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ABSTRACT 

The transcriptional co-activator with PDZ-binding domain (TAZ) is a key 

downstream component of the Hippo pathway that plays important roles in animal size 

control, stem cell renewal, differentiation and tumorigenesis. We and others have 

previously characterized TAZ as a transcriptional co-activator which regulates cell 

migration, invasion, proliferation and epithelial-mesenchymal transition (EMT). However, 

the molecular mechanisms underlying TAZ-mediated phenotypes as well as its implications 

in tumorigenesis are still not fully addressed. To identify the genes mediating TAZ 

function, we have performed DNA microarray screenings. Surprisingly, we have identified 

over 400 genes negatively regulated by TAZ. Further mRNA and protein quantification 

assays by qRT-PCR and western blot confirmed ΔNp63, a member of the p53 tumor 

suppressor family, as a significant downregulated target in TAZ-overexpressing MCF10A 

(MCF10A-TAZ) non-tumorigenic mammary cells. Moreover, luciferase assays have shown 

that TAZ regulation of the ΔNp63 promoter activity is mainly mediated by the TEA 

domain (TEAD) family of transcription factors. Interestingly, loss of TEAD abolishes 

TAZ-induced suppression of ΔNp63. We have further shown that TAZ interacts with other 

transcription factors, including the thyroid transcriptional factor 1 (TTF-1) to enhance 

ΔNp63 repression. Surprisingly, TTF-1-mediated repression was also compromised in 

TEAD-lacking conditions, thus elucidating a novel transcriptional complex for gene 

suppression.  Finally, we have shown that re-introduction of ΔNp63 into MCF10A-TAZ 

cells partially rescues TAZ-induced cell migration. Together, these findings have identified 

TAZ as a novel dual modulator of cellular gene expression, arguing against its sole role as a 

transcriptional co-activator. Future elucidation of the clinical implications of TAZ as a co-
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repressor of genetic transcription might contribute significantly to our better understanding 

of the roles of TAZ in breast cancer development, as well as illustrating novel strategies to 

target this signaling pathway for cancer therapies. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 BREAST CANCER 

1.1.1 Cancer statistics 

The most recent cancer estimates for 2012 provided by the International Agency for 

Research on Cancer, have shown an overall increase in global cancer burden since 2008. In 

2012, there were 14.1 million new cancer cases, 8.2 million cancer related deaths and about 

32.6 million 5-year prevalent cancer cases. Among these, breast cancer is the second most 

common cancer in the world, the fifth cause of cancer-related deaths overall, and the most 

frequent cancer among women (1). Since 2008, breast cancer incidence and mortality has 

increased by 20% and 14%, respectively. Worldwide, 1.7 million new breast cancer cases 

were diagnosed in 2012, and about 6.3 million patients were living with cancer within 5 

years of diagnosis. Furthermore, breast cancer leads as the most common cause of death 

from cancer among women in less developed regions, while it ranks as second in more 

developed countries, with a total 522 thousand deaths worldwide. This inequality between 

rich and poor countries is likely due to a lack of early detection, treatment facilities and 

access to clinical and technological advances (1, 2). 

According to the Canadian Breast Cancer Foundation, 1 in 9 Canadian women is 

expected to develop breast cancer in her lifetime and 1 in 29 to die from this disease. 

However, it is estimated that breast cancer deaths have decreased by 42% from 1986 to 

2013 (3). Improvements in diagnosis, screening technologies and therapy approaches have 

significantly contributed to this survival rate in patients. Currently, there are about 2.8 
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million breast cancer survivors in the USA, 570 thousand in the UK, and 157 thousand in 

Canada (1, 4). However, the risk of breast cancer recurrence, spread and therapy resistance, 

together with the molecular complexities of cancer itself, makes therapeutic innovation a 

challenging issue. Nevertheless, there is an urgent need to develop new effective and 

economically feasible approaches to improve early detection methods, current treatment 

options, survival rates and quality of life of breast cancer patients.  

 

1.1.2 Breast cancer development  

Breast cancer development is a multistep process by which cells acquire a series of 

DNA mutations that eventually lead to abnormal cellular signaling including uncontrolled 

cell proliferation and tumor formation. Although its pathogenesis is not fully understood, 

several factors have been associated with an increased risk of breast cancer development. A 

commonly studied factor associated with breast cancer carcinogenesis is genetic 

susceptibility or hereditary predisposition. BRCA1 and BRCA2 tumor suppressor genes are 

two of the most important susceptibility genes associated with this disease. Deficiencies in 

BRCA1/2 have been found in 5 to 10% of all breast cancer cases, and account for more 

than 40% of all inherited breast cancers (5, 6).  Although both BRCA1 and BRCA2 play 

important roles in DNA repair mechanisms, BRCA1 is also involved in transcription 

regulation, chromatin remodeling, and breast stem cell control, among other functions (7-

9). Therefore, it is not surprising that women with an inherited mutation in BRCA1 will 

have 55 to 65% probability of developing breast cancer compared to 45% in BRCA2 

inherited mutations (10). TP53 and PTEN genes are critical regulators of cell proliferation 

that are also associated with a small percentage of inherited breast cancer cases (4). 
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Deregulation of these genes promotes genomic instability, uncontrollable cellular 

proliferation, and eventually tumorigenesis. 

Besides family predisposition, somatic alterations such as genetic amplifications, 

overexpression, translocations or deletions, are common risk factors for breast 

tumorigenesis. Tumor suppressor genes are often associated with maintaining genomic 

integrity and stability, while oncogenes typically regulate the cell cycle. Mutations in tumor 

suppressor genes or oncogenes often lead to cancer development. For instance, somatic 

mutations in TP53 occur in 20 to 40% of all breast cancers. Commonly, these cancers 

display loss of function of the TP53-encoded protein p53, and other tumor suppressor 

proteins such as retinoblastoma protein Rb and cyclin-dependent kinase inhibitor p27 (6). 

Moreover, overexpression of human epidermal growth factor receptor 2 (HER2) or myc 

oncogenes is highly associated with breast carcinogenesis, and accounts for about 20 to 

30% and 15 to 25% of breast cancer cases, respectively (6). Other risk factors for breast 

carcinogenesis include: reproductive history associated with elevated estrogen levels; 

prolonged hormone replacement therapy with either estrogen alone or in combination with 

progestin; life-style factors, such as nutrition, physical activity, alcohol consumption; and 

environmental factors such as exposure to ionizing radiation or carcinogens (3).  

The transition from normal to malignant breast tissue involves several stages. After 

cells have been genetically damaged, normal tissues acquire an increased proliferative 

capacity known as hyperplasia. Further DNA alterations can lead to epithelial anomalies 

and morphological abnormalities known as dysplasia or atypia. Subsequent mutations 

promote formation of tumors that can be either benign (not life-threatening), or malignant. 

The first stage of breast cancer, known as carcinoma in situ (CIS), is characterized by an 
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abnormal cell growth that remains at the site of origin (11). In breast cancer, CIS is divided 

into three subtypes: Ductal CIS (DCIS); Lobular CIS (LCIS); and Paget disease of the 

nipple. DCIS refers to non-invasive, abnormal cells localized in the breast ducts, whereas 

LCIS tumors are found in the breast lobules, and Paget disease in the nipple only. Although 

CIS is not typically life-threatening it can often acquire further alterations and become 

invasive (11, 12). The rapid and uncontrolled growth displayed by invasive tumors allows 

the cells to spread to nearby tissues. Finally, a tumor becomes metastatic when it acquires 

the ability to enter the blood stream or lymphatic system, spread to distant tissues, and form 

secondary tumors known as metastases (11-14).   

 

1.1.3 Treatment 

Breast cancer treatment approaches are highly dependent on the tumor’s staging and 

genetic features. Common treatments for breast cancer patients include surgery, 

chemotherapy, radiotherapy, or a combination of these. Typically, patients with 

noninvasive cancers undergo local treatments which may include whole breast removal 

(known as mastectomy), or breast conserving approaches including primary tumor removal 

such as quadrantectomy, lumpectomy or wide tumor excision (15). Post-surgery treatments 

such as chemotherapy, radiotherapy and/or targeted therapy are also common in many 

breast cancer patients.  

More aggressive and invasive cancers are treated with systemic or body-wide 

treatments that include chemotherapy, hormone therapy and immunotherapy. Most 

chemotherapeutic drugs inhibit cell proliferation by inducing DNA damage or inhibiting 
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proliferation-associated gene expression. On the other hand, hormone therapy involves the 

manipulation of the endocrine system through the administration of hormone antagonists, 

whereas immunotherapeutic approaches seek to enhance or suppress the immune response 

(16). According to Perou et al. breast tumors can be classified into three groups: Estrogen-

receptor alpha (ERα)-positive, HER2-positive, and Triple-negative [ERα-negative, HER2-

negative and Progesterone receptor (PR)-negative] breast cancers (17). Moreover, genetic 

profiling of these tumors elucidated 5 different subgroups: Luminal-like A, Luminal-like B, 

basal-like, HER2-enriched and Triple-negative Claudin
low

, according to their resemblance 

to luminal epithelial, myoepithelial, HER2 overexpressing, or mesenchymal/cancer stem 

cell (CSC)-like cells, respectively (17).    

Some of the most commonly used drugs for ERα-positive tumors include: anti-

estrogens (tamoxifen and fulvestrant); aromatase inhibitors (letrozole); DNA damaging 

agents such as anthracyclines (doxorubicin and epirubicin); and anti-microtubule agents 

such as taxanes (e.g. paclitaxel, also known as taxol) (18-21). Moreover, HER2-positive 

treatments include anti-HER2 antibody drugs (trastuzumab and pertuzumab); HER2 kinase 

inhibitors (lapatinib); and a combination of these with other taxanes (taxol and docetaxel) 

or anthracyclines (18, 22-24). Since Triple-negative breast cancers lack the most common 

receptors targeted through chemotherapies, they represent the most difficult cancers to treat 

and often require combinational therapies. Some drugs used to treat Triple-negative tumors 

are epidermal growth factor receptor (EGFR) targets (Gefitinib erlotinib); polyadenosine 

diphosphate ribose polymerase (PARP) inhibitors; or a combination of these with 

anthracyclines and/or taxanes (18, 25-26). Other drugs commonly used for breast cancer 

treatment include platinum compounds (carboplatin and cisplatin); alkylating agents 
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(carmustine, cyclophosphamide and temozolomide); antimetabolites (fluorouracil and 

methotextrate) and vinca alkaloids (vinblastine, vindesine and vincristine), among others 

(27-28). However, despite the variety of drugs and strategies available for breast cancer 

therapy, often patients present tumor recurrence and/or develop resistance to these 

therapies. Therefore, identifying and targeting novel molecular mechanisms involved in 

these processes is crucial for ensuring a higher survival and therapy-success rate in breast 

cancer patients.  

 

1.2 THE HIPPO PATHWAY 

1.2.1 The Hippo pathway in Drosophila 

The Hippo pathway is a recently discovered and evolutionarily conserved tumor 

suppressor pathway that acts as a key regulator of organ size control. Besides regulating 

cell-cell contact growth inhibition signaling through cell polarity and adhesion proteins, the 

Hippo pathway has been shown to control other biological functions such as cell 

proliferation, apoptosis, stem cell self-renewal, and tissue regeneration (29-31).  

In 1995, two different genetic screens in Drosophila identified one of the main core 

components of the Hippo pathway (Fig. 1.1).  Xu et al. demonstrated that homozygous 

mutations of the large tumor suppressor (lats) resulted in increased cell proliferation and 

tissue overgrowth (32). Similar, Justice et al. identified lats (which they called wts) as a 

tumor suppressor gene able to modulate cell shape and proliferation (33). Both studies 

proposed lats as a protein kinase encoder, thus providing the first indications that the Hippo 

pathway worked through kinase-cascade signaling mechanisms. Later, Wu et al. identified 
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Figure 1.1 The Hippo pathway in mammals and Drosophila. The Hippo signaling 

pathway is evolutionally conserved from Drosophila to mammals. The main components of 

the mammalian (left) and Drosophila (right) Hippo pathways are shown above. Arrow lines 

and blunt lines correspond to activators and inhibitors of the pathway, respectively.  The 

following abbreviations are used for the mammalian pathway: Fat1-4 (FAT), Merlin (Mer), 

Expanded (Ex), Salvador (Sav1), Mammalian sterile 20-like 1/2  (MST1/2), Large tumor 

suppressor 1/2 (LATS1/2), Mps one binder (MOB), Yes-associated protein (YAP), 

Transcriptional co-activator with PDZ-binding domain (TAZ), Scribble (Scrib), angiomotin 

(AMOT), Crumbs (CRB), Transcription enhancer factor (TEAD), Connective tissue growth 

factor (CTGF), Cysteine rich 61 (Cyr61), amphiregulin (AREG). The following 

abbreviations are used for the Drosophila pathway: Dachsous (Dachs), fat (Fat), Crumbs 

(Crb), Merlin (mer), Expanded (Ex), Scribble (Scrib), Lethal giant larvae (Lgl), Discs large 

(Dlg), Echinoid (Ed), Hippo (hpo), Salvador (sav), Mob as tumor suppressor (mats), large 

tumor suppressor (lats), Yorkie (Yki), Scalloped (Sd), Drosophila inhibitor of apoptosis 

(DIAP1). (Valencia Sama I., Original figure, 2014). 
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Hippo (Hpo), a Ste-20 family protein kinase upstream of Lats that worked to restrict cell 

proliferation and promote apoptosis by interacting with the adaptor protein Salvador (sav) 

(34). Interestingly, mob as a tumor suppressor (Mats) was also shown to strongly interact 

with Lats to mediate cell proliferation and death (35). At this point it is worth noting that 

although these Hippo components were implicated in cell proliferation and apoptosis 

through regulation of cyclin E (cycE), zyxin, LIMK1 and Drosophila inhibitor of apoptosis 

(DIAP) (34, 36-39), none of these Lats targets could fully explain the excessive tissue 

overgrowth observed in lats mutants. D. Pan and his group were the first to elucidate this 

target in Drosophila (29). In this study, they identified Yorkie (Yki) as a downstream 

component of the Hippo pathway regulated and inactivated by Lats. Yki was characterized 

as a transcriptional activator involved in tissue growth after observing increased cycE and 

DIAP expression, enhanced proliferation and reduced apoptosis in Yki-overexpressing 

mutants. Currently, this pathway has been well established as a functionally conserved 

kinase cascade in which Hpo regulates the activation of Lats and the cellular localization of 

Yki. The signaling cascade requires the Hpo-mediated phosphorylation of the scaffold 

protein Mats and the adaptor protein Sav, which in turn promote the formation of Hpo-Sav 

complexes (34) Hpo-Sav complexes are responsible for Lats phosphorylation, an important 

but not yet sufficient modification for its activation. Subsequent binding of Mats to the N-

terminal region of Lats enables the autophosphorylation and full activation of this kinase 

protein (40). Once this activation occurs, Lats acts as a negative regulator of the co-

transcriptional activity of Yki through inhibiting its nuclear translocation (29). This 

inhibiting mechanism requires Lats-mediated phosphorylation of serine residue 168 

(Ser168) in Yki, which in turn creates a 14-3-3 protein binding site that promotes its 

cytoplasmic retention and transcriptional inhibition (41-42). In its dephosphorylated state, 
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Yki translocates to the nucleus where it mediates gene transcription initiation by interacting 

with DNA binding partners such as Scalloped (Sd), Homothorax (Hth), Teashirt (Tsh), and 

Mothers against dpp (Mad) (43-47).  

Elucidating the Hippo’s upstream and downstream signaling process has 

represented a challenging task to accomplish due to the complexity of its biochemical 

mechanisms. Although many questions still remain unanswered, some of the main 

regulatory mechanisms underlying the Hippo pathway have been discovered. Four 

transmembrane proteins have been identified upstream of this pathway: the apical polarity 

complex Crumbs (Crb), the cell adhesion determinant Echinoid (Ed), and the two atypical 

cadherins Fat and Dachsous (Dachs) (48-53).  Additionally, other signaling proteins such as 

the WW-domain containing protein Kibra and the two FERM-domain containing adaptor 

proteins Merlin (mer) and Expanded (ex), have been shown to form complexes with several 

upstream and core components of the Hippo pathway in order to regulate Lats and/or Yki 

(54-58).  Other upstream inputs such as the scaffold proteins Scribble (Scrib), Disc large 

(Dlg), and Lethal giant larvae (Lgl) have been previously associated with the maintenance 

of apical-basal polarity and Hippo pathway regulation (48, 59). Together, these findings 

have confirmed the association of many of the Hippo pathway regulators with cell-cell 

junction signaling, thus highlighting the major impact of cell polarity, cell density and cell-

cell contact in regulating the Hippo signaling and functions.  
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1.2.2 The Hippo Pathway in mammals 

The components of the Hippo pathway discovered in Drosophila are also 

evolutionarily and functionally conserved in mammals (Fig. 1.1). The mammalian 

homologues of the core components Hpo, Lats, sav and Mats found in Drosophila, were 

identified as the Mammalian Sterile-20 like kinase 1/2 (MST1/2), Large tumor suppressor 

1/2 (LATS1/2), Salvador (Sav1; also known as WW domain protein 45, or WW45) and 

Mob1A/1B, respectively (60-64). Moreover, the transcriptional co-activator Yki has two 

mammalian homologues identified as Yes-associated protein (YAP) and Transcriptional 

co-activator with a PDZ-binding domain (TAZ) (65).  

Similar to Drosophila, the mammalian MST1/2 phosphorylates and activates 

Mob1A/1B and Sav1, and associates with Sav1 to form a complex able to phosphorylate 

the hydrophobic domain of LATS1/2. The pre-activated Mob1A/1B then binds to the N-

terminal region of LATS1/2, thus enabling the autophosphorylation and complete 

activation of LATS1/2 (66). Finally, LATS1/2 phosphorylates downstream effector 

proteins YAP and TAZ, and promotes their cytoplasmic retention and/or degradation.
 

LATS1/2-mediated phosphorylation of Ser127 and Ser89 promotes cytoplasmic 

sequestration of YAP and TAZ, respectively, by creating a binding site for 14-3-3 proteins 

(66-68). Conversely, YAP and TAZ in their dephosphorylated status are able to enter the 

nucleus, interact with multiple transcription factors and exert high transactivation activities. 

The TEA domain family members (TEADs; also known as Transcription enhancer factor, 

or TEF) are the mammalian homologues of Sd, and have been shown to be one of the main 

interacting partners of YAP and TAZ (69-70). 
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The upstream components and mechanisms of the mammalian Hippo signaling are 

also extremely conserved from those of the fly. As previously mentioned, many of these are 

components of tight junctions, adherens junctions or apical-basal polarity complexes.  In 

mammals, the upstream Hippo regulators Merlin (Mer; also known as NF2), KIBRA, 

FAT1-4, Ex (also known as FRMD6) and CRB1-3 have been identified as homologues of 

mer, Kibra, Fat, ex and Crb in Drosophila (71). However, some of their molecular 

mechanisms have not been fully elucidated yet, and their functional relevance has more 

than once shown differences from that of the fly. For instance, our lab has shown that 

FRMD6, the mammalian homologue of Ex, inhibits cell proliferation and chemoresistance 

to Taxol in a Hippo-independent manner, in contrast to its Hippo-dependent role in fly (72). 

Furthermore, the Angiomotin (AMOT) family members AMOTL1 and AMOTL2 have 

been shown to play important roles in regulating the mammalian Hippo pathway by 

interacting with YAP/TAZ and promoting their cytoplasmic retention (73-75). Vertebrates 

have also been shown to use components of the E-cadherin/α-catenin complex as main 

Hippo pathway regulators (76-77).  The fact that these and other mechanisms have not been 

elucidated in Drosophila suggests a higher degree of molecular complexity may have 

evolved in the mammalian Hippo pathway. However, key questions regarding mammalian-

specific components and mechanisms regulating Hippo, remain to be addressed.  
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1.3 TAZ 

1.3.1 Overview of TAZ 

TAZ [also known as WW domain containing transcription regulator 1 (WWTR1)], 

is a key downstream component of the mammalian Hippo Pathway. TAZ was initially 

discovered by M.B. Yaffe and his group after performing cDNA pool screens which 

identified TAZ as a novel binding partner of 14-3-3 proteins in vitro (78). In this study, 

TAZ was identified as an evolutionarily conserved paralog of YAP whose function was 

suppressed following 14-3-3 protein binding, which resulted in cytoplasmic sequestration. 

Furthermore, the PDZ domain-binding motif localized on the C-terminus of TAZ was 

shown to be critical for TAZ translocation into the nucleus where it acts as a transcriptional 

co-activator of gene expression (78). Following this discovery, several groups identified 

TAZ as a key enhancer of gene transcription through its interaction with various 

transcription factors such as the thyroid transcription factor 1 (TTF-1; also known as 

NKX2.1), T-box transcription factor 5 (TBX5), Paired box homeotic gene (Pax3) and 

TEAD (79-83). After these findings, many research groups became particularly interested 

in elucidating the role of TAZ in tissue development and tumorigenesis. However, it was 

not until 2008 when several ground-breaking discoveries proposed TAZ as a major 

regulator of cellular proliferation, cell migration and invasion, epithelial-mesenchymal 

transition (EMT), human embryonic stem cell (SC) self-renewal, and tumor progression 

(84-86). Since then, much progress on understanding the molecular mechanisms underlying 

the tumorigenic potential and functionality of TAZ has been made. This section seeks to 

present an overview of the main regulatory processes of TAZ, as well as its biological, 

biochemical and clinical importance in tissue development and cancer.  
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1.3.2 Structure of TAZ 

TAZ and its paralog YAP are the mammalian homologues of Yki in Drosophila.  

Although they all share several structural and functional features, TAZ contains unique 

characteristics that dictate its specificity and functionality (Fig. 1.2). Out of these three, 

TAZ is the smallest protein of all with 400 amino acids length total, compared to 488 and 

418 in YAP and Yki, respectively. It shares 46% of its amino acid sequence with YAP and 

contains a similar domain organization (69). However, one of the most striking differences 

among YAP, Yki and TAZ is the number of WW domains contained in their sequences, 

being typically two for YAP and Yki, and one for TAZ. The WW domain consists of two 

tryptophan (W) residues typically separated by 20 amino acids, which interact with L/PPxY 

motifs (L, leucine; P, proline; x, any amino acid; Y; tyrosine) contained in many 

transcription factors and other proteins. This, along with an N-terminal proline-rich region 

and SH-3 binding motif contained in YAP, but not TAZ, is believed to confer signaling 

specificity, and accounts for differences in size and functionality (78).  

Both TAZ and YAP contain an evolutionarily conserved C-terminal sequence which 

consists mainly of a coiled-coil (CC) region, a transactivation (TA) domain and a PDZ-

binding motif. The CC region is responsible for mediating protein-protein interactions, 

whereas the PDZ-binding motif specifically interacts with PDZ domain-containing 

molecules, such as transmembrane proteins (78).  These PDZ proteins play a critical role in 

TAZ nuclear localization and thus, functionality. Furthermore, the TA domain regulates the 

transcriptional activity of TAZ. Evidence suggests that the human TA domain of TAZ 

contains a highly conserved tyrosine (Y) residue, Y316, critical for its activation upon 

phosphorylation (87). 
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Figure 1.2 Structure of TAZ. TAZ is 400 amino acid (aa) long protein.  The structure of 

TAZ is comprised of an N-terminal TEAD binding domain (TBD) which interacts with 

TEAD proteins; a WW domain (WW) which mainly interacts with L/PPxY motifs; a 

coiled-coil region (CC) responsible for protein-protein interactions; a transactivation (TA) 

domain; and a C-terminal PDZ-binding motif. The specific LATS-phosphorylated serine 

(S) residues are indicated in purple.  (Valencia Sama I., Original figure, 2014). 
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Moreover, within the N-terminus of TAZ and YAP lies a TEAD binding domain 

(TBD) responsible for the interaction with the TEAD family of transcription factors. 

Mounting evidence over the years has supported TEAD family members as one of the most 

common binding partners of TAZ, which play crucial roles in mediating many TAZ 

functions, including oncogenic transformation (88-89). Also located within the N-terminus 

of TAZ, is a well characterized Ser89 which is critical for 14-3-3 binding and cytoplasmic 

retention. This process is dependent upon LATS1/2 kinase phosphorylation of Ser89, which 

enables 14-3-3 proteins to sequester TAZ, thus inhibiting its binding with transcription 

factors and nuclear translocation. Interestingly, this mechanism is reversed after 

substituting this serine with an alanine (S89A), which enables TAZ to become 

constitutively active in the nucleus (78).  

Also mediated by LATS1/2 is the phosphorylation of Ser311 located on TAZ C-

terminus. This event leads to further phosphorylation of Ser314 and SCFβ-TrCP E3 

ubiquitin ligase-mediated ubiquitylation and degradation of TAZ (90). Recently, K.L. Guan 

and his group have identified a TAZ-specific and LATS1/2-independent mechanism by 

which glycogen synthase kinase 3β (GSK3β) promotes TAZ degradation after Ser58/62 

phosphorylation and subsequent SCFβ-TrCP E3 ligase recruitment in response to 

phosphatidylinositol 3-kinase (PI3K) inhibition (91). Therefore, the importance of a 

biochemical balance to occur between the molecular mechanisms underlying TAZ cellular 

localization is a critical factor that dictates its functional fate.   
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1.3.3 Function of TAZ 

1.3.3.1 Interacting partners and biological functions of TAZ 

It was not until several years after TAZ was discovered in mammalian organisms 

that it was characterized as a co-activator of transcriptional regulation. Since TAZ lacks a 

DNA-binding domain (DBD), it becomes fully functional after interacting with other 

transcription factors. Through its PDZ-binding motif, TAZ has been shown to bind to PDZ 

domain containing proteins such as zona occludens-1 and -2 (ZO-1; ZO-2) and NA
+
/H

+
 

exchanger regulatory factor-2 (NHERF-2) which play important roles in mediating TAZ 

cellular localization and transcriptional activity initiation (78, 92). Recently, the interaction 

of TAZ with several Crumbs complex components such as the membrane-associated 

protein palmitoylated 5 (MPP5) has been proposed as an important mediator of Ser89 

phosphorylation and cytoplasmic retention (93).  

Furthermore, TAZ multifunctionality is mostly mediated through its ability to 

interact with a variety of transcription factors. Initially, TAZ was reported to promote 

osteoblast-specific gene expression through its binding with the runt-related transcription 

factor 2 (RUNX2) (94). Later on this molecular mechanism became evident after observing 

that TAZ promoted activation of RUNX2 and repression of the peroxisome proliferator-

activated receptor (PPAR)-γ activity to induce mesenchymal stem cell (MSC) 

differentiation into osteoblasts while inhibiting adipocyte formation (95). Besides its role in 

MSC differentiation, TAZ has also been associated with thyroid and adult thyroid tissue 

development by interacting with TTF-1 and Pax8 (96); limb buds, neural tube and 

mesoderm development in mouse embryos through binding to Pax3 (81); cardiac and limb 

development via regulating TBX5 (80); and myogenic gene expression and myoblast 
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differentiation by interacting with MyoD and Pax3 (81, 97). Via its CC region, TAZ can 

also interact with nuclear effectors SMAD2/3 following tumor growth factor (TGF)-β 

stimulation, and regulate human embryonic SC self-renewal (84). Moreover, the highly 

proliferative potential shown by TAZ has been very much related to its ability to bind to 

TEAD transcription factors. Thus far, TAZ has been shown to engage interaction with 

TEADs through its TBD to promote cellular growth, proliferation and oncogenic 

transformation (89). Together, TEAD and TAZ regulate the expression of several growth 

promoting genes such as c-myc, survivin (98), CTGF, Cyr61 (99-100), Ki67 and Axl (101), 

amongst others. 

 

1.3.3.2  Physiological roles of TAZ 

In its phosphorylated state, TAZ is unable to translocate to the nucleus, thus 

inhibiting its well-known potential in gene transcription regulation. However, in contrast to 

what was originally thought, cytoplasmic TAZ also possess non-nuclear functions. For 

instance, TAZ has been shown to negatively regulate the Wnt pathway after binding with 

dishevelled (DVL) in the cytoplasm and promote β-catenin degradation. Moreover, 

constitutive nuclear activation of TAZ leads to reduced TAZ-DVL binding, and increased 

β-catenin accumulation and induction of Wnt-target genes (102). Interestingly, besides 

being targeted for ubiquitylation and degradation, TAZ has also been shown to participate 

in the recruitment and degradation of the calcium permeable cation channel protein, 

polycystin 2 (PC2), by SCFβ-TrCP E3 ligase (103-104), suggesting an important role for 

TAZ in the regulation and efficacy of E3 ubiquitin ligase. Moreover, since downregulation 

of PC2 and its ortholog PC1 has been related to polycystic kidney disease (PKD) 
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development (105), elucidating the roles and mechanisms of cytoplasmic TAZ became 

increasingly popular. To target this, several groups focused on investigating the 

physiological impact of TAZ knockout in mice. Surprisingly, these mice developed PKD as 

well as emphysema, suggesting novel roles of TAZ in renal and lung tissue development 

(103, 106-107). Furthermore, these mice showed loss of cilia integrity as well as other 

defects in ciliagenesis, which is a factor frequently associated with PKD development 

(106). Since the Crumbs complex plays a role in ciliagenesis through microtubule 

association, and TAZ is known to interact with these junction proteins (108), it is plausible 

that these interactions are involved in the molecular mechanisms behind TAZ-mediated 

PKD development. However, many of the roles and biochemical mechanisms of 

cytoplasmic TAZ remain unknown.  

 

1.3.4 TAZ in human cancers 

Ever since YAP was first proposed as an oncogene capable of driving liver tissue 

overgrowth and hepatocellular carcinoma after prolonged overexpression (109), increasing 

attention was paid towards elucidating novel roles of TAZ and YAP in human disease and 

cancer. Currently, TAZ is a widely characterized oncogene reported to be overexpressed 

and/or dysregulated in several cancer types including breast (89, 110), lung (111-112), 

colon (113), and thyroid (114), amongst others.  

One of the first indications of the oncogenic potential of TAZ was reported by W. 

Hong and his group eight years after TAZ was discovered in 2000 (86).   In this study, TAZ 

was reported to play critical roles modulating migration, invasion and tumor progression of 
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breast cancer cells. Moreover, TAZ was found to be overexpressed in about 20% of 

invasive breast cancer samples and 70% of breast cancer cell lines, thus demonstrating an 

important association between TAZ overexpression, and the invasiveness acquisition and 

overall malignancy in breast cancer. Furthermore, TAZ has also been associated with cell 

proliferation and EMT, both important early- and late-stage factors in tumorigenesis (85). A 

few years later, these findings were further elucidated by S. Piccolo and collaborators 

(110). Besides showing Scribble, a cell-polarity component, as a negative regulator of 

TAZ-mediated EMT, this study elucidated a novel role for TAZ in maintaining CSC-like 

traits, such as self-renewability, poorly differentiated phenotypes, and increased tumor-

initiation potential. Dysregulation of TAZ was also correlated with decreased 

mammosphere formation, metastasis, and increased survival. Moreover, our lab has shown 

TAZ-mediated resistance to Taxol treatment in breast cancer (110). 

Apart from its close relation to breast tumorigenesis, TAZ expression was also 

shown to be relevant in other cancer types. In papillary thyroid carcinoma tissues TAZ 

mRNA and protein expression levels were reported to be significantly higher, compared to 

normal thyroid specimens (114). Furthermore, inducible activation of RAS in rat thyroid 

cells was shown to increase TAZ expression, thus promoting cell growth and EMT 

phenotypes in thyroid cells. Later that year, another group successfully showed the 

implication of TAZ in mesenchymal gene expression signatures associated with poor 

survival and treatment resistance of malignant gliomas (115). TAZ expression was shown 

to be decreased in proneural glioblastomas (GBM) and low-grade gliomas compared to 

malignant mesenchymal GBMs and high-grade tumors. Moreover, while TAZ 

overexpression in proneural glioma SCs and mouse neural SCs induced mesenchymal gene 
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expression, silencing of TAZ in mesenchymal glioma SCs decreased the expression of 

mesenchymal signatures, as well as other features such as invasion, self-renewal and 

overall tumor formation.  

The oncogenic role of TAZ in non-small cell lung cancer (NSCLC) was addressed 

by our lab for the first time in 2010 (111). TAZ was shown to be overexpressed in 81% 

(9/11) of tumorigenic NSCLC cell lines examined, and was associated with increased cell 

proliferation and transformation in vitro and tumor growth in vivo. A couple of years later, 

these findings were clinically corroborated after studying 181 cases of NSCLC in patients 

(112). From these, 66.8% (121/181) of specimens showed TAZ overexpression, 

predominantly accumulated in the nucleus. TAZ overexpression was associated with lung 

adenocarcinoma, decreased differentiation, metastasis, invasion and poor prognosis. 

Interestingly, while the TAZ negative group displayed higher disease-free survival, the 

TAZ positive group showed better responses to adjuvant chemotherapy, and prolonged 

survival. These findings were recently confirmed by a study demonstrating the functional 

roles of the YAP/TAZ-dependent pathway in lung tumor propagation and metastasis (116), 

thus suggesting TAZ could serve as a predictive biomarker for NSCLC treatment response.  

Recently, TAZ was also shown to be significantly expressed in tongue squamous 

cell carcinoma (TSCC) compared to normal tongue cell lines and tissues (117). Similar to 

NSCLCs, clinicopathological assessments associated TAZ overexpression in TSCC with 

reduced overall and disease-free survival, suggesting that TAZ might also be a suitable 

predictor for patient prognosis in TSCC. Furthermore, Yuen et al. studied the implications 

of TAZ in colorectal cancer after analyzing the expression of TAZ/YAP and their 

downstream targets CTGF and AXL in two different sets of colon cancer cases (522 cases) 



 

21 
 

(113). Surprisingly, these results revealed that TAZ, but not YAP, was a suitable prognostic 

predictor of colon cancer. Moreover, expression of TAZ, CTGF or AXL alone, or all three 

genes combined, showed significant association with decreased overall survival, thus 

suggesting that TAZ plays an important role in colon cancer and might be a suitable 

biomarker for colorectal cancer prognosis in patients.  

The molecular mechanisms of TAZ deregulation in cancer remains very poorly 

understood. Although the Hippo pathway plays a critical role in controlling the nuclear 

levels of TAZ and YAP found in multiple human cancers, few mutations in the components 

of this pathway have been discovered to date. Although TAZ is genomically amplified in 

many cancer types, thus far few activating mutations in TAZ (or YAP) have been 

discovered in human cancers. Recently, a whole-genome study in metastatic basal-like 

breast cancer samples reported a novel missense mutation in the TAZ gene (118). This 

mutation, which corresponded to a substitution of the phenylalanine (F) residue 299 to a 

valine (F299V), was found in 28% of the metastatic breast cancer samples compared to 7-

10% found in primary tumors. Another study investigated the t(1;3)(p36.3;q25) 

translocation reported for two cases of epithelioid hemangioendothelioma, and elucidated a 

fusion between TAZ and CAMTAI oncogenes (WWTR1-CAMTA1) (119). The molecular 

and functional implication of both F299F and WWTR1-CAMTAI aberrations in human 

cancers and disease still remains to be fully addressed. However, TAZ has proven to be a 

key player in regulating tumorigenesis and therefore, elucidating more of the transcriptional 

targets and molecular mechanisms mediating its oncogenic potential can become a crucial 

factor in understanding and treating human cancer.  
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1.4 p63 

1.4.1 Overview of p63  

The human TP63 gene is located on chromosome 3q27 and encodes the p63 protein, 

a member of the p53 family of transcription factors (120).  Although p63 was the latest 

identified member of the p53 family, recent phylogenetic analyses have proposed p63 as 

the oldest evolutionary predecessor of the family (121-123). Both TP63 and TP53 genes 

encode proteins with similar functional domains and high sequence homology. For 

instance, p63 and p53 share 65% and 25% amino acid identity in their DBD and TA 

domain (124). Due to these similarities, both proteins are suggested to regulate common 

target genes. However, many studies have also shown that p63 can give rise to proteins 

with different p53-related functions (125-126).  

p63 expression is critical for limb formation and epidermal morphogenesis, 

including mammary and prostate glands. In breast, p63 is typically expressed in 

myoepithelial cells and is considered a marker of normal breast tissue (127-128). In 

prostate, p63 expression is restricted to basal cells and is commonly lost in many prostate 

cancers and pre-invasive prostate intraepithelial neoplasia lesions, making it a suitable 

diagnostic marker (129-130). Many studies have shown the importance of p63 in epithelial 

development through observation of p63 knockout animals.  For instance, p63-null mice 

showed defects in the development of stratified epithelial barriers, limb truncations, 

absence of limbs, and craniofacial malformations (131-133). Furthermore, p63 has been 

associated with epidermal-mesenchymal interactions during embryonic development (132, 

134). In adult epithelia, p63 was found to be expressed in the basal layer of the limbal 

epithelium, but not in the cornea, thus suggesting a role of p63 in stem cell maintenance 
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and differentiation (135-136). Besides developmental processes, p63 has also been shown 

to play critical roles in tumorigenesis. Studies have shown that p63 regulates several p53-

related processes, such as cell cycle arrest, DNA damage repair and apoptosis, among 

others (120, 137). However, due to the existence of multiple p63 isoforms, the precise roles 

of p63 in tumor development and suppression have been thoroughly debated and remain 

poorly understood.  

 

1.4.2 Structure and isoforms of p63 

All p53 family members share a similar structural organization: an N-terminal TA 

domain, a DBD for gene binding and an oligomerization domain (OD) (120) However, 

unlike p53, TP63 can give rise to at least six isoforms that regulate more than 5,000 p53-

dependent and independent target genes (138). The TP63 gene contains two promoters, one 

in the 5’ untranslated region (UTR) upstream of the noncoding exon 1, and the other within 

the 23kb spanning intron 3 (139). These promoters give rise to two isoforms of p63, a full-

length TAp63 and a short N-terminal truncated ΔNp63. Moreover, TAp63 and ΔNp63 

isoforms can have at least three C-terminal variants (TAp63α, β, and γ, and ΔNp63α, β, and 

γ) which arise from differential C-terminal exon splicing (120) (Fig. 1.3).  The TAp63 

isoform contains an N-terminal TA domain which enhances expression of target genes. 

Conversely, ΔNp63 isoforms lack the TA domain and have been suggested as negative 

regulators of TAp63 and p53-mediated functions (120, 140). However, ΔNp63 isoforms 

have also been shown to be capable of transactivating their own target genes (141-142). 

Furthermore, TAp63α and ΔNp63α (hereby referred to as TAp63 and ΔNp63) isoforms 

containing the longest C-terminal variant have an additional sterile alpha motif (SAM) 
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Figure 1.3 TP63 structure and p63 isoforms. A schematic representation of the human 

TP63 gene structure and protein isoforms is shown. Alternative promoters TA and ΔN, and 

alternative splicing events (α, β and γ) are indicated. N-terminal truncation (ΔN) 

Transactivation (TA) domain, DNA-binding domain (DBD), Oligomerization domain 

(OD), Sterile α-motif (SAM) and Post-SAM motif (also known as inhibitory domain). 

(Valencia Sama I., Original figure, 2014).  
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 domain which is involved in developmental processes (143-144), and a Post-SAM region 

that acts as an inhibitory domain (145). Interestingly, this SAM domain is not conserved in 

p53.  

 

1.4.3 Roles of p63 in cancer development 

The role of p63 in tumorigenesis has been an area of intense debate. Although 

disruption of p63 causes developmental abnormalities, studies have also linked p63 

overexpression with tumor progression (146). While p63 overexpression has been detected 

in various human cancers, other studies have demonstrated that loss of p63 associates with 

metastasis and tumorigenesis (147-149). Moreover, the existence of multiple p63 isoforms 

has made the detection of p63 expression in normal and tumor tissues a challenging task to 

accomplish. Therefore, much controversy has arisen over whether p63 acts as a tumor 

suppressor gene or an oncogene. 

Unlike p53, p63 is not commonly mutated in cancers and therefore it is not 

considered a p53-like tumor suppressor (150). No p63 mutations have been found in 

bladder cancers and squamous cell carcinoma of the head and neck (151-152), and only 3 

missense p63 mutations have been reported in human tumor tissues and/or cell lines (153). 

However, dysregulation of p63 is often observed in human epithelial cancers and correlated 

with amplification of its genomic locus (154). For instance, overexpression of p63, 

particularly ΔNp63, has been observed in several tumor tissues, including squamous cell, 

cervical, prostate, lung, and bladder cancers (129, 146, 151). In breast cells, ΔNp63 

expression has often shown to be predominant, and overexpression of p63 has been 
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detected in about 10% of ductal carcinomas (155). Interestingly, p63 is not expressed in 

invasive breast carcinomas (127-128, 155).   

TAp63 and ΔNp63 isoforms often present antagonistic roles in tumorigenesis. 

ΔNp63 has been characterized as an oncogene due to its dominant negative inhibition of 

p53 and TAp63 (156), whereas TAp63 is suggested to act as a tumor suppressor due to its 

functional and structural similarity to p53 (157). Studies showed that TAp63 expression is 

required for cells to undergo p53-mediated apoptosis and repression of telomerase 

expression (137, 158). Moreover, TAp63 was shown to be critical for cell senescence 

independently of p53 (157). In addition, TAp63 knockdown has shown to increase cell 

sensitivity to doxorubicin-induced genomic damage, and has been suggested as a regulator 

of cell cycle and DNA damage repair in p53-deficient cells (159). Moreover, recent studies 

have implicated TAp63 as a transcriptional regulator of Dicer and miR-130b that enhances 

suppression of metastasis in vivo (160). On the other hand, ΔNp63 is highly expressed in 

non-differentiated cells and has been suggested as a regulator of stem cell-like phenotypes 

and tumor growth (161-162). Moreover, ΔNp63 expression increases the half-life of the 

hypoxia inducible factor 1α (HIF-1α), which correlates with the upregulation of the 

vascular endothelial growth factor (VEGF) and angiogenesis regulation (163).  

Interestingly, Lindsay et al. have shown that expression of ΔNp63γ only, in 

MCF10A cells results in EMT, whereas reintroduction of ΔNp63α can rescue this 

phenotype (164). Similar, Bergholz et al. recently showed that ΔNp63α (or ΔNp63), but not 

ΔNp63β or ΔNp63γ, regulates Erk1/2 activity through mitogen-activated protein kinase 

phosphatase 3 (MKP3) activation to inhibit cell migration, invasion and metastasis in breast 

cells (165). Together, these results underscore the immense functional variability between 
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all N-terminal and C-terminal p63 isoforms. Thus, a balance between p63 isoforms appears 

to be critical in modulating cellular fates such as differentiation, survival and 

tumorigenesis.       

 

 

1.5 RATIONALE, HYPOTHESIS AND OBJECTIVES 

In general, TAZ has been characterized as a co-activator of transcription that 

regulates the expression of many genes associated with tumor development and 

progression. The mechanisms underlying TAZ-mediated transcriptional activation through 

its interaction with several transcription factors has been often studied and observed by 

many research groups. However, little interest has been paid towards elucidating novel 

targets negatively regulated by TAZ, as well as addressing their molecular mechanisms and 

functional implications in tumorigenesis. 

To address this issue we have performed DNA microarray screenings and identified 

over 400 genes negatively regulated by TAZ in non-tumorigenic MCF10A mammary cells 

overexpressing TAZ. Further mRNA and protein quantification assays by qRT-PCR and 

western blotting confirmed ΔNp63, a member of the p53 tumor suppressor family, as a 

target significantly downregulated by TAZ. Previous studies have reported the role of 

ΔNp63 as an inhibitor of migration, invasion and metastasis in breast cells (164-165).  

Moreover, TAZ has been characterized as an oncogene responsible for cell transformation, 

cell migration/invasion and metastasis (86, 116). Therefore, we hypothesize that TAZ can 

act as a transcriptional co-repressor of the TP63 gene expression to mediate malignant 

transformation and metastasis in mammary cells.   
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To test this hypothesis the following aims were pursued: 

1. Characterization and validation of ΔNp63 as a novel downstream target 

negatively regulated by TAZ in breast cancer 

2. Elucidation of the molecular mechanisms and biochemical interactions of 

TAZ-mediated repression of ΔNp63 in vitro 

3. Addressing the functional implications of TAZ-mediated downregulation of 

ΔNp63 for breast cancer development and progression. 
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CHAPTER 2 

MATERIALS AND METHODS 

  

 

2.1.Plasmid construction 

The promoter regions of ΔNp63 [nucleotide (nt.) position -1500 to +41] and TAp63 

[nt. -928 to +152], were amplified by PCR from genomic DNA extracted from MCF10A 

human immortalized breast cells using primers targeting specific regions of the 5’UTR and 

TA domain, respectively, and subsequently cloned into the KpnI/XhoI sites of  pGL3-basic 

luciferase reporter vectors  (Promega). TTF-1 (NKX2-1) cDNA (Addgene) was amplified 

using TTF-1-specific primers and cloned into the BamHI/NotI sites of the pcDNA3.1-

3xFLAG vector. TAZ-W152-P155A (TAZ-WWm, WW domain mutant) cDNA was 

amplified by PCR using TAZ-W152A-P155A/pBABE plasmid (provided by Wanjin Hong) 

as a template and cloned into the BamHI/NotI sites of pcDNA3-HA. The cDNAs of TAZ-

W152A-P155A and TAZ-F52/53A were amplified by PCR using TAZ-specific primers and 

TAZ-W152A-P155A/pBABE and TAZ-F52/53A-HA plasmids, respectively, as templates. 

The PCR products were subsequently cloned into the PmeI site of the WPI lentiviral vector. 

Human ΔNp63 cDNA (Addgene) was cloned into the XhoI/MluI sites of the Doxycycline 

(Dox)-inducible pTRIPZ lentiviral vector.  Constructs and primers are showed in Appendix 

Table 1. 

  

2.2. Site-directed  mutagenesis 

Mutation of TTF-1-P98A-Y100A (LPxYm) and TAZ-F52/53A was performed 

using TTF-1- and TAZ-mutagenic primers by overlapping PCR.  The TRE1 mutant in the 

ΔNp63 promoter was created by deletion mutagenesis using overlapping PCR. Site-
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directed mutagenesis of the TRE2 mutant was performed by using quick-change 

mutagenesis kit (Stratagene). TRE2 sequence was mutated from GGAATT to GAAAAT. 

TRE1/2 mutant was created by using ΔNp63-TRE1m-luc as template to introduce the 

TRE2 mutation using TRE2m specific-primers. The TTF-1 binding element (TBE) mutants 

located at the ΔNp63 promoter region were created by using quick-change mutagenesis, 

deletion mutagenesis, or typical overlapping PCR. TBE1 sequence was mutated from 

TTGGAG to TAGGAA. TAZ-S89A-F52/53A and TAZ-S89A-WWm mutants were created 

by using overlapping PCR and subsequent cloning into the XhoI/MluI sites of pTRIPZ 

lentiviral vectors. Primers for site-directed mutagenesis are described in Appendix Table 1. 

  

2.3. Cell culture 

MCF10A (human immortalized epithelial breast) cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM)/Nutrient Mixture F12 Ham (Sigma-Aldrich) 

supplemented with 5% horse serum (HS), 1% penicillin/streptomycin, 2 mM L-glutamine, 

2 mg/mL insulin, 0.5 µg/mL hydrocortisone, 0.1 µg/mL cholera toxin, and 20 µg/mL 

hEGF. SK-BR-3 (human breast cancer) cells were cultured in McCoy’s 5A Modified 

Medium (Sigma-Aldrich) supplemented with 2.2 g/L sodium bicarbonate, 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin. SK-luci-6 (human anaplastic lung cancer), 

HEK293T (human embryonic kidney), COS7 (monkey fibroblast-like kidney), and MDA-

MB-231 (human breast cancer) cells were maintained in DMEM (Sigma-Aldrich) medium 

supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were maintained at 

37°C with 5% CO2.   

 



 

31 
 

2.4. DNA Transfection 

Cells were counted in a Neubauer hemocytometer chamber and plated into tissue 

culture wells/dishes 18 to 24 hours prior to transfection.  Cell density reached 70-80% 

confluency at the time of transfection and complete growth media was freshly added to 

each well/dish 30-60min before transfection. DNA was mixed with either Opti-MEM I 

Reduced Serum (Invitrogen) or DMEM medium (Sigma-Aldrich), and PolyJet (SignaGen) 

transfection reagent at a ratio of 3:1 PolyJet (µL): DNA (µg). The PolyJet:DNA complex 

was left at room temperature for 15min,  added drop-wise onto the cells and homogenized 

by gently swirling the dish. Fresh medium was added or replaced at 12-18 hours post-

transfection. Cells were incubated at 37°C with 5% CO2. Transfection efficiency was 

checked 24 to 48 hours post-transfection.  

  

2.5. RNA isolation and quantitative reverse transcriptase PCR (qRT-PCR) 

Cells were grown to about 70-90% confluency. RNA was extracted using TRIzol 

reagent (Invitrogen) and mixed with 0.1 mL 1-bromo-3-chloropropane (BCP). 

Centrifugation was performed at 14,000g for 15 min at 4° C. The supernatant was collected 

into fresh 1.5 mL Eppendorf tubes, and mixed with isopropanol at a 1:1 ratio. After further 

centrifugation steps, the RNA pellet was collected and dissolved in diethylpyrocarbonate 

(DEPC)-treated dH2O. RNA quantitation and quality was assessed by spectrophotometry 

and RNAase-free gel electrophoresis. qRT-PCR analyses were performed in triplicate using 

0.2 µg/µL of RNA sample per reaction and 10 µM gene-specific forward and reverse 

primers (Appendix Table 2). Triplicate qRT-PCR reactions were performed using the 

SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen) and run on the 

Applied Biosystems ViiA 7 Real-Time PCR System. 18S ribosomal RNA (rRNA) 
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expression was used as an internal control of RNA amounts in each sample.  Calculation of 

mRNA relative expression levels were calculated as following:                        

                       , where X = target gene; CT = threshold cycle; ΔCT = (gene average 

CT – 18S rRNA average CT). Standard deviation of the target gene and rRNA CT values was 

calculated: S = (Sx
2
 + SrRNA

2
). mRNA expression levels in MCF10A-TAZ-WPI or 

MCF10A-TAZ-pTRIPZ cells were normalized to MCF10A-WPI or MCF10A-TAZ without 

doxycycline induction, respectively. Results are represented as fold change.  

 

2.6. Protein extraction and quantitation  

Cells were grown in culture dishes until they reached 80-90% confluency. For 

protein extraction, dishes were placed on ice and washed twice with ice-cold 1x phosphate 

buffered saline (PBS). Each well/dish was added 200µL to 1mL of RIPA lysis buffer (50 

mM Tris HCl, 150 mM NaCl, 0.02% sodium azide, NP-40, 0.1% SDS, 0.5% sodium 

deoxycholate) containing 1x complete EDTA-free protease inhibitor cocktail (Roche). Cells 

were detached with a cell scraper, collected with P1000 pipette, transferred into a 1.5 mL 

Eppendorf tube, and left on ice for 30 min. Lysates were then centrifuged at 12,000g at 4°C 

for 10 min. Supernatant was collected and transferred into fresh tubes. Protein lysates were 

quantified using the DC protein assay kit (Bio-Rad) using bovine serum albumin (BSA) as 

standards. 

  

2.7. Western blot and antibodies 

The protein lysates were adjusted equally to 5-20µg, mixed with 5x protein loading 

buffer (0.29M Tris HCl, 8.57% SDS, 30% glycerol, 4.2% β-mercaptoethanol, 0.2mg 

bromophenol blue), and boiled for 5 min. Samples were resolved by sodium dodecyl sulfate 
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polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a hybond-ECL 

nitrocellulose membrane at 4°C. Non-specific binding sites were blocked by immersing the 

membrane in either 5% non-fat milk or 5% BSA dissolved in Tris-Buffered Saline Tween-

20 (TBS-T) for 1 hour at room temperature. The membrane was incubated with primary 

antibody (1:100-1:1,000) overnight at 4°C, followed by incubation with respective 

horseradish peroxidase (HRP)-conjugated IgG secondary antibody (1:10,000) in TBST for 

1 hour at room temperature. Protein expression was detected using enhanced 

chemiluminescence (ECL) reagents and developed using Kodak BioMax x-ray films. The 

antibodies used in this study were obtained from the following companies: mouse anti-TAZ 

from BD Pharmingen; mouse anti-p63 (4A4) and mouse anti-FLAG (M2) from Sigma-

Aldrich; mouse anti-TEF-1 from abcam; mouse anti-TTF-1 (8G7G3/1) and mouse anti-HA 

(F7) from Santa Cruz Biotechnology.  

 

2.8. Lentivirus production and purification 

1.5x10
7
 HEK293T cells were seeded in 150mm tissue culture dishes pre-coated 

with 0.1 mg/mL poly-L-lysine (PLL). 24 hours later, cells were transfected with 5.63 µg of 

packaging plasmid (psPAX), 1.87 µg of envelop plasmid (pMD2G), and 7.5 µg of transfer 

vector (e.g. pTRIPZ-ΔNp63, WPI-TAZ-F52/53A, WPI-TAZ-WWm, pTRIPZ-TAZS89A-

F52/53A or pTRIPZ-TAZS89A–WWm) or short-hairpin RNA (shRNA) constructs (e.g. 

pTRIPZ-shTTF1) using PolyJet reagent (SignaGen) according with the manufacturer’s 

protocol. Cells were incubated at 37°C with 5% CO2 overnight. The next day, medium was 

replaced with Opti-MEM I Reduced Serum medium (Invitrogen) plus 10 mM sodium 

butyrate, and incubated for 20-24 hours. The medium containing lentivirus was directly 
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collected, or concentrated using the Lenti-X Concentrator (Clontech) according to the 

manufacturer’s protocol.  Lentivirus stocks were aliquoted and stored at -80°C. 

 

2.9. Establishment of cell lines with stable overexpression of cellular genes  

Generation of ΔNp63-overexpressing stable cell lines was performed after infecting 

TAZ-overexpressing MCF10A cells (MCF10A-TAZ) with pTRIPZ-ΔNp63 lentivirus at a 

multiplicity of infection (MOI) of 2. Generation of stable cell lines with overexpression of 

TAZ binding mutants was performed by infecting TAZ-low MCF10A cells with WPI-

TAZ-F52/53A-HA, WPI-TAZ-WWm-HA, pTRIPZ-TAZS89A-F52/53A-HA, or pTRIPZ-

TAZS89A-WWm-HA lentivirus at a MOI of 2. MCF10A or MCF10A-TAZ cells were 

plated at 2x10
5
 cells/well in a 12-well  plate and further infected with increasing amounts of 

virus per well plus 8µg/mL polybrene addition. MCF10A-TAZ-F52/53A and MCF10A-

TAZ-WWm (WPI-containing) cells were analyzed at 48 hours post-infection under the 

Nikon Eclipse TE-2000U Inverted Microscope and only 100% green fluorescent protein 

(GFP) positive cells were selected for further expansion. MCF10A-TAZ-ΔNp63, 

MCF10A-TAZS89A-F52/53A and MCF10A-TAZS89A-WWm (pTRIPZ-containing) cells 

were selected 48-72 hours post-infection using 1µg/mL puromycin. 

 

2.10. Transient knockdown of gene expression by small interference RNA          

 (siRNA)  

To generate TEAD1 and TEAD1/3/4 knockdowns, 5x10
4 

SK-BR-3 cells were 

plated in 12-well plates or 2x10
5 
cells in 6-well plates. Cells reached   30-50% confluency at 

the time of transfection. 50nM of siGENOME human TEAD1 siRNA [5’-

CACAAGACGUCAAGCCUUU-3’ (sense)] or siTEAD1/3/4 siRNA [5’-
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CACAAGACGUCAAGCCUUU-3’ (sense) / 5’-UUGUGGAUGAAGUUGAUCAUU-3’ 

(anti-sense)] (GE Healthcare) were mixed with Opti-MEM I Reduced Serum (Invitrogen) 

and Lipofectamine RNAiMAX Transfection Reagent (Life Technologies) at a ratio of 1:1. 

The siRNA complex was left at room temperature for 15-20 min, added to each well, and 

mixed gently. Complete fresh medium was added 5 hours post-transfection. Cells were 

incubated at 37°C with 5% CO2 for 24-72 hours and knockdown efficiency was assessed by 

western blot. Similar protocol was used to generate TEAD1 and TEAD1/3/4 knockdowns 

in MCF10A-pTRIPZ-TAZS89A cells.    

  

2.11. Dual luciferase assay 

5x10
4
 SK-BR-3, COS7 or SK-luCi-6 cells were seeded in triplicate in 12-well plates 

24 hours before transfection. ΔNp63-luc or its mutants (0.1 µg) were transfected alone or in 

combination with TAZ (0.2 µg), TAZ (0.2 µg) plus TEAD (0.1 µg) or TTF-1 (0.1 µg), or 

their respective mutants using PolyJet reagent (SignaGen). Co-transfection of 10 ng/well of 

renilla luciferase vector (pRL-TK) was used as an internal transfection control. Luciferase 

activity was assessed 48 hours post-transfection using the Turner Biosystem 20/20 

luminometer and the Dual Luciferase Reporter Assay System (Promega) according to the 

manufacturer’s protocol.  Promoter activity was provided as:                

                           

                           
. Average luciferase activity and standard deviation values were 

calculated from this.  Fold change was calculated by normalizing the average promoter 

activity to ΔNp63-luc activity alone. Experiments were repeated 2 to 5 times each.  
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2.12. Wound healing cell migration assay 

MCF10A overexpressing WPI vector control, TAZ, or TAZ-ΔNp63 were plated at 

3x10
6 

cells/well in 6-well plates and grown to 80-90% confluency. The next day, cell media 

was replaced with low-serum MCF10A assay medium (DMEM/F12 Ham medium 

supplemented with 2% HS and without EGF) and incubated at 37 
0
C overnight. The 

following day, three scratch wounds were created in the cell monolayer using a P20 pipette 

tip. Marks were assigned to three positions of each scratch wound (9 marks per well) and 

cell migration was monitored for regular intervals of time. Pictures were taken at 0, 20 and 

40 hours under white light at 10x magnification using the Nikon Eclipse TE-2000U 

Inverted Microscope and Nikon Coolpix 990 camera. The distance migrated (pixels) at 

each time-point was measured with Adobe Photoshop software. Six measurements per 

wound were quantified and normalized to the original wound width. The average migrated 

distance and the SD were then calculated. The experiment was repeated 3 times. 

 

2.13. Chromatin immunoprecipitation (ChIP) assay  

A ChIP-IT Express Enzymatic kit (Active Motif) was used for ChIP analysis of 

TAZ-S89A and ΔNp63 promoter interaction. MCF10A cells expressing WPI or TAZ-S89A 

were grown to 70-80% confluency on 150mm dishes. Cells were treated with 1% 

formaldehyde, lysed, harvested and homogenized using a dounce homogenizer according to 

the manufacturer’s protocol. DNA was enzymatically sheared and the fragmented 

chromatin was incubated with 2µg of mouse anti-HA (F7) monoclonal antibody. Next, 

chromatin was eluted, reverse cross-linked and treated with Proteinase K. Finally, 

amplification of the ΔNp63 promoter was performed by PCR using the following primers: 
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[5’-ATGGTACCGTCTGTCTCCTGGGTTTG-3' (sense) and 5’-CTCTTCTCTTTACCTGTCCAATCC-3’ 

(anti-sense)] The PCR products were run on a 3% ethidium bromide agarose gel and 

visualized under UV light using the Gel Doc system. PCR fragment size is: 167bp.   
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CHAPTER 3 

RESULTS 

 

3.1. Identification of target genes negatively regulated by TAZ  

TAZ is a transcriptional co-activator that has been associated with breast cancer 

development and progression. We and others have previously characterized TAZ as a 

regulator of cell migration, invasion, proliferation and EMT. However, the molecular 

mechanisms underlying TAZ-mediated phenotypes as well as its implications in 

tumorigenesis are still not fully addressed. To identify the genes mediating TAZ function, 

we have performed a 44K whole human genome microarray. For this, we used TAZ- 

overexpressing MCF10A non-tumorigenic human immortalized cell lines (MCF10A-TAZ) 

and compared their gene expression profile with MCF10A cells expressing a WPI empty 

vector control (MCF10A-WPI). A 2-fold increase/decrease in expression with a p-value of 

<0.001 was used as threshold to reduce false positive results. After applying these criteria, 

278 cellular genes were identified as transcriptionally upregulated targets after TAZ 

overexpression. Surprisingly, we identified 488 cellular genes negatively regulated by 

TAZ. These downregulated and upregulated target genes were grouped according to their 

functional significance (Fig. 3.1A). Among these, we identified several pro-inflammatory 

cytokines and chemokines, including IL-1α/β, IL-6 and CXCL1/2/3, as well as TP63 as 

possible target genes downregulated by TAZ (Fig. 3.1B). 

 

3.1.1 Validation of genes negatively regulated by TAZ using qRT-PCR  

Based on their functional relevance in tumorigenesis, we confirmed several target 

genes from the DNA microarray results using real-time qRT-PCR. Interestingly, we  
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Figure 3.1 DNA microarray screens of target genes negatively regulated by TAZ. A 

44K whole genome microarray approach was used to elucidate novel downstream targets of 

TAZ. TAZ-overexpressing MCF10A (MCF10A-TAZ) cells showed over 400 targets genes 

that were negatively regulated by TAZ compared to MCF10A-WPI control cells. (A) 

Target genes upregulated and downregulated by TAZ are grouped according to their 

functional relevance. (B) Some significantly downregulated target genes are shown as TAZ 

vs. WPI control ratio. Abbreviations used are as following: interleukin (IL), chemokine 

ligand (CXCL) and tumor protein p63 (TP63). Cellular targets were differentially expressed 

at least 2-fold on 2 out of 3 microarrays with a p-value of <0.001. 
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identified IL-1α, IL-1β, IL-6 and TP63 as significantly downregulated targets in TAZ- 

overexpressing MCF10A cells (Fig. 3.2). From these, pro-inflammatory cytokines IL-1α 

and IL-1β showed about a 130-fold and 40-fold decrease in their relative mRNA 

expression, respectively, suggesting a possible involvement of TAZ in the immune and 

inflammatory response. Surprisingly, the p53 family member TP63 showed the most 

dramatic TAZ-induced suppression with over 400-fold decrease in mRNA expression 

levels. Moreover, since p63 expression has been previously suggested as a marker of breast 

carcinoma (166), we sought to elucidate the molecular mechanisms and functional 

implications of TAZ-mediated repression of p63 in breast carcinogenesis. 

 

3.2. Characterization of p63 as a novel downstream target of TAZ  

Our previous findings suggested TP63 as a novel downregulated target of TAZ that 

might play a role in TAZ-mediated phenotypes. TP63 gene can give rise to different p63 

protein isoforms which play diverse roles in development and tumorigenesis. The two most 

studied isoforms are TAp63α and ΔNp63α (also referred to as TAp63 and ΔNp63) due to 

the higher functional complexity of two extra domains contained in their long length C-

terminus (143-145). To elucidate whether TAZ repression is p63 isoform-specific, we 

performed qRT-PCR analyses using primers targeting specific mRNA regions of TAp63 or 

ΔNp63 in MCF10A-TAZ or MCF10A-WPI cells. As expected, TAZ was found to suppress 

mRNA expression of both TAp63 and ΔNp63 isoforms (Fig. 3.3). Although TAZ repressed 

TAp63 expression by about 7-fold, ΔNp63 mRNA expression was more significantly 

repressed by 2700-fold. Nevertheless, these findings suggest a novel role of TAZ in 

modulating the genetic repression of p63 transcription.   
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Figure 3.2 Validation of target genes negatively regulated by TAZ using real-time 

qRT-PCR. Total RNA was extracted from MCF10A-WPI and MCF10A-TAZ cells and 

measured by real-time qRT-PCR. Relative expression levels of mRNA in MCF10A-TAZ 

(black bars) were compared to MCF10A-WPI control cells (gray bars) for IL-6, IL-1α, IL-

1β and TP63. Data is represented as relative fold decrease. The experiment was performed 

in triplicate (n=3). Error bars represent standard deviation. 
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Figure 3.3 Elucidation of p63 isoforms negatively repressed by TAZ using real-time 

qRT-PCR. Total RNA was extracted from MCF10A-WPI and MCF10A-TAZ cells and 

measured by real-time qRT-PCR. Relative expression levels of mRNA in MCF10A-TAZ 

(black bars) were compared to MCF10A control cells (gray bars) for TAp63 and ΔNp63 

isoforms. Data are represented as relative fold decrease. The experiment was performed in 

duplicate (n=2).  Error bars represent standard deviation. 
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3.2.1. TAZ represses TAp63 and ΔNp63 promoter activity  

To further characterize p63 as a bona fide downregulated target gene of TAZ, we 

studied the effects on p63 promoter activity under conditions when TAZ was 

overexpressed. Since TAZ is a regulator of gene transcription, we sought to elucidate 

whether TAZ could repress the promoter activity of either TAp63, ΔNp63, or both 

isoforms. The promoter regions of TAp63 and ΔNp63 were cloned from MCF10A genomic 

DNA into a luciferase expressing vector (TAp63-luc and ΔNp63-luc). SK-BR-3 TAZ-low 

breast cancer cells were transiently transfected with TAp63-luc or ΔNp63-luc alone or in 

combination with increasing dosages of TAZ, followed by dual luciferase assay. 

Concordant with our previous results, TAZ showed a dosage-dependent suppression of 

both TAp63-luc (Fig. 3.4A) and ΔNp63-luc (Fig 3.4B) activity, suggesting that TAZ can 

suppress both genes’ expression by suppressing their promoter activities. However, since 

mRNA expression levels of ΔNp63 were more significantly repressed than that of TAp63, 

we decided to further study the mechanisms of TAZ-induced ΔNp63 repression. We tested 

the ΔNp63 promoter (ΔNp63-luc) activity after a constitutively active TAZ (TAZ-S89A, a 

mutant lacking LATS phosphorylation site) was co-transfected at increasing concentrations 

into SK-BR.3 cells. Similar to the effect shown by wild-type TAZ, the mutant TAZ-S89A 

displayed dosage-dependent repression (Fig. 3.4C), suggesting that TAZ is essential for 

ΔNp63 promoter suppression. Together, these studies confirm p63, and particularly ΔNp63, 

as bona fide downstream transcriptional targets negatively regulated by TAZ.  

 

3.2.2. ΔNp63 is the protein isoform predominantly repressed by TAZ  

To further confirm TAZ-mediated suppression of p63 in MCF10A cells, we 

performed protein analysis using western blotting. Protein lysates from MCF10A-TAZ and  
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Figure 3.4 TAZ represses TAp63 and ΔNp63 promoter activity. SK-BR-3 cells were 

transfected with luciferase reporter plasmid expressing TAp63 (A) or ΔNp63 (B and C) 

promoters (TAp63-luc; ΔNp63-luc) alone or in combination with [0.1µg] or [0.4µg] of 

TAZ (A and B) or constitutively active TAZ-S89A (C). Luciferase assays were carried out 

using the Dual Luciferase Assay kit and measured using Turner Biosystems 20/20 

luminometer. A renilla luciferase expressing vector was used as internal transfection 

control and promoter luciferase activity was normalized to it. Promoter activity is shown as 

fold change after normalizing SK-BR-3 cells co-transfected with TAp63-luc or ΔNp63-luc 

plus TAZ to those transfected with TAp63-luc or ΔNp63-luc alone. The experiment was 

performed in triplicate (n=3). Error bars represent standard deviation. 
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MCF10-WPI cells were analyzed together with positive and negative controls. We used 

MCF-7 human invasive breast cancer cell protein lysates as a negative control for p63 

staining, and Cos7 monkey kidney cells transfected with TAp63-Flag and ΔNp63-Flag 

plasmids as positive controls for p63 isoform identification.  From these results, ΔNp63 

was identified as the p63 protein isoform predominantly suppressed by TAZ in TAZ-

overexpressing MCF10A cells (Fig 3.5). To exclude the possibility that TAZ-induced 

ΔNp63 suppression is caused by lentivirus used for stable expression of TAZ in MCF10A 

cells, we established MCF10A cells stably expressing Dox-inducible TAZ-WT or 

TAZS89A. Similar, we found that ΔNp63 protein expression was significantly decreased in 

MCF10A cells after induction of wild-type (TAZ-WT) or constitutively active TAZ (TAZ-

S89A) by Dox. As expected, inducible expression of TAZ-S89A displayed a stronger effect 

on ΔNp63 repression compared to TAZ-WT (Fig. 3.6). These findings are consistent with 

other studies that have shown ΔNp63 as the predominant p63 isoform expressed in 

MCF10A cells (164).  

 

3.3. TEAD-dependent regulation of ΔNp63 transcription 

TAZ is a co-activator of transcription that lacks a DNA-binding domain. Thus, in 

order to transactivate gene transcription TAZ requires interactions with transcription 

factors. Among these, the TEAD/TEF family of transcription factors, comprised of its 

members TEAD1-4, has been identified as the main binding partners of TAZ mediating 

several events in cellular oncogenic transformation including cell growth, survival, and 

EMT (89). Although TEADs have been typically shown to interact with TAZ to enhance 

gene transcription (98-100), recent studies have revealed a novel role of TEAD in 

mediating gene transcription repression and EMT through regulating the cellular 
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Figure 3.5 ΔNp63 is the isoform predominantly repressed by TAZ in MCF10A cells. 

p63 protein expression levels were assessed in MCF10A cells with (TAZ) or without (WPI)  

TAZ overexpression using anti-p63 antibody. MCF-7 protein cell lysate was used as a 

negative control for p63 staining. Cos7 cells transfected with TAp63-Flag and ΔNp63-Flag 

expression were used as positive controls. β-actin was used as an internal loading control.  
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Figure 3.6 ΔNp63 protein is repressed in MCF10A cells with inducible expression of 

TAZ-WT and TAZ-S89A. ΔNp63 and TAZ protein levels were assessed in MCF10A cells 

with (+) or without (-) doxycycline (Dox)-mediated inducible expression of wild-type 

(TAZ-WT) or constitutively active (TAZ-S89A) TAZ. β-actin was used as an internal 

loading control.  
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localization of TAZ (167). Therefore, we sought to elucidate whether interaction of TEAD 

with TAZ is important for ΔNp63 expression regulation.  

  

3.3.1. TAZ interacts with TEAD to regulate ΔNp63 transcription  

To examine the role of TEADs in TAZ-induced ΔNp63 repression, we transfected 

ΔNp63-luc alone, or in combination with TAZ, TEAD or TAZ plus TEAD into SK-BR-3 

cells. Since TEAD4 has been shown to be the most important TEAD family member 

involved in TAZ-mediated phenotypes (100, 168), we used TEAD4 for this experiment. 

Surprisingly, although transfection of TAZ alone suppresses ΔNp63 promoter activity, co-

transfection of TEAD4 with TAZ releases TAZ-induced suppression and causes 16-fold 

activation of the ΔNp63 promoter (Fig. 3.7). Interestingly, transfection of TEAD4 alone 

also showed a suppressing effect on ΔNp63 promoter activity. Together, these findings 

suggest that although TAZ might be interacting with TEADs to activate ΔNp63 promoter, 

TAZ or TEAD alone may also have the potential to repress ΔNp63 promoter activity.     

  

3.3.2. Identification of TEAD response element in the ΔNp63 promoter  

Studies have previously shown that TEADs can bind to multiple TREs in target 

promoters (99-100, 168). Therefore, we wanted to examine whether TAZ regulates the 

ΔNp63 promoter through TEAD interaction with TREs. To identify putative TREs in 

ΔNp63 promoter we used the consensus site: XGYATT [X, any except C (cysteine); G, 

guanine; Y, any except G; A, adenine; T, thymine)]. We identified 2 putative TREs located 

at -546 and -153 upstream of the transcriptional initiation site and called them TRE1 and 

TRE2, respectively (Fig. 3.8A). We then mutated TREs individually (TREm1 and TREm2) 
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Figure 3.7 ΔNp63 promoter is activated by TEAD4 and TAZ. SK-BR-3 cells were 

transfected with ΔNp63-luc alone or in combination with TAZ, TEAD4 or TAZ plus 

TEAD4. Renilla luciferase expressing vector was used for internal transfection control. 

Promoter activity was measured as described in Fig 3.4. The experiment was performed in 

triplicate (n=3). Error bars represent standard deviation. 
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or in combination (TREm1/2) and measured ΔNp63 promoter activity (Fig. 3.8B). We co-

transfected ΔNp63-luc wild-type or TRE promoter mutants with TAZ plus TEAD4 into 

SK-BR-3 cells, and compared promoter activities with ΔNp63-luc alone. Our luciferase 

assay results showed that while TREm1 can decrease ΔNp63 promoter activation, TREm2 

or TREm1/2 could completely return promoter activity to basal level (Fig. 3.8C), 

suggesting that both TRE1 and TRE2 might be involved in TAZ/TEAD4-mediated 

transcriptional regulation of ΔNp63 promoter, but TRE2 plays a more crucial role. Finally, 

to examine the direct interaction of TAZ with ΔNp63 promoter, we performed a ChIP assay 

in MCF10A cells expressing WPI vector or TAZ-S89A-HA using anti-HA antibody. 

Interestingly, our ChIP assay showed that TAZ-S89A could indeed be co-

immunoprecipitated with the ΔNp63 promoter DNA in vivo (Fig. 3.9), thus suggesting that 

TAZ physically interacts with the ΔNp63 promoter. 

 

3.3.3. TEADs repress ΔNp63 promoter activity  

Previous luciferase assays performed in our lab have shown that co-transfecting 

individual TEAD family members along with Cyr61 promoter, a well characterized 

downstream target of TAZ, showed no effect on modulating Cyr61 promoter activity (data 

not shown). However according to our previous results, we have found that TEAD4 alone 

exerts an inhibitory effect on ΔNp63 promoter activity (Fig. 3.7). To further explore this we 

co-transfected ΔNp63-luc alone or in combination with TEAD1, TEAD2, TEAD3 or 

TEAD4 into SK-BR-3 cells, and measured promoter activity. Surprisingly, all TEADs 

showed ΔNp63 promoter repression (Fig. 3.10). However, TEAD1/3/4 exerted a stronger 

effect than TEAD2 in ΔNp63 repression by showing over a 3.5-fold decrease in the 

promoter activity, suggesting that TEADs indeed are involved in ΔNp63 repression.  
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Figure 3.8 Mutations of the TEAD response element (TRE) in the ΔNp63 promoter 

abolish TAZ-mediated regulation of ΔNp63 transcription. (A) ΔNp63 promoter 

sequence. Two putative TEAD response elements (TREs) were identified 

(purple/underlined) and referred to as TRE1 and TRE2. (+1) represents transcription 

initiation site. (B) TRE1 and TRE2 were mutated individually (TREm1and TREm2) or in 

combination (TREm1/2) as described in section 2.2 and used for luciferase assays. (C) 

Promoter activity was measured after transfecting ΔNp63-luc (WT) and the 3 mutated 

constructs from (B) in combination with TAZ plus TEAD4 into SK-BR-3 cells. Promoter 

activity was normalized to ΔNp63-luc alone. The experiment was performed in triplicate 

(n=3). Error bars represent standard deviation. 

 



 

54 
 

 

 

 

 

Figure 3.9 TAZ physically interacts with the ΔNp63 promoter. ChIP analysis of TAZ 

interaction with the ΔNp63 promoter. DNA and protein were cross-linked by treating 

MCF10A-WPI and MCF10A-TAZ-S89A-HA cells with 1% formaldehyde. Chromatin and 

DNA-binding protein were subjected to immunoprecipitation using mouse monoclonal α-

HA (F7) antibody, followed by PCR and electrophoresis on a 3% agarose gel. 0.2% input 

chromatin extracted from MCF10A-WPI or MCF10A-TAZ-S89A-HA cells were used as 

positive PCR controls. 
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Figure 3.10 TEADs repress ΔNp63 promoter activity.  SK-BR-3 cells were transfected 

with ΔNp63-luc alone or in combination with TEAD1, TEAD2, TEAD3 or TEAD4 and 

luciferase assay was performed. Promoter activity is shown as fold change. The experiment 

was performed in triplicate (n=3). Error bars represent standard deviation. 
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To further elucidate whether TAZ requires TEAD binding for ΔNp63 suppression, 

we performed luciferase assays in SK-luci-6 cells. SK-luci-6 is an established cell line from 

large-cell anaplastic lung cancer patients (169). Western blot analysis have revealed SK-

luci-6 as the only cell line identified thus far that displays reduced expression of all TAZ, 

YAP and TEAD (Fig. 3.11). Similar to our previous assays, we transfected ΔNp63-luc 

alone or in combination with TAZ into SK-BR-3 or SK-luci-6 cells. Consistently with our 

hypothesis, TAZ-mediated repression of ΔNp63 promoter was completely abolished in 

TEAD-lacking SK-luci-6 cells (Fig. 3.12), suggesting that TEADs are required for TAZ-

induced suppression of ΔNp63.   

 

3.3.4. Loss of TEAD abolishes TAZ-induced suppression of ΔNp63 promoter  

To explore whether loss of TEADs could abolish TAZ-mediated repression of 

ΔNp63 promote activity, we tested the effects of TAZ under conditions where it can no 

longer bind to TEADs. For this experiment we used the ΔNp63-TREm1/2-luc construct 

described in section 3.3.2. We transfected ΔNp63-luc (WT) or ΔNp63-TREm1/2-luc 

(lacking the two putative TEAD binding sites) alone or in combination with increasing 

concentrations of TAZ into SK-BR-3 cells. Luciferase assays showed that TAZ-mediated 

repression of wild-type ΔNp63 promoter was enhanced upon increasing concentrations of 

TAZ (Fig. 3.13). In contrast, TAZ could no longer repress the TEAD binding mutant 

promoter, ΔNp63-TREm1/2-luc, suggesting that TEADs are critical interacting partners of 

TAZ that regulate ΔNp63 binding and transcriptional repression. 

While our western blot analysis has shown TEAD1 as the predominant TEAD 

isoform expressed in MCF10A and SK-BR-3 cells (Fig. 3.11), dual luciferase assays  
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Figure 3.11 SK-luci-6 cells display reduced expression of YAP, TAZ and TEAD.  

Protein expression levels of ΔNp63, YAP, TAZ (left panel) and TEAD (right panel) were 

assessed in SK-luci-6, SK-BR-3 and MCF10A cells with (TAZ) or without (WPI) 

overexpression of TAZ. SK-BR-3 cells transfected with TEAD1-4-Flag were used as 

positive controls.  
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Figure 3.12 TAZ-mediated repression of ΔNp63 promoter is abolished in SK-luci-6 

cells.  ΔNp63-luc was transfected alone or in combination with TAZ into either SK-BR-3 

or SK-luci-6 cells. Transfection conditions were the same in both cell lines. Promoter 

activity is shown as fold change. The experiment was performed in triplicate.  
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Figure 3.13 TAZ-induced ΔNp63 repression is dependent on TEAD binding. ΔNp63-

luc or ΔNp63-TREm1/2-luc (TEAD response element mutant) plasmids were transfected 

alone or in combination with increasing concentrations of TAZ into SK-BR-3cells. 

Promoter activity is shown as fold change. The experiment was performed in triplicate.  
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revealed that TEAD1/3/4 had the strongest effect in repressing ΔNp63 promoter activity 

(Fig. 3.10). Therefore, we sought to explore TAZ repression of ΔNp63 in cells lacking 

endogenous expression of TEAD. We performed transient siRNA knockdown of TEAD1 

individually (siTEAD1) or in combination with TEAD3 and TEAD4 (siTEAD1/3/4) in SK-

BR-3 cells and further assessed promoter activity of ΔNp63. We included a siRNA 

negative control to rule out nonspecific effects in cells. Effective knockdown of TEADs 

was assessed by western blot analyses (Fig. 3.14A). Then, ΔNp63 promoter activity was 

examined after ΔNp63-luc was transfected alone or plus TAZ in TEAD-lacking SK-BR-3 

cells.  Surprisingly, TAZ repression of ΔNp63 promoter became weaker in cells exhibiting 

TEAD1 knockdown and weakest in TEAD1/3/4 knockdown cells (Fig. 3.14B). These 

results elucidate TAZ’s strong dependence on TEAD expression for ΔNp63 suppression in 

mammary cells.     

 

3.3.5. Transient knockdown of TEAD rescues TAZ-induced repression of 

 ΔNp63 

To further elucidate whether TEAD/TAZ-mediated repression of ΔNp63 protein 

could be observed in MCF10A cells, we performed transient knockdown of TEAD1 and 

TEAD1/3/4 in MCF10A cells with inducible expression of constitutively active TAZ-

S89A. Our previous results have shown that MCF10A-TAZ-S89A cells strongly suppress 

ΔNp63 protein expression after Dox induction (Fig. 3.6). Therefore, we sought to elucidate 

whether TEAD knockdown could prevent this effect in TAZ-S89A expressing cells. 

Similar to 3.3.4, we performed transient siRNA knockdown of TEAD1 or TEAD1/3/4 in 

MCF10A-TAZ-S89A cells. We included a siRNA negative control to rule out nonspecific 

effects of transfected cells. Surprisingly, cell growth and proliferation was significantly 



 

61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Transient knockdown of TEADs reduce TAZ-induced suppression of 

ΔNp63 promoter. (A) Western blot analysis of TEAD knockdown. SK-BR-3 cells were 

transfected with a siRNA negative control (siControl) or siRNAs targeting TEAD1 

(siTEAD1) or TEAD1, 3 and 4 (siTEAD1/3/4). TEAD1-4-Flag plasmids were transfected 

into SK-BR-3 and used as positive controls. β-actin was used as an internal loading control. 

(B) Luciferase assay was performed in SK-BR-3 cells containing TEAD knockdown as in 

(A). ΔNp63-luc was transfected alone or in combination with TAZ. Promoter activity is 

shown as fold change. The experiment was performed in triplicate. 
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reduced in TEAD1 knockdown cells, and almost completely abolished in TEAD1/3/4 

knockdown cells (Figure 3.15). This effect showed no apparent difference between cells 

with and without inducible expression of TAZ-S89A, which showed TEAD as a critical 

binding partner of TAZ for cell proliferation and growth, among other effects (88-89). To 

elucidate whether this knockdown could reverse TAZ-mediated ΔNp63 protein repression, 

we performed western blotting analysis. Protein lysates were extracted from MCF10A-

TAZ-S89A cells previously transfected with siTEAD1 or siRNA negative control, and 

induced with doxycycline for TAZ-S89A expression. Consistent with previous results, 

ΔNp63 was significantly repressed by TAZ-S89A in cells expressing a siRNA negative 

control (Fig. 3.16). However, TAZ-S89A-mediated repression of ΔNp63 was reduced in 

MCF10A cells containing transient TEAD1 or TEAD1/3/4 knockdown, thus providing 

further insights on the role of TEAD, and particularly TEAD1, in mediating TAZ-induced 

regulation of p63.   

 

3.3.6. ΔNp63 repression is mediated through the TEAD binding domain of  

TAZ 

Our previous findings have provided evidence for the importance of the interaction 

between TAZ and its binding partner TEAD for ΔNp63 suppression. To further elucidate 

the molecular mechanisms underlying TAZ/TEAD-induced repression of p63, we sought to 

examine the importance of the TEAD binding domain (TBD) found in TAZ’s N-terminus. 

Previous studies have detected 7 conserved residues in TAZ, YAP and Yki amino acid 

sequence as critical mediators of TEAD interaction (69). Among these, two F residues 

located at position 52 and 53 (F52/53) were shown to be critical for TAZ-TEAD binding.  
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Figure 3.15 TEAD knockdown impairs cell proliferation and growth in MCF10A-

TAZ-S89A cells. Transient siRNA knockdown of TEAD1 (siTEAD1), TEAD1/3/4 

(siTEAD1/3/4) or siRNA negative control (siControl) was performed in MCF10A cells that 

have inducible expression of TAZ-S89A. 24 hours post-transfection, cells were cultured in 

the absence (-) or presence (+) of doxycycline (Dox). Cell growth and proliferation was 

observed 40 hours post-induction under a 10x magnification lens. 
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Figure 3.16 TEAD knockdown abolishes TAZ-induced repression of ΔNp63. Transient 

siRNA knockdown of TEAD1 (siTEAD1) (A) or TEAD1/3/4 (siTEAD1/3/4) (B) was 

performed in MCF10A cells with inducible expression of TAZ-S89A. A siRNA targeting a 

non-specific sequence was used as a negative control (siControl). 24 hours post-

transfection, cells were un-induced (-) or induced (+) with Dox. Protein was extracted 48 

hours post-induction and ΔNp63 expression was assessed in cells with and without TAZ-

S89A expression. β-actin was used as an internal loading control. 
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Therefore, we examined whether the effect of TAZ on ΔNp63 repression could be 

abolished in TBD mutants of TAZ. We generated missense mutations in TAZ F52 and 

F53residues (TAZ-F52/53A) to abolish TEAD interaction with TAZ. We then examined 

the effect of these TAZ mutations on ΔNp63 promoter regulation. Luciferase assays were 

performed in SK-BR-3 cells co-transfected with ΔNp63-luc plus either wild-type (TAZ) or 

TEAD-binding mutant (TAZ-F52/53A). Similar to the effect observed in TEAD-low SK-

luci-6 cells, TAZ-F52/53A lacking the ability to interact with TEAD completely abrogated 

repression of the ΔNp63 promoter (Fig. 3.17). Moreover, MCF10A cells overexpressing a 

TAZ mutant, which consisted of a 72 amino acid-long deletion corresponding to TEAD 

binding domain (TAZΔ72) (100), is also unable to decrease levels of ΔNp63 protein (Fig. 

3.18). Together, these findings strongly suggest that TAZ interacts with TEAD through its 

TEAD binding domain to suppress ΔNp63 transcription.  

Next, we sought to explore whether TAZ’s TEAD binding domain is the only 

domain responsible for p63 suppression. Since TAZ interacts with many transcription 

factors through its WW domain to regulate downstream gene transcription (80-81, 95-96), 

we used a WW domain TAZ mutant (TAZ-WWm) that contained two residue mutations, 

W152A and P155A, impairing TAZ interactions with L/PPxY motif-containing 

transcription factors. TAZ functional domains were examined after establishing MCF10A 

stable cell lines using a lentivirus that constitutively expressed TAZ domain mutants, TAZ-

F52/53A (MCF10A-TAZ-F52/53A) and TAZ-WWm (MCF10A-TAZ-WWm). ΔNp63 

protein expression was assessed in MCF10A-TAZ-F52/53A and MCF10A-TAZ-WWm 

cells at increasing lentivirus titers, and compared to MCF10A-TAZ and MCF10A-TAZ-

S89A doxycycline-inducible cells. Similar to the effect observed in MCF10A-TAZ, the 

WW domain mutant TAZ-WWm effectively suppressed ΔNp63 expression at higher  
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Figure 3.17 Mutations in the TEAD-binding domain of TAZ abolishes TAZ-

mediated ΔNp63 promoter repression.  SK-BR-3 cells were transfected with ΔNp63-

luc alone or in combination with wild-type TAZ (TAZ) or TEAD binding mutant 

(TAZ-F52/53A). Promoter activity was normalized to ΔNp63-luc alone as described in 

Fig. 3.4. The experiment was performed in triplicate.  

 

 

 

 

 

 

 

 



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 TEAD binding domain is essential for TAZ repression of ΔNp63. Protein 

lysates were extracted from MCF10A-WPI, MCF10A-TAZ, MCF10A-TAZS89A and 

MCF10A-TAZ-Δ72 (mutant lacking the TEAD binding domain of TAZ). ΔNp63 and TAZ 

expression levels were assessed by western blot. β-actin was used as an internal loading 

control. 

  



 

68 
 

lentiviral titres (Fig. 3.19). Interestingly, TAZ-F52/53A did not exert any effect on ΔNp63 

expression. These findings suggest that the TEAD binding domain, but not the WW domain 

of TAZ, is essential for TAZ-induced repression of ΔNp63. To further corroborate these 

findings, we then used inducible, constitutively active TAZ domain mutants and established 

MCF10A stable cell lines expressing TAZ-S89A-F52/53A and TAZ-S89A-WWm. The 

effect of TAZ on ΔNp63 expression was assessed by extracting protein lysates from 

MCF10A-TAZ-S89A-F52/53A and MCF10A-TAZ-S89A-WWm cells, and compared them 

to MCF10A-TAZ-S89A cells at increasing concentrations of doxycycline (Fig. 3.20A) and 

similar TAZ expression levels (Fig. 3.20B). Similar to the effect observed in Fig. 3.19, 

TAZ-S89A-WWm strongly repressed ΔNp63 protein expression after doxycycline 

induction.  Conversely, TAZ-S89A-F52/53A completely abolished ΔNp63 repression, thus 

confirming that TAZ interacts with TEADs through its TEAD binding domain, particularly 

F52/53 residues, to suppress ΔNp63 transcription.  

 

3.4.  Functional implications of TAZ/TEAD interactions and ΔNp63 

   suppression 

Our results have elucidated a role of TEAD and its co-activator TAZ in p63 

transcriptional repression, particularly ΔNp63, in breast cells. Commonly, TEADs have 

been shown to be critical interacting partners of TAZ that mediate transcriptional activation 

of genes involved in cell transformation and tumorigenesis (70, 88-89). However, the 

TAZ/TEAD-mediated repression of genes has been vaguely studied and their functional 

repercussions are still poorly understood. Since TAZ, TEAD and ΔNp63 have been 

implicated in cancer progression and development, we sought to explore the functional 

implications of TAZ /TEAD-induced ΔNp63 repression in breast cancer. 
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Figure 3.19 TAZ binding domain mutants exert distinct effects on ΔNp63 expression. 

Constitutively expressed TAZ mutants for TEAD binding (F52/53A) and WW (WWm) 

domains were transduced at increasing lentivirus (virus) titres in MCF10A cells. ΔNp63 

and TAZ protein expressions were assessed and compared to MCF10A cells with Dox 

inducible expression of wild-type (WT) or constitutively active TAZ (S89A). 
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Figure 3.20 TEAD binding domain mutant abolishes TAZ-induced repression of 

ΔNp63. (A) TEAD binding domain is critical for ΔNp63 repression. Constitutively active 

TAZ mutants of TEAD binding (S89A-F52/53A) and WW (S89A-WWm) domains were 

induced in MCF10A cells with increasing concentrations of Dox. ΔNp63 and TAZ protein 

expression was assessed and compared to MCF10A cells with inducible expression of 

constitutively active TAZ-S89A (S89A). β-actin was used as an internal loading control. 

(B) TEAD binding domain mutant abolishes TAZ-mediated suppression of ΔNp63. The 

same protein lysates from (A) were used to assess ΔNp63 protein expression levels at 

similar expression levels of TAZ.   
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3.4.1. TEAD binding mutant TAZ-S89A-F52/53A rescues TAZ-induced EMT  

 phenotype in breast cells 

Previous studies have shown that TAZ overexpression in MCF10A cells induces an 

EMT phenotype and increases cell migration (86, 100, 168). Since EMT and cell migration 

are characteristic features of metastatic cancer cells, we assessed the effect of TAZ binding 

mutants on this process. We compared MCF10A-TAZ-S89A-F52/53A and MCF10A-TAZ-

S89A-WWm cells with and without doxycycline induction and examined morphological 

features between them. As expected, non-induced cells demonstrated cell-cell contact 

interactions and cobble-stone like morphology which are characteristic features of epithelial 

cells (Fig. 3.21). Similar to TAZ-WT, overexpression of TAZ-S89A-WWm also causes 

EMT, loss of cell-cell interactions and acquired fibroblast (mesenchymal)-like morphology.  

On the other hand, the TEAD binding domain mutant TAZ-S89A-F52/53A had no effect 

on MCF10A cell morphology. Furthermore, this TAZ mutant displayed an even stronger 

epithelial morphology than the non-induced cells, thus suggesting that TEAD binding 

domain is critical for TAZ-induced EMT and cell migration with possible implications in 

the metastatic progression of breast cancer cells.    

 

3.4.2. Re-introduction of ΔNp63 in MCF10A cells partially recues TAZ- 

induced cell migration  

We and others have previously shown that TAZ interacts with TEADs to promote 

oncogenic transformation through activation of pro-tumorigenic genes (100,168). We have 

also shown that TAZ mutation of its TEAD binding domain inhibits TEAD interaction and 

thus, TAZ-induced EMT phenotype. However, whether this effect is also influenced by 

TAZ-induced genetic repression is a question that still remains unsolved. Therefore, since 
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Figure 3.21 TEAD binding domain is essential for TAZ-induced EMT. Constitutively 

active TAZ (TAZ-S89A) mutants of TEAD binding (F52/53A) and WW (WWm) domains 

were induced with doxycycline (+Dox) in MCF10A cells. Cell morphology was observed 

30 days post-induction and compared to cells without doxycycline induction (-Dox).  
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TAZ overexpression has been previously shown to be correlated with enhanced cell 

migration and invasion (100, 168), and ΔNp63 activation has showed inhibitory effects on 

EMT and metastasis in breast cancer (164-165), we sought to elucidate the functional 

consequences of TAZ/TEAD-mediated repression of ΔNp63 in breast cell migration. 

Firstly, we reintroduced ΔNp63 expression in MCF10A-TAZ cells by using lentiviral 

infection. Assessment of similar TAZ and ΔNp63 protein expression levels were performed 

by western blot (Fig. 3.22A). Next, we examined the functional implications of ΔNp63 

suppression on cell migration using a wound-healing assay. MCF10A cells expressing 

WPI, TAZ, or TAZ and ΔNp63 (TAZ-ΔNp63) were used for this experiment and cell 

migration was compared at different time points. Compared to the WPI control (MCF10A-

WPI), TAZ overexpressing cells (MCF10A-TAZ) significantly increased cell migration at 

20 and 40 hours (Fig. 3.22B and C). However, this effect was partially abolished in TAZ-

ΔNp63 expressing cells (MCF10A-TAZ-ΔNp63), whose migration rates were more similar 

to the WPI vector control than to TAZ. These results suggest that reintroduction of ΔNp63 

can partially rescue TAZ-mediated cell migration in breast cells. Therefore, it is likely that 

TAZ interacts with TEAD to promote ΔNp63 suppression, thus increasing the migratory 

capacity of cells, which can further lead to metastatic progression in breast cancer cells.  
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Figure 3.22 Re-introduction of ΔNp63 partially recues TAZ-mediated cell migration. 

(A) Western blot analysis of ΔNp63 expression. MCF10A-TAZ cells were infected with 

lentivirus expressing ΔNp63 (MCF10A-TAZ-ΔNp63). Protein was extracted from these 

cells and ΔNp63 expression was compared to MCF10A-WPI and MCF10A-TAZ cells. β-

actin was used as an internal loading control. (B) ΔNp63 reintroduction in TAZ 

overexpressing cells partially rescues TAZ-induced increased cell migration. MCF10A-

WPI, MCF10A-TAZ and MCF10A-TAZ-ΔNp63 were plated to confluency and starved in 

2% HS overnight. Wound healing assay was performed and cell migration was compared 

between cells at different time points. (C) Quantification of cell migration. Cell migration 

distance (pixels) was quantified in all cells as described in (B). 
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3.5. Identification of transcription factors interacting with TAZ for 

 transcriptional repression 

3.5.1. TAZ regulates ΔNp63 promoter activity through other binding  partners  

Our results have clearly shown the critical interaction between TAZ and TEAD for 

ΔNp63 transcriptional regulation. However, TAZ has also been shown to interact with a 

variety of other transcription factors. Among these, previous studies have characterized 

TTF-1, PPAR-γ, RUNX2, Pax3 and ERBB4 as important binding partners of TAZ that 

regulate stem cell maintenance, differentiation and other tumorigenic processes (81, 94-96, 

170). Therefore, we sought to explore whether any of these interacting partners of TAZ 

could play a role in TAZ-induced repression of ΔNp63. To examine this we performed a 

luciferase assay to observe the effect of these 5 transcription factors in ΔNp63 promoter 

repression. We transfected ΔNp63-luc alone or in combination with TAZ into SK-BR-3 

cells. We also co-transfected ΔNp63-luc with each of the transcription factors (TTF-1, 

PPAR-γ, RUNX2, Pax3 or ERBB4) individually or in combination with TAZ, and their 

promoter activity was compared to ΔNp63-luc alone.  As shown before, TAZ alone 

exhibits repression of the ΔNp63 promoter, while PPAR-γ, RUNX2, Pax3 and ERBB4 

alone do not seem to cause significant effects on the promoter activity (Fig. 3.23). 

However, ΔNp63 promoter activity was evidently repressed after TAZ was co-transfected 

along with RUNX2 or Pax3. Interestingly, TTF-1 displayed significant repression of 

ΔNp63 independently of TAZ. This effect, however, was strongly enhanced after TAZ was 

co-transfected along with TTF-1. Together, these data suggest that TAZ might be indeed 

interacting with other transcription factors to enhance ΔNp63 repression. Moreover, among 

all transcription factors, TTF-1 showed significant promoter repression both dependently 
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Figure 3.23 TAZ-induced repression of ΔNp63 promoter is mediated by other 

transcription factors.   SK-BR-3 cells were transfected with ΔNp63-luc alone or in 

combination with TTF-1, PPAR-γ, RUNX2, Pax3 or ERBB4 individually, or plus TAZ. 

Promoter activity was normalized to ΔNp63-luc alone as described in Fig. 3.4. p-values 

were calculated using ANOVA analyses (**, p <0.01; *, p <0.05). The experiment was 

performed in triplicate. 
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and independently of TAZ. This suggests that TTF-1 acts as a transcriptional repressor that 

interacts with TAZ to enhance its inhibitory potential.   

 

3.5.2. TAZ enhances TTF-1 repression of the ΔNp63 promoter  

From our previous results, we have shown TTF-1 as the most significant 

transcription factor involved in ΔNp63 promoter repression. However, since TTF-1 also 

showed TAZ-independent effects, we sought to explore TAZ involvement in TTF-1-

mediated suppression of ΔNp63. To achieve this, we performed a luciferase assay to 

examine how TTF1 interacts with TAZ in suppression of ΔNp63 promoter. Since the 

effects of TTF-1 alone were shown to be very strong in Fig. 3.23, we adjusted the TTF-1 

transfection to achieve a minimal effective concentration (0.025µg). We then co-transfected 

SK-BR-3 cells with ΔNp63-luc alone or in combination with increasing dosages of TAZ, 

and further assessed the effects of TTF-1 or TAZ plus TTF-1 by luciferase assay. It is 

worth noting that while TAZ was co-transfected with TTF-1 at increasing concentrations, 

TTF-1 concentrations remained equal in all treatments. Results showed that TTF-1 alone, 

transfected at lower concentrations, no longer exhibit promoter suppression (Fig. 3.24). 

However, increasing concentrations of TAZ co-transfected with TTF-1, showed a gradual 

decrease in ΔNp63 promoter activity. Moreover, the effect of TTF-1 plus TAZ was shown 

stronger than the inhibitory effect cause by TAZ alone. These results suggest that, although 

TTF-1 displays repressing effects on its own at high concentration, it also engages activity 

with TAZ to enhance ΔNp63 repression.  
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Figure 3.24 TTF-1-induced repression of ΔNp63 promoter is enhanced by TAZ. SK-

BR-3 cells were transfected with ΔNp63-luc alone or in combination with TAZ at 

increasing concentrations. Similar concentration of TTF-1 was transfected along with 

ΔNp63-luc or ΔNp63-luc plus TAZ. Promoter activity was normalized to ΔNp63-luc alone 

as described in Fig. 3.4. The experiment was performed in triplicate.  
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3.5.3. TTF-1 binding to TAZ is mediated through its WW domain  

To further elucidate the molecular mechanisms underlying TAZ and TTF-1 

interaction, we sought to investigate whether TAZ’s WW domain was critical for TTF-1 

mediated repression. Previous studies have characterized TAZ as a co-activator of TTF-1 

involved in transcription activation. In this study, Park et al. demonstrated that TTF-1 

interacts with TAZ’s WW domain through its LPPY (LPxY) residues located between 97 

and 100 amino acid structure (79). However, this interaction has been so far shown critical 

for transcriptional activation only. Therefore, to further elucidate whether TAZ interacts 

with TTF-1 to promote transcriptional repression as well, we decided to explore ΔNp63 

promoter activity after using a WW domain mutant of TAZ. This TAZ-WWm was created 

as described in section 3.3.6 and co-transfected along with ΔNp63-luc alone or in 

combination with TTF-1 in SK-BR-3 cells. Promoter activity was measured by luciferase 

assay and compared to ΔNp63-luc alone or in combination with wild-type TAZ and TAZ 

plus TTF-1.  Conversely to the repressive effect observed by wild-type TAZ alone or plus 

TTF-1, co-transfection of TAZ-WWm plus TTF1 completely abolished TTF-1-induced 

repression (Fig. 3.25), suggesting that TTF-1 is likely binding to TAZ WW domain to 

enhance its repressive effect on ΔNp63 promoter. To further confirm this, we created a 

TTF-1 dominant-negative mutant, TTF1-P98A/Y100A, an LPxY motif mutant that 

impaired interaction of TTF-1 with the WW domain of TAZ. Using this TTF-1 mutant we 

performed a luciferase assay to examine ΔNp63 promoter activity. Compared to the strong 

promoter repression displayed by TAZ/TTF-1, the TTF-1 mutant, TTF-1-LPxYm alone 

exerted no significant effect on ΔNp63 promoter (Fig. 3.26). Furthermore, TAZ plus TTF-

1-LPxYm no longer suppress ΔNp63 promoter as strongly as observed with wild-type TTF-

1. In fact, TAZ plus TTF-1-LPxYm showed a similar effect as when TAZ was transfected  
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Figure 3.25 TAZ WW domain mutant abolishes TTF-1-induced ΔNp63 promoter 

repression. ΔNp63-luc was transfected alone or in combination with wild-type TAZ, TAZ 

WW domain mutant (TAZ-WWm), TAZ plus TTF-1, or TAZ-WWm plus TTF-1 into SK-

BR-3 cells.  Promoter activity was normalized to ΔNp63-luc alone as described in Fig. 3.4.  

The experiment was performed in triplicate.  
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Figure 3.26 TTF-1 LPxY mutant exhibits a weaker repression of the ΔNp63 promoter. 

SK-BR-3 cells were transfected with ΔNp63-luc alone or in combination with TAZ, TAZ 

plus TTF-1, TTF-1’s LPxY domain mutant (TTF1-LPxYm), or TAZ plus TTF-1-LPxYm. 

Promoter activity was normalized to ΔNp63-luc alone as described in Fig. 3.4. The 

experiment was performed in triplicate.  
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with ΔNp63-luc only, suggesting that indeed TTF-1-induced repression of ΔNp63 is 

enhanced after interacting with TAZ. Moreover, this interaction is mediated through TAZ’ 

WW domain and TTF-1’s LPxY domain, which were shown essential for ΔNp63 

transcriptional repression.  

 

3.5.4. TTF-1 regulates ΔNp63 promoter indirectly  

    In order to explain the transcriptional repression of ΔNp63 promoter by TTF-1, we 

sought to elucidate TTF-1 binding element (TBE) in the promoter. Therefore, we examined 

previously reported TBE sites, performed alignments and elucidated one common TBE 

consensus sequence (171-173).  This consensus site corresponded to XTYZAG, where X 

refers to C or T; Y refers to any base except A; and Z refers to A or G. We identified one 

putative TBE site located 111 base pairs upstream of the transcriptional initiation site in the 

ΔNp63 promoter (TBE1). We then eliminated TBE1 from the ΔNp63 promoter using 

deletion mutagenesis (TBE1m) as described in section 2.2, and performed luciferase assays 

to examine promoter activity. We co-transfected SK-BR-3 cells with either wild-type 

ΔNp63-luc or mutant ΔNp63-TBE1m-luc alone or in combination with TAZ or TAZ plus 

TTF-1, and compared their promoter activities.  Surprisingly, ΔNp63-TBE1m displayed 

similar repression effects on ΔNp63-luc after TAZ and TTF-1 were transfected, suggesting 

that this putative consensus site is not responsible for TTF-1 binding (Fig. 3.27). Moreover, 

promoter-wide screens consisting of 9 different mutated fragments of the ΔNp63 promoter 

failed to elucidate the TBE responsible for TTF-1’s interaction (data not shown), 

suggesting that TTF-1 does not exert direct binding to the ΔNp63 promoter. However since 

TAZ/TTF-1 clearly exhibit repression of the ΔNp63 promoter activity, it is likely that TTF-

1 is able to repress ΔNp63 in an indirect manner. 
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Figure 3.27 Putative TTF-1 binding element (TBE) in the ΔNp63 promoter is not 

responsible for TTF-1 binding. One putative TTF-1 binding element (TBE1) was 

identified in ΔNp63 promoter sequence. TBE1 was mutated (ΔNp63-TBE1m-luc) as 

described in section 2.2 and used for luciferase assay. Promoter activity was measured after 

transfecting wild-type ΔNp63-luc or mutant ΔNp63-TBE1m-luc alone or in combination 

with TAZ or TAZ plus TTF-1 into SK-BR-3 cells. Promoter activity was normalized to 

ΔNp63-luc alone as described in Fig. 3.4. The experiment was performed in triplicate. 
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3.5.5. TEADs enhance TTF-1-induced suppression of the ΔNp63 promoter  

Since TTF-1 was shown to indirectly down-regulate ΔNp63, we sought to explain 

the molecular mechanisms underlying TAZ/TTF-1-induced repression. Our results have 

previously shown that TEADs are responsible for TAZ-mediated ΔNp63 repression. 

Therefore, we wondered if TEAD binding to TAZ could have any effect on TTF-1-induced 

repression of ΔNp63 promoter. As described in section 3.3.4, we performed transient 

siRNA knockdown of TEAD1/3/4 in SK-BR-3 cells and assessed the effect of TTF-1 in 

ΔNp63 promoter regulation.  Effective TEAD knockdown in SK-BR-3 cells is shown in 

Fig. 3.14A. We then co-transfected ΔNp63-luc alone, or in combination with TAZ or TAZ 

plus TTF-1 into SK-BR-3 cells with TEAD1/3/4 knockdown. Promoter activities were then 

compared to those transfected into wild-type SK-BR-3 cells. Interestingly, TAZ/TTF-1-

induced repression of ΔNp63 promoter was significantly weaker in SK-BR.3 cells with 

TEAD knockdowns compared to wild-type SK-BR-3 (Fig. 3.28). Similar, TEAD-low SK-

luci-6 cells showed a complete abolishment of TAZ/TTF-1-induced repression of ΔNp63 

promoter (Fig. 3.29). Moreover, TTF-1 independent suppression was weakened in TEAD-

lacking conditions, thus suggesting that TTF-1 could require TEAD and TAZ to enhance 

ΔNp63 repression. Together, these findings suggest that TTF-1 can exert transcriptional 

repression of ΔNp63 both independently and dependently of TAZ, and possibly TEAD, 

thus elucidating a novel molecular complexity in TAZ-mediated transcriptional regulation.    

  



 

86 
 

 

 

 

Figure 3.28 Transient knockdown of TEAD compromises TTF-1-induced suppression 

of ΔNp63. SK-BR-3 cells were transfected with a siRNA targeting TEAD1, 3 and 4 

(siTEAD1/3/4). Luciferase assay were performed in either wild-type SK-BR-3 (WT) or 

SK-BR-3 cells containing TEAD1/3/4 knockdown. ΔNp63-luc was transfected alone or in 

combination with TAZ or TAZ plus TTF-1. Promoter activity was normalized to ΔNp63-

luc alone as described in Fig. 3.4.  The experiment was performed in triplicate.  
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Figure 3.29 Suppression of ΔNp63 by TAZ and TTF-1 is abolished in TEAD-low SK-

luci-6 cells. Luciferase assay were performed in either SK-BR-3 or SK-luci-6 cells. 

ΔNp63-luc was transfected alone or in combination with TAZ, TTF-1, TTF-1-LPxYm or 

TAZ plus TTF-1. Promoter activity was normalized to ΔNp63-luc alone as described in 

Fig. 3.4. The experiment was performed in triplicate.  
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CHAPTER 4 

DISCUSSION 

 

4.1 TAZ is a dual regulator of gene transcription 

Studies have widely characterized TAZ as a transcriptional co-activator of gene 

expression. Its ability to interact with a wide range of transcription factors accounts for 

TAZ’s multi-functional effects in tumor development and progression. Moreover, TAZ-

induced activation of pro-tumorigenic genes, such as Cyr61, CTGF, BMP-4 (100, 168) and 

many others, has been often reported in the literature. However, our DNA microarray data 

have elucidated a whole new perspective on TAZ transcriptional regulation. Besides its 

well-studied role as a transcriptional co-activator, our results have suggested a novel 

function of TAZ in transcriptional repression. This transcriptional duality of TAZ has been 

previously questioned after observing that TAZ-induced activation of RUNX2 and 

repression of PPAR-γ’s transcriptional activity was critical for mesenchymal stem cell 

differentiation (95).  Recently, phosphorylation of Y316 of TAZ has been shown to 

promote TAZ interaction and repression of NFAT5’s transcriptional activity in response to 

hyperosmotic stress (87). Although these studies have shed light on the transcriptional 

repressing potential of TAZ, they have failed to elucidate the molecular mechanisms and 

oncogenic implications underlying TAZ-induced suppression. 

The fact that our microarray results have shown significantly more genes repressed 

by TAZ than activated by it, has uncovered a new layer of the signaling complexity of TAZ 

and the Hippo pathway.  Furthermore, validation analysis of several target genes including 

p63 and pro-inflammatory cytokines, has indeed confirmed that TAZ expression is also 

critical for transcriptional inhibition. Moreover, the strong repression of IL-1α/β exerted by 
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TAZ has suggested a novel role in modulating the inflammatory response and tumor 

microenvironment. In fact, TAZ was found to indeed repress IL-1β promoter in the same 

manner as shown for ΔNp63 (Appendix Fig. 1). Collectively, our results have elucidated an 

underrated role of TAZ as a transcriptional co-repressor in breast cells. Moreover, we have 

uncovered TAZ’s duality in gene transcription regulation, a trait that has been previously 

reported for other transcriptional co-factors, such as CCAAT-enhancer binding protein 

(C/EBP) or CREB-binding protein (CBP) and its paralog p300 (174-175).  

 

4.2 ΔNp63 is a novel downstream target negatively regulated by TAZ 

Despite the progress made towards elucidating the molecular mechanisms involved 

in breast cancer development and progression, metastatic cancer cells remain a major 

obstacle for successful breast cancer treatments. In this context, TAZ has been highly 

associated with cell acquisition of EMT phenotypes and subsequent metastatic 

dissemination of breast cells (85-86, 100, 176). By regulating gene expression, TAZ has 

shown to modulate oncogenic traits in cells. However, the transcriptional downstream 

targets mediating these TAZ-induced phenotypes remain mostly unexplored.   

By using a DNA microarray and real-time qRT-PCR, we identified p63 isoforms 

TAp63 and ΔNp63 as transcriptional targets negatively regulated by TAZ in mammary 

tumorigenesis. Of these, ΔNp63 showed the most significant repression and was shown to 

be the predominant isoform expressed in MCF10A cells.  Therefore, we characterized 

ΔNp63 as a bona fide negative transcriptional target of TAZ involved in cell migration. 

Firstly, we have shown that TAZ overexpression in MCF10A non-tumorigenic breast cells 

causes a significant decrease in ΔNp63 mRNA expression levels. Next, we have shown that 

overexpression of both wild-type TAZ and its constitutively active mutant, TAZ-S89A 
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promotes ΔNp63 protein repression in MCF10A cells. Finally, we have confirmed that 

TAZ physically interacts with ΔNp63 promoter and promotes ΔNp63 transcriptional 

repression. Although TAZ-S89A exhibited a stronger repression of mRNA and protein 

levels than wild-type TAZ, our luciferase assay results have showed no significant 

difference between them. High concentration of TAZ and TAZ-S89A could effectively 

repress ΔNp63 promoter by about 30% to 60%. However, neither could completely abolish 

ΔNp63 promoter activity. Since TAZ requires transcription factors to mediate gene 

transcription, it is likely that transfection of TAZ alone is not sufficient for a total 

repression of the ΔNp63 promoter. Also, the fact that luciferase assays were performed in 

SK-BR-3 breast cancer cells, but other analyses were performed in non-tumorigenic 

MCF10A cell lines, might explain TAZ’s differential effects as a tissue-specific regulator. 

After confirming that ΔNp63 is indeed a real downstream target negatively 

regulated by TAZ, we examined the functional implications of ΔNp63 downregulation in 

mammary epithelial cells. After reintroducing ΔNp63 protein expression into TAZ 

overexpressing MCF10A cells, we found that ΔNp63 could reverse TAZ-mediated 

promotion of cell migration. Specifically, assessment of the migration distance of MCF10A 

cells expressing TAZ plus ΔNp63, showed a significantly slower wound closure rate that 

was more similar to the one displayed by MCF10A-WPI control than to MCF10A-TAZ 

cells. Although ΔNp63 re-expression could not completely reverse this TAZ-mediated 

phenotype, it is likely that ΔNp63 is at least partially responsible for suppressing with 

TAZ-induced cell migration. These results are consistent with studies showing ΔNp63 as 

an inhibitor of cell migration, invasion and metastatic progression in breast cells (164-165).  

Moreover, p63 and particularly ΔNp63 expression has been specifically observed in normal 

myoepithelial breast cells, has been proposed as a marker for cell differentiation and is 
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shown to be downregulated in non-metaplastic invasive breast carcinomas (128, 155, 166, 

177). Importantly, TAZ overexpression is highly correlated with breast cancer invasiveness 

and dissemination (100). Thus, it is likely that TAZ-induced suppression of ΔNp63 

enhances its metastatic potential by promoting breast cell migration and spread. It will be 

interesting to further investigate whether TAZ and ΔNp63 could be used as prognostic 

biomarkers for metastatic breast cancer. Until then, our results have provided a better 

understanding of the molecular mechanisms of TAZ-induced metastatic dissemination that 

might be critical for future development of effective target therapies for breast cancer 

patients.    

  

4.3. TEADs are critical binding partners of TAZ that modulate ΔNp63  

transcription 

Our results have identified the TEAD/TEF family of transcription factors as the 

main interacting partners of TAZ that mediate ΔNp63 transcriptional regulation. The 

interaction between TAZ and TEAD has been often reported in the literature as essential for 

transcriptional gene expression and oncogenic transformation (70, 89, 100). Consistent with 

this, our studies have revealed that TEAD4 strongly interacts with TAZ to enhance ΔNp63 

promoter activation. Moreover, we have shown that interfering with the TEAD response 

elements completely abolishes TEAD/TAZ-mediated activation of ΔNp63 promoter.  This 

is consistent with other studies that have proposed TEAD4 as the main interacting partner 

of TAZ in breast tumorigenesis (88-89, 100). Despite the strong transcriptional activation 

exerted by TEAD4 and TAZ, our results have also elucidated a novel repressive potential 

of TEADs alone. We showed that TEADs, especially TEAD1, but also TEAD3 and 

TEAD4 could repress about 70 to 80% the activity of ΔNp63 promoter. This effect was 
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stronger than the repressive effect exhibited by TAZ alone. Moreover, we showed that TAZ 

could no longer suppress ΔNp63 promoter activity in TEAD-low SK-luci-6 cells nor in 

ΔNp63-TRE promoter mutant lacking the TEAD binding site. This novel interaction 

between TAZ and TEAD in transcriptional repression was further elucidated after showing 

that TEADs knockdown decreased TAZ-mediated promoter repression and reversed 

ΔNp63 protein expression back to basal levels.  Furthermore, we observed a decrease in 

cell proliferation and survival even after TAZ was overexpressed in TEAD-depleted 

MCF10A cells, which is consistent with studies that have characterized TEADs as 

important modulators of cell proliferation and contact inhibition (88, 178). Importantly, we 

elucidated that TEAD1 was predominantly expressed in both SK-BR-3 and MCF10A cells 

hence, it is likely to be the TEAD isoform responsible for TAZ-induced repression of 

ΔNp63.  

Collectively, our results have elucidated the duality of TEADs and TAZ in 

transcriptional modulation. On one hand we have shown that TEAD4 strongly enhanced 

TAZ-induced expression of ΔNp63. One the other hand, have shown that TEAD expression 

is also critical for TAZ-mediated suppression of ΔNp63. Interestingly, the role of TEADs 

in modulating both transcriptional gene activation and repression in a context and tissue-

specific manner has been previously reported (167, 179-180). Although the molecular 

mechanisms underlying TAZ/TEAD’s functional duality have not been fully explored, 

some studies have provided insightful alternatives. Recently, a study has elucidated a novel 

role of TEADs not only as executors of TAZ-mediated EMT and breast metastasis, but also 

as regulators of the subcellular localization of TAZ and nuclear activity of TEAD-TAZ 

complexes (89, 167). Furthermore, TEADs have also been shown to bind to the same DNA 

sequences with different affinities, and act on the same genes in different ways (179). This 
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differential activity of TEADs can be explained either as a result of interacting with 

different co-factors, or its inability to bind to chromatin-remodeled DNA binding sites. 

Since we have shown that TAZ mutants lacking (TAZ-Δ72) or containing a non-functional 

(TAZ-F52/F53A) TEAD binding domain completely abolish TAZ-induced suppression of 

ΔNp63, we believe that this differential function of TEADs is TAZ-specific, and not due to 

an association with other co-factors. Interestingly, a study on TAZ’s Drosophila 

homologue, Yki, has identified the nuclear receptor co-activator 6 (Ncoa6), an enhancer of 

transcription and histone methyltransferase complex recruiter, as a binding partner of Yki 

involved in transcriptional regulation (181). These findings have suggested that the Hippo 

pathway effectors might regulate expression by interacting with histone and chromatin 

remodeling proteins. Similar, many studies have also shown the association of histone 

acetyltransferase (HAT) complexes and transcriptional co-factors as critical for 

transcriptional regulation (182).  Therefore, it is possible that TEAD interaction with TAZ 

can exert differential functions on the transcriptional modulation of genes in a tissue-

specific manner. It will be interesting to further elucidate the exact mechanisms of TAZ-

mediated repression as a way to better understand its implication for development and 

cancer biology. Nevertheless, our findings have shed light on the unanticipated complexity 

of the mechanisms underlying TAZ and TEAD’s interaction for genetic regulation.  

 

4.4 The TEAD binding and WW domains of TAZ exert distinct effects in  

ΔNp63 regulation 

Through this study, we have confirmed that the TEAD binding domain of TAZ is 

critical for TAZ-induced repression of ΔNp63. Our results have shown that both TAZ-Δ72 

and TAZ-F52/53A TEAD binding domain mutants failed to suppress ΔNp63 protein 
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repression in MCF10A cells.  Even at high expression levels, TAZ-F52/53A could not exert 

any effect on ΔNp63 suppression, conversely to the effect observed in TAZ or TAZ-S89A 

overexpressing cells. Furthermore, the constitutively active TAZ mutant lacking a 

functional TEAD-binding site, TAZ-S89A-F52/53A, completely abolished TAZ-mediated 

repression of ΔNp63. Thus, these findings confirmed that interaction of TAZ with TEADs 

is essential for ΔNp63 repression and enhancement of cell migration. Concordant with our 

results, the TEAD binding domain of TAZ has been previously characterized as a critical 

domain for TAZ-induced cell transformation (88-89, 183). 

However, our studies revealed that the WW domain of TAZ had little or no effect in 

ΔNp63 protein repression in MCF10A cells. In fact, the TAZ-S89A mutant lacking a 

functional WW domain (TAZ-S89A-WWm) exerted a stronger suppression of ΔNp63 

protein than TAZ-S89A alone, suggesting TAZ-induced ΔNp63 suppression is dependent 

on the TEAD binding, but not the WW domain of TAZ. This result is consistent with 

previous studies showing that the TAZ-mediated gene transcription is dependent on its WW 

domain or TEAD binding domain, but not both (99-100, 184).  

Finally, we have showed that both domains of TAZ play distinct roles in regulating 

cell morphology and EMT. Concordantly with studies showing that TEAD mediates TAZ-

induced cell migration and EMT (168, 88, 178), we have also shown that TAZ mutants 

lacking a functional TEAD-binding domain failed to enhance these effects in MCF10A 

breast cells. Conversely, MCF10A cells expressing a TAZ WW domain mutant showed 

decreased cell-cell contact and enhanced acquisition of fibroblast-like EMT phenotypes, 

similar to the effect observed in TAZ overexpressing cells (85-86, 88, 100, 168). Together, 

these findings confirm that interaction of TEAD with TAZ is indeed essential for oncogenic 

transformation of breast cells (89). Further elucidation of the roles of TAZ’s functional 
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domains and its implications in tumorigenesis might be critical for therapeutic targeting of 

breast cancer.   

 

4.5 TTF-1 is a transcriptional suppressor of ΔNp63 enhanced by TAZ and   

TEAD 

Despite our findings showing that the TEAD-binding domain is the critical 

modulator of TAZ-mediated suppression of ΔNp63, other studies have suggested that the 

WW domain of TAZ interacts with many transcription factors (95, 185). In this study, we 

have elucidated that TAZ interacts with TTF-1, RUNX2 and Pax3 L/PPxY domain-

containing transcription factors (79, 81, 95) to promote ΔNp63 repression. Moreover, our 

results have revealed TTF-1 as a significant transcriptional repressor of ΔNp63 that 

interacts with TAZ to enhance its suppressing activity. We have also shown that ΔNp63 

promoter repression is abolished or weakened in TAZ or TTF-1 mutants lacking their 

respective functional binding sites. In accordance with our results, previous studies have 

elucidated the role of TTF-1 as a transcriptional repressor (186-187). However, thus far no 

study has characterized TAZ as a transcriptional co-repressor partner for TTF-1-mediated 

transcriptional activity.  

Our results have showed that TTF-1-induced repression of ΔNp63 is significantly 

decreased in TEAD-lacking conditions, such as transfection into TEAD-low or TEAD 

knockdown cells.  Thus, our findings have elucidated a novel putative complex formation 

between TAZ, TEAD and TTF-1 for transcriptional repression (Fig. 3.30). Furthermore, 

our data have shown that TTF-1 is a strong inhibitor of ΔNp63 expression. We have also 

confirmed that TTF-1 expression levels are undetectable in MCF10A cells (data not 

shown), which explains TEAD’s predominant effect on ΔNp63 repression. However, it is  
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Figure 3.30 Proposed signaling model describing the molecular mechanisms of TAZ-

induced suppression of ΔNp63 in breast cells. Through its TEAD binding domain (TBD, 

residues F52 and F53), TAZ interacts with TEAD and translocate into the nucleus. TEAD 

binds to the TEAD response element (TRE) in the promoter and induces transcriptional 

repression of ΔNp63. TTF-1 LPxY domain (LPxY) interacts with TAZ WW domain (WW) 

and promotes further repression of ΔNp63 through TEAD’s interaction with the ΔNp63 

promoter. Repression of ΔNp63 enhances intracellular pathways involved in cell migration. 

(Valencia Sama I., Original figure, 2014). 
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likely that TAZ and TTF-1 exert strong repressive effects in other tissues. Interestingly, 

after screening for ΔNp63 expression in some lung cell lines, we found that HBE135 lung 

epithelial cells overexpressing TAZ significantly repressed ΔNp63 expression, similar to 

the effect observed in MCF10A cells (Appendix Fig. 2). Since p63 and TTF-1 are common 

markers of lung differentiation and carcinoma (188) and TAZ has been characterized as an 

oncogene in non-small cell lung cancer (111, 116), it is possible that TTF-1 might be 

modulating TAZ-induced repression of ΔNp63 in HBE135 cells. It will be interesting to 

further study the interaction between TTF-1 and TAZ, as well as its functional implications 

for lung cancer.   

  

4.6 Conclusions and Future Directions 

This work has uncovered a new layer of transcriptional effects modulated by the 

Hippo-TAZ pathway. To our knowledge, this is the first study that has focused on 

elucidating and characterizing the molecular mechanisms and functional implications of 

TAZ in transcriptional repression in breast cancer. Our DNA microarray has revealed a 

significant amount of downregulated cytokines downstream of TAZ that are implicated in 

modulating the inflammatory response. Further studies might elucidate TAZ’s novel role as 

a regulator of the immune response, as well as the implications of this genetic suppression 

in tumor microenvironment  

Our findings have thoroughly explored TAZ’s role as a co-repressor of TEAD in 

ΔNp63 suppression. This has been one of the few reports that examined the suppressive 

potential of TEADs on genetic transcription. It might be interesting to further elucidate the 

molecular mechanisms for TAZ and TEAD promoter-specificity for transcriptional 

activation and repression. Particularly, further work should be focused towards examining 
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TAZ’s role in chromatin remodeling and histone modification. Elucidation of these 

mechanisms could provide a better understanding of TAZ involvement in tumor 

development and progression. 

In addition, we have shown that ΔNp63 re-expression can partially rescue TAZ-

induced cell migration in breast cells. It will be interesting to further explore whether 

ΔNp63 suppression or re-expression has any implications for breast cell invasion and 

metastasis. We have also revealed that the HBE135 lung cell line also shows a similar 

repression of ΔNp63 as in TAZ overexpressing breast cells. Thus, our findings can provide 

the basis for exploring TAZ transcriptional repression in lung tumorigenesis. 

Furthermore, we have proposed TTF-1 as a novel transcriptional repressor of 

ΔNp63. Moreover, we have shown a correlation between TEAD and TAZ for stronger 

TTF-1-induced repression. Although further studies are required, it is likely that a novel 

TEAD/TAZ/TTF-1 complex can enhance ΔNp63 transcriptional suppression. It will be 

interesting to explore the biochemical and molecular mechanisms of this putative 

transcriptional complex.        

Finally, preliminary DNA microarray analysis has shown that the TAZ paralog, 

YAP, also exerts significant transcription repression.  We have showed that YAP has a 

similar effect as TAZ in suppressing the ΔNp63 promoter (Appendix Fig. 3). Therefore, it 

would be interesting to examine whether YAP can display similar or stronger co-repressive 

effects than TAZ in ΔNp63 expression, as well as elucidate its implications for mammary 

tumorigenesis. 

Overall, this work has characterized TAZ as a dual modulator of cellular gene 

expression, and has provided evidence of the molecular and functional implications of 

TAZ-induced repression of ΔNp63. Further elucidation of the clinical implications of 
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TAZ’s repressive effects might shed light on the roles of TAZ in breast tumorigenesis, as 

well as illustrate novel strategies for targeting breast cancer in patients.  
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APPENDIX 

 

Table 1. Primer sequences for construct cloning and site-directed mutagenesis 

Construct 

 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

 

pGL3-basic-TAp63-luc 

 

ATGGTACCGCAAAACCAAA

AACAGCAAAAACTGTAAG 

 

AATCTCGAGAAGGGTCAGGG

CAGTACTGTAGGGTGGCAC 

 

pGL3-basic-ΔNp63-luc 

 

ATGGTACCTATGTGTGAAGA

AATGAATGTTTTGTCTG 

 

AATCTCGAGAAGATAACAGA

ACTCAAGTCCCTCTCTCTC 

 

pcDNA3.1-TTF-1-

3XFLAG 

 

CGGGATCCATGTCGATGAGT

CCAAAGCA 

 

GTAATCATGCGGCCGCTCACC

AGGTCCGACCGTATAG 

 

pcDNA-TAZ-WWm-

HA 

 

CGGGATCCACCATGAATCCG

GCCTCGGCG 

 

CGCGTTAACTGCGGCCGCTTA

CAGCCAGGTTAGAAAGG 

 

pcDNA-TAZ-F52/53A-

HA 

 

GGAAGAAGATCCTGCCGGA

GTCTGCCGCTAAGGAGCCTA

ATTCGGGCTCG 

 

CGAGCCCGAATCAGGCTCCTT

AGCGGCAGACTCCGGCAGCA

GGATCTTCTTCC 

 

WPI-TAZ-WWm 

 

AGCTTTGTTTAAACCATGGG

ATACCCATACGACGTCCC 

 

AGCTTTGTTTAAACTTTACAG

CCAGGTTAGAAAGG 

 

WPI-TAZ-F52/53A 

 

AGCTTTGTTTAAACCATGGG

ATACCCATACGACGTCCC 

 

AGCTTTGTTTAAACTTTACAG

CCAGGTTAGAAAGG 

 

pTRIPZ- ΔNp63 

 

 

CCGCTCGAGATGTTGTACCT

GGAAACAATGCC 

 

CGACGCGTTCACTCCCCCTCC

TCTTTGATG 

 

pGL3-basic-ΔNp63(-

1228)-luc 

 

ATGGTACCGAAATGTATGTT

CTAATCTCTTCTGGC 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

944)-luc 

 

ATGGTACCGGCCAGATTCTA

CATGAATGTTGGTACG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

656)-luc 

 

ATGGTACCGATGTTTGTTTG

TTTTTGTAAGTTAACGG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

259)-luc 

 

ATGGTACCAGACAGTGCACT

TTCTTATG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

215)-luc 

 

ATGGTACCGTCTGTCTCCTG

GGTTTG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

 

ATGGTACCTGATAAGGAATT

 

ATCTCGAGAAGATAACAGAA



 

115 
 

159)-luc CTAACTAC CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

109)-luc 

 

ATGGTACCGGAGTGGAGGA

GTCCAGGTG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63(-

89-73)-luc 

 

GGAGTGGAGGAGTCCAGGT

GCAGGTAAAGAGAAGAGT 

 

CACCTGGACTCCTCCACTCC 

 

pGL3-basic-ΔNp63(-

72-56)-luc 

 

GAAGTTGATGGATTGGACCC

GCCTCCTCATG 

 

TCCAATCCATCAACTTC 

 

pGL3-basic-ΔNp63(-

55-40)-luc 

 

CAGGTAAAGAGAAGAGTTA

TAGTTGGGTATATATTAGG 

 

ACTCTTCTCTTTACCTG 

 

pGL3-basic-ΔNp63-

TRE1m-luc 

 

ATGGTACCAGACAGTGCACT

TTCTTATG 

 

ATCTCGAGAAGATAACAGAA

CTCAAGTCCCTCTCTCTC 

 

pGL3-basic-ΔNp63-

TRE2m-luc 

 

AAAGATTGGTGATAAGAAA

ATCTAACTACTTAATGAGAT

G 

 

CATCTCATTAAGTAGTTAGAT

TTTCTTATCACCAATCTTT 

 

pcDNA3.1-TTF-1-

LPxYm-3XFLAG 

 

AACCTGGGCAACATGAGCG

AGCTGGCGCCGGCCCAGGA

CACCATGAGGAACAGC 

 

GCTGTTCCTCATGGTGTCCTG

GGCCGGCGCCAGCTCGCTCAT

GTTGCCCAGGTT 
 

 

Table 2. Primer sequences for qRT-PCR  

 

Gene 

 

 

Forward Primer (5’-3’) 

 

Reverse Primer (5’-3’) 

TAp63 

 

GGACTCTATCCGCATGCAG GAGCTGGGCTGTGCGTAG 

ΔNp63 

 

GAGTTCTGTTATCTTCTTAAG TGTTCTGCGCGTGGTCTG 

TP63 

 

TAACACAGACCACGCGCAGA GAATACGTCCAGGTGGCCGA 

IL-1A 

 

TGTGACTGCCCAAGATGAAG CTTAGTGCCGTGAGTTTCCC 

IL-1B 

 

GAAGCTGATGGCCCTAAACAG GAAGCCCTTGCTGTAGTGGTG 

IL-6 

 

TCCTCGACGGCATCTCAGCCC ATCTTTGGAAGGTTCAGGTTG 

TAZ 

 

GAACATCAATCCCCAACAGAG GGCCCAGGAAATGTAAGGTCATG 

rRNA TCCCCATGAACGAGGAATTCC AACCATCCAATCGGTAGTAGC 
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Figure 1. Repression of the IL-1β promoter by TAZ. IL-1β promoter was cloned into a 

luciferase expressing vector (IL-1β-luc).  SK-BR-3 cells were transfected with ΔNp63-luc 

or IL-1β-luc alone or in combination with TAZ. Promoter activity is shown as fold change. 

The experiment was performed in triplicate.  
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Figure 2. TAZ-mediated repression of ΔNp63 in HBE135 lung cell lines. TAZ and 

ΔNp63 protein expression levels were assessed in HBE135 human bronchial epithelial cells 

and E10 immortalized non-tumorigenic lung cells containing doxycycline (Dox)-inducible 

expression of TAZ (HBE135-TAZ and E10-TAZ). MCF10A-WPI and MCF10A-TAZ 

protein lysates were used as positive controls. HCC827 lung cancer protein lysates were 

used as negative control. β-actin was used as an internal loading control.   
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Figure 3. YAP suppresses the promoter activity of ΔNp63. SK-BR-3 cells were 

transfected with ΔNp63-luc alone or in combination with TAZ or YAP. Promoter activity is 

shown as fold change. The experiment was performed in triplicate.  

 


