affinity. What this YAP co-factor might 

be remains unknown, and is an area for future study. 

 

A leucine zipper motif is not essential for transcriptional activation since neither TAZ 

nor Yorkie possess one in their TADs. Furthermore, TAZ does not appear to undergo 

splicing in this region. It therefore appears that the leucine zipper may only enhance 

transcriptional activity, thus enabling fine-tuning of YAP-mediated gene transcription 

via recruitment of one or more co-factors. 

 

One component that has been overlooked in these experiments is the δ hYAP isoform. 

Based on the presented data, the δ isoform is not expected to show reduced 

transcriptional activity compared with the β and γ isoforms. The rationale being that 

once the leucine zipper is disrupted all protein interactions should be impaired, and the 

number of interrupting residues is inconsequential i.e. a four or 16 amino acid insertion 

is equally disruptive to co-factor binding. This is supported by the observation that there 

was no difference between transcriptional activity produced by the β and γ TAD’s in all 

cells tested. It is not possible to exclude that limited co-factor binding still occurs in the 

β and γ isoforms due to partial disruption of the leucine zipper. Thus to eliminate this 

possibility, and for completeness, a comprehensive assessment of all hYAP isoforms 

should be performed. 

 

Collectively, it is difficult to say whether the structural differences between hYAP 

isoforms can account for the differences in TAZ degradation. It is possible that the 

combination of a disrupted leucine zipper and a single WW domain may act 

synergistically to significantly affect hYAP transcriptional activity. It would therefore 

be informative to compare isoforms with the same TAD sequence with either single or 

tandem WW domains (e.g., hYAP1-1α vs hYAP1-2α), and vice versa. Indeed, this is a 

criticism of previous publications (see Introduction, section 5.1), and should be 

addressed in future studies. 

 

The discovery that overexpression of different hYAP isoforms variably induces TAZ 

degradation led to the hypothesis that TAZ abundance following YAP overexpression 

contributes to the outcome in human cells, i.e. whether YAP signalling will promote or 

prevent apoptosis. In support of this, depletion of TAZ in human cells resulted in 

apoptotic, caspase-dependent cell death (Fig. 5.9) akin to that observed following 
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prolonged hYAP1-2α overexpression in HeLa cells (Fig. 5.8). The apoptotic function of 

YAP has been well documented and attributed to its association with p73 to enhance 

transcription of pro-apoptotic target genes e.g., Bax and Puma (21, 27, 126). Moreover, 

differential p73-binding affinities of hYAP1-1 and hYAP1-2 (21), and c-Abl YAP 

phosphorylation resulting in altered affinity for p73 and preferential recruitment to pro-

apoptotic promoters (32), have been proposed to explain how YAP switches between its 

pro- and anti-apoptotic roles. It is interesting to consider that TAZ degradation also 

contributes to YAP-induced cell death. 

 

Intriguingly, YAP-induced cell death has not been reported in mouse cells. This 

discrepancy could be explained by the contrasting dependence of mouse and human 

cells on TAZ, since depletion of TAZ in murine LPCs had no effect on cell viability or 

growth (Chapter 3, section 3.2.4), however this needs to be verified in other mouse cell 

lines. Nevertheless, this highlights another significant difference of YAP/TAZ 

signalling between mouse and human cells, raising questions over the validity of mice 

as a model for human Hippo signalling. 

 

One possible explanation for the differences between mouse and human cells observed 

in this study is the cell lines used. Only tumorigenic human cell lines were utilised for 

this work and these can be assumed to have disrupted signalling pathways, at least one 

of which may impact on YAP/TAZ regulation. Numerous publications have used the 

immortalised but non-transformed human mammary epithelial cell line MCF10A to 

examine Hippo signalling in human cells (20, 22, 54, 116, 152). This could be a good 

candidate to assess together with other non-tumorigenic cell lines. Primary cells, e.g., 

human fibroblasts, would be another option, however they are considerably more 

difficult to work with. 

 

All data presented in this chapter was generated using cell lines and overexpression 

systems in vitro. The biological significance derived from these data assumes that all 

isoforms are expressed as functional protein in vivo. Whilst mRNAs of all hYAP 

isoforms were found to be expressed across a range of tissues and organs, except in 

leukocytes (96), it remains to be determined whether all isoforms are expressed as 

functional protein in cells. Mass spectrometry analysis and Western blotting with 

isoform-specific antibodies could be used to address this in a range of cell types and 

tissues. 
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Indeed, if the entire range of hYAP isoforms are expressed as protein in vivo, it would 

be interesting to assess whether higher abundance of TAZ-degrading YAP isoforms 

(e.g., hYAP1-2α) correlates with lower abundance of TAZ across different tissues. 

Furthermore, the profile of hYAP isoform expression in tumour samples may be a 

significant determinant of the outcome of YAP overexpression. For example if hYAP 

isoforms that degrade TAZ are specifically up-regulated in cancer this may result in 

better patient outcomes. Similarly, a detectable shift in the expression pattern of hYAP 

isoforms may be apparent in pre-cancerous tissues, i.e. from isoforms that degrade TAZ 

to those that do not. Future studies should characterise the expression patterns of hYAP 

isoforms in a range of non-tumorigenic and cancerous tissues, and evaluate these 

against TAZ abundance. 

 

Collectively, the results of this chapter identified a marked difference in the efficiency 

of TAZ degradation induced by hYAP isoforms hYAP1-1α and hYAP1-2α, which 

correlated with their transcriptional potencies. Investigation of the contribution of their 

structural disparities revealed that YAP’s WW domains and leucine zipper individually 

only modestly modulate transcriptional activity, suggesting that these factors cooperate 

to markedly affect hYAP activity. Additionally, YAP-induced TAZ degradation is 

proposed as a novel mechanism that contributes to YAP’s pro-apoptotic function in 

human cells, since TAZ depletion alone induced cell death in two human cell lines 

tested. Lastly, these findings hint at the potential significance of isoform-specific 

expression of hYAP and consequent TAZ degradation in tumorigenesis. 
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The objective of this project was to establish a role for YAP in the tumorigenic 

transformation of LPCs and then its mechanism of action. In particular, the role YAP 

plays in promoting LPC proliferation, and how dysregulation of the Hippo pathway 

leading to increased YAP (or TAZ) abundance might contribute to tumorigenic 

transformation. Modulating YAP levels by shRNA knockdown did not lead to a 

sustained suppression of LPC proliferation, however additional studies revealed a novel 

mechanism of TAZ regulation mediated by the abundance of YAP in mammalian cells. 

Delineation of this mechanism became the new focus of this study, specifically to 

identify mediators of this process.  

 

The results presented in this thesis significantly expand our understanding of the 

mechanism/s mediating YAP-induced TAZ regulation. It also raises new questions such 

as which YAP-transactivated target gene/s are involved in this process. Four take-home 

messages can be concluded from this study that highlight interesting developments in 

the field of YAP/TAZ signalling; 

1. YAP and TAZ proteins are differentially regulated,  

2. The balance between YAP and TAZ abundance is regulated by YAP, 

3. hYAP isoforms have different functions, and 

4. YAP and TAZ regulation and signalling differs between mouse and human cells. 

 

1. YAP and TAZ proteins are differentially regulated  

YAP and TAZ are differentially regulated at the protein level in mammalian cells. This 

is evidenced by significant disparity in YAP and TAZ protein turnover, consistent with 

the findings of Vigneron et al. who reported differences in YAP and TAZ stability 

(193). This is attributed at least in part to the susceptibility of these proteins to GSK-3-

mediated degradation, since it is known that YAP does not harbour the N-terminal 

GSK-3-targeted phosphodegron which is present in TAZ (30). This was substantiated 

by the marked differences in protein abundance following treatment of cells with 

chemical inhibitors of proteasomes, protein synthesis, and GSK-3. From this, it is clear 

that the regulation of YAP and TAZ is markedly different. 

 

Upon characterisation of the novel mechanism of TAZ regulation by YAP abundance, it 

was discovered that TAZ does not similarly regulate the abundance of YAP. This 

suggests that differences in the regulation, or downstream signalling of YAP and TAZ 

may have significant biological consequences in Hippo signalling. It is not clear 
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whether the unidirectional nature of YAP-TAZ regulation is due to differences in 

protein stability i.e. differential GSK-3-targeted degradation, YAP-specific gene 

transcription of a mediator, or a combination of both mechanisms. What is apparent 

from this work is that it is not appropriate to assume these proteins have fully redundant 

roles. 

 

It is known that YAP and TAZ have separable functions, particularly during 

development as shown using knockout experiments in mice (135-139). Yet studies that 

seek to define these differences are few and far between. Indeed most studies assume 

YAP and TAZ play redundant roles in signalling, or overlook TAZ entirely, evidenced 

by the relatively few number of publications that focus on both YAP and TAZ, 

compared to YAP alone. In light of these findings, caution should be exercised when 

ascribing specific roles to YAP or TAZ, and making assumptions of the redundancy of 

these proteins to mediate specific effects. With a complete understanding of the 

complex mechanism/s mediating YAP-TAZ regulation, the significance of the 

differences between these proteins will be revealed.  

 

2. The balance between YAP and TAZ abundance is regulated by YAP 

The findings of this thesis highlight important differences between YAP and TAZ, but 

they do not invalidate the well-defined overlapping functions of these proteins mediated 

by conserved protein-interaction domains and common DNA-binding partners 

(reviewed in 225, 226). Indeed, the fact that YAP and TAZ share many properties gains 

new significance in light of the discovery that one regulates the other. The balance 

between the total abundance of YAP and TAZ is likely to be important for maintaining 

appropriate cellular function. For example, if YAP is down-regulated in the cell, the 

resultant increase in TAZ abundance could compensate for the loss of YAP by restoring 

target-gene transactivation, and vice versa. 

 

This is particularly significant in the context of tumorigenesis. It is widely 

acknowledged that dysregulation of Hippo pathway signalling is an oncogenic driver in 

numerous human cancers (reviewed in 38, 167, 227). It is interesting to speculate that in 

some cancer cells, the mechanism/s linking YAP and TAZ may also be disrupted, hence 

the balance between the abundance of YAP and TAZ would be perturbed. This could 

lead to a situation in which an increase in YAP expression is not mirrored by a decrease 

in TAZ. The abundance of both proteins could significantly increase, resulting in 
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aberrant cellular proliferation or survival signalling leading to tumour formation (Fig. 

6.1). Thus, assessment of YAP levels alone, particularly in the context of tumorigenesis, 

may only reveal part of the story. 

 

It would be fruitful to assess a range of paired non-tumour and tumour tissue samples to 

determine whether there is a correlation between up-regulation of YAP and TAZ with 

tumorigenic phenotypes (e.g., tumour aggressiveness, metastatic potential, or even 

patient outcome). As discussed in Chapter 3, depending on the status of the YAP-TAZ 

regulatory mechanism in cancer cells, the effectiveness of a direct YAP-targeting 

strategy as a cancer therapeutic may be far greater when combined with TAZ depletion. 

 

Aside from directly affecting YAP/TAZ target genes, disruption of the balance between 

YAP and TAZ may significantly impact pathways with which these proteins interact. 

YAP and TAZ regulate Wnt/β-Catenin (130-132) and TGFβ (112, 228) signalling 

pathways. In its role as a regulator of TAZ abundance YAP could also be considered a 

mediator of these signalling pathways. Disruption of the link connecting YAP and TAZ 

is also likely to have significant consequences for these and other important signalling 

pathways. 

 

3. hYAP isoforms have different functions 

Additional YAP isoforms in humans compared to mice implies increased complexity of 

Hippo signalling. Whilst some publications have shown differences between hYAP 

isoforms in side-by-side comparisons (21, 115), the specific properties of the range of 

hYAP isoforms has not been formally investigated. Despite the omission of the δ hYAP 

isoform from analyses, and utilisation of mouse and not human YAP mutants to assess 

the contribution of the WW domains to hYAP activity, this work represents the most 

comprehensive analysis of the functional capabilities of the hYAP isoforms. 

 

Notably, differences in transcriptional potency and functionality, assessed using the 

promotion of TAZ degradation as a novel readout of activity, were identified between 

hYAP isoforms. This supports the hypothesis that the multiple YAP isoforms have non-

redundant roles in cell signalling and enable fine-tuning of YAP-mediated gene 

transcription. Moreover, these findings advocate an in depth analysis of all isoforms, 

which may reveal additional functional differences between isoforms. 
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Fig. 6.1 Possible outcome of disrupted YAP-TAZ regulation before and after tumorigenic 

transformation. 

In non-tumorigenic cells an increase in YAP would be mirrored by a decrease in TAZ 
abundance, maintaining the balance of target gene transcription to maintain appropriate cellular 
proliferation and survival/death signalling. In tumorigenic cells, the mechanism/s linking YAP 
and TAZ may be disrupted, hence the situation could arise whereby both YAP and TAZ are up-
regulated, leading to aberrant cell proliferation and survival, and resulting in tumour formation. 
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As previously discussed, it is intriguing to consider that based on their efficiency to 

promote TAZ degradation, different YAP isoforms might have varying potential as 

oncogenic-drivers. Furthermore that hYAP isoform expression patterns might predict 

the outcome of YAP overexpression in human tumours. This could have significant 

consequences for the way in which YAP is exploited as an oncogenic marker in cancer, 

and could improve the usefulness of YAP as a predictor of patient outcome, and even as 

a target for cancer therapy. Given time and access to human tissue samples, I believe 

this to be an area worthy of future study. 

 

4. YAP and TAZ regulation and signalling differs between mouse and human cells 

Some the most interesting findings of this work are the numerous differences identified 

in the regulation and signalling of YAP and TAZ between mouse and human cells. 

Specifically, species-specific involvement of GSK-3 in mediating TAZ degradation, 

sensitivity to structural variability between hYAP isoforms that may alter transcriptional 

activity, and dependence on TAZ for cell survival, are all novel findings of this thesis. 

The differences described between mouse and human cells highlight the complexities of 

YAP and TAZ signalling and regulation in mammalian cells, and serve as a reminder 

that protein function and regulatory mechanisms may not be conserved between 

mammalian species. 

 

Possible explanations for these differences are discussed in the relevant Chapters, 

however more investigation is required before solid conclusions can be drawn. Whilst it 

is important to recognise the limitations of using cell lines to infer biological function, 

the observation that YAP-mediated TAZ regulation is conserved between multiple cell 

types in vitro, suggests that this mechanism is conserved in vivo. Verification of these 

findings in animal models is crucial to progress this work further. Tissue from 

transgenic mice in which YAP has been overexpressed or depleted would be useful to 

determine whether YAP-mediated TAZ regulation is conserved in vivo. Positive 

confirmation of in vivo conservation would be a significant development in Hippo 

signalling, adding a layer of complexity onto YAP-TAZ regulation in mammals. 

Furthermore, verification of human-specific characteristics of YAP/TAZ signalling, 

e.g., comparison of hYAP isoforms, and the anti-apoptotic role of TAZ, in human tissue 

samples would further our understanding of YAP-TAZ signalling in humans. 
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In summary, this work revealed a novel mechanism of TAZ regulation and made 

significant progress towards elucidating the complex mechanism/s mediating this 

process. Additionally, non-redundant roles for different YAP isoforms to promote TAZ 

degradation were demonstrated in human cells, and YAP-induced TAZ degradation was 

proposed as a novel contributor to YAP’s pro-apoptotic function in certain human cells. 

These findings represent significant advances in our understanding of the complex 

nature of YAP and TAZ regulation and signalling in mammalian cells. This work is 

particularly important because it highlights previously unidentified intricacies of 

YAP/TAZ signalling and regulation that may impact on the interpretation of existing 

data, and change the way analyses of Hippo signalling are performed in the future. 

Finally, this work identified numerous areas for further study, which may help us to 

better understand the complex role of YAP/TAZ in tumorigenesis, and potentially 

enable successful targeting of these effectors for anti-cancer therapy. 
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The results presented here were initially included as Thesis chapter 3, however were 

moved into the Appendix upon the recommendation of my examiners. 

 

A.1 Introduction 
As introduced in Chapter 1, YAP is a transcriptional co-activator that associates with 

DNA-binding transcription factors in the nucleus to activate target gene expression (53). 

YAP activity is determined by its protein abundance, dependent on the rates of protein 

synthesis and degradation, and its sub-cellular localisation. As previously outlined, 

phosphorylation regulates YAP shuttling between the nucleus and cytoplasm. For 

example, phosphorylation by Lats1/2 or Akt results in association with 14-3-3 proteins 

and cytoplasmic retention (23, 24, 27).  

 

Additional mechanisms for regulating YAP localisation have also been reported. For 

example, direct interaction with α-catenin (229), Amot, and AmotL1/2 (74, 75) 

promotes cytoplasmic/tight junction localisation, whilst Runx2 directs YAP to punctate 

sub-nuclear domains in response to tyrosine phosphorylation in osteoblasts (230). More 

recently, Oudoff et al. reported a novel mechanism of localisation control whereby 

Set7-mediated methylation of YAP on lysine residue (K) 494 resulted in cytoplasmic 

retention (231). Precisely how YAP methylation influences its localisation remains 

unclear, as Set7 does not regulate phosphorylation or degradation of YAP. However, the 

authors propose that since K494 is proximal to the PDZ-binding domain, methylation of 

this residue may interrupt the interaction between YAP and PDZ-binding partners e.g., 

ZO-2. Further, YAP is degraded in the cytoplasm subsequent to phosphorylation of 

phosphodegron sites by CK1δ/ε and GSK-3 (28-30). Localisation of YAP is therefore 

linked to protein abundance, in addition to controlling access to DNA-binding 

transcription factors. Thus appropriate protein localisation is integral to optimal protein 

activity. 

 

Numerous publications have reported increased YAP abundance and nuclear 

localisation in tumorigenesis (23, 149, 153, 154). Previously, our lab has shown that 

YAP mRNA expression and protein abundance is increased in tumorigenic compared to 

non-tumorigenic LPCs (232). Moreover, unpublished data from our lab indicates that 

increased YAP abundance in murine fibroblastic cell lines conveys apoptotic resistance 

and supports growth in low serum. This is consistent with reports in which 

overexpression of YAP can promote tumorigenic characteristics including anchorage-
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independent growth (50, 152), a feature of LPCs that have undergone tumorigenic 

transformation (232). However, whether sub-cellular localisation further contributes to 

differences in YAP activity in non-tumorigenic compared to tumorigenic LPCs is 

unknown. It was hypothesised that non-tumorigenic LPCs would exhibit a decreased 

proportion of nuclear-localised YAP. This would result in reduced interaction with 

DNA-binding transcription factors, hence reduced co-activator function, and may also 

contribute to increased YAP degradation. 

 

Aim: The aim of this chapter was to:  

1) Determine the sub-cellular localisation of YAP in LPCs using immunofluorescence; 

specifically to ascertain if increased abundance of nuclear YAP is a feature of 

tumorigenic LPCs. 

 

A.2 Results 
A.2.1 YAP stains the nucleoli of non-tumorigenic LPCs 
Since YAP activity is dependent on total protein expression as well as sub-cellular 

localisation, it was necessary to determine where YAP is localised within LPCs. 

Immunofluorescent staining for YAP protein in the non-tumorigenic PIL4 cell line 

(233) revealed significant cytoplasmic staining, with limited protein localised to the 

nucleus (Fig A.1). Interestingly, a punctate pattern of YAP staining was observed (Fig. 

A.1a) within the nucleus of each cell, as indicated by Hoechst staining (Fig. A.1b and 

c). YAP staining was specific to the YAP antibody since the secondary antibody alone 

control produced minimal staining (Fig A.1c).  

 

To determine whether this punctate nuclear staining was unique to adult LPC lines, or 

whether deletion of the p53 gene in the PIL4 cells influences YAP localisation, the 

immunofluorescent staining for YAP was repeated in WT non-tumorigenic embryonic 

LPCs (BMEL aEGFP) that express p53 (Fig. B.1). Positive YAP staining in BMEL 

aEGFP cells was observed within isolated nuclear bodies (Fig. A.2a), reminiscent of 

that seen in PIL4 cells. This indicates that the punctate sub-nuclear localisation of YAP 

was not due to an absence of p53 expression. Unlike in PIL4 cells, YAP staining in 

BMEL aEGFP cells was nuclear, with scant cytoplasmic staining (Fig. A.2a).  
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Figure A.1 YAP staining in the non-tumorigenic LPC line, PIL4, shows a punctate pattern 

within the nucleus.  

Non-tumorigenic PIL4 cells were grown on coverslips and fixed before being stained with YAP 
(a) and counterstained with Hoechst stain  (b) as shown. Overlay of images in (a) and (b) are 
shown in (c). Minimal fluorescence was seen in control cells stained with Alexa Fluor-488 
secondary antibody alone (d). Scale bars represent 100 µm (a-c) and 50 µm (d). 
 
 

 

Figure A.2 Punctate nuclear YAP staining is present in non-tumorigenic BMEL aEGFP 

cells and co-localises with the nucleolar marker fibrillarin.  

Non-tumorigenic BMEL aEGFP cells were grown on coverslips and fixed before being co-
stained with YAP (a) and fibrillarin (FIB) (b) antibodies and counterstained with Hoechst stain 
as shown (c). Overlay of YAP and FIB images in (a) and (b) is shown in (d). Undetectable 
immunofluorescence was seen with the Alexa Fluor-488 (e) and -594 (f) secondary antibodies 
alone. Scale bars represent 50 µm.  
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It was hypothesised that the punctate staining pattern may correspond to the nucleoli 

within the cells. Immunofluorescent staining for fibrillarin (FIB), a protein restricted to 

the dense fibrillar component of the nucleolus, revealed a similar pattern to that 

observed for YAP (Fig. A.2b), which superimposed when the two images were overlaid 

(Fig. A.2d). This result indicated that the YAP staining was localised to the nucleoli. 

 

A.2.2 YAP and ARF co-localise within the nucleoli of non-tumorigenic 

LPCs 
The Alternative Reading Frame (ARF) protein, also referred to as p19ARF, is a tumour 

suppressor that regulates a number of important signalling pathways, including p53 

activation via sequestration of the Mdm2 E3 ubiquitin ligase to the nucleolus (234). It 

was hypothesised that in non-tumorigenic LPCs, ARF sequesters YAP to the nucleoli, 

which would subsequently antagonise YAP-mediated transactivation. As ARF is an 

integral component of the p53 regulatory pathway, and the PIL4 cells are p53-null, 

subsequent experiments were performed in the BMEL aEGFP LPC line.  

 

Consistent with previous results (Fig. A.2a), YAP immunofluorescence in the BMEL 

aEGFP LPCs revealed strong nuclear staining, with intense punctate staining within the 

nucleus, and weaker cytoplasmic staining in some cells (Fig. A.3a). ARF staining was 

also localised to isolated nuclear bodies, and showed almost no nuclear or cytoplasmic 

localisation (Fig. A.3e). Co-staining of FIB and YAP or FIB and ARF (Fig. A.3b and f) 

revealed that in the BMEL aEGFP cells, both YAP and ARF show significant nucleolar 

localisation. 

 

A.2.3 YAP nucleolar staining is non-specific in LPCs and MEFs 
To rule out the possibility that the YAP staining pattern in LPCs was the result of non-

specific cross-reactivity of the primary antibody, the experiment was repeated using 

YAP knockdown cells. Stable knockdown of YAP was performed in the non-

tumorigenic BMEL aEGFP LPC line using the lentiviral-mediated YAP-specific (YAP 

432), or non-targeting control (SHC202) shRNA plasmids. Effective YAP knockdown 

was verified by Western blot (Fig. A.4) where YAP protein was undetectable in the 

YAP knockdown (KD) cells, but not in the uninfected cells (WT), or those infected with 

the non-targeting control (Con) shRNA. 
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Figure A.3 YAP and ARF co-localise to the nucleoli in non-tumorigenic BMEL aEGFP 

cells. 

Non-tumorigenic BMEL aEGFP cells were grown on coverslips and fixed before being co-
stained with YAP (a), ARF (e) and fibrillarin (FIB) (b, f) antibodies, and counterstained with 
Hoechst stain (c, g) as indicated. Overlay of YAP and FIB, and ARF and FIB images are shown 
in (d) and (h), respectively. Undetectable immunofluorescence was seen with the Alexa Fluor-
488 (i) and -594 (j) secondary antibodies alone. Scale bars represent 50 µm.
 
 

 

 

Figure A.4 YAP protein is undetectable in shRNA-mediated YAP knockdown BMEL 

aEGFP cells. 

Wild-type (WT) non-tumorigenic BMEL aEGFP LPCs (BMEL) were stably infected with 
lentivirus harbouring control (Con) or YAP-targeting (KD) shRNAs. After selection with 
puromycin stably infected cells were harvested. Cell lysates were separated by SDS-PAGE, 
transferred to membrane and immunoblotted for YAP and the loading control β-Actin as 
indicated. Size markers are shown in kilodaltons.  
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Despite effective YAP knockdown, immunofluorescent staining revealed significant 

YAP-immunoreactivity remained in the KD cells (Fig. A.5). Specifically, nuclear 

staining in the KD cells (Fig. A.5i) appeared as intense as for the WT (Fig. A.5a) and 

Con (Fig. A.5e) cells, although cytoplasmic staining in the KD cells was diminished, 

but not completely absent. Notably, YAP nucleolar staining of equivalent intensity was 

observed in all three cell lines (Fig. A.5a, e and i). These results indicate that the YAP 

antibody is reacting non-specifically in the BMEL aEGFP LPCs. 

 

To determine whether the non-specific YAP staining was present in cell types other 

than LPCs, these experiments were repeated in immortalised WT MEFs. Efficient 

knockdown of YAP to a level undetectable by Western blot was achieved in cells 

infected with the YAP-targeting shRNA (KD), whereas YAP abundance was not altered 

by the control shRNA (Con), when compared to the parental (WT) cells (Fig. A.6A). 

Consistent with the LPC data, immunofluorescent analysis revealed strong nuclear YAP 

staining with intense nucleolar immunoreactivity and scant cytoplasmic staining in the 

WT and Con cells (Fig. A.6B panels a and e). In contrast, the KD MEFs showed 

reduced staining within the cytoplasm and nucleus however the nucleolar staining was 

comparable to that seen in the WT and Con cells (Fig. A.6B panel i). These results 

clearly indicate that in both murine LPCs and MEFs, the YAP-antibody non-specifically 

reacts with a protein in the nucleus and nucleoli, when utilised for immunofluorescent 

experiments. Based on these results, no further attempts were made to determine YAP 

localisation using immunofluorescent staining. 

 

  



Appendix A – YAP sub-cellular localisation 155 

 

Figure A.5 YAP immunofluorescent staining is non-specific in non-tumorigenic BMEL 

aEGFP cells. 

Wild-type (WT) non-tumorigenic BMEL aEGFP cells were stably infected with lentiviruses 
bearing control (Con) or YAP-targeting (KD) shRNAs. Stably infected cells were grown on 
coverslips and fixed before being stained with YAP (a, e, i) and counterstained with Hoescht 
stain (b, f, j). Overlay of YAP and Hoescht images are shown in (c, g, k). Undetectable 
immunofluorescence was seen with the Alexa Fluor-488 antibody alone (d, h, l). Scale bars 
represent 50 µm. 
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Figure A.6 Non-specific YAP immunofluorescent staining was confirmed in MEFs. 

Wild-type (WT) MEFs were stably infected with lentivirus harbouring control (Con) or YAP-
targeting (KD) shRNAs. A) Lysates of stably infected cells were separated by SDS-PAGE, 
transferred to membrane and immunoblotted for YAP and β-Actin as indicated. Size markers 
are shown in kilodaltons. B) Stably infected cells were grown on coverslips and fixed before 
being stained with YAP (a, e, i) and counterstained with Hoechst stain (b, f, j). Overlay of YAP 
and Hoescht images are shown in (c, g, k). Undetectable immunofluorescence was seen with the 
Alexa Fluor-488 antibody alone (d, h, l). Scale bars represent 100 µm. 
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A.3 Discussion 
The results presented here demonstrate that the YAP antibody (Cell Signaling 

Technology, Cat. 4912) is unsuitable for immunofluorescent staining of mouse cell 

lines due to significant non-specific immunoreactivity. It was concluded that this 

antibody cannot be used to determine the sub-cellular localisation of YAP protein in 

situ. This is despite the fact that the antibody appears to show high specificity when 

used for Western blotting, since YAP is not detected by Western blot in the YAP 

knockdown cell lines (Fig. A.4 and A.6A). The utility of this YAP antibody for 

detecting all forms of the YAP protein is demonstrated in Chapters 3-5. The apparent 

differences in the specificity of this antibody for these two applications may be 

explained by the fact that Western blotting detects protein that has been completely 

denatured, whereas immunofluorescent staining detects natively folded protein. 

Detection of natively folded may result in non-specific interactions between the primary 

antibody and other proteins that may share similar protein motifs despite vastly different 

amino acid sequences. 

 

Notably, non-specific nucleolar staining with the YAP Cell Signaling Technology 

antibody (Cat. 4912) was observed by Hirate et al. in mouse embryos (235). A search of 

the literature identified multiple publications that have used this antibody for 

immunofluorescent analysis. These include the afore mentioned paper by Oudoff et al. 

describing Set7-dependent methylation of YAP in MEFs (231), and a highly cited 

publication describing the affect of NF2 expression on YAP localisation in oval cells 

(aka LPCs) (61, Supplemental Fig. 3). In both of these publications, an intense punctate 

sub-nuclear staining pattern was observed, reminiscent of the data presented here. 

Whilst the overall findings of these studies may not be invalidated simply because they 

generated non-specific results using this antibody to detect YAP localisation, these 

findings question the value of the immunofluorescence data to support conclusions 

made on the activity of YAP based on its cellular location. In particular, the publication 

by Benhamouche et al., which stained for YAP in oval cells to compare the effects of 

NF2 and Lats2 expression on YAP localisation should be questioned, as it was clearly 

demonstrated that LPCs exhibit significant non-specific YAP staining, which could 

mask alterations to YAP localisation. 

 

Non-specific YAP staining is conserved between LPCs and MEFs (Fig. A.5 and A.6B). 

Whether this extends to additional cell lineages is unknown, though it is postulated that 
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other cell types would exhibit comparable non-specific staining patterns, and this should 

be confirmed in future studies. Furthermore, unpublished data from our lab (Fig. B.2) 

indicates a similar pattern of YAP staining in mouse liver tissue using 

immunohistochemistry with the same YAP antibody. Thus, additional studies may also 

be affected by antibody non-specificity. 

 

The results presented here clearly highlight one of the weaknesses of using antibody-

based techniques for protein detection in situ. Furthermore, they emphasise the 

importance of antibody validation, using either knockdown cells or ideally knockout 

cells of the target protein, to ensure appropriate antibody specificity. Whilst the 

development of immunofluorescent and immunohistochemical staining techniques has 

provided an excellent opportunity for in situ protein detection, a thorough appreciation 

of the weaknesses of these technique is warranted. Furthermore, utilisation of additional 

methods to confirm results obtained using immunofluorescence or immunohisto-

chemistry is good practice. These may include sub-cellular fractionation, or exogenous 

expression of tagged proteins. Unfortunately, these techniques have their own distinct 

set of limitations, which should be addressed satisfactorily before conclusions can be 

drawn. For example, exogenous protein overexpression may overwhelm intrinsic 

regulatory mechanisms including localisation control. Moreover, the addition of protein 

tags such as GFP may alter protein folding and/or interactions within the cell, resulting 

in mislocalisation. Therefore caution must be exercised in interpreting data obtained 

from these kinds of experiments. A comprehensive analysis using multiple techniques 

to produce a similar result is more likely to be biologically relevant. 
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Appendix B.1: BMEL Actin-EGFP LPCs express p53 
 

 

Figure B.1 BMEL aEGFP cells express p53. 

Cell lysates of BMEL Actin-EGFP (BMEL A-EGFP) cells were separated by SDS-PAGE, 
transferred to membrane and immunoblotted for p53 and the loading control,  β-actin, as 
indicated. Numbers refer to samples prepared from different passages of cells. WT and p53-/- 
MEFs were included as specificity controls for the p53 antibody. Size markers are shown in 
kilodaltons. The data presented in this figure was generated by Adam Passman. 
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Appendix B.2: YAP antibody stains nucleoli in mouse liver 
 

 

Figure B.2 YAP antibody stains the nucleoli in mouse liver. 

The liver from a C57BL/6 mouse that was maintained on a choline-deficient, ethionine 
supplemented diet for three weeks was fixed in formalin. Serial sections were stained with or 
without YAP primary antibody as indicated. Scale bar represents 100 µm. Imunohistochemistry 
staining methods are described in section 2.2.4d. The data presented in this figure was generated 
by Robyn Strauss. 
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Appendix B.3: Lats knockdown does not block YAP-mediated TAZ 

degradation 
 

To more directly assess the role of Lats1 and 2 in TAZ degradation, NIH3T3 cells were 

infected with lentiviruses bearing either the non-targeting control (SHC202), Lats1-

specific (539, 541, or 543), or Lats2-specific (705 or 707) shRNAs. Western blot 

analyses revealed that only Lats1 shRNAs 539 and 541 (KD539 and KD541) reduced 

the abundance of Lats1 appreciably compared to the uninfected (WT) and control (Con) 

cells, and reduced Lats2 abundance to approximately WT levels (Fig. B.3A). Neither of 

the Lats2-targeting shRNA constructs significantly reduced Lats1 nor 2 abundance 

compared to the control (Fig. B.3A). In fact the Lats2 shRNA 707 increased Lats2 

abundance. 

 

Despite a reduction in Lats kinase abundances by Lats1 shRNAs 539 and 541, YAP 

levels were unchanged in KD539, and were only slightly decreased in the KD541 cells 

(Fig. B.3A). YAP protein expression was largely unchanged in the other knockdown 

cell lines, though slightly reduced in the KD543 cells (Fig. B.3A). Furthermore, no 

significant change in TAZ abundance was observed for any of the KD cell lines. 

Strangely, β-Actin was undetected in the KD543 cell line (Fig. B.3A), and this result 

was confirmed in subsequent blots (data not shown), indicating non-specific targeting of 

β-Actin by the Lats1 543 shRNA construct. 

 

To determine whether reduction in Lats1 and 2 effected by the 539 and 541 shRNAs is 

sufficient to block YAP-induced TAZ degradation, NIH imYAP cells were infected 

with lentiviruses bearing the SHC202 or Lats1-targeting (539 or 541) shRNAs. Despite 

decreasing the abundance of Lats1 and 2, neither shRNA was able to block YAP-

induced TAZ degradation compared to control cells (Fig. B.3B). 

 

  



Appendix B 163 

 

Figure B.3 Lats knockdown does not increase TAZ abundance or prevent YAP-induced 

TAZ degradation. 

Wild-type NIH3T3 (A) or NIH imYAP cells (B) were stably infected with lentiviruses bearing 
non-targeting control (Con), Lats1-specific (KD539, KD541, and KD543), or Lats2-specific 
(KD705 and KD707) shRNAs as indicated. Cells were harvested during routine culture (A), or 
following treatment with (+) or without (-) 100 nM 4HT for 24 h as indicated (B). Cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for Lats1, Lats2, 
YAP, TAZ, and β-Actin as indicated. Size markers are shown in kilodaltons. *No β-Actin band 
was detected in repeated experiments. 
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Appendix B.4: PI3K-Akt-GSK-3 signalling pathway regulating TAZ 

degradation 
 

 

Figure B.4 PI3K-Akt-GSK-3 signalling pathway regulating TAZ degradation. 

PI3K signalling is stimulated by external signalling events, including activation by insulin 
binding to its receptor and subsequent phosphorylation of insulin receptor substrate 1 (IRS1). 
Activation of PI3K facilitates the initial (1°) phosphorylation and partial activation of Akt on 
T308 by PDK1. Secondary (2°) phosphorylation on residue S473 by mTOR produces fully 
active Akt. Akt can also be phosphorylated by PI3K/mTOR independent mechanisms e.g., 
ACK1. Phosphorylation of GSK-3 on S21 (α) or S9 (β) results in its inactivation, which 
prevents phosphorylation of TAZ leading to its degradation. Notably, GSK-3 is phosphorylated 
by other kinases (e.g., PKA), and on different residues, which can modulate GSK-3 activity. 
Furthermore, Akt can directly phosphorylate TAZ on S89, however this leads to its cytoplasmic 
sequestration, analogous to Lats1/2 phosphorylation on the same site. 
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Appendix B.5: PI3K/Akt signalling does not regulate GSK-3-mediated 

TAZ degradation 
 

NIH3T3 cells were treated with LY-294002 in a dose- (Fig. B.5A) and time- (Fig. 

B.5B) dependent manner, analogous to the experiments performed by Huang et al. (30), 

using phospho-Akt (S473) as the read-out for activated Akt. Contradictory to published 

data (30), treatment with LY-294002 had no effect on TAZ or YAP abundance when 

compared to the loading control β-Actin (Fig. B.5A and B). Interestingly, S473 

phospho-Akt abundance was increased by LY-294002 treatment (Fig. B.5A and B), 

which is the opposite of what was expected. A documented problem of prolonged 

treatment with PI3K inhibitors is secondary reactivation of Akt signalling, despite 

continued effective inhibition of PI3K activity (236). This could account for the 

increase in phospho-Akt following treatment with LY-294002. 

 

Despite the unexpected increase in phospho-Akt, the PI3K inhibitor data indicates that 

PI3K/Akt signalling does not regulate GSK-3-mediated degradation of TAZ. An 

increase in phospho-Akt is expected to reduce GSK-3 activity, thereby increasing TAZ 

abundance akin to treatment with the GSK-3 inhibitor (Fig. 4.6C). 
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Figure B.5 PI3K does not mediate YAP or TAZ degradation. 

NIH3T3 cells were treated with the PI3K inhibitor (LY-294002) for 24 h at the indicated 
concentrations (A) or at 30 µM for the indicated times (B) before being harvested. Cell lysates 
were separated by SDS-PAGE, transferred to membrane and immunoblotted for YAP, TAZ, 
S473 phosphorylated Akt (p-Akt (S473)), and β-Actin as indicated. Size markers are shown in 
kilodaltons. 
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Appendix B.6: GSK-3 does not mediate YAP-induced TAZ 

degradation in human cells 
 

Treatment of D645 cells with GSK-3 inhibitor IX at concentrations up to 12.5 µM had 

no effect on YAP or TAZ abundance (Fig. B.6A). Furthermore, the GSK-3 inhibitor 

failed to block YAP-induced TAZ degradation in D645 ihYAP1-2α cells (Fig. B.6B), 

even at higher concentrations than those used for mouse cells (7.5 µM vs. 12.5 µM, Fig. 

4.6D). These experiments were repeated in HeLa cells, however the GSK-3 inhibitor IX 

exhibited significant cellular toxicity, even at 5 µM, and was deemed unreliable for 

further experiments.  

 

To assess whether CK1 contributes to TAZ turnover, D645 cells were treated with CK1 

inhibitor IC261 at similar concentrations used for NIH3T3 cells (Fig. 4.6A). Consistent 

with mouse data and contrary to expectations, CK1 inhibition significantly decreased 

TAZ abundance in a dose-dependent manner (Fig. B.6C). Inability of CK1 inhibition to 

increase TAZ abundance suggests it is not involved in TAZ turnover at least in D645 

cells. Although not formally tested, by extrapolation from mouse data it was 

additionally presumed that CK1 is not involved in YAP-induced TAZ degradation. 

Since Huang et al. used HeLa cells in their publication (30) this experiment was 

repeated in HeLa cells, however similar to treatment with the GSK-3 inhibitor, IC261 

was extremely toxic in these cells. 
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Figure B.6 GSK-3 mediation of TAZ degradation is not conserved in human cells. 

Wild-type D645 cells (A, C) or D645 cells stably expressing inducible hYAP1-2α (B) were 
treated with either the GSK-3 inhibitor IX alone (A) or with (+) or without (-) 100 nM 4HT (B), 
or the CK1 inhibitor IC261 (C) at the indicated concentrations for 24 h before being harvested. 
Cell lysates were separated by SDS-PAGE, transferred to membrane and immunoblotted for 
YAP, TAZ, and β-Actin as indicated. Size markers are shown in kilodaltons. 
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Appendix C.1: Gene expression array data for YAP induction 
 
Table C.1 Gene expression array data following YAP induction. 
NIH3T3 cells stably expressing an inducible mYAP construct were treated with or without 100 
nM 4HT for 48 h. Total RNA was extracted from cells using the Qiagen miRNeasy Mini Kit 
and Affymetrix expression microarrays were performed. Genes with fold-changes greater than 
two are shown. *Expression data for TAZ (Wwtr1) is included despite the fold-change being 
only 1.3-fold because it was referred to in the text. 
 

Gene symbol Gene ID Fold change p-value PPDE(<p) 

*Wwtr1 NM_133784 1.301461369 7.40E-03 0.963775 

Akr1c18 NM_134066 45.80356874 1.12E-08 0.999997401 
Gsto2 NM_026619 11.33602501 7.28E-13 0.999999997 
Yap1 NM_001171147 10.26407153 0 0.999999999 
Nr4a1 NM_010444 9.75681272 1.73E-13 0.999999999 
Msln NM_018857 8.723155557 1.67E-12 0.999999995 
Sema7a NM_011352 8.324267737 3.56E-12 0.999999992 
Rgs16 NM_011267 8.000589056 9.72E-12 0.999999983 
Cd55 NM_010016 7.304174761 9.36E-09 0.999997718 
Errfi1 NM_133753 6.016260305 2.34E-13 0.999999999 
Cd93 NM_010740 5.56353603 3.79E-07 0.999967849 
Serpinb9b NM_011452 5.447376144 6.88E-09 0.999998168 
U90926 NR_033483 5.440541637 8.74E-09 0.999997828 
Lif NM_008501 5.018816188 3.84E-08 0.999993748 
Tnc NM_011607 4.95737979 2.40E-11 0.999999968 
Ccl2 NM_011333 4.921342168 4.26E-11 0.999999952 
Thbd NM_009378 4.805690998 5.29E-12 0.999999989 
Tns4 NM_172564 4.745775338 2.26E-09 0.999999173 
Pi15 NM_053191 4.643646541 1.34E-07 0.999984747 
Aif1l NM_145144 4.487578868 6.72E-11 0.999999933 
Adm NM_009627 4.458336904 9.80E-07 0.999936636 
Kcnk10 NM_029911 4.392971851 1.35E-09 0.999999427 
Tmem171 NM_001025606 4.31374296 1.46E-09 0.999999396 
Ier3 NM_133662 4.14155455 5.40E-11 0.999999943 
Zfp52 NM_144515 4.063504688 4.83E-11 0.999999947 
Ramp3 NM_019511 3.973511454 1.35E-11 0.999999979 
Gstk1 NM_029555 3.960239559 2.82E-06 0.999865193 
Upk1b NM_178924 3.879044083 1.87E-08 0.999996258 
Dusp4 NM_176933 3.794835565 3.51E-09 0.999998868 
Eno3 NM_007933 3.776238257 3.09E-11 0.999999962 
Cxcl5 NM_009141 3.753866517 2.99E-11 0.999999963 
Ptgs1 NM_008969 3.696906651 6.45E-12 0.999999987 
Ereg NM_007950 3.692958879 2.51E-10 0.999999828 
Bnc1 NM_007562 3.648398276 5.82E-11 0.99999994 
Ppbp NM_023785 3.626163814 1.13E-06 0.999929857 
Havcr2 NM_134250 3.613058765 2.21E-05 0.999413179 
2310002L13Rik ENSMUST00000025390 3.421207617 1.38E-07 0.999984364 
Plau NM_008873 3.374919158 4.85E-10 0.999999725 

 



Appendix C 171 

Table C.1 cont. 
 

Gene symbol Gene ID Fold change p-value PPDE(<p) 
Cxcl1 NM_008176 3.35792067 2.53E-09 0.999999104 
Uap1 NM_133806 3.305282068 2.50E-08 0.999995395 
Arhgap24 NM_029270 3.232054596 4.00E-10 0.99999976 
Slc17a6 NM_080853 3.153635594 5.13E-06 0.999793169 
Met NM_008591 3.10957768 1.04E-11 0.999999982 
Fgf2 NM_008006 3.066998672 1.24E-08 0.99999721 
Pik3r5 NM_177320 3.038018412 4.76E-09 0.999998592 
Lrig1 NM_008377 3.006980661 5.61E-09 0.999998417 
Plekho2 NM_153119 3.002177359 1.05E-08 0.999997525 
Hmga2 NM_010441 2.969351553 1.20E-10 0.999999899 
Upp1 NM_009477 2.967947761 5.05E-07 0.999960535 
Cops3 NM_011991 2.953746024 6.30E-09 0.99999828 
Fam110c NM_027828 2.943528272 1.12E-08 0.999997414 
Metrnl NM_144797 2.909601161 7.20E-05 0.998634553 
Igfbp4 NM_010517 2.880016873 1.24E-08 0.999997212 
Cdh5 NM_009868 2.854789487 1.95E-06 0.999896388 
Dusp1 NM_013642 2.848296795 5.22E-11 0.999999944 
Ezr NM_009510 2.802122195 3.89E-09 0.999998781 
Ampd3 NM_009667 2.777916034 9.63E-07 0.999937393 
Mmd NM_026178 2.772258568 1.05E-09 0.999999522 
Txk NM_001122754 2.765587288 4.77E-07 0.999962101 
Itgb7 NM_013566 2.743539531 3.16E-08 0.999994551 
Htr2a NM_172812 2.729663175 6.64E-08 0.999990746 
Clca5 NM_178697 2.721322446 4.56E-05 0.999014727 
Il18rap NM_010553 2.692231885 1.09E-06 0.999931553 
Cd14 NM_009841 2.676711864 6.01E-07 0.999955289 
Prr5 NM_146061 2.639527617 3.10E-08 0.999994628 
Phlda1 NM_009344 2.627276701 7.08E-10 0.99999964 
Il1rl1 NM_001025602 2.602552436 7.59E-11 0.999999927 
Efnb2 NM_010111 2.587978371 1.16E-08 0.999997335 
Socs3 NM_007707 2.579894023 4.82E-07 0.999961848 
Sgms2 NM_028943 2.560271917 1.09E-07 0.999986813 
Flrt2 NM_201518 2.531052882 6.41E-07 0.999953228 
Epha2 NM_010139 2.523939844 2.38E-09 0.999999144 
Maff NM_010755 2.496786982 4.40E-07 0.999964257 
Btg2 NM_007570 2.484592515 2.74E-08 0.999995083 
Gsto1 NM_010362 2.473151566 2.58E-11 0.999999966 
B3gnt5 NM_001159407 2.463882262 3.42E-05 0.999197105 
Hk2 NM_013820 2.459985508 1.86E-07 0.999980692 
Mfap3l NM_027756 2.448359133 1.69E-08 0.999996516 
Aig1 NM_025446 2.441448173 3.80E-06 0.999833159 
Thy1 NM_009382 2.44051575 1.04E-09 0.999999526 
Ceacam1 NM_001039185 2.401688561 7.78E-05 0.998556716 
Cgnl1 NM_026599 2.397206654 2.20E-06 0.999887089 
Nipal1 NM_001081205 2.393449259 1.06E-07 0.999987028 
Acsbg1 NM_053178 2.390298094 2.79E-06 0.999866031 
Gprc5a NM_181444 2.387667112 3.25E-08 0.999994445 
Hbegf NM_010415 2.37637565 1.03E-08 0.999997557 
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Table C.1 cont. 
 

Gene symbol Gene ID Fold change p-value PPDE(<p) 
Ptgs2 NM_011198 2.344224744 1.46E-10 0.999999883 
Hivep2 NM_010437 2.334143059 4.81E-07 0.999961883 
Itga3 NM_013565 2.321961852 6.48E-09 0.999998246 
Krt80 NM_028770 2.321539984 1.60E-06 0.99991005 
Cd44 NM_009851 2.319196706 1.49E-07 0.999983488 
Nr4a2 NM_001139509 2.303099964 7.03E-06 0.999740959 
Mfsd2a NM_029662 2.295365465 2.17E-07 0.999978396 
Gm885 NM_001033435 2.266866176 0.000131069 0.997906577 
Ctdsp1 NM_153088 2.248668923 1.75E-07 0.999981504 
Tnk2 NM_016788 2.243911423 4.59E-09 0.999998629 
Plk3 NM_013807 2.22688548 1.71E-07 0.999981785 
Tigit NM_001146325 2.220903031 9.16E-06 0.999686905 
Ccl7 NM_013654 2.216762817 0.000120462 0.998028884 
Lpcat4 NM_207206 2.212833179 4.09E-08 0.999993455 
Bmper NM_028472 2.210554644 2.80E-07 0.999974128 
9930111J21Rik2 NM_173434 2.204683599 0.000102083 0.998248471 
Ercc1 NM_007948 2.185664133 2.27E-08 0.999995707 
Tfrc NM_011638 2.183497262 3.11E-09 0.999998961 
Dusp3 NM_028207 2.181993783 8.52E-08 0.999988941 
Ccl9 NM_011338 2.163693711 4.36E-06 0.999815914 
Rrp8 NM_025897 2.161969381 4.28E-08 0.999993238 
Pdpn NM_010329 2.161087543 3.92E-07 0.999967057 
Ctgf NM_010217 2.129196372 3.29E-08 0.999994394 
Ier5 NM_010500 2.122424149 8.03E-07 0.999945027 
Fosb NM_008036 2.116380806 0.000124394 0.997983202 
Rcor2 NM_054048 2.112590796 8.15E-07 0.999944447 
Pnmal1 NM_001007569 2.108836954 0.002242917 0.984269659 
Tas2r135 NM_199159 2.105801566 9.37E-05 0.99835199 
Sipa1 NM_001164481 2.095955259 6.62E-07 0.999952093 
Ptprk NM_008983 2.092335384 7.54E-06 0.999727526 
Phf17 NM_172303 2.088692677 1.02E-08 0.999997577 
Rbm38 NM_019547 2.082497521 4.12E-07 0.999965884 
9930111J21Rik2 NM_173434 2.081873612 0.000109222 0.998161931 
Sema5a NM_009154 2.077650083 0.000137825 0.997830177 
Lpcat3 NM_145130 2.076110871 3.98E-08 0.999993579 
Gm6644 NR_028277 2.074578067 4.95E-08 0.999992493 
Eps8 NM_007945 2.072103335 2.20E-07 0.999978215 
Atp8b4 NM_001080944 2.05034613 0.000277685 0.996424958 
Gm6644 NR_028277 2.049010225 3.01E-08 0.999994747 
Cflar NM_207653 2.048660494 6.20E-08 0.999991191 
Gpd2 NM_010274 2.044936352 3.68E-08 0.999993926 
Akr1b3 NM_009658 2.043325832 4.37E-08 0.999993138 
S100a7a NM_199422 2.038062094 7.44E-06 0.999730097 
Sirt1 NM_019812 2.033429795 1.65E-06 0.999908121 
Dock8 NM_028785 2.031146806 1.14E-05 0.999632881 
Siglecg NM_172900 2.03013561 4.44E-06 0.999813375 
Pard6b NM_021409 2.027354102 1.15E-05 0.999632366 
Lphn2 NM_001081298 -2.001133756 1.80E-07 0.999981126 
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Gene symbol Gene ID Fold change p-value PPDE(<p) 
Fgfr2 NM_010207 -2.0023174 9.36E-07 0.999938687 
Col5a1 NM_015734 -2.002596443 3.49E-07 0.999969672 
Ip6k2 NM_029634 -2.012804995 4.98E-07 0.999960904 
Tlr6 NM_011604 -2.015468894 0.001947924 0.985757908 
2610008E11Rik NM_001004362 -2.022593521 8.20E-06 0.999710803 
Pcdhb18 NM_053143 -2.023344249 0.000266052 0.9965323 
Ctnnd1 NM_007615 -2.023993436 2.91E-07 0.999973418 
Mxd4 NM_010753 -2.026440783 3.76E-06 0.999834445 
Ccdc18 NM_028481 -2.027855652 7.45E-05 0.998600975 
Slc46a3 NM_027872 -2.028620804 7.13E-05 0.998644444 
Fam13a NM_153574 -2.031729953 0.000662095 0.993366642 
Galntl4 NM_173739 -2.035858983 3.71E-05 0.999150061 
Nr1d2 NM_011584 -2.037042053 1.63E-06 0.999908954 
Lphn2 NM_001081298 -2.040634923 7.30E-07 0.999948659 
Zfp637 NM_177684 -2.042790085 2.13E-06 0.999889486 
Syne1 NM_001079686 -2.045169141 5.28E-07 0.999959287 
Capn6 NM_007603 -2.048533856 0.000424829 0.995161159 
Tlr1 NM_030682 -2.049145912 5.12E-07 0.99996017 
Mmp19 NM_021412 -2.049766459 1.45E-05 0.99956471 
Abca8b NM_013851 -2.053471076 0.006417002 0.967181963 
Tbx18 NM_023814 -2.057216088 3.83E-07 0.999967586 
2810055G20Rik ENSMUST00000068704 -2.062305472 0.000693322 0.993145951 
Ephx1 NM_010145 -2.063022278 1.56E-05 0.999542967 
Figf NM_010216 -2.064851787 1.19E-07 0.999985956 
Glt8d2 NM_029102 -2.065393557 0.000588952 0.993896003 
Smox NM_001177833 -2.067415271 4.78E-07 0.999962051 
Abcc5 NM_013790 -2.06827815 1.42E-07 0.999984098 
Ttyh2 NM_053273 -2.071033601 5.85E-07 0.999956145 
Mxra8 NM_024263 -2.073656409 5.25E-08 0.999992171 
Serpina1e NM_009247 -2.079691096 5.15E-05 0.998924624 
Alpk1 NM_027808 -2.080141909 3.91E-06 0.999829463 
Dysf NM_021469 -2.084491244 1.66E-07 0.999982197 
Aldh1l2 NM_153543 -2.090408749 2.36E-09 0.999999148 
Pdgfra NM_011058 -2.093710118 4.83E-08 0.999992625 
0610007C21Rik NM_027855 -2.096975241 1.37E-06 0.999919337 
D330041H03Rik NR_033554 -2.099883885 1.03E-05 0.999658878 
Nrbp2 NM_144847 -2.103148241 4.11E-07 0.999965942 
Zfp260 NM_011981 -2.103194443 1.43E-06 0.999916977 
Drp2 NM_010078 -2.1072259 2.78E-05 0.999307218 
Fam63b NM_172772 -2.109886182 2.83E-06 0.999864616 
Naalad2 NM_028279 -2.110164269 0.000321689 0.996030121 
Acpl2 NM_153420 -2.111138748 0.000915121 0.991653789 
Tapbp NM_001025313 -2.113061198 4.46E-07 0.999963907 
Nat2 NM_010874 -2.113903985 0.00014362 0.997765484 
Tiam2 NM_001122998 -2.117389865 2.96E-07 0.99997309 
Slc6a8 NM_133987 -2.118110188 8.25E-07 0.999943971 
Casp12 NM_009808 -2.11867578 1.48E-07 0.999983597 
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Gene symbol Gene ID Fold change p-value PPDE(<p) 
3110057O12Rik BC145212 -2.121454477 6.26E-05 0.998764986 
Mir145 NR_029557 -2.125188719 0.001244493 0.989622754 
Tns1 NM_027884 -2.125260861 4.16E-07 0.999965621 
Hspb6 NM_001012401 -2.127425139 2.48E-05 0.999362538 
Trim30 NM_009099 -2.127539241 3.46E-05 0.99919117 
Maml2 NM_001013813 -2.129906683 2.71E-06 0.999868864 
Morn2 NM_194269 -2.130085571 0.000627005 0.993618335 
Gm5077 NM_173864 -2.137781891 0.001307724 0.98925234 
Fam164a NM_173181 -2.144585393 2.07E-08 0.999995974 
Smad6 NM_008542 -2.145393983 8.15E-07 0.999944455 
Ccng2 NM_007635 -2.150725841 2.89E-05 0.999287843 
Rcn3 NM_026555 -2.160963303 1.69E-08 0.999996521 
Gm11818 NM_173746 -2.162439542 0.001080884 0.99060849 
Senp7 NM_025483 -2.165280342 6.39E-07 0.999953315 
Erbb2ip NM_001005868 -2.170272658 1.59E-07 0.999982688 
Pink1 NM_026880 -2.172363014 1.24E-05 0.999610493 
Thra NM_178060 -2.173572709 2.68E-06 0.999870076 
Prrx2 NM_009116 -2.173762859 5.02E-06 0.999796207 
Fam63b NM_172772 -2.175154043 0.000172101 0.997457796 
Pcdhb17 NM_053142 -2.179657651 3.91E-05 0.999117637 
Prnp NM_011170 -2.186290577 7.45E-09 0.999998063 
Maf NM_001025577 -2.188429608 0.000102754 0.998240272 
Svep1 NM_022814 -2.190576762 1.00E-07 0.999987563 
Rb1 NM_009029 -2.195364839 2.16E-06 0.999888548 
Sesn3 NM_030261 -2.195619523 6.32E-06 0.999759967 
Bbx NM_027444 -2.200005865 2.74E-06 0.999867754 
Ppargc1a NM_008904 -2.202439788 4.10E-05 0.999086115 
Cd302 NM_025422 -2.207151172 0.000494719 0.99460753 
A630033H20Rik NM_175442 -2.209650124 0.0004204 0.995197107 
Pappa NM_021362 -2.211862587 8.07E-05 0.998518478 
Zmat1 NM_175446 -2.219142192 0.005442892 0.970729065 
Hrsp12 NM_008287 -2.226859276 8.74E-07 0.999941575 
Dennd4a NM_001162917 -2.226865602 1.08E-07 0.999986927 
Lmo7 NM_201529 -2.2291754 1.45E-06 0.999915979 
Dnm3os NR_002870 -2.231275259 7.42E-07 0.999948023 
Wdr19 NM_153391 -2.237289392 3.06E-06 0.999856998 
Ly6c1 NM_010741 -2.238708098 2.73E-05 0.99931635 
Actg2 NM_009610 -2.24186885 5.68E-05 0.998847046 
Ctns NM_031251 -2.245530861 1.99E-06 0.999894956 
Pcdhb22 NM_053147 -2.251276386 2.97E-06 0.999860155 
8430408G22Rik NM_145980 -2.254093109 0.000351973 0.99576752 
Unc5b NM_029770 -2.255674385 1.29E-06 0.999922894 
Col4a6 NM_053185 -2.259790242 1.16E-06 0.999928703 
Bicc1 ENSMUST00000099633 -2.263868292 5.30E-08 0.999992121 
Hoxa5 NM_010453 -2.270328443 1.55E-06 0.999912035 
Galnt13 NM_173030 -2.271389696 1.89E-06 0.999898795 
Meis1 NM_010789 -2.277666525 4.23E-07 0.999965221 
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Gene symbol Gene ID Fold change p-value PPDE(<p) 
Ly6c2 NM_001099217 -2.284402975 2.19E-05 0.999415967 
Dlk1 NM_010052 -2.286027849 1.38E-10 0.999999888 
Bdh2 NM_001172055 -2.30567032 1.61E-07 0.999982535 
Pcdh18 NM_130448 -2.310277892 2.95E-09 0.999999001 
Ostn NM_198112 -2.311337046 8.73E-05 0.998432908 
Ifi44 NM_133871 -2.313608753 0.001553452 0.987860712 
Hoxa3 NM_010452 -2.318930871 8.70E-05 0.998437604 
Fam114a1 NM_026667 -2.319443657 6.35E-09 0.99999827 
Alpk1 NM_027808 -2.325179893 2.91E-08 0.999994863 
P4ha3 NM_177161 -2.326888157 1.40E-06 0.999918283 
Tet1 NM_027384 -2.33766403 5.81E-06 0.999773979 
Matn2 NM_016762 -2.34619202 1.10E-07 0.999986703 
Tcn2 NM_015749 -2.350569143 0.000391045 0.995438216 
Gstm1 NM_010358 -2.359191265 6.38E-05 0.998747368 
Tet1 NM_027384 -2.360488745 6.08E-07 0.999954943 
Dzip1 NM_025943 -2.361997624 2.70E-07 0.999974762 
Col12a1 NM_007730 -2.368371121 9.16E-05 0.998378545 
Gm15698 NR_003564 -2.368640129 7.62E-05 0.99857814 
Vwa5a NM_172767 -2.371844203 2.73E-06 0.999868087 
Dhrs3 NM_011303 -2.373618659 2.11E-06 0.999890472 
Serpina1a NM_009243 -2.376696354 3.04E-05 0.999262783 
Emilin1 NM_133918 -2.384110007 1.55E-07 0.99998306 
Plp1 NM_011123 -2.389806477 9.06E-06 0.99968938 
Anpep NM_008486 -2.40699877 4.80E-05 0.998978078 
Srgap3 NM_080448 -2.407449196 5.48E-07 0.99995817 
Itm2b NM_008410 -2.409865558 9.64E-08 0.999987918 
Ang NM_001161731 -2.413769454 3.29E-05 0.999219034 
Palm2 NM_172868 -2.419752552 7.66E-08 0.999989753 
Per3 NM_011067 -2.425050335 6.02E-07 0.99995526 
Fmod NM_021355 -2.432767922 4.65E-05 0.99900029 
Anxa6 NM_013472 -2.435534339 7.40E-08 0.999990002 
Pgcp NM_018755 -2.437609898 3.21E-07 0.999971446 
Fam135b NM_177819 -2.442563309 4.51E-05 0.999022861 
Akap2 ENSMUST00000107600 -2.445150182 9.71E-08 0.999987853 
Bhlhe41 NM_024469 -2.449308511 0.000633464 0.993571703 
Tmem45a NM_019631 -2.454401938 8.41E-07 0.999943193 
Dcaf6 NM_028759 -2.466400006 1.64E-07 0.999982371 
Srgap3 NM_080448 -2.470686784 1.24E-06 0.999924873 
Smarca2 NM_011416 -2.471873472 9.82E-08 0.999987758 
Npr2 NM_173788 -2.474590766 8.22E-07 0.999944097 
Gprin3 NM_183183 -2.477373275 5.19E-05 0.998919199 
Gm4924 DQ459435 -2.490256156 1.37E-07 0.999984464 
Dennd2a NM_172477 -2.4956166 1.83E-05 0.999486161 
Aldh6a1 NM_134042 -2.495931424 1.20E-05 0.999620828 
4833427G06Rik BC048587 -2.49870713 4.52E-06 0.999811123 
Adamts2 NM_175643 -2.505723649 5.28E-08 0.999992148 
Klhl24 NM_029436 -2.506727665 3.76E-08 0.999993836 
Pdgfrb NM_001146268 -2.510546331 2.98E-10 0.999999806 
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Cp NM_001042611 -2.514581167 7.94E-07 0.999945461 
Col6a2 NM_146007 -2.515499542 8.09E-10 0.999999604 
A430107O13Rik BC151018 -2.516700873 1.72E-06 0.999905194 
Pik3ip1 NM_178149 -2.528861007 3.24E-07 0.999971234 
Cldn19 NM_153105 -2.529983514 9.90E-07 0.99993615 
Itga1 NM_001033228 -2.530405478 0.000436999 0.995062945 
Creb3l1 NM_011957 -2.557430814 1.45E-07 0.999983841 
Fam135b NM_177819 -2.567264989 9.01E-05 0.998397983 
Irx1 NM_010573 -2.583292891 1.17E-08 0.999997328 
Nuak1 NM_001004363 -2.589728416 3.77E-08 0.999993822 
Irs1 NM_010570 -2.590763518 1.58E-07 0.99998277 
Atxn1 NM_009124 -2.591809849 6.03E-07 0.9999552 
Eno2 NM_013509 -2.593440902 1.31E-08 0.999997097 
Gulp1 NM_028450 -2.600559072 1.19E-05 0.999623229 
Phxr4 NR_028271 -2.60781434 0.000586457 0.993914388 
Vmn1r32 NM_134170 -2.623370413 1.35E-05 0.999587174 
Gas1 NM_008086 -2.628910539 6.73E-09 0.999998198 
Edil3 NM_001037987 -2.647779405 8.74E-07 0.999941618 
Psd3 NM_030263 -2.664806439 1.59E-05 0.999535939 
Hoxa3 NM_010452 -2.66784678 0.000118772 0.998048651 
Acta2 NM_007392 -2.669609287 2.80E-11 0.999999964 
Timp3 NM_011595 -2.67865643 1.59E-09 0.999999357 
Fat4 NM_183221 -2.681196369 3.55E-06 0.999841087 
Igsf10 NM_001162884 -2.714212952 6.31E-06 0.999760191 
Txndc16 NM_172597 -2.717383636 7.99E-09 0.999997963 
Pdk2 NM_133667 -2.744151288 2.07E-06 0.999891733 
Psd3 NM_177698 -2.754509756 3.28E-07 0.999971041 
Arhgef9 NM_001033329 -2.771433981 6.03E-08 0.999991362 
Igsf10 NM_001162884 -2.795152543 4.68E-07 0.999962626 
Cyp1b1 NM_009994 -2.828905043 8.05E-09 0.999997951 
Aff3 NM_010678 -2.830702949 1.53E-07 0.999983163 
Alpk1 NM_027808 -2.832723408 2.36E-08 0.999995582 
Fbxl20 NM_028149 -2.836209493 1.75E-08 0.999996433 
Kdm5b NM_152895 -2.836394241 1.13E-08 0.999997392 
Igsf10 NM_001162884 -2.840410888 1.66E-07 0.999982173 
Fam13c NM_024244 -2.867762941 7.66E-08 0.999989748 
Tgfb3 NM_009368 -2.869074252 4.85E-09 0.999998573 
Copz2 NM_019877 -2.892444464 1.79E-08 0.999996373 
Prelp NM_054077 -2.904172471 1.59E-06 0.999910528 
Fcgrt NM_010189 -2.904210617 4.91E-08 0.999992538 
Adamts12 NM_175501 -2.926846122 8.48E-09 0.999997874 
Plekha4 NM_148927 -2.943682026 1.06E-07 0.999987103 
Pcdhb21 NM_053146 -2.981916751 3.37E-07 0.999970421 
Pik3r3 NM_181585 -2.982257285 7.46E-09 0.99999806 
P2rx3 NM_145526 -3.031397163 4.59E-08 0.999992886 
Sparcl1 NM_010097 -3.031432886 1.36E-06 0.999920034 
Gm10786 ENSMUST00000099550 -3.034997651 4.29E-08 0.999993224 
A930001N09Rik NM_029870 -3.120293189 2.48E-07 0.999976241 
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Prkg1 NM_001013833 -3.121970128 1.00E-07 0.999987556 
Cacna1g NM_009783 -3.149749189 5.25E-09 0.99999849 
Aim1 NM_172393 -3.150173945 3.41E-09 0.999998891 
Smoc2 NM_022315 -3.275773947 4.94E-07 0.999961146 
Fetub NM_021564 -3.289346542 2.02E-06 0.999893647 
Tgfbi NM_009369 -3.371501105 6.88E-08 0.999990511 
Masp1 NM_008555 -3.423534499 2.48E-09 0.999999118 
Lgr4 NM_172671 -3.448515442 3.85E-11 0.999999955 
Slc1a3 NM_148938 -3.462235414 3.05E-09 0.999998975 
Adam23 NM_011780 -3.481592028 1.19E-09 0.999999476 
Atoh8 NM_153778 -3.484320489 5.34E-08 0.999992075 
Col6a1 NM_009933 -3.499890745 6.22E-11 0.999999937 
Tcp11l2 NM_146008 -3.528728929 5.57E-05 0.998863103 
Col3a1 NM_009930 -3.552295707 6.86E-07 0.999950884 
Adamts5 NM_011782 -3.640186021 1.06E-10 0.999999907 
Plcd1 NM_019676 -3.684878304 2.64E-07 0.999975158 
Cyp26b1 NM_175475 -3.817299375 5.41E-10 0.999999703 
Pdcd4 NM_011050 -3.831890562 2.24E-10 0.999999842 
Fam135b NM_177819 -3.861149724 3.69E-05 0.999152305 
Kazald1 NM_178929 -3.986012743 8.10E-10 0.999999603 
Sned1 NM_172463 -4.123749419 2.87E-10 0.999999811 
Hoxa2 NM_010451 -4.174778097 4.73E-08 0.999992734 
Dbp NM_016974 -4.191493054 5.55E-10 0.999999697 
Gsta4 NM_010357 -4.204268042 1.40E-12 0.999999996 
Lxn NM_016753 -4.229722079 2.23E-10 0.999999842 
Calml4 NM_138304 -4.256931564 1.09E-05 0.999644552 
Ogn NM_008760 -4.325625475 8.11E-07 0.999944653 
C1s NM_144938 -4.342960356 5.92E-06 0.999770953 
Lpar4 NM_175271 -4.357800365 5.77E-10 0.999999689 
Vip NM_011702 -4.417041825 1.48E-09 0.999999389 
Pmp22 NM_008885 -4.58958387 4.88E-11 0.999999947 
Tnfrsf11b NM_008764 -4.594957783 1.38E-08 0.999996996 
Fxyd1 NM_052992 -4.684033206 3.30E-06 0.999849167 
Cbr2 NM_007621 -5.225694499 3.32E-09 0.999998912 
Adamts1 NM_009621 -6.099830421 7.77E-14 0.999999999 
AI451617 NM_199146 -6.150478782 1.08E-05 0.999647325 
Pdk4 NM_013743 -6.324283694 9.52E-10 0.999999555 
Clec2d NM_053109 -6.824181942 1.38E-10 0.999999888 
Wisp2 NM_016873 -7.068927407 3.11E-09 0.999998963 
Aspn NM_025711 -8.465639305 9.36E-09 0.999997719 
Ptn NM_008973 -9.019974873 3.81E-11 0.999999955 
Postn NM_015784 -11.66763956 9.01E-06 0.999690655 
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Appendix C.2: Gene expression array data: Hippo components 
 
Table C.2 Gene expression array data for Hippo signalling pathway components following 
YAP induction. 
NIH3T3 imYAP cells were treated with or without 100 nM 4HT for 48 h. Total RNA was 
extracted from cells using the Qiagen miRNeasy Mini Kit and Affymetrix expression 
microarrays were performed. Genes that were significantly regulated (p<0.05) greater than two-
fold (red), and less than two-fold (blue) are indicated. 
 

Mammalian 
component 

Gene symbol Gene ID aFold change p-value PPDE (<p) 

YAP Yap1 NM_001171147 +10.26 0 0.9999 

TAZ Wwtr1 NM_133784 +1.30 7.40x10-3 0.9637 

Positive regulators of TAZ inhibition/degradation 

Mst1/2 
Stk4 NM_021420 +1.47 3.83x10-4 0.9955 
Stk3 NM_019635 -1.18 NS N5% 

WW45 Sav1 NM_022028 -1.12 NS N5% 

Lats1/2 
Lats1 NM_010690 +1.10 NS N5% 

Lats2 NM_015771 +1.63 5.12x10-5 0.9989 

Mob1a/b 
Mobkl1b NM_145571 -1.04 NS N5% 

Mobkl1a NM_026735 -1.08 NS N5% 

TAO 
Kinase1-3 

Taok1 NM_144825 -1.29, -1.12 NS N5% 
Taok2 NM_001163774 -1.23 NS N5% 
Taok3 NM_001081308 -1.14 NS N5% 

14-3-3 
Ywhaz NM_011740 +1.15 5.93x10-3 0.9689 
Ywhab NM_018753 -1.07 NS N5% 
Ywhae NM_009536 +1.10 NS N5% 

PTPN14 Ptpn14 NM_008976 -1.17 NS N5% 

KIBRA 
Wwc1 NM_170779 +1.67 1.25x10-4 0.9979 

Wwc2 NM_133791 +1.16 NS N5% 

FRMD6 Frmd6 NM_028127 +1.30 NS N5% 

NF2 Nf2 NM_010898 +1.08 NS N5% 

Crb1-3 
Crb1 NM_133239 +1.07 NS N5% 
Crb2 NM_001163566 +1.09 NS N5% 
Crb3 NM_177638 +1.03 NS N5% 

PALS1 Mpp5 NM_019579 -1.15 NS N5% 

PATJ Inadl NM_172696 -1.20 NS N5% 

Scrib Scrib NM_134089 +1.26 NS N5% 

Lgl1-2 
Llgl1 NM_008502 +1.01 NS N5% 

Llgl2 NM_145438 +1.59 1.86x10-3 0.9862 

Dlg 

Dlg1 NM_007862 +1.03 NS N5% 
Dlg2 NM_011807 +1.66 3.15x10-3 0.9800 
Dlg3 NM_016747 -1.18 NS N5% 
Dlg4 NM_007864 -1.20 NS N5% 
Dlg5 NM_001163513 -1.11 NS N5% 
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Table C.2 cont. 
 

Mammalian 
component 

Gene symbol Gene ID aFold change p-value PPDE (<p) 

Positive regulators of TAZ inhibition/degradation cont. 

AMOT, 
AMOTL1/2 

Amot NM_153319 -1.29 NS N5% 
Amotl1 NM_001081395 -1.23 NS N5% 
Amotl2 NM_019764 -1.10 NS N5% 

Fat4/Fat-j Fat4 NM_183221 -2.68 3.55x10-6 0.9998 

Dchs1/2 Dchs1 NM_001162943 +1.21 NS N5% 

Fjx1 Fjx1 NM_010218 -1.07 NS N5% 

Lix1 Lix1 NM_025681 +1.21 NS N5% 

Lix1-like Lix1l NM_001163170 -1.54 9.44x10-5 0.9983 

GSK-3 
Gsk3a NM_001031667 +1.05, +1.02 NS N5% 

Gsk3b NM_019827 -1.12 NS N5% 

CK1δ/ε 
Csnk1d NM_027874 +1.10 NS N5% 
Csnk1e NM_013767 +1.04 NS N5% 

β-TrCP Btrc NM_001037758 -1.21 NS N5% 

Negative regulators of TAZ inhibition/degradation 

aPKC λ/ζ 
Prkci  NM_008857 +1.09 NS N5% 

Prkcz NM_008860 +1.46 8.46x10-3 0.9602 

PAR3 Pard3 NM_033620 -1.05 NS N5% 

PAR6 
Pard6a NM_001047436 -1.11 NS N5% 

Pard6b NM_021409 +2.03 1.15x10-5 0.9996 

Zyxin Zyx NM_011777 +1.93 1.63x10-8 0.9999 

Lpp Lpp NM_178665 -1.01, +1.04 NS N5% 

Trip6 Trip6 NM_011639 -1.08 NS N5% 

Wbp2 Wbp2 NM_016852 -1.02 NS N5% 

ZO-2 Tjp2 NM_011597 +1.61 1.11x10-4 0.9981 

MASK1/2 
Ankhd1 NM_175375 -1.07 NS N5% 

Ankrd17 NM_030886 -1.02 NS N5% 

RASSF1-6 
 

Rassf1 NM_019713 +1.38 6.24x10-3 0.9678 

Rassf2 NM_175445 +1.85 5.34x10-5 0.9988 

Rassf3 NM_138956 +1.16 NS N5% 

Rassf4 NM_178045 -1.17 NS N5% 

Rassf5 NM_018750 +1.25 NS N5% 

Rassf6 NM_028478 +1.21 NS N5% 

PP2A  
Ppp2ca NM_019411 -1.01 NS N5% 

Ppp2cb NM_017374 +1.28 NS N5% 

PP1 

Ppp1ca NM_031868 +1.20 NS N5% 

Ppp1cb NM_172707 -1.00 NS N5% 

Ppp1c NM_013636 +1.02, +1.09 NS N5% 

ASPP2 Trp53bp2 NM_173378 +1.07 NS N5% 
 
a (-) decreased expression, (+) increased expression in the induced YAP samples compared to un-induced samples. 
NS – not significant, N5% – false discovery rate not within 5%. 
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Appendix C.3: Gene expression array data: GSK-3 regulators 
 

Of the known negative regulators of GSK-3 detected in the array, only PKAβ (1.25-

fold, p=7.61x10-3), Erk1 (Mapk3) (1.55-fold, p=5.00 x10-4), and a single PKC gene 

(Prkcd) (1.4-fold, p=4.39x10-3) were significantly decreased following YAP induction 

(Table C.3). Furthermore, no genes that would increase GSK-3 activity were up-

regulated by YAP induction (Table C.3). Indeed, YAP-induction resulted in the 

regulation of a greater number of negative regulators of GSK-3 than positive, including 

up-regulation of ILK (1.72-fold, p=6.07x10-7) and p38 MAPKβ (1.47-fold p=6.83x10-

4), and down-regulation of Fyn (1.47-fold p=3.26x10-4) (Table C.3). 
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Table C.3 Gene expression array data for PI3K/Akt-independent regulators of GSK-3 
activity following YAP induction. 
NIH3T3 imYAP cells were treated with or without 100 nM 4HT for 48 h. Total RNA was 
extracted from cells using the Qiagen miRNeasy Mini Kit and Affymetrix expression 
microarrays were performed. Genes that were significantly regulated (p<0.05) are indicated in 
blue. 
 

Mammalian 
component 

Gene 
symbol 

Gene ID aFold change p-value PPDE (<p) 

Negative regulators of GSK-3 activity 

ILK Ilk NM_010562 +1.72 6.07x10-7 0.9999 

PKA (α/β) 
Prkaca NM_008854 +1.23 NS N5% 

Prkacb NM_011100 -1.25 7.61x10-3 0.9631 

PKC 

Prkca NM_011101 -1.15 NS N5% 

Prkcb NM_008855 +1.12 NS N5% 

Prkcd NM_011103 -1.40 4.39x10-3 0.9950 

Prkce NM_011104 -1.19 NS N5% 

Prkci NM_008857 +1.09 NS N5% 

Prkcz NM_008860 +1.46 8.46x10-3 0.9603 

p90Rsk Rps6ka1 NM_009097 +1.00 NS N5% 

p70S6K Rps6kb1 NM_001114334 +1.32 NS N5% 

p38 MAPK 
(α/β/γ/δ) 

Mapk14 NM_011951 +1.17 NS N5% 

Mapk11 NM_011161 +1.47 6.83x10-4 0.9932 

Mapk12 NM_013871 +1.17 NS N5% 

Mapk13 NM_011950 +1.09 NS N5% 

Csk Csk NM_007783 +1.11 NS N5% 

Erk1/2 
Mapk3 NM_011952 -1.55 5.00 x10-4 0.9946 

Mapk1 NM_011949 +1.03 NS N5% 

Positive regulators of GSK-3 activity 

Fyn Fyn NM_001122893 -1.47 3.26x10-4 0.9959 

Pyk2 Ptk2b NM_001162365 -1.19 NS N5% 

MEK1/2 
Map2k1 NM_008927 +1.08 NS N5% 

Map2k2 NM_023138 +1.15 NS N5% 

PP2A  
Ppp2ca NM_019411 -1.01 NS N5% 

Ppp2cb NM_017374 +1.28 NS N5% 

PP1 

Ppp1ca NM_031868 +1.20 NS N5% 

Ppp1cb NM_172707 -1.00 NS N5% 

Ppp1c NM_013636 +1.02, +1.09 NS N5% 

 
a (-) decreased expression, (+) increased expression in the induced YAP samples compared to un-induced samples. 
NS – not significant, N5% – false discovery rate not within 5%. 

 


