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ABSTRACT 

 TAZ (Transcriptional co-activator with PDZ-binding motif) is a WW-domain containing 

protein recently identified as a downstream component of the Hippo tumor suppressor pathway 

and mediator of biologically important processes (mesenchymal stem cell differentiation, 

embryonic stem cell renewal, mechanotransduction). Recently, loss of LATS1/2, a negative 

regulator of TAZ, has been observed in ~50% of breast cancers. However, whether and how TAZ 

is also involved in breast cancer has not been investigated. Therefore, this study explores the 

cellular functions of TAZ in breast cancer and the underlying molecular mechanisms. 

 The cellular functions of TAZ were investigated using overexpression studies in an 

immortalized mammary epithelial cell line (MCF10A). Compared to control vector-only 

expressing cells (MCF10A-WPI) TAZ overexpression (MCF10A-TAZ) promotes enhanced cell 

proliferation, cell migration and cell-ECM adhesion, induces transformation and the epithelial-

mesenchymal transition, and confers resistance to chemotherapeutics (paclitaxel, cisplatin). 

Together, these findings strongly suggest TAZ functions as an oncogene in the development, 

progression and drug resistance of breast cancer. 

 As a transcriptional co-activator, TAZ likely mediates these cellular functions through the 

transcriptional activation of downstream genes. By screening a 44K human genome microarray 

we have identified and characterized Cyr61 and CTGF, mediators of paclitaxel resistance, and 

BMP4, a regulator of cell migration. Through stable shRNA-mediated knockdown, we show that 

loss of Cyr61/CTGF expression in MCF10A-TAZ cells can rescue TAZ-induced paclitaxel 

resistance. Similarly, shRNA-mediated knockdown of BMP4 can significantly attenuate TAZ-

induced cell migration. Therefore, these findings demonstrate that Cyr61/CTGF and BMP4 are 

functionally significant mediators of TAZ-induced paclitaxel resistance and cell migration, 
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respectively. The clinical relevance of our in vitro findings were also validated by 

immunohistochemistry using tissue microarrays containing human breast cancer samples. TAZ 

levels were highly expressed in 66.6% of clinical samples further suggesting TAZ may be an 

important oncogene in breast cancer. 

 Our study has characterized TAZ as an oncogene in breast cancer and elucidated two 

novel mechanisms underlying paclitaxel resistance and cell migration. These findings highlight 

the importance of TAZ during the development, progression and drug resistance of breast cancers 

and the potential use of TAZ as a therapeutic target to treat TAZ-expressing breast cancers. 
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PART I: LITERATURE REVIEW 

 

CHAPTER 1: INTRODUCTION 

 

1.1. CANCER 

 Cancer, or as Hippocrates coined in Greek, "karkinos", is classically thought of as a 

disease caused by the overproliferation of cells (1). Although the term was initially founded 

around 460-370 B.C., the disease itself has a long history dating back to as early as 1600 B.C. in 

Egypt where bone cancer was discovered in mummies (1). Historically, cancer was seen as an 

infrequent disease (2) yet, today cancer is a leading cause of death in both men and women 

worldwide (3). Greater lifespan, lifestyle changes, and our ever-increasing ability to detect early 

stages of cancer likely contribute to this increased incidence of cancer (2).  

 The etiology of cancers are generally unknown, however, it is unarguably the result of the 

overproliferation of cells caused by specific genomic mutations. Often these mutations result in 

the functional breakdown of essential caretaker genes involved in the maintenance of DNA 

integrity, cell cycle regulation, and apoptosis, which drive the cell proliferation necessary for 

tumor development (4). However, the primary tumors formed in most cancers are rarely life-

threatening. Rather, the invasive and metastatic progression of cancer to other sites within the 

body is the cause of 90% of cancer-related deaths (5). Therefore, is it imperative that we 

understand how cancer develops and progresses to this metastatic state in order to enhance the 

diagnostic, prognostic, and therapeutic strategies necessary to improve clinical management of the 

disease. 
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1.2. BREAST CANCER 

 Breast cancer continues to be the most diagnosed cancer and leading cause of cancer 

related deaths in women worldwide, accounting for 23% of total cancer diagnoses and 14% of all 

cancer related deaths (3). Approximately 5-10% of total cases are considered hereditary due to the 

inheritance of mutated genes, such as BRCA1 (Breast Cancer Gene One) and BRCA2, whereas 

the remaining cases are considered sporadic and without a definitive underlying cause. Although 

significant progress has been made in breast cancer research, the complexities of the disease itself, 

the heterogeneous nature within and between affected individuals in addition to the multiple 

different risk factors that contribute to this disease make the successful identification of 

therapeutics still elusive. Therefore, understanding the disease and its progression in a holistic 

manner is essential for improving the current treatment options available to enhance the 

management of the disease and quality of life of those afflicted. 

 

1.2.1. BREAST CANCER DEVELOPMENT AND PROGRESSION 

 The development and progression of breast cancer is a multi-stage process (Fig. 1.1). The 

first transition from normal breast tissue to hyperplasia occurs through the acquisition of genetic 

alterations in cells that acquire an increased proliferative capacity (6). The resulting hyperplastic 

lesions, observed as regions of increased cell proliferation, can be classified as either non-atypical 

or atypical based on whether cells appear histologically normal or distorted, respectively (7). 

Although these lesions are actually quite common, they very rarely progress to malignancy (8). 

However, women with atypical hyperplasia are at 5-fold greater risk of developing invasive breast 

cancer (7, 8).  
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Figure 1.1: Breast cancer development and progression is a multi-stage process. Normal cells 

that acquire genetic instabilities are provided a proliferative advantage that can be observed as 

hyperplastic lesions. These lesions can progress to carcinoma in situ, which is characterized by a 

solid tumor clearly encapsulated by a myoepithelial-basement membrane layer. However, when 

this defined feature is compromised, local invasion into the chest and/or lymph nodes can ensue as 

well as the progression to distant organs of the body. 
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 The additional accumulation of genomic instabilities can facilitate the progression of 

hyperplastic lesions to carcinoma in situ (8, 9). A distinguishing feature of carcinoma in situ is 

that the tumor mass is encapsulated by a clear basement membrane and myoepithelial cell layer 

(10, 11). Carcinoma in situ can be specified as either ductal carcinoma in situ (DCIS) or lobular 

carcinoma in situ (LCIS), based on localization of the tumor in the duct or lobule of the breast, 

respectively (8). Although carcinoma in situ is rarely fatal, patients are at greater risk (10-fold) of 

developing invasive breast cancer (8). Based on gene expression profiling analysis, studies 

suggest that carcinoma in situ is a presursor to invasive carcinoma (10). However, the precise 

genetic changes that encourage the final metastatic progression of the disease are not known (12). 

Nevertheless, certain markers such as amplification of HER2 have been shown to increase the risk 

of invasive breast cancer (8). Intricate studies stemming from the Massagué lab have also shown 

that metastasis of breast cancer to common sites including the bone, lung, and brain, is a non-

random process mediated by organ-specific gene expression profiles (13-15). 

 

1.2.2. THE MOLECULAR MECHANISM OF BREAST CANCER 

 It is widely known that inheriting mutated BRCA1/2 genes are highly associated with 

hereditary breast cancer. This connection was discovered in 1990 by Mary-Claire King's group 

who identified that the long arm of chromosome 17, the location of the BRCA1 gene, is 

associated with an increased susceptibility to an inherited form of breast cancer (16). Similarly, 

Michael Stratton’s group later identified BRCA2, located to chromosome 13, and its association 

with inherited breast cancer in 1994 (17). Both genes (BRCA1/2) were later successfully 

identified and cloned in the following years (18, 19).  
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 BRCA1/2 are tumor suppressors with important functions in DNA repair (9, 20). More 

specifically, BRCA1 has broad mechanisms of function to repair damaged DNA, specifically 

through homologous recombination, nucleotide-excision repair, and non-homologous end-joining 

(20). In contrast, BRCA2 specifically repairs DNA through homologous recombination (20). 

Therefore, it is not surprising that mutations in BRCA1/2 can be detrimental to their function in 

maintaining DNA integrity and that deregulation of these genes can promote genomic instabilities 

and the acceleration of tumorigenesis.  

 Although BRCA1/2 genes are highly associated with inherited breast cancer, this only 

accounts for ~5-10% of all breast cancer cases (9). This leaves the remaining majority of breast 

cancer cases sporadic in nature without a definitive underlying cause. Despite this, several 

oncogenes and tumor suppressor genes commonly altered across the spectrum of cancers can also 

be associated with the development and progression of a fraction of breast cancer cases. For 

instance, HER2, a member of the human epidermal growth factor receptor family 

(EGFR/HER/ErbB), can be found amplified or overexpressed in 20-30% of invasive breast cancer 

cases and is generally associated with aggressive behaviour and increased recurrence risk in early 

stage breast cancer (9). Alternatively, the cell cycle regulator cyclin D1 has also been shown to be 

overexpressed or amplified in 40-50% and 10-20% of breast cancer cases, respectively, and c-

Myc is commonly overexpressed in 15-25% of cases (9). Whereas oncogenes are overexpressed 

in breast cancer, tumor suppressors’ functions are often lost due to mutations or loss of 

expression. For example, loss of function of tumor suppressors such as p53, Rb, and the cyclin 

dependent protein kinase inhibitor p27 have also been illustrated in a significant proportion of 

breast cancer cases (9). 
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1.2.3. MOLECULAR SUBTYPES  

 Despite the tremendous heterogeneity that exists both within and between tumors, gene 

expression studies of human breast tumors were able to unveil the following 5 subtypes of breast 

cancer: Luminal A, Luminal B, normal-like, HER2, and basal-like (21, 22). These subtypes were 

generated by gene expression profiling of breast cancer samples that were grouped using 

hierarchical clustering based on similar gene expression patterns (21, 22). The identification of 

these subtypes has significant clinical implications since various subtypes associate with overall 

survival. For example, the Luminal A subtype had the best overall outcome when overall survival 

and relapse free survival were assessed (22). In contrast, the basal-like and HER2 subtypes were 

associated with worst overall outcomes in both categories (22). 

 

1.2.4. TREATMENT 

 In addition to the prognostic significance of the different breast cancer subtypes, this 

classification can also facilitate treatment type. Breast cancer patients can receive either local or 

systemic therapy depending on the nature and extent of their disease at diagnosis. The main 

objective of local therapy is to remove the primary tumor itself as well as any remaining cancer 

cells situated in the breast or lymph nodes (23), which is generally achieved through surgical 

resection. Specifically, patients can undergo lumpectomy, a breast conserving surgery that 

removes only the tumor, or mastectomy, which is the surgical removal of the tumor and 

surrounding breast tissue (23). If the patient is considered high risk for recurrence, surgery may be 

followed by radiation to eliminate any remaining cancer cells in the breast as a preventative 

measure (23).  
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 In contrast to local therapy, which only targets the breast, systemic therapy destroys cancer 

cells that may be found throughout the body (23). Three main types of systemic therapy exist: 1) 

chemotherapy, 2) hormonal therapy, and 3) biological therapy (23). Chemotherapy non-

specifically targets rapidly growing cancer cells and is grouped into several families: DNA 

damaging agents {platinum compounds (cisplatin and carboplatin), anthracyclines (doxorubicin, 

epirubicin, etc.), alkylating agents (cyclophosphamide, temozolomide, carmustine, etc.) and 

topoisomerase inhibitors (irinotecan, etopiside, etc.), antimetabolites (fluorouracil, methotextrate, 

capecitabine, etc.), anti-microtubule agents [taxanes (paclitaxel/Taxol, docetaxel, etc.) and the 

Vinca alkaloids (vinblastine, vincristine and vindesine)]} (24). However, a major drawback of 

chemotherapy is that it also targets both normal and rapidly growing cells such as hair and bone 

marrow cells, resulting in the hair loss and suppressed immune system commonly observed in 

patients (23).  

 In contrast to the broad specificity of chemotherapeutics, hormonal and biological 

therapies specifically target molecules in the cell. Both types of therapies are specifically 

administered to patients that qualify for the treatment based on the presence of specific cellular 

markers. The most widely known hormonal and biological therapies used to treat breast cancer 

patients are Tamoxifen and trastuzumab/Herceptin, respectively. Since Tamoxifen specifically 

targets the estrogen receptor (ER) by antagonizing estrogen binding, generally ER+ patients are 

considered suitable for treatment. Similarly, HER2+ patients are treated with 

trastuzumab/Herceptin - a humanized monoclonal antibody against the extracellular domain of 

HER2 (25).  

 Each type of systemic therapy can be used as an adjuvant therapy following surgery and/or 

radiation if the patient is at increased risk of metastasis (23). In addition, it can also be used as a 
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neoadjuvant therapy prior to surgical resection (23). Neoadjuvant therapy has two main 

advantages. First, neoadjuvant therapy can assist in predicting patient treatment response. For 

example, the observation of tumor shrinkage indicates a positive response to a particular 

chemotherapeutic regimen. Seeing this is the case, this leads us to the second advantage, which is 

its influence on surgical treatment options (lumpectomy as opposed to mastectomy) (23). Despite 

these available forms of therapies, two significant obstacles that still remain for breast cancer 

patients are the risk of tumor recurrence and the development of chemotherapeutic resistance. 

Therefore, identification of novel proteins or pathways responsible for drug resistance and disease 

progression is critical for planning and designing alternative breast cancer treatment strategies. 

 

1.3. HIPPO PATHWAY 

 The Hippo pathway is a tumor suppressor signaling network originally identified in 

Drosophila melanogaster (Fig. 1.2) and later in mammals. It functions in a broad spectrum of 

biological processes such as animal size control, stem cell renewal and differentiation, tissue 

regeneration, neuronal dendrite growth, modulating photoreceptor fate, and mechanotransduction 

(26-30). In addition, the Hippo pathway engages in crosstalk with many other intracellular 

signaling pathways including transforming growth factor (TGF) ß, Wnt, PI3K/TOR, and EGFR 

(31-34). The importance of the Hippo pathway is further highlighted as deregulation of pathway 

components leads to human diseases such as cancer. Elucidating the molecular mechanisms 

underlying Hippo signaling will greatly contribute to our current understanding of the pathway 

and provide new insights and targets for the therapeutic treatment of cancers. 
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Figure 1.2: The Hippo pathway in Drosophila. The components of the Drosophila Hippo 

pathway and associated regulators are shown. The core Hippo pathway components are 

highlighted and encased in a red, dashed box. Activators of the pathway are indicated with an 

arrow and inhibitors with a blunted-end. The abbreviations used are as follows: Dachsous (Ds), fat 

(fat), Crumbs (Crb), Merlin (Mer), Expanded (Ex), Scribble (Scrib), Discs large (Dlg), Lethal 

giant larvae (Lgl), atypical protein kinase C (aPKC), Ras association domain family member 

(dRassf), Protein phosphatase 2 (PP2A), Zyxin (Zyxin), Ajuba (Jub), Hippo (Hpo), Salvador 

(Sav), Mob as tumor suppressor (Mats), large tumor suppressor (lats), Myopic (Mop), Yorkie 

(Yki), Scalloped (Sd), Cyclin E (Cyclin E), Drosophila inhibitor of apoptosis (DIAP), bantam 

microRNA (bantam).  
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1.3.1. THE HIPPO PATHWAY IN Drosophila 

 The founding member of the Hippo pathway, coined lats for large tumor suppressor, was 

discovered by Tian Xu in his pursuit for identifying novel tumor suppressor genes (35). Using a 

genetic mosaic screening approach where only a fraction of somatic cells contain homozygous 

mutations for tumor suppressor genes, it was found that homozygous mutants for lats caused a 

dramatic overproliferation phenotype in tissues such as the eye and wing discs. Corroborating 

these findings, Robin Justice also discovered a similar overproliferation phenotype using mitotic 

recombination studies in Drosophila and subsequently identified and named the gene warts (36). 

Both studies further demonstrated that lats and warts encode a serine/threonine (ser/thr) kinase 

that is homologous to the Dbf20 and Dbf2 cell cycle kinases found in the yeast Saccharomyces 

cerevisiae. Since lats and warts represent the same gene, lats will be used for consistency. 

 Similar studies in Drosophila identified other signaling proteins that function together with 

lats in what is now known as the Hippo pathway (Fig. 1.2). By using genetic screening methods, it 

was found that homozygous mutants of salvador (sav), hippo (hpo), and mob as tumor suppressor 

(mats) also promote tissue overgrowth as a result of increased cell proliferation and reduced cell 

death similar to lats mutants (37-40). All of these mutants also exhibited increased levels of 

Cyclin E and Drosophila inhibitor of apoptosis (DIAP), providing further evidence that these 

components may function in a common signaling pathway. In addition, through biochemical and 

epistatic gene analysis it was established that these components indeed function collectively in a 

kinase cascade (Fig. 1.2). Following activation, Hpo phosphorylates sav, mats, and lats (41, 42). 

The adapter protein sav assists hpo-dependent phosphorylation and activation of lats through 

binding both proteins. Similarly, mats simultaneously interacts with hpo and lats, which is 

essential for enhancing lats kinase activity (39, 42).  
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  How this core kinase cassette acts to elicit functional changes including cell proliferation 

and apoptosis remained to be determined. However, using a yeast two-hybrid screen to identify 

lats binding partners, Duojia Pan's group identified Yorkie (Yki) as a transcriptional regulator 

(43). Resembling the phenotypes of mutant Hippo core components, Yki overexpression also 

promoted tissue overgrowth and upregulation of Cyclin E and DIAP. Importantly, loss-of-function 

mutation of Yki in combination with mutant hpo, sav, or lats was able to rescue the overgrowth 

phenotype, therefore placing it downstream of the core pathway (Fig.1.2). It was later found that 

Yki is inhibited by lats-dependent phosphorylation on the serine (Ser) 168 residue located within 

the consensus sequence HXRXXS/T (H, histidine; X, any amino acid; R, arginine; S, serine; T, 

threonine) (44-46). Importantly, Ser 168 was identified as the key residue regulating Yki 

localization. Phosphorylation of this specific residue creates a 14-3-3 binding site, which binds 

and inhibits Yki through cytoplasmic sequestration. As a consequence, localization in the 

cytoplasm inhibits Yki-dependent gene transcription, which was later determined to be mediated 

through the Scalloped (Sd) transcription factor (46, 47). 

 An interesting facet of the Hippo pathway is the complex and diverse integration of 

upstream signals to regulate the pathway at various nodes (Fig. 1.2). These include membrane 

associated proteins, cell polarity complexes, phosphatases, and direct regulators of Yki. Two of 

the first identified regulators of the Hippo pathway are the membrane associated proteins Merlin 

(Mer) and Expanded (Ex), which are FERM (4.1, Ezrin, Radixin, Moesin) domain-containing 

proteins (48). Following their interaction with Kibra, a WW domain containing protein, this tri-

protein complex collectively recruits the Hippo pathway components for activation at the plasma 

membrane (49, 50). In addition, Ex can also function as a direct inhibitor of Yki through binding 

and localization in the cytoplasm (51).  
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 Mounting evidence also suggests that cell polarity complexes play a critical role in Hippo 

pathway regulation. Such examples include the proto-cadherin Fat, which is involved in planar 

cell polarity, and the Crumbs and Lethal giant larvae (Lgl) complexes, which are responsible for 

maintaining apico-basal polarity (Fig. 1.2) (52-61).  

 Important negative regulators of the Hippo pathway also exist and function at various 

junctions throughout the pathway. These negative regulators include PP2A, Zyxin, Jub, dRassf, 

and Mop (Fig. 1.2). Therefore, it is apparent that regulation of the Hippo pathway can involve the 

integration of many diverse upstream signals. Importantly, these studies in Drosophila have 

helped elucidate similar modes of regulation in mammals. 

 

1.3.2. THE HIPPO PATHWAY IN MAMMALS 

 The evolutionary conservation of the Hippo pathway in mammals has been demonstrated 

in studies where Drosophila overgrowth phenotypes produced by mutant genes are rescued by 

their mammalian homologs. Thus, it is not surprising that the kinase cascade previously described 

in Drosophila is greatly reflective of what occurs in mammals (Fig. 1.3).   

 The mammalian homologs of the core components of the Drosophila Hippo pathway 

include the following: MST1/2 (Hpo), WW45 (sav), MOB (mats), and LATS1/2 (lats). Following 

upstream activation, MST1/2 phosphorylates WW45, MOB, and LATS1/2. MST1/2 dependent 

phosphorylation of LATS1/2 is enhanced through the simultaneous binding of both proteins with 

the adapter protein WW45. Furthermore, LATS1/2 kinase activity is enhanced through interaction 

with another adapter protein known as MOB (33, 34, 62, 63).  

 The transcriptional output of the mammalian Hippo pathway is also analogous to that in 

Drosophila. Downstream of LATS1/2 lies YAP (Yes-associated protein) - the mammalian  
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Figure 1.3: The Hippo pathway in mammals. The components of the mammalian Hippo 

pathway and associated regulators are shown. The core Hippo pathway components are 

highlighted and encased in a red, dashed box. Activators of the pathway are indicated with an 

arrow and inhibitors with a blunted-end. Currently unknown mechanisms of action are indicated 

with a dashed line. The abbreviations used are as follows: Lysophosphatidic acid (LPA), 

Sphingosine-1-phosphate (S1P), G protein-coupled receptor (GPCR), extracellular matrix (ECM), 

FAT (FAT4), Transforming growth factor ß (TGFß), Bone morphogenetic protein (BMP), Merlin 

(Mer), Expanded (Ex), Ras association domain family member 1 (RASSF1A), Mammalian sterile 

20-like 1/2 (MST1/2), 45kD WW Domain Protein (WW45), Mps one binder (MOB), Large 

Tumor Suppressor (LATS1/2), Rho GTPases (Rho), Apoptosis-stimulating protein of p53 

(ASPP1/2), Itch (ITCH), Ajuba (Ajuba), Smad (Smad), Wnt (Wnt), LDL receptor-related proteins 

5/6 (Lrp5/6), Frizzled (Frizzled), Dishevelled (DVL), ß-catenin (ß-catenin), angiomotin (AMOT), 

Crumbs (CR3B), Protein Associated with Lin Seven (PALS1), Scribble (Scrib), Transcription 

Enhancer Factor (TEAD), Transcription Factor/Lymphoid enhancer-binding factor (TCF/LEF), 

Cysteine Rich 61 (Cyr61), Connective Tissue Growth Factor (CTGF), AXL receptor kinase 

(AXL), Fibroblast Growth Factor (FGF).  
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homolog of Yki (Fig. 1.4). Through its PPXY-motif, LATS1/2 binds to the WW domains in YAP 

and phosphorylates the Ser residue in the consensus motif HXRXXS/T (64, 65). Although five 

consensus sequences are found throughout the YAP amino acid sequence, phosphorylation of Ser 

127 creates a 14-3-3 binding site, which leads to its cytoplasmic sequestration and inhibition of 

transcriptional activity. Likewise, the same biochemical interaction and mechanism of inhibition 

occurs between LATS and TAZ (Transcriptional co-activator with PDZ binding motif) a paralog 

of YAP, which together share 45% amino acid identity and 60% similarity (66, 67). Four 

HXRXXS/T LATS1/2 consensus motifs are located within the TAZ amino acid sequence, which 

is also negatively regulated by 14-3-3 binding upon phosphorylation at Ser 89 (68). However, 

when upstream components of the Hippo pathway are deregulated, LATS1/2 can no longer inhibit 

YAP/TAZ through phosphorylation and subsequent 14-3-3 cytoplasmic sequestration. This allows 

the nuclear translocation of YAP/TAZ where they regulate gene expression through interaction 

with various transcription factors (66, 67).  

 Although YAP/TAZ have been shown to co-activate many transcription factors, the 

TEAD/TEF (Transcription Enhancer Factor) family, homologs of Drosophila Sd, has been most 

intensively studied and identified as the principal mediator of YAP/TAZ transcriptional activation 

and function (63, 66, 67, 69). There are four members of the TEAD family (TEAD1-4) in 

mammals that commonly share a highly conserved TEA-DNA binding domain in the N-terminal 

region which recognizes the consensus sequence XGYAT (X, anything except C; Y, anything 

except G) (67, 69). YAP and TAZ contain a TEAD binding domain (TBD) in their N-termini, 

which is important for their interaction with the C-terminal region of the TEADs (66, 67, 69). The 

critical residues required for binding have been further mapped to Ser 51 of TAZ and Ser 94 of 

YAP; based on the observation that TEAD binding is abolished by mutation of these serines to 
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alanine (70, 71). Furthermore, an essential tyrosine residue located at position 421 (Y421) in the 

C-terminus of TEAD1 is critical for its interaction with YAP/TAZ (72). Mutation of this residue 

to histidine (Y421H) can abolish binding to the transcriptional co-activators and therefore 

functionally restrains their transcriptional activity. 

 Similar to Drosophila, regulation of the Hippo pathway in mammals involves the 

integration of many diverse signals. However, recent findings have identified many new 

regulators, which further complicates the mechanisms of Hippo pathway regulation. In addition, 

although mammalian homologs of certain Drosophila components exist, their mechanisms of 

signaling are distinct (Fig. 1.2 and Fig. 1.3). For example, RASSF1A, the mammalian homolog of 

dRassf, activates the Hippo pathway, which contrasts with its inhibitory effect in Drosophila (30, 

73). Similarly, Ex has been shown to function independently of the Hippo pathway in mammals, 

unlike its Hippo-dependent role in Drosophila (74). Also, the apico-basal polarity complexes in 

Drosophila (Crumbs and Lgl) function to inhibit the Hippo pathway through different 

mechanisms in mammals (Crumbs and Scribble) (34, 75). Mammalian homologs of Mer, Kibra 

and Fat also exist (Mer, KIBRA, FAT4), however their mechanisms of Hippo regulation have not 

been well characterized.  

 Distinct from Drosophila, additional mechanisms of Hippo pathway regulation have also 

been identified in mammals, including direct regulation of YAP and TAZ independent of the 

canonical Hippo pathway.  For example, several recent studies have demonstrated activation of 

YAP and TAZ by GPCR activated by serum components (ex. LPA, S1P, thrombin) (76-78). 

Furthermore, mechanical forces in the form of ECM stiffness, cell geometry, and cell adhesion 

can also modulate YAP and TAZ activity (79-81). Interestingly, both mechanisms of regulation 

seem to signal through the Rho-GTPases, prior to influencing the Hippo pathway (Fig. 1.3). 
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 Other proteins that function as negative regulators of the Hippo pathway include α-catenin, 

Itch, ASPP1 and Ajuba (Fig. 1.3). Together, these studies clearly demonstrate the intricate 

upstream regulation of the Hippo pathway, which may be highly cell-type and context dependent. 

Understanding how and when the Hippo pathway responds to particular signals will greatly 

contribute to our understanding of the underlying regulatory mechanisms of this novel pathway. 

 

1.3.3. THE HIPPO PATHWAY IN HUMAN CANCERS  

 As a governor of cell proliferation and apoptosis, it is apparent that deregulation of Hippo 

pathway components can encourage the development of cancer. In fact, this was clearly 

demonstrated using in vivo mouse studies. For example, LATS1 null mice (Lats1
-/-

) generated soft-

tissue sarcomas and ovarian tumors (82). In addition, liver-specific ablation of either WW45 

(WW45
-/-

) or MST1/2 (MST1
-/-

 MST2
-/-

) in mice developed hepatocellular carcinoma (83-86). 

Importantly, these studies also demonstrated that loss of expression of WW45 or MST1/2 was 

associated with increased YAP activity, which illustrates the relevance of the Hippo pathway in 

the development of cancer. 

 The use of clinical tumor samples further supports the role of the Hippo pathway in 

various human cancers (Table 1.1). For example, studies have shown that the tumor suppressor 

components of the Hippo pathway including MST1/2, MOB, and LATS1/2 are frequently 

downregulated. Alternative modes of decreased tumor suppressive activity has also been 

illustrated through promoter hypermethylation (92-94) and inactivating mutations (39, 95, 97, 98). 

Furthermore, the oncogenic components YAP, TAZ, and TEAD are commonly amplified or 

overexpressed in cancers. Significantly, these associations can also be correlated with clinical 
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Table 1.1: Hippo pathway components are associated with various human cancers. 
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outcomes demonstrating the potential prognostic power of Hippo pathway components and future 

use of this pathway for therapeutic targeting strategies. 

 

1.3.4. THE HIPPO PATHWAY MODULATES THE CHEMOTHERAPEUTIC 

RESPONSE 

 Mounting evidence also highlights a critical role the Hippo pathway plays in regulating the 

response of cancer cells to chemotherapeutics (24). It has been shown that knockdown of both 

LATS1 and its homolog LATS2 by short interfering RNA (siRNA) causes resistance of HeLa 

cervical carcinoma cells to paclitaxel (31). Consistent with these findings, in a screen of short 

hairpin RNAs (shRNAs) targeting tumor suppressor genes, LATS1 was identified to cause 

paclitaxel resistance upon knockdown in A549 lung cancer cells (122). In addition, loss of LATS2 

in leukemic cells is more resistant to doxorubicin and etoposide through promoting YAP and p73 

interaction, thereby inhibiting transcription of the pro-apoptotic gene PUMA (123). Over-

expression of YAP, has also been shown to cause paclitaxel and cisplatin resistance in mammary 

and ovarian cells (111, 124). Loss of other important tumor suppressor genes in the Hippo 

pathway such as MST1, hEx, and RASSF1A (74, 125-127) or overexpression of Itch, a negative 

regulator of the Hippo pathway, can also induce a drug resistant phenotype (128). Together, these 

findings clearly demonstrate that the Hippo pathway also plays a critical role in the response of 

cancer cells to various chemotherapeutics.  
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1.4. TAZ 

 Also known as WWTR1 (WW-domain containing transcription regulator 1), TAZ is a 

transcriptional co-activator identified as a critical downstream component of the Hippo pathway 

(Fig. 1.3) (129). Michael Yaffe’s group was the first to discover TAZ while screening for 

interacting partners of the 14-3-3 regulatory proteins (130). This study also established that TAZ 

shares homology with YAP, the ortholog of Drosophila Yki. The earliest studies of TAZ 

determined that it functions as a co-activator of a variety of transcription factors critical for the 

development of various tissues (66, 67). However, it was not until 2008 that Kun-Liang Guan's 

group placed TAZ downstream of the Hippo pathway, where it was shown to regulate cellular 

processes such as cell proliferation, cell migration and induce the epithelial to mesenchymal 

transition (EMT) phenotype (68). Since then, an explosion of studies have recognized the 

significance of TAZ as a key player in various diverse processes including the differentiation of 

mesenchymal stem cells, embryonic stem cell renewal, and mediator of mechanical and 

geometrical cues (79, 131, 132). In addition, apart from its conventional function in the nucleus as 

a transcriptional co-activator, cytoplasmic TAZ also engages in intracellular crosstalk with the 

TGFß and Wnt signaling pathways (132-136). These findings illustrate the diverse biological 

functions TAZ possesses and also expands its signaling repertoire beyond that of Hippo, linking it 

to other significant intracellular signaling networks. Importantly, the clinical significance of TAZ 

has also been demonstrated through its link with various human cancers, which has significant 

implications for the diagnostic and therapeutic management of cancer patients. Collectively, these 

data underscores the importance of TAZ in regulating various biological and pathologic processes 

and warrants further investigation of the mechanisms underlying TAZ signaling to provide new 

targeted therapies for TAZ associated cancers.  
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1.4.1. STRUCTURE, EXPRESSION, AND LOCALIZATION 

 TAZ is a vertebrate specific protein with no identified homologs in any other species 

(130). However, it is paralogous with YAP, which together share 45% amino acid identity and 

60% similarity (66, 67). TAZ and YAP are structurally similar sharing a WW domain that 

interacts with PPXY-motifs, a coiled-coil (CC) domain that mediates protein-protein interactions, 

a TBD for interaction with the TEAD family of transcription factors, a transactivation domain 

essential for its transcriptional co-activation function, and C-terminal PDZ-binding motif that 

mediates interaction with transmembrane proteins (Fig. 1.4). It is also important to note that YAP 

has an additional WW domain, an N-terminal proline-rich region, and SH3-binding motif, which 

may explain functional differences between the proteins through distinct protein-protein 

interactions (130).  

 Analysis of tissue specific expression of TAZ has revealed a generally ubiquitous 

expression profile in various tissues. Particularly high TAZ mRNA transcripts were found in the 

kidney, heart, placenta, and lung tissues, however, were absent in the thymus and peripheral blood 

leukocytes (130).  

 As a transcriptional co-activator, the nuclear localization of TAZ is critical to its function. 

Typically, the majority of TAZ is localized in both the cytoplasm and nucleus with some nuclear 

punctate localization (130). Localization at the plasma membrane is also plausible through its 

interaction with PDZ domain containing transmembrane proteins. This domain has also been 

shown to be critical for TAZ nuclear localization as deletion of the PDZ domain prevents TAZ 

localization into nuclear punctate bodies. The 14-3-3 binding site is also critical for dictating TAZ 

localization as LATS phosphorylation at Ser 89 creates a 14-3-3 binding site thereby sequestering 

TAZ in the cytoplasm. However, mutation of this residue to an alanine, which can  
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Figure 1.4: Structure of Yki, YAP, and TAZ. Several domains are conserved between Yki, 

YAP, and TAZ including the TEAD Binding Domain (TBD), WW domain (WW), and lats/LATS 

phosphorylation consensus sequence HXRXXS (H, histidine; X, any amino acid; R, arginine; S, 

serine; T, threonine). The specific phosphorylated serine residue(s) are indicated in the figure. 

YAP and TAZ have an additional coiled-coil domain (CC), transactivation domain (TA), C-

terminal PDZ-binding motif as well as the indicated C-terminal phosphodegron motifs. YAP also 

harbors an N-Terminal proline-rich motif (Pro) and SH3-binding motif (SH3), while TAZ 

contains an extra N-terminal phosphodegron motif.  
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no longer be inhibited through LATS phosphorylation, renders TAZ localized predominantly to 

the nucleus. Therefore, the spatial control of TAZ cellular localization seems to be largely dictated 

through competition between Hippo-mediated 14-3-3 cytoplasmic sequestration and PDZ nuclear 

localization. 

 

1.4.2. TAZ INTERACTING PROTEINS 

Transcription Factors 

 The initial study that discovered TAZ also identified its function as a transcriptional co-

activator (130). Indeed, many following studies confirmed this finding as TAZ was shown to 

interact with many transcription factors important in various developmental processes, thereby 

implicating TAZ is also associated with these functions. For example, the interaction of TAZ with 

Runx2 (Runt-related transcription factor 2) (131, 137) and MyoD (138) are important for driving 

gene transcription involved in osteoblastic and myogenic differentiation, respectively. TAZ also 

binds and functions as a critical transactivator of TTF-1 (thyroid transcription factor-1), TBX-5 

(T-box transcription factor), PAX3 (Paired Box 3), PAX8 (Paired Box 8), Glis3 (GLIS family 

zinc finger 3), and TEAD, which are important for the development of tissues such as the lung, 

thyroid, heart, limbs, and kidney (139-144). Through cell density signals, TAZ can also 

dominantly control Smad2/3 nucleocytoplasmic shuttling and transcriptional co-activation (132, 

133). Although less common, a transcriptional repressive role of TAZ has also been illustrated. 

Following c-Abl dependent phosphorylation on tyrosine 316, TAZ interacts and inhibits the 

transcriptional activity of NFAT5 (nuclear factor of activated T cells 5) (145). Similarly, PPAR-γ 

(Peroxisome proliferator-activated receptor) transcriptional activation is inhibited following TAZ 

binding (131). Significantly, the interaction of TAZ with particular transcription factors including 
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TEADs, KLF5 (Kruppel-like factor 5) and HIF-1α (Hypoxia-inducible factor 1α) are implicated in 

tumorigenesis (70, 146-148). Since TAZ harbors a WW-domain, it was originally thought to 

mediate interactions with PPXY-motif containing transcription factors. However, TAZ can 

interact with many transcription factors through various protein-protein interactions (Fig. 1.5), 

thereby increasing the number of possible TAZ interacting transcription factors.  

Other 

 TAZ has also been shown to associate with many other proteins including the tight 

junctions and transmembrane associated proteins NHERF1/2, ZO-1/2, Scribble, and components 

of the Crumbs complex (PALS1, PATJ, MUPP1, LIN7C, AMOT) (130, 132, 133, 149-151). 

Additionally, TAZ interacts with the phosphatase PP1A, a component of the Mediator complex 

ARC105 that retains TAZ in the nucleus, and Wbp2 whose function is yet to be elucidated (132, 

152, 153).  

 

1.4.3. FUNCTIONS 

Physiological function  

 The physiological importance of TAZ was illustrated in three studies that examined the 

effects of TAZ knockout in mice (154-156). All three studies produced TAZ knockout mice by 

specifically targeting exon 2 of TAZ. These knockout mice demonstrated partial embryonic 

lethality with surviving mice smaller in size with a shortened life span compared to wild-type 

mice. Importantly, TAZ knockout mice were highly prone to develop polycystic kidney disease 

(PKD) and emphysema as demonstrated by the presence of multiple renal cysts and abnormal 

lung structures.  
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Figure 1.5: TAZ interacting transcription factors. TAZ interacts with functionally diverse 

transcription factors. TAZ interacting transcription factors that rely on WW-PPXY interaction are 

situated in the purple background, transcription factors that interact via multiple points of contact 

are located in the yellow background, and transcription factors that interact via unknown 

mechanisms are located in the blue. In addition, TAZ repressed transcription factors are 

highlighted by a blue box, whereas those activated by TAZ are highlighted in a green box. The 

abbreviated transcription factors are as follows: Peroxisome proliferator-activated receptor 

(PPAR-γ), GLIS family zinc finger 3 (Glis3), Kruppel-like factor 5 (KLF5), Paired Box 8 

(PAX8), Runt-related transcription factor 2 (Runx2), thyroid transcription factor 1 (TTF-1), 

Paired Box 3 (PAX3), Smad2/3, T-box transcription factor (TBX5), Nuclear factor of activated T 

cells 5 (NFAT5), TEA Domain (TEAD), and Hypoxia-inducible factor 1α (HIF1α). 
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Mesenchymal Stem Cell Differentiation 

 In 2005, Hong et al. published a prominent article highlighting a critical role of TAZ in 

modulating the differentiation of mesenchymal stem cells (131). They found that treatment of 

C2C12 murine myoblast cells with bone morphogenetic protein 2 (BMP-2) induced the 

expression of osteocalcin, an osteoblast-specific marker, which was dependent on the interaction 

of TAZ and Runx2 on the osteocalcin promoter. In contrast, although 3T3-L1 murine fibroblast 

cells could differentiate into adipocytes in the presence of a PPAR-γ activating ligand 

(Rosiglitazone), this was drastically inhibited in the presence of TAZ. They found that TAZ 

inhibits adipocyte differentiation though interaction with and suppression of PPAR-γ 

transcriptional activation of adipocyte protein 2 (aP2), an adipocyte-specific marker. This was 

further confirmed using mesenchymal stem cells derived from bone marrow. Knockdown of TAZ 

by shRNA in these cells inhibited osteoblast differentiation, while enhancing their differentiation 

into adipocytes. 

Embryonic Stem Cell Renewal 

 Similar to its role in modulating mesenchymal stem cell differentiation, TAZ was also 

shown as an essential mediator of human embryonic stem cell renewal through acting as a 

dominant regulator of the cellular localization of Smad2/3 following TGFß stimulation (132). 

Specifically, TAZ interacts with the Smad2/3/4 complex and mediates their nuclear translocation 

and transcriptional activation by binding to the promoter region of TGFß-activated genes. This is 

functionally significant as knockdown of TAZ by siRNA in human embryonic stem cells 

promotes neuroectodermal differentiation as indicated by upregulation of the Pax3 neuroectoderm 

marker and a simultaneous loss of the pluripotency markers Oct4 and Nanog. These studies 
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demonstrate that TAZ is essential for the self-renewal of embryonic stem cells and loss of its 

expression promotes differentiation into neural tissue. 

Mechanotransduction 

 Extracellular cues often function in the form of ligand-receptor binding, which activate 

intracellular signaling cascades to generate a cellular response. However, often overlooked are 

mechanical forces in the form of ECM rigidity, adhesion, and cellular tension, which can also 

greatly influence cellular behavior. In an intricate study by Dupont et al., it was shown that TAZ 

responds to ECM stiffness and cell geometry, which influences TAZ cellular localization and 

ultimately dictates cell behavior (79). In particular, cells plated on rigid ECM as opposed to soft 

ECM, cell spreading, and cell tension can all promote TAZ nuclear translocation and 

transcriptional activation through Rho GTPase rather than the canonical Hippo pathway. They 

also demonstrate this is functionally important as ECM rigidity can dictate the differentiation of 

mesenchymal stem cells. Specifically, mesenchymal stem cells plated on stiff ECM encourage 

osteoblast differentiation while soft ECM encourages adipogenesis. However, when depleted of 

TAZ, these cells fail to differentiate into osteoblasts even in the presence of stiff ECM.  

 

1.4.4. REGULATION  

Post-translational modification 

 TAZ can be regulated post-translationally by phosphorylation and ubiquitin-mediated 

protein degradation. The most widely known mechanism of TAZ regulation is through LATS-

dependent phosphorylation. Four LATS consensus sequences exist with phosphorylation at Ser 89 

generating a 14-3-3 binding site, which sequesters TAZ inactive in the cytoplasm. However, the 

protein stability of TAZ is also tightly regulated through phosphorylation of two phosphodegron 



 32 

motifs, located at the N- and C-terminals (Fig. 1.6). Although the same F-Box protein, ß-Trcp, 

recognizes both motifs following phosphorylation, which then recruits the SCFß-Trcp E3 

ubiquitin ligase complex for degradation, they are regulated by two independent mechanisms. The 

N-terminal phosphodegron motif has been shown to be regulated by glycogen synthase kinase 3 

(GSK3), which phosphorylates TAZ at Ser 58 and 62 (157). In contrast, regulation at the C-

terminal phosphodegron motif is dependent on the Hippo pathway (129). A priming 

phosphorylation event by LATS at Ser 311 is essential for subsequent phosphorylation of Ser 314 

by Casein Kinase 1 (CK1). In both cases, the phosphorylated phosphodegron motifs are 

recognized by the ß-Trcp E3 ubiquitin ligase and ultimately degraded via the 26S proteasome. 

Despite such tight regulation, with a half-life of less than two hours, TAZ is a highly unstable 

protein (129). Together, these studies demonstrate two mechanisms of Hippo dependent 

regulation of TAZ. The first is through reversible spatial cellular localization and the second is 

through an irreversible process of polyubiquitination and subsequent degradation via the 26S 

proteasome. 

Upstream Hippo-dependent signaling 

 Extracellular signals regulating TAZ through the Hippo pathway have been recently 

identified (Fig. 1.6). In particular, it was shown that activation of GPCR signaling could positively 

regulate TAZ activity. Specifically, the binding of serum components LPA and S1P to their 

respective receptors activate the GPCRs G12/13 and Gq/11 (78), whereas the activation of 

protease-activated receptors (PARs) by agonists such as thrombin, specifically activate the GPCR 

G12/13 (76). This promotes the activation of Rho GTPases, which encourages stress fiber 

formation, and (through unknown mechanisms) leads to the inhibition of LATS kinase activity.  
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Figure 1.6: Regulators of TAZ subcellular localization. There are several mechanisms that 

dictate the localization and stability of TAZ in the cell. Negative regulators are indicated by the 

orange heading and include the following: 1) Hippo-mediated phosphorylation that sequesters 

TAZ in the cytoplasm following 14-3-3 binding (left), 2) cytosolic localization through interaction 

with transmembrane and apico-basal polarity proteins (bottom), and 3) GSKß and CK1ε mediated 

proteasomal degradation (right). Positive regulators that promote the nuclear translocation of TAZ 

are indicated by the green heading (top). 



 34 



 35 

Consequently, LATS can no longer phosphorylate and inhibit TAZ, thereby leading to its nuclear 

translocation and transcriptional activation.  

 There are also proteins that disrupt LATS interaction with TAZ, thereby promoting TAZ 

activation. For example, NPHP4 competes with TAZ for LATS binding. Thus, through binding 

LATS, NPHP4 enhances TAZ transcriptional activity by reducing its interaction with and 

phosphorylation by LATS, and subsequent cytoplasmic localization dependent on 14-3-3 protein 

binding (158). Dephosphorylation is also an obvious mechanism to oppose Hippo signaling and 

positively regulate TAZ activity. The phosphatase PP1A was identified as a stabilizer of TAZ 

protein and promotes its nuclear translocation through dephosphorylation of Ser 89 and Ser 311, 

which reduces TAZ interaction with 14-3-3 and ß-Trcp, respectively (152). This 

dephosphorylation can be stimulated and facilitated by ASPP2, which interacts with both TAZ 

and PP1A. 

Transmembrane Proteins (Polarity Complexes) 

 Several studies link the regulation of TAZ to cell polarity complexes. It was shown that 

TAZ interacts with multiple components of the Crumbs polarity complex (Ex, Amot, PATJ, 

PALS1, MUPP1, LIN7C), which affects TAZ localization based on cell density (133). Under 

high-density conditions, TAZ is predominantly cytoplasmic, likely due to the Crumbs complex 

facilitating LATS-dependent phosphorylation of TAZ. It was also shown that TAZ could be 

restricted to the cytoplasm by interaction with Amot and AmotL1 through WW domain-PPXY 

interactions (151). This negatively influences TAZ transcriptional activity and its ability to 

promote anchorage independence in soft agar. Similar to Crumbs, the Scribble basolateral polarity 

complex also negatively regulates TAZ. Specifically, Scribble can complex with and recruit MST, 

LATS, and TAZ, which promotes LATS-dependent phosphorylation of TAZ. However, 
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disruption of Scribble membrane localization can increase both TAZ protein levels and activity. 

TAZ has also been shown to interact with the tight junctions protein ZO-2, which inhibits TAZ 

transactivation activity likely due to its cytoplasmic sequestration (150). Conversely, TAZ can 

also be positively regulated by the transmembrane protein ephrin B. Activation of ephrin B 

through binding EphB2 recruits NHERF1, TAZ and PTPN13. Since PTPN13 is a phosphatase, it 

promotes TAZ dephosphorylation and nuclear translocation where it targets gene transcription 

(149).  

 

1.4.5. ROLE IN HUMAN CANCER 

 As a central player in regulating the above cellular processes, it is of no surprise that TAZ 

possesses functions resembling oncogenes when aberrantly expressed. Following their in vitro and 

in vivo findings, Wanjin Hong's group was the first to assess the levels of TAZ in clinical breast 

cancer samples. They found that TAZ is overexpressed in 21.4% (21/127) of primary breast 

cancer samples analyzed, most of which were of invasive ductal carcinoma subtype (114). A 

following study by Stefano Piccolo's group later confirmed and extended these findings (115). 

Piccolo's group found that a YAP/TAZ gene signature was identified as the sole pathway 

deregulated in high-grade breast cancer (Grade 3), which are controversially believed to consist of 

an enrichment of cancer stem cells. This gene signature also correlated with decreased metastasis-

free survival and overall survival. Thus, this study is the first to associate TAZ as a modulator of 

breast cancer stem cell-ness. Interestingly, a similar association of TAZ with cancer stem cells 

was noted in malignant gliomas (119). To search for genes associated with a mesenchymal gene 

expression signature (MES), which is associated with poor outcome in glioblastoma patients 

compared with those expressing a proneural (PN) gene signature with better outcome, TAZ was 
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identified using an in silico approach. This method also found that TAZ expression was associated 

with high-grade gliomas and alone could predict overall survival, which was also supported using 

clinical samples. Interestingly, using glioma stem cells (GSC) derived from patients, knockdown 

of TAZ by shRNA reduced self-renewal and invasion in vitro as well as reduced tumor growth in 

vivo, suggesting TAZ as a critical regulator of these processes in glioma. 

 Several studies have also demonstrated the prognostic power TAZ may have in other 

cancers. Corroborating the in vitro and in vivo studies in non-small cell lung cancer (NSCLC) 

cells by Zhou et al., which found that TAZ was significantly overexpressed in 81% (9/11) of 

NSCLC cell lines, Xie et al. confirmed these findings using NSCLC patient samples (116, 159). 

Significantly, they found that TAZ is overexpressed in 66.8% (121/181) of NSCLC patient 

samples, which was associated with poor overall survival (116). Interestingly, when stratified by 

TAZ positive and negative patients that were treated with or without chemotherapy, it was found 

that chemotherapy only had a positive effect in TAZ expressing patients. Thus, in the case of 

NSCLC, TAZ may also serve as a predictive marker. Elevated levels of TAZ mRNA and protein 

were also observed in tongue squamous cell carcinoma cell lines (n=4), when compared to control 

non-tumorigenic oral epithelial cells (118). Enhanced TAZ expression levels was also correlated 

with shorter overall survival and disease free survival when assessed using tongue squamous cell 

carcinoma patient samples (n=52). Through compiling two colon cancer gene expression data sets 

(n=522), elevated TAZ expression levels, rather than YAP, was identified to be associated with 

shorter overall survival (117). Significantly, the prognostic power could be greatly enhanced when 

TAZ was used in combination with connective tissue growth factor (CTGF) and AXL expression 

- two well-characterized genes that are upregulated by TAZ. TAZ levels have also been shown to 

be elevated at mRNA and protein levels in thyroid cancer (120). Importantly, this was only 
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detected in papillary thyroid carcinomas rather than the anaplastic subtype suggesting it may be 

clinically significant as a biomarker of papillary thyroid carcinomas. In addition, TAZ was also 

identified as a component of a seven-gene signature for discriminating pancreatic cancer tissue 

from that of normal tissue (160).  

 Only two studies to date have identified mutations of TAZ. In lieu of identifying potential 

metastatic driver mutations in the genomically unstable and aggressive basal-like breast cancer 

subtype, a genome wide analysis was performed on a single African American patient diagnosed 

with a HER2 and ER negative breast cancer subtype (161). The patient unfortunately succumbed 

to the disease following brain metastasis after failed rounds of chemotherapy/radiotherapy with 

significant residual disease present at mastectomy. Four genome-wide analyses were performed 

using the following samples: 1) Primary tumor 2) Peripheral blood 3) Brain metastasis 4) A 

xenograft tumor generated in mice following transplantation of a biopsied primary tumor. This 

analysis revealed 50 novel somatic point mutations. Significantly, TAZ was identified to possess a 

missense mutation of phenylalanine (F) at position 299 to a valine (V) (F299V). This mutation is 

enriched in the metastatic sample compared to the primary tumor and xenograft, suggesting that 

the mutation may drive the metastatic progression of breast cancer. A novel chromosomal 

translocation of TAZ was also observed in a rare vascular cancer specifically known as epithelioid 

hemangioendothelioma (EHE) (162). Using human EHE samples and fluorescence in situ 

hybridization (FISH), a gene translocation characterized as t(1;3)(p36.3;q25) was found to harbor 

exon 4 of TAZ fused to either exon 8 or 9 of CAMTA1. The resulting product, controlled by the 

TAZ promoter, is thought to function as a transcriptional co-activator that regulates unique genes 

that may be specific for and drive the development of EHE. Further characterization of the 

functional significance of these genetic alterations of TAZ is required. 
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 From these studies, it is apparent that TAZ expression is deregulated in many cancers. 

Further efforts to characterize TAZ as a biomarker and understanding the molecular mechanisms 

of its functions would have significant clinical implications in the diagnosis and prognosis of 

these TAZ-associated cancers.  
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CHAPTER 2: RATIONALE, HYPOTHESIS, AND OBJECTIVES 

 

2.1. RATIONALE 

 The Hippo tumor suppressor pathway is a critical regulator of organ size control by 

maintaining equilibrium between cell proliferation and apoptosis. Recently, loss of function of the 

LATS tumor suppressor was observed in over 50% of breast cancer cases. Significantly, loss of 

LATS was also correlated with more aggressive breast cancers. However, whether and how TAZ, 

which is downstream of LATS, is involved in the development and progression has yet to be 

explored. Therefore, we sought to investigate the cellular functions of TAZ in mammary cells and 

the underlying molecular mechanisms mediating these functions.  

 

2.2. HYPOTHESIS 

 Since LATS expression is lost in a significant proportion of breast cancers and TAZ is 

inhibited by LATS, we hypothesize that TAZ is an oncogene and its aberrant expression may be 

driving cellular functions associated with breast tumorigenesis and progression. Given that TAZ is 

also a transcriptional co-activator, we believe that these cellular functions are mediated through 

the activation of specific transcriptional programs regulated by TAZ. 

 

2.3. OBJECTIVES 

2.3.1. Investigating the cellular functions of TAZ in mammary tumorigenesis 

 Since TAZ may function as an oncogene, we will use overexpression studies to emulate 

this effect in MCF10A, an immortalized mammary epithelial cell line expressing low levels of 

TAZ. TAZ will be stably overexpressed by lentiviral transduction in MCF10A (MCF10A-TAZ), 
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which will be used to evaluate cellular functions associated with tumorigenesis including cell 

proliferation, transformation, cell adhesion and migration, and chemotherapeutic resistance.  

2.3.2. Identification of genes under the transcriptional regulation of TAZ and their 

functional significance in mediating TAZ-induced phenotypes 

 To understand the underlying mechanisms mediating TAZ-induced cellular functions, we 

will screen a 44K whole human genome microarray to identify genes differentially regulated in 

the presence of TAZ overexpression. The most significantly regulated and functionally relevant 

genes will be selected and confirmed by qRT-PCR (quantitative Reverse Transcriptase 

Polymerase Chain Reaction) for further characterization. To investigate the functional relevance 

of these genes in mediating TAZ-induced phenotypes, they will be stably knocked down by 

shRNA in MCF10A-TAZ cells and assessed using functional assays. 

2.3.3. Examining the clinical relevance of TAZ using tissue microarray (TMA) 

 To extend our findings to investigate the clinical relevance of TAZ, we will use TMA 

consisting of human breast cancer patient samples. TAZ protein expression levels will be 

analyzed by immunohistochemistry (IHC), and correlated with clinical parameters. 
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PART II: INVESTIGATING THE CELLULAR FUNCTIONS AND UNDERLYING 

MECHANISMS OF TAZ IN MAMMARY TUMORIGENESIS 

 

CHAPTER 3: INVESTIGATING THE CELLULAR FUNCTIONS OF TAZ IN 

MAMMARY TUMORIGENESIS 

 

3.1. CONTRIBUTIONS 

 I would like to acknowledge the following individuals who contributed to this chapter: 

Yawei Hao, our research associate, who generated the TAZ overexpressing stable cell lines 

specifically for the microarray, culturing and extracting protein from various breast cancer cell 

lines (for Fig. 3.1), and performing the soft agar assays. Hong Guo, previously from Dr. Feilotter's 

lab, who performed the microarray. Parts of this chapter have been published in Cancer Research 

(163). 

 

3.2. INTRODUCTION 

 Breast cancer is the most frequently diagnosed cancer in women worldwide and leading 

cause of cancer related deaths in women (3). Only 5-10% of all breast cancer cases can be 

attributed to heritable transmission of the mutated BRCA1/2 genes (9), leaving the remaining 

majority of cases without a clear underlying cause. Nonetheless, important biomarkers in breast 

cancer such as the HER2 protein (HER2/neu/erbB-2; human epithelial receptor 2) have been 

identified, which influence prognosis and therapeutic strategies. HER2 is a transmembrane 

tyrosine kinase growth factor receptor that is dysregulated in 20-30% of breast cancer through 

genomic amplification or overexpression and is often associated with more aggressive disease (9). 
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Considered an orphan receptor, HER2 is activated following dimerization with other ligand bound 

ErbB family receptors or autonomously through high receptor density. Active HER2 thereby 

stimulates intracellular signaling pathways such as MAPK and PI3K, which can promote cell 

proliferation and migration, apoptotic resistance, angiogenesis, and encourage metastasis. 

However, the identification of HER2 positive patients only flags them for trastuzumab therapy. 

Therefore, there is a pressing need to identify additional novel oncogenes that are involved in the 

development and progression of breast cancer so we can continue to improve the diagnosis, 

prognosis, and therapeutic management of patients.  

 The Hippo pathway components have been linked to various human cancers (Table 1.1) 

including that of the breast. For instance, it has been shown that overexpression of LATS1 in a 

breast cancer cell line, MCF7, leads to reduced cell proliferation, inhibition of anchorage 

independent growth in vitro and tumorigenic growth in vivo, as well as increased apoptosis (164, 

165). It was further determined that these functions were dependent on the kinase activity of 

LATS, which is essential for its phosphorylation and inhibition of downstream transcriptional co-

activators. Importantly, clinical studies have also shown that LATS1 and LATS2 are 

downregulated by hypermethylation in ~50% of breast cancers (93). Identification of 

hypermethylation in breast cancer tissue is consistent with decreased mRNA expression levels, 

which is associated with large tumor size, high lymph node metastasis, ER/PR (progesterone 

receptor) negativity, and poor prognosis. Therefore, since TAZ is downstream of LATS in the 

Hippo pathway, we suspect TAZ may also be deregulated in breast cancer to encourage breast 

tumorigenesis and progression. To investigate the cellular functions of TAZ we used a lentiviral 

stable overexpression system to reflect the elevated expression levels of oncogenes in MCF10A 

cells - the only commercially available human, non-tumorigenic, immortalized mammary 
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epithelial cell line. These stable cell lines were used to assess in vitro, the cellular functions that 

can be acquired during breast tumor development and progression. Using a gene expression 

microarray analysis, we also explored the underlying mechanisms through identifying genes 

which were differentially regulated and functionally relevant in mediating TAZ-induced 

phenotypes. 

 

3.3. MATERIALS AND METHODS 

3.3.1. Cell culture 

Cell lines used in this study are described in Table 1A of the Appendix. Human immortalized 

mammary epithelial cells (MCF10A) were maintained in DMEM (Dulbecco's Modified Eagle 

Medium)-F12 (Sigma) supplemented with 5% horse serum (HS), 200 mM L-Glutamine, 2 mg/mL 

insulin, 1% penicillin-streptomycin, 1 mg/mL cholera toxin, 5 mg/mL hydrocortisone, and 200 

g/mL hEGF. MDA-MB231 human breast cancer cells were maintained in DMEM (Sigma) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were 

maintained in a 37
o
C incubator with 5% CO2.  

3.3.2. Antibodies  

The following antibodies were purchased from Santa Cruz: mouse anti-HA (hemagglutinin, 12C5) 

and anti-vimentin (V9) monoclonal antibodies. The rabbit anti-TAZ (#2149) and anti-E-cadherin 

polyclonal antibodies were purchased from Cell Signaling and Transduction Laboratories, 

respectively.  
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3.3.3. Plasmid construction and site-directed mutagenesis 

Human TAZ cDNA (Open Biosystems) was cloned into the BamHI/NotI sites of the pCDNA3.1-

HA vector and PmeI site of the WPI lentiviral vector. Mutation of TAZS89A was performed 

using overlapping PCR. Constructs and primers are described in Table 2A of the Appendix.  

3.3.4. RNA isolation, microarray, and qRT-PCR 

RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. 

Specifically for microarray purposes, RNA was further purified using the RNeasy Mini Kit 

(Qiagen) and 250ng was reverse transcribed, labeled with Cy3-CTP or Cy5-CTP (PerkinElmer 

Life Sciences), and amplified using the Low RNA Input Linear Amplification Kit (Agilent) 

according to the manufacturer's protocol. The layout of the arrays are as follows: Array 1) 

Control/Cy3-CTP, TAZ-1/Cy5-CTP; Array 2) Control/Cy3-CTP, TAZ-2/Cy5-CTP (biological 

replicate); Array 3) TAZ-1/Cy3-CTP, Control/Cy5-CTP (flip color). Cy3 or Cy5-labeled RNA 

(825ng) were then mixed and hybridized to a 4x44K whole human genome oligonucleotide (60-

mer) array (Agilent) for 17 h at 65
o
C. The slides were then washed, scanned using the Agilent 

Microarray Scanner G2565BA, and analyzed using the Agilent Feature Extraction Program. 

Genes were selected based on the following criteria: differentially expressed at least 2-fold on 2/3 

microarrays with a p-value of <0.0001.  

 qRT-PCR validation was performed in triplicates of 200ng per sample of total RNA and 

gene-specific forward and reverse primers (Table 3A of the Appendix) using the SuperScript III 

Platinum SYBR Green One-step qRT-PCR kit (Invitrogen) according to the manufacturer's 

protocol and run on the ABI PRISM 7700 Sequence Detection System. 18S ribosomal RNA was 

used as an internal control. Relative mRNA expression levels were calculated using the following 

formula: 2
-(TAZ∆Ct - Control∆Ct)

, where ∆Ct = average gene Ct - 18S average rRNA Ct. Gene 
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expression levels in MCF10A-TAZ were normalized to MCF10A-WPI control cells to obtain the 

fold change. The standard deviation (SD) was calculated for each sample performed in triplicate. 

3.3.5. Lentiviral production, infection, and establishment of stable cell lines overexpressing 

or knocking down cellular genes 

Lentiviral production: HEK293T cells (1.5x10
7
) were plated on 0.1 mg/mL poly-L-lysine (PLL) 

coated 150-mm plates. The following day, cells were transfected with 7.5g of transfer vector 

(WPI, WPI-TAZ, or WPI-TAZS89A) or TAZ shRNA constructs (shTAZ-1 or shTAZ-2), along 

with 5.6g PAX packing plasmid and 1.9g MD2G envelope plasmid using Lipofectamine 2000 

(Invitrogen) according to the manufacturer's protocol. The next day, the medium was aspirated 

and replaced with OPTI-MEM Reduced Serum Medium (Invitrogen) supplemented with 10mM 

sodium butyrate. The lentivirus containing medium was subsequently collected on the following 

two days, centrifuged at 4000xg for 10 mins to remove debris, passed through a 0.45-m filter, 

and concentrated using Centricon-20 Ultrafiltration columns (Millipore).  

Infection and establishing stable overexpression cell lines: MCF10A cells were plated at 1.5x10
5
 

cells/well of a 6 well plate. Increasing amounts of virus (0L-100L) were used along with 8 

g/mL polybrene per well. Wells containing 100% green fluorescent protein (GFP) positive cells 

were selected for cell line expansion and functional studies. 

Establishing knockdown cell lines: To establish TAZ knockdown cell lines, MDA-MB231 cells 

were plated at a density of 1.5x10
5
 cells/well of a 6 well plate and a set of shRNAs (5) targeting 

different regions of TAZ mRNA (Open Biosystems) was screened. Cells were infected with 

lentivirus expressing shRNA targeting TAZ mRNA or pLKO.1 control vector and selected using 

1 g/mL puromycin. Two MDA-MB231 cell lines stably expressing shRNAs [shTAZ-1: 5’-

GCGATGAATCAGCCTCTGAAT-3’ (sense); shTAZ-2: 5’-GCCCTTTCTAACCTGGCTGTA-
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3’ (sense)] with the most efficient TAZ knockdown as assessed by immunoblotting were 

expanded and subsequently used for further functional studies. 

3.3.6. Cell proliferation assay 

MCF10A-WPI and MCF10A-TAZ cells were plated in triplicates of 2x10
4
 cells/well of a 24-well 

plate. The total cell number was counted on days 1, 2, 4, 6, and 8 after plating. The same protocol 

was followed for TAZ knockdown cells in MDA-MB231. Total cell number was counted on days 

2, 4, and 6 after plating. The SD was calculated from the triplicate wells per sample. The 

experiment was repeated at least three times. 

3.3.7. Soft agar assay 

Stable TAZ overexpression in MCF10A or knockdown in MDA-MB231 cells were plated along 

with their vector control cells (2x10
4
 cells/well of 6 well plate) in complete media containing 

0.4% agarose overtop of a 0.8% agarose layer. Medium was refreshed every 3 days. Colonies 

were stained with crystal violet (0.005% crystal violet resuspended in 20% methanol) 21 days 

after plating. Pictures were captured under white light using the Bio-Rad Gel Doc System (Bio-

Rad) and quantified using Quantity One software. 

3.3.8. Wound healing migration assay 

MCF10A overexpressing WPI vector control or TAZ were plated in triplicate until ~80% 

confluency in a 6 well plate. Cells were then serum starved (MCF10A complete medium 

containing 1% HS and without EGF) overnight. The following day, cells were wounded with a 

P10 pipette tip. Six images were captured per well at 0, 8, 12, and 16 h under white light at 10x 

magnification using the Nikon TE-2000 inverted microscope camera. The distance migrated 

(pixels) at each timepoint was quantified taking the average of six measurements per wound using 
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QCapture Pro and subtracted from the original wound width. The experiment was repeated at least 

3 times. 

3.3.9. Cell adhesion assay [Cell counting and Sulforhodamine B (SRB) methods] 

Prior to plating, wells of a 12 well plate were coated with 1, 2, 5, and 10 g/mL of fibronectin for 

1 h at 37
o
C. The fibronectin was aspirated, washed with 1x PBS (phosphate buffered saline), and 

non-specific binding was blocked using 2% bovine serum albumin (BSA) for 1 h at 37
o
C. Coated 

plates were used immediately or stored at 4
o
C until use. 

1) Cell counting: MCF10A-WPI and MCF10A-TAZ cells were plated in triplicates of 1x10
5
 

cells/well for 30 mins. Both adherent and non-adherent cells were collected separately and 

counted to calculate the following: % cell adhesion=(adherent cells/total cells)*100. The SD was 

calculated from the triplicate wells per sample. The experiment was repeated at least 3 times. 

2) SRB: MCF10A-WPI and MCF10A-TAZ cells were plated in triplicates of 2x10
5
 cells/well for 

30 mins. Adherent cells were washed off and attached cells were fixed and stained with SRB. In 

brief, cells were fixed in 500L of 10% trichloroacetic acid (TCA) for 1 h at 4
o
C. TCA was then 

aspirated and cells were washed gently 4x with tap water and left to dry at room temperature 

followed by staining in a 0.4% SRB solution prepared in 1% acetic acid for 30 mins. The wells 

were rinsed 4x in 1% acetic acid and air-dried. The SRB dye was then solubilized in 200L of 

10mM unbuffered Tris base (pH 10.5) for 5 mins on a shaker at room temperature. 100L was 

transferred to a 96 well plate and absorbance read at 510nm (Sample Absorbance) using the 

VERSAmax tunable microplate reader (Molecular Devices). To account for the differences in 

total cell number plated, additional wells of MCF10A-WPI and MCF10A-TAZ were plated until 

100% attachment (Control Absorbance). The % cell adhesion was calculated as Sample 

Absorbance/Control Absorbance. The SD was calculated from the triplicate wells per sample.  
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3.3.10. Trypan blue exclusion assay 

Wild type MCF10A and MDA-MB231 cells, MCF10A overexpressing WPI vector control or 

TAZ, and MDA-MB231 cells with pLKO.1 (vector control) or shTAZ knockdown were plated at 

a density of 2.5x10
4
 cells/well of a 24 well plate. The following day, cells were treated with 0, 0.1, 

1, 2, 5, 10, 25, 50, and 100nM of paclitaxel (Sigma) or 0, 25, 50, 75, 100, and 200M of cisplatin 

(Sigma) for 48 h. Total floating and adherent cells were harvested and stained with 0.2% trypan 

blue (Sigma). Cell death was quantified as % trypan blue positive cells = [dead cells (blue)/total 

cells (white + blue)]*100. The SD is calculated from the triplicate samples. The experiment was 

repeated at least 3 times. 

 

3.4. RESULTS 

3.4.1. TAZ levels are representative of multistage breast tumorigenesis and progression in 

breast cancer cell lines 

 To first investigate whether TAZ may be involved in breast tumorigenesis, we examined 

the levels of TAZ protein in normal (HMEC and Hs574-Mg), immortalized (MCF10A), 

tumorigenic (BT-20, MCF7, SK-BR-3), and invasive/metastatic (Hs578T, MDA-MB231, MDA-

MB436, MDA-MB468) breast cell lines that are representative of multistage tumorigenesis (Fig. 

3.1). Although TAZ levels were low in both normal and immortalized mammary epithelial cells, 

they were significantly higher in most of the breast cancer cell lines examined, particularly the 

invasive/metastatic cell lines, suggesting that TAZ may be involved the development and 

progression of breast cancer. Therefore, to further explore the cellular functions of TAZ in 

mammary tumorigenesis we used lentivirus expressing HA-tagged TAZ for overexpression in 

MCF10A cells (MCF10A-TAZ), which contain low endogenous levels of TAZ. As a control, we 
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Figure 3.1: Endogenous TAZ expression levels are correlated with increasing invasiveness of 

breast cancer cell lines. Western blot analysis of TAZ protein expression levels in normal 

(HMEC an Hs574-Mg), immortalized (MCF10A), tumorigenic (BT-20, MCF7, SK-BR-3), and 

invasive/metastatic (Hs578T, MDA-MB231, MDA-MB436, MDA-MB468) mammary cells. ß-

actin is used as an internal loading control. 
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 also generated MCF10A cells stably expressing the WPI vector (MCF10A-WPI). These cell lines 

were then expanded for further functional analysis. As shown in Fig. 3.2A, lentivirus transduction 

efficiency is apparent by visualizing GFP, which is expressed in the WPI lentiviral vector. TAZ 

expression levels were also confirmed at mRNA and protein levels by qRT-PCR (Fig. 3.2B) and 

western blotting (Fig. 3.2C), respectively. 

3.4.2. TAZ regulates cell proliferation and transformation 

 Since aberrant cell proliferation is an obvious hallmark of cancer, we assessed the effect of 

TAZ on this function. As shown in Fig. 3.3A, overexpression of TAZ in MCF10A enhances cell 

proliferation, which is demonstrated by a 2.7-fold increase in cell number at day 8. Significantly, 

the effect of TAZ on cell proliferation can be reversed when endogenous levels were knocked 

down in MDA-MB231 cells, which contains high endogenous TAZ expression levels (Fig. 3.3B). 

Compared to the shGFP targeting control (MDA-MB231-shGFP) knockdown of TAZ using two 

shRNAs targeting different regions of TAZ mRNA (MDA-MB231-shTAZ1, MDA-MB231-

shTAZ2), can reduce cell proliferation by 2- and 1.6-fold, respectively.  

 Although an increase in cell proliferation is important for tumor growth, it is not 

necessarily sufficient to induce tumorigenesis. Cells must also acquire anchorage-independence, 

which measures their capacity to transform in vitro thereby resembling tumorigenic potential in 

vivo. Using a soft agar assay, we examined whether TAZ can induce cell transformation. As 

shown in Fig. 3.4A, TAZ overexpression can efficiently induce cell transformation in MCF10A 

compared to the control. However, this capacity is significantly diminished when TAZ is knocked 

down in MDA-MB231 cells (Fig. 3.4B). Together, these findings demonstrate that TAZ positively 

regulates cell proliferation and induces transformation. 
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Figure 3.2: Validation of TAZ expression levels in stable TAZ overexpressing MCF10A cell 

lines. (A) Representative morphology of MCF10A cells infected with WPI vector control or TAZ 

expressing lentivirus. Images were taken under white light (top panel). GFP, which is expressed in 

the lentiviral vector, was used as a marker for infection efficiency and visualized under 

fluorescent light at 10x magnification (bottom panel). (B) qRT-PCR analysis of TAZ mRNA 

levels in MCF10A-WPI compared to MCF10A-TAZ. TAZ mRNA levels were assessed using 

gene specific primers (Table 3A of the Appendix). 18S rRNA was used as an internal control. 

Results are presented as the mean and SD of triplicate samples normalized to MCF10A-WPI (fold 

change). (C) Western blot analysis of TAZ protein expression levels in MCF10A-WPI compared 

to MCF10A-TAZ. TAZ expression levels were assessed using anti-HA antibody. ß-actin is used 

as an internal loading control.  
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Figure 3.3: TAZ regulates cell proliferation. (A) Overexpression of TAZ in MCF10A cells 

increases cell proliferation. Cells were plated in triplicates of a 24 well plate and counted on days 

1, 2, 4, 6, and 8. Data represented is the mean and SD of triplicate samples. (B) Western blot 

analysis of TAZ knockdown efficiency in MDA-MB231 cells. Duplicate protein lysate was 

extracted from MDA-MB231 cells stably expressing shRNAs against different regions of TAZ 

mRNA (shTAZ-1 and shTAZ-2) or shGFP non-targeting negative control, which were subject to 

western blotting and detected using an anti-TAZ antibody. ß–actin was used as an internal loading 

control. (C) TAZ knockdown inhibits cell proliferation. Stable TAZ knockdown in MDA-MB231 

cells and shGFP control cells were plated in triplicates of a 24 well plate and counted on days 2, 4, 

and 6. Data represented is the mean and SD of triplicate samples. 
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Figure 3.4: TAZ induces cellular transformation. (A) Overexpression of TAZ causes 

anchorage-independence. MCF10A stably expressing WPI vector control or TAZ were plated in 

0.4% agarose overtop of a 0.8% agarose layer. Colonies were stained with crystal violet 21 days 

after plating and quantified. (B) TAZ knockdown reverses cellular transformation of MDA-

MB231 cells. MDA-MB231 cells expressing shGFP or shTAZ1/2 constructs were subject to soft 

agar assay as described in (A). Colonies were stained with crystal violet 21 days after plating and 

quantified. 
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3.4.3. TAZ induces the EMT phenotype and increases cell migration 

 When we initially established stable cell lines in MCF10A, it was obvious that TAZ 

overexpression induced a change in cell morphology. As shown in Fig. 3.2A, compared to 

MCF10A-WPI cells that clearly demonstrate cell-cell contacts and a cobble-stone like 

morphology representative of epithelial cells, MCF10A-TAZ cells lose cell-cell contacts and 

acquire an elongated, fibroblast-like morphology reminiscent to that of mesenchymal cells. This 

change in epithelial morphology to one that is mesenchymal-like is known as the epithelial-to-

mesenchymal transition (EMT), which has significant implications in the metastatic progression 

of cancers (166). To validate whether the EMT phenotype has taken place, the levels of an 

epithelial marker, E-cadherin, and mesenchymal marker, vimentin, were assessed. Consistent with 

the morphological change, TAZ expression in MCF10A downregulates E-cadherin while 

simultaneously upregulating vimentin levels thereby indicating that TAZ induces EMT (Fig. 

3.5A). Since this morphological change is also associated with an increased migratory capacity, 

we examined the effect of TAZ on cell migration. Using a wound-healing assay, it was shown that 

TAZ dramatically increases cell migration compared to the control, which is evident by wound 

closure. After 16 hours, although MCF10A-WPI cells show very little migration into the wound, it 

is almost completely closed by MCF10A-TAZ (Fig. 3.5B and C). Therefore, by inducing EMT 

and enhancing cell migration, these results suggest that TAZ may also be involved in the fatal 

metastatic progression of breast cancer. 

3.4.4. TAZ increases cell-ECM adhesion 

 An increase in ECM components, such as fibronectin, is fundamental for supporting tumor 

growth and providing traction that assists cell migration (167, 168). Since it was observed that 

TAZ increases cell migration and reduces cell-cell contacts, the effect of TAZ expression on cell 
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Figure 3.5: TAZ induces the EMT phenotype and increases cell migration. (A) TAZ induces 

the EMT phenotype. Protein lysate extracted from MCF10A cells expressing WPI vector control 

or TAZ was assessed for the EMT markers E-cadherin and vimentin along with TAZ (HA). ß-

actin was used as an internal loading control. (B) TAZ enhances cell migration. MCF10A 

expressing WPI vector control or TAZ were plated until ~80% confluency and subsequently 

incubated overnight in MCF10A growth medium containing 1% HS without EGF. The following 

day cells were wounded using a P10 pipette tip and wound closure was tracked at 10x 

magnification under white light at 0, 8, 12, and 16 hours. The distance migrated (pixels) was 

quantified as shown in (C). 
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 adhesion was assessed. By measuring the percent cell adhesion using both cell counting and SRB 

methods, it was shown that compared to MCF10A-WPI, MCF10A-TAZ enhances cell adhesion to 

fibronectin (Fig. 3.6A and B). Therefore, these results demonstrate that TAZ enhances cell-ECM 

adhesion, which may be associated with its increased migratory capacity. 

3.4.5. TAZ levels modulate the chemotherapeutic response 

 Evasion of apoptotic signals is critical for tumor outgrowth, which also contributes to 

chemotherapeutic resistance. To examine whether TAZ levels may be responsible for mediating 

chemotherapeutic resistance, we examined the response of MCF10A and MDA-MB231, which 

contains low and high endogenous TAZ levels, respectively, to increasing concentrations of 

paclitaxel and cisplatin, two drugs commonly used for the treatment of breast and lung cancer 

(169-171). Compared with TAZ-low MCF10A, TAZ-high MDA-MB231 were significantly 

resistant to apoptosis induced by paclitaxel (Fig. 3.7A) and cisplatin (Fig. 3.7B), suggesting that 

endogenous TAZ levels in these mammary cells may be responsible for their chemotherapeutic 

resistance. To confirm that overexpression of TAZ is directly responsible for chemotherapeutic 

resistance in mammary cancer cells, we also treated WPI and TAZ overexpressing MCF10A cells 

with paclitaxel and cisplatin. Compared to MCF10A-WPI control, overexpression of TAZ in 

MCF10A causes significant resistance to apoptosis induced by both paclitaxel (Fig. 3.8A) and 

cisplatin (Fig. 3.8B). Conversely, loss of TAZ in MDA-MB231 (Fig. 3.3B) cells can reverse the 

drug resistant phenotype observed by wild-type MDA-MB231 cells (Fig. 3.9A and B). These 

findings strongly suggest that TAZ is an important regulator of chemotherapeutic drug response. 

3.4.6. Identification of novel genes differentially regulated by TAZ 

 Collectively, these findings strongly suggest that TAZ regulates many cellular functions 

associated with the development, progression, and chemotherapeutic resistance of breast cancer.  
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Figure 3.6: TAZ enhances cell-ECM adhesion. (A) Overexpression of TAZ enhances adhesion 

to fibronectin. MCF10A cells expressing WPI vector control or TAZ were plated in triplicates of a 

12 well plate coated with 1, 2, 5, or 10 g/mL fibronectin. After 30 minutes, adherent and non-

adherent cells were collected and counted to determine the proportion of cell adhesion (% 

adhesion). Results are plotted as the mean and SD of triplicate samples. (B) Cell adhesion assay 

was repeated as described in (A) using the SRB method as described in the materials and methods. 

Results are plotted as the mean and SD of triplicate samples.  



 64 



 65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Endogenous TAZ levels correlate with the response of breast cancer cells to the 

chemotherapeutics, paclitaxel and cisplatin. (A) Response of TAZ-low MCF10A and TAZ-

high MDA-MB231 cells to paclitaxel. Cells were plated in triplicates of a 24 well plate and 

treated the following day with 0, 0.1, 1, 2, 5, 10, 25, 50 and 100nM of paclitaxel for 48 h. Total 

cells were collected and stained with trypan blue and the proportion of cell death was counted and 

calculated (% Trypan blue positive cells=trypan blue positive cells/total cells). Data is represented 

as the mean and SD of triplicate samples. (B) Response of TAZ-low MCF10A and TAZ-high 

MDA-MB231 cells to cisplatin. Cells were plated in triplicates of a 24 well plate and treated the 

following day with 0, 25, 50, 75, 100 and 200M of cisplatin for 48 h. The proportion of cell 

death was counted as described in (A).  
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Figure 3.8: Overexpression of TAZ confers resistance to paclitaxel and cisplatin. (A) TAZ 

overexpression enhances resistance to paclitaxel. The response of MCF10A-WPI and MCF10A-

TAZ cells to paclitaxel was assessed as described in Fig. 3.7A. (B) TAZ overexpression enhances 

resistance to cisplatin. MCF10A-WPI and MCF10A-TAZ cells were plated in triplicates of a 24 

well plate and treated with 100M cisplatin for 48 h. The proportion of cell death was counted as 

described in Fig. 3.7A. 
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Figure 3.9: Loss of TAZ expression sensitizes cells to chemotherapeutic treatments. (A) TAZ 

knockdown in MDA-MB231 cells enhances sensitivity to paclitaxel. The response of MDA-

MB231 cells expressing shGFP non-targeting negative control or shTAZ1/2 to paclitaxel was 

assessed as described in Fig. 3.7A. (B) TAZ knockdown in MDA-MB231 cells enhances 

sensitivity to cisplatin. The response of MDA-MB231 cells expressing shGFP non-targeting 

negative control or shTAZ1/2 to cisplatin was assessed as described in Fig. 3.8B. 
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However, since TAZ is a transcriptional co-activator, it must be regulating these functions through 

modulating the expression of downstream genes. Therefore, to understand the molecular 

mechanism underlying TAZ-induced phenotypes, we used a 44K whole human genome 

microarray to identify the genes downstream of TAZ that may be responsible for mediating its 

functions. We established two biological replicates of TAZ overexpressing MCF10A cell lines 

and compared the gene expression profile to that of MCF10A-WPI cells. To reduce the 

identification of false positives, we set a threshold that genes must be upregulated at least 1.5-fold 

on 2 of the 3 microarrays with a p-value of <0.0001. After applying this set of criteria, 389 

cellular genes were identified as transcriptionally upregulated following TAZ overexpression. 

Based on their functional relevance in the development and progression of breast cancer, we 

confirmed selected transcriptional targets by real-time qRT-PCR (Table 3.1). Interestingly, we 

identified many growth factors including BMP4, CTGF, Cyr61, FGF1 and PDGFß, which 

suggests a role for TAZ in influencing the tumor-stroma microenvironment in addition to other 

functionally significant genes such as IRS1, MYLK, PLK2, Slug, and Twist. Therefore, TAZ is an 

important regulator of downstream transcriptional programs that may be mediating its cellular 

functions. 

 

3.5. DISCUSSION 

 Findings from this chapter provide substantial evidence illustrating that TAZ is an 

oncogene and is involved in multiple cellular functions associated with the development, 

progression, and chemotherapeutic resistance of breast cancer. Firstly, it was shown that TAZ 

protein expression levels are enhanced in most breast cancer cell lines compared with normal and 

immortalized cells, which may also be correlated with increasing invasiveness. Secondly, through  
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Table 3.1: qRT-PCR validation of genes differentially regulated by TAZ. 
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ectopic expression in a TAZ-low immortalized mammary epithelial cell line (MCF10A) or TAZ 

knockdown in a TAZ-high cell line (MDA-MB231), we show that TAZ increases cell 

proliferation, cell migration and cell-ECM adhesion, induces transformation and the EMT 

phenotype, and confers resistance to the chemotherapeutic drugs paclitaxel and cisplatin. Lastly, 

by screening a microarray, we have identified and confirmed novel downstream targets that may 

be mediating these TAZ-induced phenotypes.  

 Since the preparation of this dissertation, several reports have also provided evidence in 

support of our findings. Also using overexpression analysis in MCF10A, it was shown that TAZ 

increases cell proliferation, cell migration, induces EMT and causes cellular transformation (68, 

70, 114, 146). These phenotypes are further enhanced when a Hippo refractory mutant or 

constitutively active TAZ (TAZ-S89A) is generated, which provides additional evidence that TAZ 

is functionally inhibited by the Hippo pathway. Since TAZ is a transcriptional co-activator, its 

interaction with transcription factors to activate specific genes is likely to mediate these TAZ-

induced phenotypes. Indeed, it was determined that the TEAD family of transcription factors 

predominantly mediate these TAZ-induced oncogenic phenotypes in the context of MCF10A cells 

(70, 146). However, the specific genes mediating these TAZ-induced functions still remain largely 

unknown. Therefore, through gene expression analysis our study has identified potential 

mechanisms underlying these functions and also uncovered additional novel TAZ-mediated 

cellular functions including enhanced cell-ECM adhesion and chemotherapeutic resistance.  

 Through qRT-PCR, we have confirmed many functionally important transcriptional 

targets that may be mediating TAZ cellular functions. Interestingly, many of these genes including 

BMP4, Cyr61, CTGF, FGF1, and PDGFß are growth factors secreted from the cells to promote 

cell proliferation, cell migration/adhesion, and tumorigenesis of mammary epithelial cells (70, 
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172-176). Since their proteins are secreted, these genes may also play a significant role in the 

tumor microenvironment that may influence tumor-stromal interactions, which can support local 

invasion and distant metastasis along with tumor outgrowth in other organ sites. Other 

downstream genes identified such as IRS1, MYLK, and PLK2 are also important genes in tumor 

development and metastasis (177-179). Identification of Slug and Twist, which are well known 

mediators of the EMT phenotype through repressing E-cadherin expression (180), suggests they 

may mediate TAZ-induced EMT, which also implicates their role in cell migration. Further 

characterization of these target genes is needed to verify their direct transcriptional regulation by 

TAZ and identify the transcription factor mediating TAZ transcriptional activation. Moreover, it 

will be very interesting to examine the functional relevance of these genes in mediating TAZ-

induced phenotypes in mammary cells and whether activation of these genes is mediated by the 

same or different transcription factors.  

 These findings highlight the role of TAZ in regulating many cellular functions involved in 

breast cancer development and progression. In addition, we have identified novel functionally 

relevant genes, which provides insight regarding the potential mechanisms underlying TAZ 

functions. Further characterization of TAZ as a novel biomarker in disease progression and 

chemotherapeutic resistance has significant implications for the diagnosis and therapeutic 

management of breast cancer patients. Therefore, future work should be geared towards 

translating these basic research findings to clinical applications, which can lead to novel 

therapeutic drugs targeting TAZ in drug-resistant breast cancers. 
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CHAPTER 4: IDENTIFICATION OF CYR61 AND CTGF AS DOWNSTREAM 

MEDIATORS OF TAZ-INDUCED PACLITAXEL RESISTANCE 

 

4.1. CONTRIBUTIONS 

 Completion of this work could not have been possible without the help of the following 

individuals: Yawei Hao, who assisted in generating stable knockdown cell lines and cloning the 

CTGF-luc plasmid. And Polly Ho, a previous Master's student in our lab, who performed the co-

immunoprecipitation (Co-IP) and GST (Glutathione-S-Transferase)-pull down experiments in 

addition to crafting the signaling pathway depicted in Figure 4.9. Work from this chapter has been 

published in Cancer Research (163). 

 

4.2. INTRODUCTION 

 The use of cytotoxic chemotherapeutic agents to inhibit the growth of rapidly proliferating 

cancer cells is commonly used to treat hormone receptor negative and aggressive breast cancers. 

However, the development of chemotherapeutic resistant breast cancers continues to be of major 

concern - especially since the median survival of these patients is 18-24 months and only <5% 

survive to live at least 5 years (181). Two widely administered forms of chemotherapy used to 

treat breast cancer include the antimicrotubule stabilizing agent, paclitaxel (Taxol), and the 

classical alkylating agent, cisplatin. Use of these chemotherapies as first-line treatment of 

metastastic disease demonstrates a response rate of 30-60% and 50% for paclitaxel and cisplatin, 

respectively (169, 170). However, when administered as second-line therapy, the response rate 

declines significantly to 20-40% for paclitaxel and <10% for cisplatin (169, 170). Therefore, it is 

clear that a majority of patients develop resistance to these therapies, which more often than not, 
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is incurable. Understanding the mechanisms of chemotherapeutic resistance is thus essential to 

provide alternative treatment options and also to prevent the erroneous treatment of patients to 

avoid unwarranted side effects.  

 Our microarray screen has identified Cyr61 (Cysteine Rich-61) and CTGF (Connective 

Tissue Growth Factor) as two of the most highly activated downstream targets of TAZ. Cyr61 and 

CTGF are two of the first identified members of the CCN (CTGF/Cyr61/Nov) family of secreted 

growth factors (182). A distinctive feature of this family of proteins is that they possess 38 

conserved cysteine residues and share four conserved domains. These domains share sequence 

homology with insulin-like growth factor binding protein (IGFBP, domain 1), von Willebrand 

factor type C repeat (vWC, domain 2), thrombospondin type 1 repeat (TSP, domain 3), and a 

cysteine knot carboxyl termini (CT, domain 4). Cyr61 and CTGF mediate broad cellular functions 

such as cell adhesion, migration, survival and angiogenesis, which are largely mediated through 

their interaction with the integrins to activate intracellular signaling pathways. Both proteins have 

also been implicated in the development and progression of breast cancer and are clinically 

associated with more advanced disease (183-191). Importantly, they have been identified as 

critical mediators of the response of cells to paclitaxel, similar to the observed phenotype caused 

by TAZ overexpression (192-194). Therefore, we sought to further characterize Cyr61 and CTGF 

as two bona fide downstream targets of TAZ and assess whether they are responsible for 

mediating TAZ-induced resistance to paclitaxel. 
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4.3. MATERIALS AND METHODS 

4.3.1. Plasmid construction and site-directed mutagenesis 

The DNA of Cyr61 [nucleotide (nt.) position –163 to +57] and CTGF (nt. -250 to –1) promoters 

were amplified by PCR from genomic DNA extracted from MCF10A mammary cells and 

subsequently cloned into the KpnI/XhoI sites of pGL3-basic luciferase reporter vector (Promega). 

Site-directed mutagenesis was performed using the QuickChange Mutagenesis Kit (Stratagene) 

according to the manufacturer’s protocol. Constructs and primers are listed in Table 2A of the 

Appendix.  

4.3.2. Cell culture 

MCF10A and MDA-MB231 cells were cultured as described in Chapter 3 section 3.3.1. SK-BR-3 

human breast cancer cells were cultured in McCoy's 5A Modified Media (Sigma) supplemented 

with 10% FBS, 1% penicillin/streptomycin, and 2.2 g/mL sodium bicarbonate. 

4.3.3. Trypan blue exclusion assay 

The trypan blue exclusion assay was performed as described in Chapter 3 section 3.3.10.   

4.3.4. Antibodies  

Mouse monoclonal antibodies to FLAG and HA were M2 (Sigma) and 12C5 (Santa Cruz), 

respectively. Rabbit polyclonal antibody to TAZ and mouse monoclonal antibody to E-cadherin 

were purchased from Cell Signaling and Transduction Lab, respectively, whereas rabbit 

polyclonal antibody to Cyr61, mouse monoclonal antibody to vimentin (V9), and goat polyclonal 

antibody to CTGF were purchased from Santa Cruz.  

4.3.5. GST-pull down assay 

Approximately 10g of GST (control), TAZ-GST, or TAZ∆72-GST (deletion lacking the TBD) 

fusion protein was incubated with 100g of cell lysate expressing TEAD4-FLAG and glutathione 
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sepharose B (GSB) beads for 2 h on a shaker at 4
o
C, followed by four washes in lysis buffer. The 

lysate was subjected to western blotting along with one tenth of cell lysate used for GST pull-

down assays (1/10 input) and probed using an anti-FLAG antibody. GST fusion protein was 

visualized by 1% Ponceau S staining. 

4.3.6. Co-IP 

Approximately 500g protein lysate extracted from Cos7 transfected cells were precipitated using 

mouse anti-FLAG (M2) monoclonal antibody and subjected to western blotting using rabbit anti-

HA (A14) polyclonal antibody (first) and horseradish peroxidase-conjugated light-chain specific 

anti-rabbit IgG (second). Expression of the transfected constructs was detected by western blotting 

using anti-HA and anti-FLAG antibodies. 

4.3.7. Lentiviral production, infection, and establishment of stable cell lines overexpressing 

or knocking down cellular genes 

Lentiviral production and infection and TAZ knockdown in MDA-MB231 and MCF10A-TAZ 

cells are as described in Chapter 3 section 3.3.5. Similar to TAZ knockdown, a set of pGIPZ 

lentiviral vector expressing shRNAs against different regions of Cyr61 or CTGF mRNAs (Open 

Biosystems) were also used for screening Cyr61 or CTGF knockdown in MCF10A-TAZ cells. 

MCF10A-TAZ cells expressing shRNAs with the best knockdown for Cyr61 [5’-

GGCAGACCCTGTGAATATA-3’ (sense)], CTGF [5’-CCCAGACCCAACTATGATT-3’ 

(sense)] and Cyr61/CTGF were expanded and used for further experiments.  

4.3.8. RNA isolation and qRT-PCR 

RNA isolation and qRT-PCR are as described in Chapter 3 section 3.3.4. Gene-specific forward 

and reverse primers are found in Table 3A of the Appendix. 
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4.3.9. Dual luciferase assay 

Triplicates of 510
4
 SK-BR-3 cells in a 12 well plate were transfected with Cyr61-luc or CTGF-

luc or their mutants (0.1g) alone or together with TAZ (0.2g) or TAZ (0.2g) plus TEAD 

(0.2g) using Lipofectamine 2000 (Invitrogen). As an internal transfection control, 10ng of 

Renilla luciferase vector (pRL-TK) was also co-transfected in each sample. Luciferase activity 

was measured 2 days after transfection using the Dual Luciferase Reporter Assay System 

(Promega) and Turner Biosystems 20/20 luminometer. Data is presented as the fold change in 

promoter activity calculated by normalizing to SK-BR-3 cells transfected with promoter alone and 

represents the SD of triplicate wells. The experiment was repeated at least 3 times. 

4.3.10. Chromatin immunoprecipitation (ChIP) assay 

A ChIP-IT Express kit (Active Motif) was used for ChIP analysis of TAZ and Cyr61 promoter 

interaction. In brief, MCF10A cells expressing WPI vector or TAZ-HA were treated with
 
1% 

formaldehyde, lysed and homogenized using a Dounce homogenizer. DNA was sheared by 

sonication and the sheared chromatin was incubated with 2µg
 
of mouse IgG (Sigma) or anti-HA 

(F7) monoclonal antibody (Santa Cruz), followed by PCR of the Cyr61 promoter. The primers 

used were the same as those utilized to amplify the Cyr61 promoter region for cloning into the 

luciferase reporter vector. The PCR products were run on a 3% ethidium bromide-agarose gel and 

visualized under UV. 

 

4.4. RESULTS 

4.4.1. Identification of Cyr61 and CTGF as major downstream targets of TAZ 

 To confirm that both Cyr61 and CTGF are indeed bona fide downstream targets of TAZ, 

we carried out the following experiments. First, western blot analysis was used to show that both 
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Cyr61 and CTGF protein levels were higher in MCF10A-TAZ than those in MCF10A-WPI (Fig. 

4.1A). Interestingly, enhanced Cyr61 and CTGF protein expression were reduced back to their 

original levels when overexpressed TAZ in MCF10A-TAZ was knocked down by shTAZ (Fig. 

4.1A). Second, TAZ expression was knocked down in TAZ-high MDA-MB231 cells to assess 

whether endogenous TAZ is essential for maintaining enhanced levels of Cyr61 and CTGF in 

these cells. In contrast to TAZ overexpression, knockdown of TAZ using 2 shRNAs (shTAZ-1 

and shTAZ-2) reduced the expression of both Cyr61 and CTGF in MDA-MB231 cells (Fig. 4.1B). 

Third, we found that TAZ significantly stimulated the luciferase activity of both Cyr61 and CTGF 

promoters (Cyr61-luc or CTGF-luc) by 6.8- and 14.3-fold, respectively (Fig. 4.2A and B). 

Furthermore, co-transfection of a constitutively active TAZ, TAZ-S89A (a mutant lacking LATS 

phosphorylation site), further enhanced Cyr61 and CTGF promoter activity to 9- and 20.7-fold, 

respectively, whereas co-transfection of TAZ-∆227, a mutant lacking the transactivating domain, 

abolished Cyr61 and CTGF promoter activities, suggesting that the transactivating function of 

TAZ is essential for its activation of Cyr61 and CTGF. Finally, our ChIP assay showed that TAZ 

could be co-immunoprecipitated with the Cyr61 promoter DNA in vivo (Fig. 4.2C). Collectively, 

these studies strongly suggest that Cyr61 and CTGF are indeed bona fide transcriptional targets of 

TAZ. 

4.4.2. TAZ activates Cyr61 through interaction with the TEADs 

 Because TAZ is a transcriptional co-activator, it should activate downstream genes 

through interaction with transcription factors. Recently, the TEAD family, which includes 

TEAD1, 2, 3, and 4 (or TEADs) have been identified as the transcription factors mediating TAZ 

functions in cell growth, oncogenic transformation, and EMT (70, 146). In addition, TEADs have 

also been shown to enhance TAZ-induced transcriptional activation of CTGF (70). To examine 
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Figure 4.1: TAZ increases Cyr61 and CTGF expression. (A) Protein expression of Cyr61 and 

CTGF following TAZ overexpression and subsequent knockdown. Protein lysate extracted from 

MCF10A cells expressing WPI vector, TAZ, or TAZ together with shTAZ (TAZ/shTAZ) were 

subjected to western blot. Protein expression of Cyr61, CTGF, and TAZ were analyzed and ß-

actin was used as an internal loading control. (B) Protein expression of Cyr61 and CTGF 

following TAZ knockdown in MDA-MB231. Protein lysate extracted from MDA-MB231 cells 

stably infected with lentivirus expressing shGFP, shTAZ-1, or shTAZ-2 was subjected to western 

blot. Protein expression of Cyr61, CTGF, and TAZ were analyzed and ß-actin was used as an 

internal loading control.  
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Figure 4.2: TAZ directly binds and activates Cyr61 and CTGF promoters. (A/B) Activation 

of Cyr61 and CTGF promoters by TAZ. SK-BR-3 cells were transfected with luciferase reporter 

plasmid expressing Cyr61 (A) or CTGF (B) promoters (Cyr61-luc, CTGF-luc) alone or together 

with TAZ, TAZS89A (constitutively active TAZ), or TAZ-227 (TAZ lacking transactivation 

domain). Luciferase assays were carried out using a Dual Luciferase Assay Kit and measured 

using the Turner Biosystems 20/20 luminometer. Fold change in luciferase activity was calculated 

by normalizing SK-BR-3 cells transfected with Cyr61-luc or CTGF-luc together with TAZ, 

TAZS89A, or TAZ-227 to those transfected with Cyr61-luc or CTGF-luc alone. (C) ChIP 

analysis of TAZ interaction with the Cyr61 promoter in vivo. DNA and protein were cross-linked 

by treatment of MCF10A-WPI or MCF10A-TAZHA cells with 1% formaldehyde. After 

purification of chromatin and DNA-binding proteins by homogenization, sonication and 

centrifugation, they were subjected to immunoprecipitation using rabbit IgG (negative control) or 

rabbit polyclonal anti-HA (F7) antibody, followed by PCR and agarose-electrophoresis. About 

0.2% input chromatin (1l) extracted from MCF10A-WPI or MCF10A-TAZ cells was used as 

positive PCR controls.  
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whether TEADs mediate TAZ-induced activation of Cyr61, we transfected Cyr61-luc alone, along 

with each of the TEADs, or with both TAZ/TEADs into SK-BR-3 cells. Although transfection of 

any member of the TEAD family alone has no effect on Cyr61 promoter activity (data not shown), 

co-transfection of TEAD with TAZ significantly enhanced TAZ-induced activation of the Cyr61 

promoter (Fig. 4.3A). On the other hand, co-transfection of Runx2, another TAZ-interacting 

transcription factor, has no effect, suggesting that TAZ may directly interact with the TEADs to 

activate the Cyr61 promoter. Next, we examined whether the interaction of TEAD with TAZ is 

essential for TAZ-induced transcriptional activation of the Cyr61 promoter. Because TEAD4 has 

been shown to be the most important TEAD in TAZ-induced tumorigenesis, we chose to use 

TEAD4 in the following experiments (70, 146). First, our Co-IP assay clearly showed that, 

although TEAD4-FLAG interacts strongly with TAZ-HA in vivo, a single amino acid mutation in 

TEAD4, TEAD4-Y429H corresponding to TEAD1-Y421H (72), abolished binding to TAZ (Fig. 

4.3B). In addition, the TEAD4-Y429H mutant also failed to enhance TAZ-induced activation of 

the Cyr61 promoter (Fig. 4.3C), suggesting that the interaction between TAZ and TEAD is critical 

for its effect on activating Cyr61 transcription.  

4.4.3. Identification of the TEAD response element in the Cyr61 promoter 

 Previous studies have shown that TEAD activates CTGF through binding to 3 TEAD 

response elements (TREs) in the CTGF promoter (71). Therefore, we wanted to determine 

whether TAZ activates the Cyr61 promoter through TEAD interaction with the TREs. We have 

also identified 2 putative TREs in the Cyr61 promoter region (Fig. 4.4A) and mutated the 2 TREs 

individually (TRE1M or TRE2M) or in combination (TRE1/2M; Fig. 4.4B). Our luciferase assay 

showed that mutation of TRE1, rather than TRE2, completely abolished TAZ/TEAD-induced  
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Figure 4.3: TAZ activates Cyr61 through interaction with TEADs. (A) TEADs activate Cyr61 

promoter activity through interacting with TAZ. Luciferase assay was carried out as described in 

Fig. 4.2A. (B) Co-IP analysis of TAZ and TEAD4 interaction in vivo. Cos-7 cells were mock 

transfected or transfected with TAZ-HA alone or together with TEAD4-FLAG (wild-type) or 

TEAD4-Y429H-FLAG. About 500g of protein lysate extracted from transfected cells were 

precipitated using mouse anti-FLAG (M2) monoclonal antibody. The precipitated proteins were 

subjected to western blot using rabbit anti-HA (A14) polyclonal antibody (1
st
) and HRP-

conjugated light-chain specific anti-rabbit IgG (2
nd

). Expression of TAZ-HA and TEAD4-

FLAG/TEAD4-Y429H-FLAG were detected by western blot using anti-HA and anti-FLAG 

antibodies, respectively. (C) TAZ/TEAD interaction is essential for activating the Cyr61 

promoter. Luciferase assay was carried out as described in Fig. 4.2A. 
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Fig. 4.4: TAZ activates the Cyr61 promoter through TEAD response element 1 (TRE1). A) 

Cyr61 promoter sequence. Two TEAD-response elements (TRE1 and TRE2) were identified 

(bold/underlined). (B) Constructs used for luciferase assay in (C). The wild-type (WT) or mutated 

TRE (TRE1M, TRE2M, TRE1/2M) Cyr61-luc promoter constructs are depicted. The introduced 

mutations of TRE to generate TRE1M, TRE2M, and TRE1/2M are bolded and underlined. (C) 

The constructs shown in (B) were transfected together with TAZ/TEAD into SK-BR-3 cells. 

Luciferase assay was carried out as described in Fig. 4.2A. 
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activation of the Cyr61 promoter (Fig. 4.4C), suggesting that TAZ/TEAD may bind to TRE1 to 

activate Cyr61 transcription. 

4.4.4. TAZ and TEAD interaction is essential for its effect on the Cyr61 and CTGF 

promoters and drug response in mammary cells 

 Although TEADs have been identified as the critical transcription factors mediating TAZ-

induced transformation, it is still unknown whether TEADs are essential for TAZ-induced drug 

resistance in breast cancer cells. To address this question, we carried out the following 

experiments. First, our GST pull-down assay showed that while equal amounts of fusion protein 

were used (as shown by Ponceau S protein staining), wild-type TAZ-GST rather than TAZ∆72-

GST mutant [a mutant TAZ lacking TEAD interaction domain, which corresponds to a similar 

mutation generated with its paralog YAP] (195) could interact with TEAD4-FLAG in vitro (Fig. 

4.5A). In addition, although overexpression of wild-type TAZ increased the levels of Cyr61 and 

CTGF mRNA and protein, overexpression of TAZ∆72 had no effect (Fig. 4.5B and C). Moreover, 

TAZ∆72 also failed to activate Cyr61 and CTGF promoter activity (Fig. 4.6A and B) and its 

overexpression in MCF10A failed to induce resistance to paclitaxel in these cells (Fig. 4.7). 

4.4.5. Knockdown of Cyr61 and CTGF reverses the drug resistant phenotype induced by 

TAZ 

 Because enhanced levels of Cyr61 and CTGF have also been shown to cause drug 

resistance in breast cancers, we wanted to confirm that Cyr61 and CTGF are the major 

downstream transcriptional targets mediating TAZ-induced paclitaxel resistance. Lentivirus 

expressing shRNA against different regions of Cyr61 (shCyr61) or CTGF (shCTGF) mRNA were 

generated for single (TAZ/shCyr61 or TAZ/shCTGF) or double knockdown  
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Figure 4.5: Interaction of TAZ with TEAD is essential for Cyr61 and CTGF mRNA and 

protein expression. (A) GST-pulldown analysis of TAZ and TEAD interaction in vitro. About 

10g of GST (control), TAZ-GST or TAZ72-GST (lacks TEAD-binding domain) fusion 

proteins were incubated with 100g of cell lysate extracted from cells expressing TEAD4-FLAG, 

washed with lysis buffer, and subjected to western blot along with 1/10 of the amount of cell 

lysate used for GST pull-down assays (1/10 input) using mouse anti-FLAG monoclonal antibody. 

The membrane was stained with 1% Ponceau S to visualize the GST fusion proteins used in the 

pull-down assay. (B) Loss of TAZ and TEAD interaction abolishes Cyr61 and CTGF mRNA 

expression. Analysis of Cyr61 and CTGF mRNA levels were assessed by qRT-PCR using RNA 

extracted from MCF10A cells expressing WPI (MCF10A-WPI), wild-type TAZ (MCF10A-TAZ), 

and TAZ72 (MCF10A-TAZ∆72). (C) Cyr61 and CTGF expression is abolished by TAZ∆72. 

Cyr61 and CTGF protein expression levels were assessed by western blot in TAZ and TAZ∆72 

overexpressing MCF10A (MCF10A-TAZ, MCF10A-TAZ∆72) along with MCF10A-WPI control 

using antibodies against Cyr61 and CTGF. TAZ levels were assessed using α-HA antibody. ß-

actin was used as an internal loading control.  
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Figure 4.6: TAZ/TEAD interaction is essential for Cyr61 and CTGF promoter activation. 

(A/B) Cyr61 (A) and CTGF (B) promoters fail to be activated by TAZ∆72. Luciferase assay was 

carried out as described in Fig. 4.2A. 
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Figure 4.7: TAZ/TEAD interaction is essential for induction of paclitaxel resistance. The 

response of TAZ∆72 overexpressing MCF10A (MCF10A-TAZ∆72) following increasing 

concentrations of paclitaxel was carried out as described in Fig. 3.7A. The response of control 

MCF10A-WPI and MCF10A-TAZ was also assessed. 
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(TAZ/shCyr61/shCTGF) in MCF10A-TAZ cells (Fig. 4.8A and B). As shown in Fig. 4.8C, 

whereas knockdown of Cyr61 or CTGF alone partially, but significantly, sensitized MCF10A- 

TAZ cells to paclitaxel, knockdown of both Cyr61 and CTGF completely blocks TAZ-induced 

resistance to paclitaxel. Together, these results strongly suggest that Cyr61 and CTGF are two of 

the major downstream proteins mediating TAZ-induced paclitaxel resistance in breast cancer 

cells. 

 

4.5. DISCUSSION 

 Although tremendous progress has been made towards understanding the molecular 

mechanism underlying breast cancer development and treatment, the overall survival of breast 

cancer patients is still significantly hindered due to the evolution of drug resistant tumors. 

Therefore, the identification of proteins responsible for drug resistance is critical for successful 

breast cancer treatment. In this study, we have for the first time identified TAZ as a novel gene 

responsible for drug resistance in breast cancer. By overexpressing TAZ in TAZ-low/drug 

sensitive MCF10A mammary epithelial cells, we have shown that enhanced levels of TAZ can 

directly cause resistance of mammary epithelial cells to apoptosis induced by the 

chemotherapeutic drug paclitaxel. On the other hand, knockdown of endogenous TAZ in TAZ-

high/drug resistant MDA-MB231 breast cancer cells sensitized these cells to paclitaxel. We are 

currently examining whether TAZ can be used as a biomarker in predicting chemotherapeutic 

drug response in breast cancer in a clinical setting using TMA consisting of samples obtained 

from breast cancer patients treated with chemotherapeutic drugs such as paclitaxel. If TAZ levels 

are indeed correlated with the drug-resistance of breast cancer, targeting TAZ in TAZ  
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Figure 4.8: Knockdown of Cyr61 and CTGF reverses TAZ-induced drug resistant 

phenotype. (A/B) Cyr61 and CTGF knockdown efficiency in MCF10A-TAZ. Cyr61 (A) and 

CTGF (B) protein expression following shRNA knockdown alone (TAZ/shCyr61, TAZ/shCTGF) 

or in combination (TAZ/shCyr61/shCTGF) in MCF10A-TAZ cells was assessed by western blot. 

ß-actin was used as an internal loading control. (C) Cyr61 and CTGF knockdown reverses TAZ-

induced paclitaxel resistance. The response of TAZ overexpressing MCF10A cells with Cyr61 

and CTGF shRNA knockdown alone (TAZ/shCyr61, TAZ/shCTGF) or in combination 

(TAZ/shCyr61/shCTGF) following increasing concentrations of paclitaxel was carried out as 

described in Fig. 3.7A. The response of control MCF10A-WPI and MCF10A-TAZ was also 

assessed. 
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overexpressing drug-resistant patients will be a novel therapeutic strategy for successful breast 

cancer treatment. 

 Recently, TAZ and its paralog YAP have been identified as two major proteins mediating 

the effects of the novel Hippo tumor suppressor pathway (66, 196). Consistent with our finding 

that TAZ is a novel protein responsible for the drug resistance of breast cancer, some of the 

proteins in the Hippo pathway have also been shown to be involved in the drug resistance seen in 

human cancers. For example, we have recently reported that loss of LATS1 and LATS2 tumor 

suppressor genes, two negative regulators of TAZ (68), induced resistance of HeLa cervical 

cancer cells to paclitaxel (31). On the other hand, overexpression of YAP, a TAZ paralog, also 

caused resistance of breast cancer cells to multiple chemotherapeutic drug treatments (124). In 

addition, loss of Mst or RASSF1A, which are upstream activators of LATS, have also been shown 

to cause drug resistance in prostate cancer and hepatocellular carcinoma (125, 126). Altogether, 

these studies suggest that the emerging Hippo tumor suppressor pathway, which has been shown 

to play important roles in tumorigenesis, may also have significant roles in the drug resistance of 

human cancers. Therefore, it will be very interesting to examine if and how TAZ and other 

components of the Hippo pathway interact to induce drug resistance in breast cancer.  

Although TAZ has been shown to be involved in regulating various biological functions, 

the downstream transcriptional targets mediating TAZ functions remain largely unknown. By 

using a 44K whole genome microarray and real time qRT-PCR, we have identified and 

characterized Cyr61 and CTGF as two major bona fide transcriptional targets of TAZ by the 

following experiments: First, we have shown that overexpression of TAZ in MCF10A mammary 

epithelial cells caused increased mRNA and protein levels of Cyr61 and CTGF. Second, we have 

also shown that knockdown of TAZ in these TAZ overexpressing MCF10A reversed the increased 
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Cyr61 and CTGF protein back to normal levels, whereas knockdown of endogenous TAZ by 

shTAZ in TAZ-high MDA-MB231 reduced Cyr61 and CTGF levels in these cells. Third, we have 

shown that TAZ activates Cyr61 and CTGF transcription by binding to and activating the Cyr61 

and CTGF promoters.  

After confirming that Cyr61 and CTGF are indeed downstream transcriptional targets of 

TAZ, we examined whether Cyr61 and CTGF mediate TAZ-induced drug resistance in human 

mammary epithelial cells. Significantly, we found that individual knockdown of Cyr61 or CTGF 

by shRNA partially sensitized TAZ overexpressing MCF10A whereas double Cyr61/CTGF 

knockdown completely reversed TAZ-induced paclitaxel resistance. These studies suggest that 

Cyr61 and CTGF are two critical TAZ transcriptional targets mediating TAZ-induced drug 

resistance in breast cancer cells. Together, our studies provide the first biological evidence that 

overexpression of the TAZ oncogene can cause drug resistance of breast cancer cells through 

direct activation of two secreted and matrix-associated proteins Cyr61 and CTGF.  

Consistent with our findings, previous studies have also shown that Cyr61 and CTGF are 

indeed oncogenes that cause resistance of breast cancer to various chemotherapeutic drugs (172, 

192-194). Further studies also showed that both Cyr61 and CTGF caused drug resistance by 

activating integrin v3 (Fig. 4.9), which subsequently activates both MAPK/ERK and PI3K/Akt 

signaling pathways or through the upregulation of the anti-apoptotic proteins Bcl-XL and 

cIAP1/XIAP (192-194). We have also found that overexpression of TAZ activated both ERK and 

PI3K pathways (Lai and Yang, unpublished results). Therefore, further characterization of how 

integrin and MAPK/PI3K pathways mediate TAZ-induced drug resistance will enhance our 

understanding of this signaling pathway in mediating TAZ-induced drug resistance in breast 

cancer cells. 
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In this study, we have identified the TEAD family of transcription factors as the critical 

mediators of TAZ-induced Cyr61 and CTGF transcriptional activation and drug resistance. The 

interaction between TAZ and TEAD is essential for its effect on Cyr61 and CTGF transcription 

and TAZ-induced drug resistant phenotypes. Although the roles of TEADs in breast cancer have 

not been reported, TEAD1 and TEAD2 have been shown to increase both cell proliferation and 

survival (197), whereas TEAD4 was found to be the major TEAD mediating TAZ-induced 

transformation (70, 146). However, it remains unknown whether TEADs are also directly 

involved in the response of breast cancer cells to chemotherapeutic drug treatments. Therefore, 

further characterization of TEADs in breast cancer development and drug response will be 

invaluable for our understanding of the roles of TAZ in mammary tumorigenesis and drug 

resistance. 

In conclusion, we have provided convincing evidence that TAZ is a novel gene causing 

paclitaxel drug resistance through activation of Cyr61 and CTGF in breast cancer cells as 

illustrated in our proposed model (Fig. 4.9). Further confirmation of our findings using an in vivo 

mouse model and clinical breast cancer patient samples will greatly facilitate our efforts in the 

treatment of drug resistant breast cancers in the future. 
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Figure 4.9: A proposed model for TAZ-induced drug resistance in breast cancer cells. In this 

model, TAZ and TEAD form a complex, which translocates to the nucleus and binds to the TRE 

on the promoter regions of Cyr61 or CTGF that leads to their transcriptional activation. After 

proteolytic processing, Cyr61 and CTGF are subsequently secreted out of the cells and activate 

integrin heterodimers on the cell membrane, consequently resulting in enhanced cell survival and 

resistance to chemotherapeutic drug-induced apoptosis.  
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CHAPTER 5: IDENTIFICATION OF BMP4 AS A DOWNSTREAM MEDIATOR OF 

TAZ-INDUCED CELL MIGRATION 

 

5.1. CONTRIBUTIONS 

 I generated the results of this chapter in its entirety. This chapter is published in Cellular 

Signalling (198). 

 

5.2. INTRODUCTION 

 When detected early, cancer is rarely a life-threatening disease, which can be attributed to 

the success of surgery and radiotherapy treatments (199). However, the available and successful 

treatment strategies decline significantly when cancers are detected at later stages of disease 

where cancer cells become more resilient and acquire invasive/metastatic potential (199). Often, it 

is this metastatic progression of cancer that is fatal, accounting for 90% of cancer-related deaths 

(200). Specifically in breast cancer, metastasis is commonly observed in organs such as the bone 

and lungs (199). In these patients, the median survival rate observed is a meager 15-20 months 

(169). Therefore, understanding the molecular mechanisms underlying the metastatic progression 

of breast cancer is essential for identifying novel biomarkers that can be targeted prior to disease 

progression and for therapeutic management of these patients. 

 During development cells undergo a process known as the epithelial to mesenchymal 

transition, otherwise known as EMT (166, 180). EMT describes the phenotypic change of 

epithelial cells, characterized by tight cell-cell adhesion, the preservation of cell polarity, and a 

cobble-stone like morphology, to one that is mesenchymal-like, where cells demonstrate a loss of 

cell-cell adhesion and cell polarity, increased cell-ECM adhesion, and the adaptation of a spindle-
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like fibroblast morphology. These changes facilitate the capacity of cells to migrate, which is 

required for remodeling the body-plan necessary for appropriate differentiation and specialization 

of cells during development (166, 180). Interestingly, this developmental process also appears to 

be acquired during cancer progression. An enhanced capacity of cancer cells to migrate can fuel 

their escape from their original tumor site to invade local tissues nearby or to distant organs 

throughout the body by way of the vascular system, thereby facilitating disease progression (4, 

166, 167, 180). Therefore, understanding the mechanisms of cell migration can provide further 

insight into the course of metastatic disease, which can be valuable for designing novel targeted 

therapeutics. 

 Bone morphogenetic protein 4 (BMP4) was identified as one of the most highly 

upregulated genes in our microarray. BMP4 is a secreted growth factor and is a member of the 

BMPs - a subfamily of the TGFß super family (201). The BMPs are well established as essential 

regulators of tissue patterning during development in addition to many cellular and biological 

functions including cell proliferation, cell migration, survival, differentiation, and ectopic bone 

formation (201). These functions are largely dictated by activating the intracellular Smad1/5 

proteins that regulate transcriptional programs in response to BMP signaling. Importantly, the 

BMPs have been shown to be associated with a variety of cancers (202) including the breast and 

also mediates breast cancer metastasis to the bone (201, 203). In addition, studies have 

consistently demonstrated that BMP4 largely mediates cell migration and invasion of cancer cells 

and has been observed to be aberrantly expressed in breast cancer cell lines and patient samples 

(173, 204, 205, 205-213). Therefore, based on our findings that BMP4 is highly activated by TAZ 

and is functionally relevant to our study, we further characterized BMP4 as a novel downstream 

target of TAZ and its function in mediating TAZ-induced cell migration. 
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5.3. MATERIALS AND METHODS 

5.3.1. Plasmid construction and site-directed mutagenesis 

To generate the BMP4 reporter construct (BMP4-luc), the minimal promoter region of BMP4 

[nucleotide (nt) position -286 to +1] was amplified from genomic DNA by PCR. The PCR 

product was cut by KpnI/XhoI and subsequently cloned into the KpnI/XhoI sites of the pGL3-

basic luciferase reporter vector (Promega). To generate the TRE mutants, site-directed 

mutagenesis was performed using the QuickChange Mutagenesis Kit (Stratagene) according to the 

manufacturer's protocol. Constructs and primers are found in Table 2A of the Appendix.  

5.3.2. Cell culture  

MCF10A and MDA-MB231 cells were cultured as described in Chapter 3 section 3.3.1. SK-BR-3 

human breast cancer cells were cultured in McCoy's 5A Modified Media (Sigma) supplemented 

with 10% FBS, 1% penicillin/streptomycin, and 2.2 g/mL sodium bicarbonate. 

5.3.3. Lentivirus production, infection, and establishment of stable cell lines overexpressing 

or knocking down cellular genes 

Lentiviral production and infection are as described in Chapter 3 section 3.3.5. To establish BMP4 

shRNA knockdown cell lines in MCF10A-TAZS89A (MCF10A-TAZS89A-shBMP4) a set of 

shRNA targeting different sequences of BMP4 mRNA (Open Biosystems) were screened and the 

cells infected with lentivirus expressing shBMP4 with the best knockdown [shBMP4: 5'-

ATCAAACTAGCATGGCTCG-3' (antisense)] were used for functional studies. As a control, 

MCF10A-TAZS89A cells expressing PGIPZ lentiviral vector (MCF10A-TAZS89A-PGIPZ) was 

also established for functional studies. 
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5.3.4. Antibodies, peptides, and inhibitors 

The antibodies used in this study were purchased from the following companies: mouse anti-

FLAG (M2) from Sigma, mouse anti-HA (12C5) from Santa Cruz, mouse anti-BMP4 (MAB757) 

from R&D Systems, mouse anti-TAZ (560235) from BD Pharmingen, and both rabbit anti-

pSmad1/5 (#9516) and rabbit anti-Smad1/5 (#9517) were purchased from Cell Signaling 

Technology. Recombinant human BMP4 (314-BP) and the inhibitor Noggin (3344-NG) were both 

purchased from R&D Systems. 

5.3.5. RNA extraction and qRT-PCR 

RNA isolation and qRT-PCR is as described in Chapter 3 section 3.3.4. Gene-specific forward 

and reverse primers are found in Table 3A of the Appendix. 

5.3.6. Dual luciferase assay 

Triplicates of 5x10
4
 cells/well of SK-BR-3 cells were plated in a 12-well plate and transfected 

with BMP4-luc or its mutants (0.1g) along with TAZ (0.2g) plus TEAD (0.2g) using PolyJet 

transfection reagent according to the manufacturer's protocol (SignaGen Laboratories). Renilla 

luciferase (10ng) was also co-transfected as an internal transfection control. Luciferase was 

measured 2 days post-transfection using the Dual Luciferase Reporter Assay System kit 

(Promega) and the Turner Biosystems 20/20 luminometer. Fold change is calculated by 

normalizing to transfected BMP4-luc promoter alone. 

5.3.7. Enzyme-Linked Immunosorbent Assay (ELISA) assay 

To measure the amount of secreted BMP4 in the media, triplicates of 100L of conditioned media 

obtained from MCF10A, MCF10A-WPI and MCF10A-TAZ cells grown to confluency was added 

into each well of a 96-well plate and the ELISA was carried out using the RayBio Human BMP-4 
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ELISA Kit (RayBiotech, Inc.) according to the manufacturer's protocol. The absorbance was read 

at 450nm using the VERSAmax tunable microplate reader (Molecular Devices). 

5.3.8. Wound healing migration assay 

Cells were grown to ~80% confluency in 6 well plates, serum starved overnight in MCF10A 

complete medium containing 1% HS, and wounded the following day using a P10 pipette tip. 

Pictures were taken at 0, 8, and 12 h under white light at 10x magnification using the Nikon 

Coolpix 990 camera and quantified as distance migrated (pixels) with Adobe Photoshop CS3 as 

described in Chapter 3 section 3.3.8. 

 

5.4. RESULTS 

5.4.1. TAZ activates BMP4 transcription and promotes intracellular Smad1/5 signaling 

 Corroborating our microarray data, BMP4 was also identified as significantly upregulated 

through a separate cytokine array screen (Lai and Yang, unpublished data). Thus, both screens 

independently identified BMP4 as a highly upregulated gene in TAZ overexpressing MCF10A 

cells, which were confirmed at both mRNA and protein levels by qRT-PCR (Fig. 5.1A) and 

western blot (Fig. 5.1B). The upregulation of BMP4 is even more pronounced in MCF10A cells 

overexpressing the constitutively active mutant, TAZS89A (MCF10A-TAZS89A) (Fig. 5.1A). 

Since BMP4 is a secreted cytokine, it was also confirmed that the mature and active form of 

BMP4 was detected in the medium of cultured cells using an ELISA assay. Compared to wild 

type MCF10A and control MCF10A-WPI, secreted BMP4 is detected at levels 5-fold higher in 

the medium culturing MCF10A-TAZ (Fig. 5.1C).  

 BMP4 activates intracellular signaling, in particular through enhancing phosphorylation of 

Smad 1/5 (214). Importantly, phosphorylation of the Smad1/5 pathway (pSmad1/5) is elevated  
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Figure 5.1: BMP4 is a novel downstream target of TAZ. (A) TAZ increases BMP4 mRNA 

levels. RNA extracted from MCF10A expressing WPI vector control, TAZ, and TAZS89A was 

assessed for BMP4 mRNA expression levels by qRT-PCR. 18S rRNA was used as an internal 

control. Results are mean and SD of triplicate samples presented as fold increase normalized to 

expression levels in MCF10A-WPI. (B) TAZ increases BMP4-Smad1/5 signaling. Whole protein 

lysate was extracted from MCF10A-WPI, MCF10A-TAZ, and MCF10A-TAZS89A. TAZ, 

BMP4, pSmad1/5, and total Smad1/5 protein expression levels were assessed using 10g of 

protein by western blot. ß-actin was used as an internal loading control. (C) TAZ increases 

secreted BMP4 levels. Conditioned media (100L) was obtained from MCF10A, MCF10A-WPI 

and MCF10A-TAZ cell lines and subject to ELISA assay (RayBiotech Inc.) to evaluate levels of 

secreted BMP4.  
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(Fig. 5.1B) in TAZ overexpressing cells, which demonstrates that TAZ activates BMP4 

intracellular signaling. To confirm activated pSmad1/5 is specifically due to BMP4 rather than 

other BMP family members, MCF10A cells were treated with exogenous human recombinant 

BMP4. As shown in Fig. 5.2A, BMP4 treatment as low as 10ng/mL activates Smad1/5 as 

illustrated by increased phosphorylation levels. Additionally, MCF10A-TAZ cells were treated 

with Noggin, which directly binds and antagonizes BMP4, thereby, limiting its receptor binding 

and activation of intracellular signaling. As shown in Fig. 5.2B, treatment of MCF10A-TAZ with 

Noggin completely reverses Smad1/5 phosphorylation, suggesting that activation of the Smad1/5 

pathway is specifically caused by enhanced BMP4 secretion. These results strongly confirm 

BMP4 as a novel downstream target of TAZ that promotes Smad1/5 intracellular signaling.  

5.4.2. The TEAD family of transcription factors mediates TAZ-induced BMP4 transcription 

through TEAD response element 1 (TRE1) 

 As a transcriptional co-activator, TAZ must interact with transcription factors in order to 

activate gene transcription. To identify the transcription factor mediating TAZ-induced BMP4 

transcription, the minimal promoter region of BMP4 was analyzed, which uncovered two putative 

TEAD response elements, TRE1 and TRE2 (Fig. 5.3A). To assess the effect of TEADs on TAZ-

induced BMP4 transcription the BMP4 promoter luciferase reporter plasmid (BMP4-luc) was co-

transfected along with TAZ and each TEAD family member (TEAD1-4) and luciferase activity 

was measured. As shown in Fig. 5.3B, although TEAD1-3 increase BMP4 promoter activity, 

transfection with TEAD4 had the greatest effect. This is consistent with previous studies showing 

TEAD4 as the most important TAZ interacting TEAD family member (70, 146). Importantly, co-

transfection with Runx2, another TAZ interacting transcription factor, has no effect on BMP4 

promoter activity (137). The effect of various TAZ mutants on BMP4-luc reporter activity was  
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Figure 5.2: Activated Smad1/5 is a consequence of enhanced BMP4 levels. (A) BMP4 

treatment of MCF10A cells increases Smad1/5 phosphorylation levels. MCF10A cells were 

treated with 0, 10, 50, or 100ng/mL of recombinant human BMP4 for 24 h. Protein lysate was 

extracted from treated and untreated cells and 10g run on western blot to examine pSmad1/5 and 

total Smad1/5 levels. (B) Inhibiting BMP4 signaling in MCF10A-TAZ cells reverses activated 

Smad1/5. MCF10A-TAZ cells were treated with or without 100ng/mL of Noggin, a BMP4 

inhibitor, for 24 h. Protein lysate was extracted from treated and untreated cells and 10g run on 

western blot to examine pSmad1/5 and total Smad1/5 levels. 
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Figure 5.3: TAZ activates BMP4 transcription through interaction with TEADs. (A) 
Sequence of the minimal promoter region of BMP4. This region was cloned into the pGL3-basic 

luciferase reporter vector (BMP4-luc). Two TREs (TRE1 and TRE2) were identified as indicated 

(bold/underlined). (B) Activation of the BMP4 promoter by TAZ and TEAD. SK-BR-3 breast 

cancer cells were transfected with BMP4-luc alone or in combination with TAZ plus either 

TEAD1-4 or Runx2. Luciferase assays were performed using the Dual Luciferase Assay Kit and 

measured using the Turner Biosystems 20/20 luminometer 48 h post-transfection. Data is 

presented as the mean and SD of triplicate samples and fold change was calculated by normalizing 

to BMP4-luc alone. (C) Activation of BMP4 promoter by TAZ and its mutants. SK-BR-3 cells 

were transfected with BMP4-luc alone or in combination with TEAD plus either TAZ, a 

constitutively active mutant (TAZS89A), or a transactivation domain mutant of TAZ (TAZ∆227). 

Luciferase activity was measured and calculated as described in (B). 
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also assessed. As shown in Fig. 5.3C, although BMP4-luc is activated by TAZ, which is further 

enhanced by TAZS89A, transfection with TAZ∆227, a mutant lacking the transactivation domain 

failed to induce BMP4 promoter activity, illustrating that TAZ is a specific mediator of BMP4 

transcription and that the transactivation domain of TAZ is essential for its function. 

 To further map the TRE responsible for TEAD binding and BMP4 promoter activation, 

the consensus sequence for TRE1 and TRE2 were mutated individually or in combination (Fig. 

5.4A) and their effect on BMP4-luc activity was assessed when co-transfected with TAZ and 

TEAD4. Significantly, mutation of TRE1 alone is sufficient to completely abolish BMP4 

promoter activity (Fig. 5.4B), suggesting that TEAD binds to TRE1 to induce BMP4 transcription. 

5.4.3. TAZ/TEAD interaction is essential for BMP4 transcriptional activation and Smad1/5 

intracellular signaling 

 Previously, we have shown that deletion of the TEAD binding domain in TAZ, which 

consists of the first 72 amino acids of the N-terminus (TAZ∆72), abolishes its interaction with 

TEAD (Fig. 4.5A). Thus, we generated a stable cell line in MCF10A overexpressing TAZ∆72 

(MCF10A-TAZ∆72) to assess the consequence of this mutant on BMP4 expression and promoter 

activation. As shown in Fig. 5.5A and Fig. 5.5B, TAZ∆72 fails to activate BMP4 mRNA and 

protein expression levels, respectively. Consistent with these results, TAZ∆72 also fails to 

stimulate Smad1/5 intracellular signaling (Fig. 5.5B) and promoter activity (Fig. 5.6A). 

Furthermore, generating a missense mutation in TEAD4 (TEAD4-Y429H), which abolishes 

binding to TAZ (Fig. 4.3B), it becomes clear that TAZ and TEAD4 interaction is essential for 

activation of BMP4 transcription. As shown in Fig. 5.6B, co-transfection of BMP4-luc with TAZ 

and TEAD4-Y429H failed to activate BMP4-luc compared to wild type TEAD4. These results  
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Figure 5.4: TAZ activates the BMP4 promoter through TEAD response element 1 (TRE1). 
(A) Mutations of TREs in the BMP4 promoter. Mutant luciferase constructs generated by site 

directed mutagenesis of TRE1 or TRE2 alone (TRE1M; TRE2M) or in combination (TRE1/2M) 

are depicted. (B) Mutation of TRE1 in the BMP4 promoter abolishes its activation by TAZ. 

Luciferase constructs generated in (A) were co-transfected with TAZ/TEAD4 into SK-BR-3 cells. 

Luciferase assay was performed and calculated as described in Fig. 5.3B. 
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Figure 5.5: TAZ/TEAD interaction is essential for enhanced BMP4 expression and 

activation of Smad1/5 signaling. (A) Deletion of TEAD interacting domain in TAZ abolishes its 

activation of BMP4 mRNA. MCF10A cells were infected with lentivirus expressing TAZ∆72 

(MCF10A-TAZ∆72), a mutant that lacks interaction with the TEADs. BMP4 mRNA levels were 

assessed by qRT-PCR as described in Fig. 5.1(A). (B) Deletion of TEAD interacting domain in 

TAZ abolishes enhanced BMP4 protein expression and Smad1/5 signaling. Whole protein lysate 

was extracted from MCF10A-WPI, MCF10A-TAZ, MCF10A-TAZS89A, and MCF10A-

TAZ∆72. TAZ (HA), BMP4, pSmad1/5, and total Smad1/5 protein expression levels were 

assessed by western blot. ß-actin was used as an internal loading control.  
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Figure 5.6: TAZ/TEAD interaction is essential for BMP4 promoter activation. (A) Deletion 

of the TEAD interacting domain abolishes BMP4 promoter activity. SK-BR-3 cells were 

transfected with BMP4-luc alone or together with TEAD4 plus either TAZ or TAZ∆72. 

Luciferase assay was performed and calculated as described in Fig. 5.3B. (B) TEAD mutant 

lacking interaction with TAZ fails to assist TAZ in transactivating the BMP4 promoter. SK-BR-3 

cells were transfected with BMP4-luc alone or together with TAZ plus either TEAD4 or TEAD4-

Y429H, a mutant that disrupts TAZ/TEAD interaction. Luciferase assay was performed and 

calculated as described in Fig. 5.3B. 
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strongly suggest that TEAD is the transcription factor mediating TAZ-induced activation of 

BMP4 and enhanced Smad1/5 intracellular signaling. 

5.4.4. TAZ-induced transcriptional activation of BMP4 promotes cell migration 

 We have previously shown that TAZ enhances cell migration, which is an important 

characteristic of metastatic cancer cells. Thus, the functional consequence of this TAZ/TEAD 

interaction on cell migration was assessed using a wound-healing assay. Compared to the WPI 

control, overexpression of TAZ increases cell migration, which is further enhanced by TAZS89A 

(Fig 5.7A and B). However, this effect of TAZ on cell migration is completely abolished by 

TAZ∆72, which migrates at a similar rate to the vector control (MCF10A-WPI). Therefore, this 

data suggests that the TAZ/TEAD interaction is functionally important for TAZ-induced cell 

migration. Since BMP4 is also an important mediator of cell migration and invasion in various 

cancer cell lines (205, 208-213), we investigated if overexpression of BMP4 can also enhance cell 

migration in MCF10A cells. By using lentiviral infection to overexpress BMP4 in MCF10A 

[MCF10A-BMP4(1) and MCF10A-BMP4(2)], BMP4 can be expressed at two different levels, 

both of which demonstrated activated Smad1/5 signaling (Fig. 5.8A). Importantly, by wound 

healing assay, using these cell lines, it can be shown that overexpression of BMP4 dramatically 

increases cell migration (Fig. 5.8B and C), suggesting that BMP4 is also an important mediator of 

cell migration in MCF10A cells. 

 Considering that both TAZ and BMP4 overexpression increase cell migration and that 

BMP4 is a transcriptional target of TAZ, we proposed that BMP4 may be functionally important 

for TAZ-induced cell migration. To evaluate the functional significance of BMP4 in mediating 

TAZ-induced cell migration, BMP4 was knocked down using lentiviral shRNA systems in 

MCF10A cells overexpressing constitutively active TAZ (MCF10A-TAZS89A-shBMP4) (Fig.  
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Figure 5.7: TAZ/TEAD interaction is essential for cell migration. (A) Analysis of cell 

migration by wound-healing assay. MCF10A-WPI, MCF10A-TAZ, MCF10A-TAZS89A, and 

MCF10A-TAZ∆72 cells were plated to ~80% confluency and serum starved in 1% HS overnight. 

The following day cells were wounded using a P10 pipette tip. Wound closure was captured at the 

indicated time points and the distance migrated (pixels) was quantified as shown in (B). 
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Figure 5.8: Overexpression of BMP4 activates Smad1/5 signaling and recapitulates TAZ-

induced cell migration. (A) Overexpression of BMP4 in MCF10A cells activates Smad1/5 

signaling. MCF10A cells stably overexpressing BMP4 were generated by lentiviral infection 

[MCF10A-BMP4(1), MCF10A-BMP4(2)]. Protein was extracted from MCF10A-WPI, MCF10A-

BMP4(1), and MCF10A-BMP4(2) and 10g run on western blot for analysis of BMP4 expression 

(α-BMP4, α-FLAG), pSmad1/5, and total Smad levels. ß-actin was used as an internal loading 

control. (B) Overexpression of BMP4 enhances cell migration of MCF10A cells. MCF10A-WPI, 

MCF10A-BMP4(1) and MCF10A-BMP4(2) cells were plated to ~80% confluency and serum 

starved in 1% HS overnight. Wound healing assay was performed and quantified as described in 

Fig. 5.7A and B, respectively. Quantification is shown in (C). 
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5.9A). As shown in Fig. 5.9B and C, lentivirus-mediated knockdown of BMP4 rather than PGIPZ 

vector control (MCF10A-TAZS89A-PGIPZ) partially but significantly reverses TAZS89A-

induced cell migration, suggesting that BMP4 is a novel mediator of TAZ-induced cell migration. 

 

5.5. DISCUSSION 

 In this study, TAZ was identified as a novel gene that promotes cell migration when 

overexpressed in TAZ-low MCF10A immortalized mammary epithelial cells. This increase in cell 

migration is further enhanced by TAZS89A, a constitutively active TAZ mutant, and completely 

abolished by TAZ∆72, which fails to interact with TEADs. These results provide convincing 

evidence that TAZ is a specific regulator of cell migration, which is mediated by the TEADs. 

Furthermore, using a 44k whole genome microarray screen, we have identified and characterized 

BMP4 as a novel transcriptional target downstream of TAZ that is mediated by the TEADs at 

mRNA, protein, and secreted levels. This activation of BMP4 also promotes intracellular 

signaling as demonstrated by enhanced levels of pSmad1/5 in TAZ and TAZS89A overexpressing 

cell lines. Importantly, knockdown of BMP4 significantly reduced TAZ-induced cell migration, 

thereby elucidating a novel TAZ/TEAD/BMP4 signaling axis involved in cell migration in 

addition to the elucidation of a novel TAZ/TEAD/BMP4/Smad1/5 signaling pathway downstream 

of Hippo. 

 Our lab and others have shown that TAZ indeed promotes tumorigenic phenotypes such as 

increased cell proliferation and migration/invasion, induction of cellular transformation and the 

EMT phenotype, and acquired resistance to chemotherapeutics (68, 70, 114, 146, 147, 159, 163). 

Although these findings are significant and provide a strong foundation for understanding the 

roles of TAZ in breast tumorigenesis and progression, our comprehensive understanding of the  
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Figure 5.9: Knockdown of BMP4 attenuates TAZ-induced cell migration. (A) Western blot 

analysis of BMP4 knockdown. MCF10A-TAZS89A cells were infected with shRNA targeting 

BMP4 (MCF10A-TAZS89A-shBMP4) or PGIPZ vector control (MCF10A-TAZS89A-PGIPZ). 

Protein was extracted from these and MCF10A-WPI cell lines and 10g run on western blot for 

analysis of BMP4 expression levels. ß-actin was used as an internal loading control. (B) 

Knockdown of BMP4 in TAZS89A overexpressing MCF10A cells partially reverses increased 

cell migration. MCF10A-WPI, MCF10A-TAZS89A-PGIPZ, and MCF10A-TAZS89A-shBMP4 

were plated to ~80% confluency and serum starved in 1% HS overnight. Wound healing assay 

was performed and quantified as described in Fig. 5.7A and B, respectively. Quantification is 

shown in (C). 
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downstream genes mediating these effects are largely unknown. Identification of the specific 

genes mediating these TAZ-induced phenotypes is invaluable for the generation of specific 

targeted therapeutics.  

 Since metastatic progression is the fatal last step of cancers, our study focused on 

understanding the molecular mechanism of TAZ-induced cell migration. As BMP4 was one of the 

most highly activated genes in our microarray and cytokine array screens we sought to further 

investigate the functional significance of this gene. Although most findings regarding the cell 

proliferation function of BMP4 are conflicting (208, 212, 213, 215, 216), these and other studies 

consistently demonstrate that BMP4 is often involved in cell migration and invasion (205, 208-

213). Indeed, when we overexpress BMP4 in MCF10A, we find that BMP4 dramatically increases 

cell migration and further show that knockdown of BMP4 can rescue TAZ-induced cell migration. 

Although BMP4 knockdown cannot completely reverse this phenotype, it is clear that BMP4 is at 

least partially responsible. However, BMP4 may cooperate with other growth factors including 

FGF, EGF, and HGF to potentiate tumorigenic phenotypes (216). Importantly, our microarray 

screen also identified the growth factors FGF1 and PDGFß, promoters of cell migration (217, 

218), as potential downstream targets of TAZ. Thus, in addition to the activation of BMP4, other 

growth factors may potentiate TAZ-induced cell migration.  

 The metastatic progression of cancers, rather than the primary tumor itself, is the cause of 

most cancer-related deaths. One of the fundamental characteristics acquired by these metastatic 

cells is their ability to migrate. Therefore, understanding the molecular mechanisms that promote 

cell migration is critical for designing novel targeted therapeutics to prevent metastatic spread as 

well as the discovery of novel biomarkers that may be used to identify patients that may be at risk 

for metastasis. Importantly, TAZ and BMP4 may serve as prognostic markers since TAZ protein 
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expression levels are elevated in tumorigenic, non-invasive breast cancer cell lines and further 

enhanced in invasive, metastatic breast cancer cell lines (163). Importantly, BMP4 is highly 

expressed in breast cancer patient samples compared to normal tissue in addition to its association 

with frequent tumor recurrence (173, 204). It will be interesting to further investigate this 

association of TAZ and BMP4 expression levels and whether they contribute to the progression of 

aggressive and metastatic breast cancers using clinical samples and establish their use as novel 

biomarkers in the future.  

 In conclusion, our findings collectively provide convincing evidence that TAZ is an 

important mediator of cell migration through activation of BMP4 in breast cancer cells. This work 

has uncovered a novel mechanism underlying TAZ-induced cell migration and identified 

TAZ/TEAD/BMP4/Smad1/5 (Fig. 5.10) as a novel signaling axis downstream of the Hippo 

signaling pathway, which greatly contributes to our current understanding of the molecular 

mechanisms underlying TAZ-induced tumorigenesis and progression. 
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Figure 5.10: A proposed signaling model depicting the molecular mechanism of TAZ-

induced cell migration in breast cancer cells. Upon complex formation, TAZ/TEAD translocate 

to the nucleus where TEAD directly interacts with TRE1 in the BMP4 promoter thereby 

promoting its transcription. The BMP4 transcript is then processed to its mature form, which is 

subsequently secreted extracellularly. Secreted BMP4 can signal in an autocrine or paracrine 

fashion on nearby cells that possess the appropriate BMP4 receptors and activate intracellular 

signaling pathways involved in cell migration. 
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CHAPTER 6: EXPLORING THE CLINICAL RELEVANCE OF TAZ IN HUMAN 

BREAST CANCER TISSUE 

 

6.1. CONTRIBUTIONS 

 I would like to acknowledge the following individuals for their assistance in various 

aspects of this chapter: Lee Boudreau, a laboratory technologist, who provided technical 

assistance with IHC. Yawei Hao, who helped with optimizing the IHC protocol. Shakeel Virk, a 

pathology coordinator, for scanning of the TMA slides. 

 

6.2. INTRODUCTION 

 The identification of biomarkers is essential for the clinical management of breast cancer. 

Biomarkers are particularly valuable for diagnosis, prognosis and their predictive power for 

making therapeutic decisions. However, in breast cancer the use of biomarkers has been limited to 

routine use of ER, PR, and HER2 statuses (219). These are generally useful for the therapeutic 

management of breast cancer patients. However, additional biomarkers that can predict the course 

of the disease and treatment response are required. Therefore, identification of novel biomarkers 

that are responsible for disease progression and chemotherapeutic resistance are necessary for 

generating novel targeting therapeutics.  

 The use of TMA is advantageous for analyzing expression levels of a specific protein 

using human tissue samples. A single TMA can be constructed from hundreds of single cores 

punched from formalin-fixed, paraffin-embedded (FFPE) tissue samples (219). Although small in 

size, these cores have been shown to be adequate to represent the entire tumor. However, the 

small size also provides a limitation since tumors are heterogeneous in nature, which can generate 
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false positive results. Nevertheless, the large number of samples generally counteracts this 

problem. Nowadays, TMAs are routinely used as a quick and efficient method to analyze 

correlations between expression levels and clinical endpoints. 

 Thus far, we have provided convincing in vitro evidence demonstrating TAZ may function 

as a novel oncogene in breast cancer. In addition, TAZ protein expression levels appear to be 

associated with the metastatic progression of breast cancer as observed using breast cancer cell 

lines of increasing invasiveness (Fig. 3.1). Therefore, to investigate the clinical relevance of our in 

vitro findings, we evaluated TAZ protein expression levels using TMAs consisting of human 

breast cancer samples. 

 

6.3. MATERIALS AND METHODS 

6.3.1. Preparation of cell culture blocks 

MCF10A-WPI and MCF10A-TAZ cells were grown in 2x100mm plates to 80% confluency. In 

brief, cells were washed with 1x PBS, trypsinized, and transferred to a 15mL conical tube along 

with complete media. Cells were centrifuged at 250xg for 10 mins, washed with 1x PBS, and 

centrifuged again at 250xg for 10 mins. The pellet was resuspended in 10% neutral buffered 

formalin and incubated at 4
o
C for 2-3 hours on a shaker. Following incubation, cells were 

centrifuged at 250xg for 10 mins, resuspended in 500L 1x PBS, transferred to a 1.5mL 

microcentrifuge tube, and centrifuged at 13,000rpm for 1 min. The pellet was immediately 

resuspended in 40L of 1% low melting point agarose and incubated for 15 mins at 4
o
C. Finally, 

200L of 10% neutral buffered formalin was added to each pellet and incubated overnight at 4
o
C. 

Cell pellets were then embedded in paraffin and subsequently sectioned at 5m thickness for IHC 

analysis. 
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6.3.2. Antibodies 

The antibodies specifically used for IHC purposes were mouse monoclonal anti-TAZ (560235; 

BD Pharmingen) and rabbit polyclonal anti-YAP antibody (H-125; Santa Cruz). 

6.3.3. GST-Fusion Protein Production 

TAZ cDNA was cloned into the pGEX-4T1 GST expression vector (pGEX-4T1-TAZ-GST) at 

BamHI and NotI sites using the primers found in Table 2A of the Appendix. This construct was 

then used for transformation of E. coli strain BL-21, which was grown in 2xYT at 37
o
C at 300rpm 

until reaching an OD600 between 0.5-1.0. The fusion protein was induced with IPTG (0.4mM) and 

incubated overnight at room temperature with shaking at 125rpm. The following day, bacteria 

were pelleted by centrifugation, resuspended in 1x PBS and sonicated up to 5x (until clear) using 

the following program: 15sec/cycle, 0.5 sec (on time), 0.5 sec (off time), at an amplitude of 60% 

using a Fisher Scientific Sonic 500 Dismembrator. The culture was then incubated with 20% 

Triton-X on a 4
o
C rotator for 75 mins, centrifuged at 12000xg for 15 min at 4

o
C to remove debris, 

and the remaining GST-fusion protein were purified with GSB beads and eluted with glutathione 

elution buffer (10mM reduced glutathione in 50mM Tris-HCl, pH 8.0). The eluted TAZ-GST 

fusion protein was quantified on SDS-PAGE using BSA standards. 

6.3.4. Competing peptide studies 

Prior to incubation with nitrocellulose membrane (for western blot) or with IHC slides, the TAZ 

antibody and TAZ-GST fusion protein were incubated on a shaker overnight at 4
o
C at a ratio of 

1:10 or 1:100 (antibody:GST ratio in units of molarity). Following incubation, the antibody alone 

or antibody plus GST peptide solution was added to the nitrocellulose membrane or IHC slides 

and the remaining procedure for western blotting or IHC was followed. 
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6.3.5. Immunohistochemistry (IHC) 

In brief, FFPE tissues on glass slides were rehydrated in toluene (3x 4 min incubations) followed 

by 7 dips each in 100% ethanol, 85% ethanol, and 70% ethanol and washed under running water 

for 4 mins. Slides were steamed for 30 mins in citrate Target Retrieval Solution at pH 6.0-6.2 

(Dako) and cooled at room temperature for 20 mins, rinsed in 1x TBS (Tris Buffered Saline) and 

incubated with 3% H2O2 for 5 mins. This was followed by another rinse in 1x TBS, 5 mins 

incubation in 0.025% Triton-X, 1x TBS wash and 10 mins incubation with 1% BSA. Slides were 

again washed in 1x TBS and incubated with TAZ antibody at 1:100 dilution (or with 

antibody:GST complex) prepared in antibody diluent (Dako) for 1 h at room temperature. Slides 

were rinsed in 1x TBS, incubated with Yellow Link 2
o
 antibody for 15 mins followed by 1x TBS 

wash and incubation with Red Streptavidin Peroxidase for 15 mins. Following another 1x TBS 

wash, 3,3'-Diaminobenzidine (DAB) + chromagen substrate was added for 1 mins 40 seconds. 

Slides were rinsed with 1x TBS, washed under running water for 4 mins, counterstained in 

hematoxylin (Ricca Chemical Company) for 40 seconds, washed under running water for 5 mins 

and dipped 4-5x in acid alcohol. Slides were once again rinsed under running water for 8 mins and 

dehydrated in 10 dips each of 70% ethanol, 85% ethanol, 100% ethanol, and 10 dips each in three 

toluene baths. Finally, slides were cover-slipped. All reagents were supplied using the LSAB+ 

System-HRP (Dako North America, Inc.). 

6.3.6. TMA 

The following breast cancer TMAs were purchased from US Biomax, Inc.: BRC961, BR1503a, 

BR1505, and BR2085a. Specification sheets including patient data and receptor statuses can be 

found in the Appendix (Pages 192-209). 
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6.3.7. TMA Quantification  

TMAs were quantified visually by Dr. Xiaolong Yang and myself under the supervision of Dr. 

Sonal Varma. Individual cores were given a score between 0 (no staining), 1 (low staining), 2 

(intermediate staining), or 3 (high staining) in either cytoplasmic or nuclear compartments. Cores 

were then grouped into a no/low intensity group (Score of 0 or 1) or a high intensity group (Score 

of 2 or 3). 

 

6.4. RESULTS 

6.4.1. Optimizing TAZ antibody for IHC staining 

 Few studies have addressed the clinical relevance of TAZ in human cancer samples. In 

addition, the antibodies used in these studies are not suitable for TAZ IHC studies since they can 

detect both TAZ and its paralog YAP (114). Therefore, we assessed the specificity and IHC 

suitability of several TAZ antibodies by carrying out the following experiments. First, the 

specificity of TAZ was assessed by western blot using whole protein lysate extracted from 

MCF10A-WPI and MCF10A-TAZ. Also, to ensure non-specific signals, the entire nitrocellulose 

membrane was blotted with α-TAZ antibodies from various companies (data not shown). After 

extensive screening, only a single α-TAZ antibody from BD Pharmingen can be used to 

specifically detect TAZ (and not YAP) using both western blot and IHC. As expected, TAZ is 

only detected as a single band in MCF10A-TAZ cells, which corresponds to ~50kDa (Fig. 6.1A). 

To further confirm this result, GST fusion protein expressing full length TAZ (TAZ-GST) was 

generated and used for competing peptide studies. As shown in Fig. 6.1A, incubation of α-TAZ 

antibody with 10x TAZ-GST significantly reduces the TAZ signal, which is completely abolished 

when incubated with 100x TAZ-GST. All blots were detected simultaneously and represent a  
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Fig. 6.1: Optimizing TAZ IHC staining using GST fusion protein peptide competition and 

FFPE cell pellets. (A) BD Pharmingen α-TAZ antibody specifically detects TAZ. TAZ antibody 

(1:2000) was incubated with or without 10x (1:10 molar ratio of antibody:peptide) or 100x 

(1:100) TAZ expressing GST fusion protein (TAZ-GST) overnight on a 4
o
C rocker. The antibody-

peptide complex or TAZ antibody alone was added the following day to separate nitrocellulose 

membranes containing 10g protein extracted from MCF10A-WPI and MCF10A-TAZ following 

its separation on 10% SDS-PAGE gel and transfer. The western blot was completed following the 

standard protocol. The depicted figures are comparable due to identical exposure times. (B) 

Representative immunohistochemical TAZ staining using stable FFPE cell pellets. MCF10A-WPI 

and MCF10A-TAZ cell pellets were fixed, embedded in paraffin, and sectioned onto glass slides, 

which were stained using TAZ antibody (1:400 dilution) following the standard IHC protocol.  
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single exposure time and are therefore comparable. After identifying a TAZ specific antibody, its 

suitability for IHC staining was analyzed using FFPE cell pellets of MCF10A-WPI and MCF10A-

TAZ cells. As shown in Fig. 6.1B, TAZ is highly expressed in MCF10A-TAZ cells compared to 

MCF10A-WPI, which exhibits low background staining. As a control, no primary antibody was 

added to MCF10A-WPI and MCF10A-TAZ FFPE pellets, which demonstrated no staining (data 

not shown). Lastly, IHC was assessed using FFPE tissue obtained from mouse xenograft human 

tumor tissue generated from A549 lung adenocarcinoma cells, which express high endogenous 

levels of TAZ. As shown in Fig. 6.2A, TAZ expression is detected with clear nuclear and 

cytoplasmic staining. However, this IHC staining was significantly reduced when α-TAZ antibody 

was incubated in the presence of 10x TAZ-GST (Fig. 6.2B) and completely abolished with 100x 

TAZ-GST (Fig. 6.2C).  

6.4.2. TAZ, rather than YAP, is highly expressed in invasive ductal carcinoma 

 According to the western blot shown in Fig. 3.1, although TAZ protein expression levels 

are low in normal and immortalized mammary cells, they are increased in non-invasive, 

tumorigenic breast cancer cells and further enhanced in the invasive breast cancer cell lines, 

whereas no such association was demonstrated by YAP (data not shown). Therefore, this data 

suggests that TAZ expression levels may be correlated with the invasiveness of breast cancer cell 

lines. To investigate whether TAZ expression is also elevated in human breast tumor tissue, 

protein expression levels were analyzed by IHC using commercially available TMAs containing 

both breast cancer and normal tissues. Four sets of TMAs were stained and compiled, totaling 351 

cases of human breast cancer samples and 534 individual cores. Of these 407 and 411 cores for 

TAZ and YAP staining, respectively, were deemed sufficient for IHC analysis, which were 

individually scored by Dr. Xiaolong Yang and myself under the supervision of Dr. Sonal Varma.  
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Fig. 6.2: Optimizing TAZ IHC staining using FFPE xenograft tumor tissue generated from 

A549 lung carcinoma cells. Tumorigenic A549 lung carcinoma cells, which contain high TAZ 

expression levels, were injected into the flanks of nude mice. After one month, the tumors were 

resected, fixed, and embedded for sectioning and subsequent IHC staining. Figures are 

representative of TAZ staining using (A) 1:200 dilution of TAZ antibody, (B) 1:200 dilution of 

TAZ antibody plus 10x TAZ-GST, (C) 1:200 dilution of TAZ antibody plus 100x TAZ-GST. 

Antibody:TAZ-GST complex was incubated at 4
o
C overnight with shaking.  
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An overall score between 0-3 based on intensity was given for each core that demonstrated 

nuclear or cytoplasmic staining as represented in Fig. 6.3 (0, no staining; 1, low; 2, intermediate; 

3, high). Strong nuclear focal staining was also observed in some patient samples. As shown in 

Fig. 6.4A and B, very low levels of both TAZ and YAP were observed in normal tissue, however 

TAZ levels were detected with very high intensity staining (score of 2 or 3) in 66.6% (271/407) of 

breast tumor tissue compared to YAP with only 18% of samples (Table 6.1). Therefore, these 

results suggest that TAZ, rather than YAP, may be activated during breast cancer development 

and progression. Further statistical analysis and correlational studies with clinicopathological 

parameters are warranted for clinical significance.  

 

6.5. DISCUSSION 

 In this study, we have identified and optimized TAZ IHC staining using a TAZ specific 

antibody. Importantly, TAZ expression is highly activated in a significant proportion of breast 

cancer, which supports our in vitro findings that suggests TAZ functions as an oncogene in breast 

cancer. 

 A previous study by Chan et al. also evaluated the expression levels of TAZ in human 

breast cancer tissue (114). They found that TAZ was overexpressed in 21.4% (27/126) of breast 

cancer samples, which is significantly lower than our study that observed high expression in 

66.6% of breast cancers. The discrepancies between our studies can be attributed to obvious 

technical differences. Most notably is the difference in antibody specificity. In the study by Chan 

et al., TAZ-specific antibodies were generated against an epitope targeting amino acids 160-229. 

However, this region is likely to overlap with YAP as both TAZ and YAP expression were 

detected in their western blots. This antibody was also used for their IHC studies in the presence  
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Fig. 6.3: Selected images representative of the scoring system used for nuclear and 

cytoplasmic staining of human breast cancer samples. Cores were given a score between 0 (no 

staining), 1 (low staining), 2 (intermediate staining), or 3 (high staining) specific for the nucleus 

and cytoplasm. Images were acquired from TMAs stained using the TAZ antibody. This scoring 

system was also applied to YAP stained TMAs. 
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Fig. 6.4: Representative TAZ and YAP IHC staining in normal breast tissue. Images of 

selected cores are representative of normal breast tissue for (A) TAZ and (B) YAP. 
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Table 6.1: Summary of TAZ and YAP IHC TMA data. Results were compiled 

from the following TMAs: BRC961, BR1503a, BR1505, and BR2085a. 
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of a YAP competing peptide, which could potentially interfere with the signal intensity of TAZ. 

However, the antibody used in our study was specific to TAZ as demonstrated by our western 

blots and competing peptide studies. Likely, further investigation using more tissue samples will 

be needed for validation of these studies. Nevertheless, both studies confirm that TAZ is indeed 

overexpressed in a significant fraction of breast cancer. Further analysis of TAZ expression levels 

and the correlation with clinicopathological parameters is needed to investigate the clinical 

relevance of these studies. 

 Several other studies have also evaluated TAZ expression using various human cancers 

such as papillary thyroid carcinoma, non-small cell lung cancer and glioma, which all 

demonstrated high TAZ expression levels. However, the mechanisms leading to elevated TAZ 

expression levels have been rarely investigated. Nevertheless, two studies provide insight into 

these mechanisms, which include the influence of epigenetics and possible gene amplification. In 

the glioma study, Bhat et al. demonstrated that epigenic mechanisms might be responsible for 

aberrant TAZ expression levels (119). When compared to higher-grade gliomas, which 

demonstrated high TAZ expression levels, these levels were detected as significantly lower in 

low-grade gliomas. This difference in expression was investigated and justified by differential 

methylation of the TAZ promoter region; hypermethylation was more prominant in low-grade 

gliomas and detected in lower amounts in high-grade gliomas. In addition to hypermethylation, it 

is also possible that enhanced TAZ may be a result of gene amplification at the genomic level 

(220).  

 An interesting observation of our IHC staining was the subcellular localization of TAZ. 

Normally, the cellular expression of TAZ is localized in both the nuclear and cytoplasmic 

compartments (130). However, according to its function as a transcriptional co-activator, it would 
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be reasonable to assume that nuclear TAZ represents its functionally active form. Interestingly, 

Bhat et al., also addressed this issue and examined the association between TAZ localization and 

prognosis (119). Significantly, they found that glioma patients that demonstrated both nuclear and 

cytoplasmic staining compared to positive staining in each compartment alone, had considerably 

reduced survival. These findings can be justified based on a novel cytoplasmic function of TAZ, 

where it also interacts with the Wnt and Smad2/3 pathways (132, 133, 135). Therefore, it would 

also be interesting and valuable to consider TAZ localization with clinical outcome in future 

studies. 

 In conclusion, we have provided evidence supporting the clinical relevance of TAZ in 

human breast cancer samples. Further studies correlating these data with clinicopathological 

parameters will be necessary for a deeper understanding of the clinical significance of TAZ. 

Additionally, associating TAZ expression with other downstream markers may be advantageous 

to increase the prognotic power over use of a single marker alone as well as the consequence of 

subcellular localization on clinical outcomes.  
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PART III: CONCLUSIONS AND DISCUSSION 

 

CHAPTER 7: OVERALL DISCUSSION AND FUTURE DIRECTIONS 

 At the start of this disseration, virtually nothing was known about the cellular functions of 

the transcriptional co-activator, TAZ. However, following the identification of TAZ as a major 

transcriptional output of the novel Hippo tumor suppressor pathway sparked a burgeoning interest 

in the exploration of the biological and cellular functions of TAZ. Indeed, the surge in 

publications over the past several years have provided substantial evidence that TAZ possesses 

many cellular functions as well as biologically important processes that may be of relevance to 

human disease. Additionally, apart from its conventional association with the Hippo pathway, 

several studies have linked TAZ to other traditional intracellular signaling pathways including 

TGFß and Wnt. Therefore, these studies highlight the importance of TAZ as an important 

signaling molecule in the cell. Adding to these findings, work from this thesis has elucidated 

novel functions of TAZ and, importantly, provides insight into the underlying mechanisms, which 

may have significant clinical implications for the treatment of breast cancers in the near future.  

 The basis of our study evaluated the cellular functions of TAZ through stable 

overexpression studies using a non-tumorigenic, immortalized mammary epithelial cell line 

(MCF10A). Through various cell culture experiments, we were able to show that in vitro, 

increased TAZ expression levels are associated with enhanced cell proliferation, induction of 

cellular transformation, the EMT phenotype and cell migration, which have also been 

independently validated by other studies. In addition to these findings, we extended these 

functions to demonstrate TAZ also mediates cell-ECM adhesion and resistance to 

chemotherapeutics. Importantly, using a whole human genome microarray, we have provided 
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insight into the underlying molecular mechanisms of TAZ functions. Many exciting and 

functionally significant genes were identified and confirmed through qRT-PCR that may be 

relevant in mediating TAZ-induced cellular functions. In this study, we have further characterized 

Cyr61/CTGF and BMP4 as major downstream targets of TAZ that mediate paclitaxel resistance 

and cell migration, respectively. 

 Our study provides the first evidence demonstrating TAZ as a critical player in 

chemotherapeutic resistance. Importantly, we found that Cyr61 and CTGF are activated 

downstream of TAZ through the TEAD family of transcription factors, which together mediate 

TAZ-induced paclitaxel resistance. This is possibly a conserved mechanism through the Hippo 

pathway as a previous study from our lab has also identified that loss of LATS1/2 in HeLa cells 

can induce paclitaxel resistance (31). Furthermore, through microarray analysis of LATS1/2 

differentially regulated genes, this study also identified enhanced levels of Cyr61 upon loss of 

LATS1/2, which mirrors overexpression of TAZ, and therefore is consistent with our study. 

Although CTGF was not identified in their screen, this may be explained by differences in cell 

lines since HeLa cells, which is a cervical cancer cell line, was used in their study and MCF10A 

mammary epithelial cells was used in ours. Also, since both proteins are very similar in function, 

Cyr61 may compensate for loss of CTGF and primarily mediate paclitaxel resistance in HeLa 

cells. In addition to paclitaxel, which is a microtubule-stabilizing agent, we have examined the 

effect of platinum containing reagents and found that TAZ may also confer resistance to this 

family of chemotherapeutics. Interestingly, it has been previously shown that overexpression of 

Cyr61 in HeLa cells inhibits cisplatin-induced apoptosis by inhibiting caspase-3 (221). In 

addition, using gene expression profiling of samples obtained from chemotherapy sensitive versus 

resistant ovarian cancer patients treated with the CAP (cyclophosphamide, doxorubicin, cisplatin) 
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regimen, it was found that CTGF expression was elevated in the chemotherapy resistant group, 

suggesting its expression also mediates cisplatin resistance (222). Therefore, these studies suggest 

Cyr61 and CTGF may also mediate the cisplatin resistance observed by TAZ overexpression. 

Together, we have identified a novel TAZ-TEAD-Cyr61/CTGF pathway that mediates paclitaxel 

resistance and previous studies also suggest a similar mode of resistance to cisplatin. 

Chemotherapeutic resistance continues to be a serious problem for many breast cancer patients. 

Thus, these findings have identified a novel pathway underlying chemotherapeutic resistance and 

provide possible targets for treating TAZ overexpressing paclitaxel resistant breast cancer and use 

of these molecules as predictable markers in the clinic. It will be interesting to further examine the 

effect of TAZ overexpression on other families of chemotherapeutics.  

 Previous studies have shown that both Cyr61 and CTGF, members of the CCN family of 

secreted proteins, signal through the integrins to activate intracellular signaling pathways such as 

MAPK and PI3K, which dictates cellular behaviour (192-194). We have also found activation of 

both pathways in TAZ overexpressing cells (Lai and Yang, unpublished data), suggesting possible 

activation of these pathways through Cyr61/CTGF-integrin signaling. It would be interesting to 

further investigate whether MAPK and PI3K pathways are activated through Cyr61 and CTGF 

and how they contribute to the TAZ-induced paclitaxel resistant phenotype. The engagement of 

Cyr61 and CTGF with the integrins also provides insight into the increased cell-ECM adhesion 

seen in TAZ overexpressing cells. The effects of Cyr61 and CTGF signaling are largely mediated 

through the specific integrin heterodimer αvβ3. This particular integrin receptor is also a central 

mediator of adhesion to the ECM component fibronectin. Therefore, it is possible that Cyr61 and 

CTGF facilitate or enhance the engagement and subsequent activation of integrin αvβ3 to 

contribute to the observed increase in cell-ECM adhesion. The activation of integrins through 
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increased receptor density can be ruled out as no significant changes in α or β integrin subunits 

were altered at the mRNA level (Lai and Yang, unpublished data), thereby suggesting they are 

activated through ligand binding. Future studies using other ECM components as substrates and 

specific inhibitors of the integrin heterodimers can help tease out the mechanisms of TAZ induced 

cell-ECM adhesion. Because cell adhesion is integral to cell migration, it will also be interesting 

to investigate how this cell adhesion contributes to TAZ-induced cell migration. Therefore, these 

findings provide a potential association linking the Hippo pathway to integrin signaling.  

 The second novel signaling pathway we have elucidated links TAZ to Smad1/5 signaling. 

We have identified TAZ/TEAD/BMP4 as a novel network that mediates TAZ-induced cell 

migration. We have further extended these findings to show that activation of the Smad1/5 

intracellular signaling pathway, represented by phospho-Smad1/5 levels, is indeed elevated in 

TAZ overexpressing cells specifically caused by enhanced levels of BMP4 as treatment of 

MCF10A-TAZ cells with Noggin, a BMP4 specific inhibitor, abolished phospho-Smad1/5 levels. 

By shRNA knockdown of BMP4 in MCF10A-TAZS89A cells, we were able to show that 

compared to vector control (MCF10A-TAZS89A-PGIPZ), shBMP4 knockdown cells (MCF10A-

TAZS89A-shBMP4) was able to partially, but significantly slow TAZS89A-induced cell 

migration. In addition to the possibility of BMP4 interacting with other TAZ regulated growth 

factors (ex. FGF1, PDGFß) as discussed in Chapter 5, we have also identified myosin light chain 

kinase (MYLK/MLCK) as a downstream target of TAZ that may also regulate cell migration, 

which we have confirmed by qRT-PCR and dual luciferase reporter assays (Lai and Yang, 

unpublished data). MLCK has been shown to function as a direct mediator of cell migration 

through phosphorylation of myosin light chain (MLC), which directly affects actin/myosin 

contraction and thereby facilitates cell migration. Furthermore, Visser et al. also identified MYLK 
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as an upregulated target in their microarray screen upon loss of LATS1/2 expression, which also 

resulted in enhanced cell migration using HeLa cells (31). Thus, MYLK provides another 

potential means of Hippo-mediated cell migration. Our microarray has also identified Slug and 

Twist, two positive regulators of EMT that we have confirmed upregulated at mRNA levels 

through TAZ. Because EMT is a pre-requisite for cell migration Slug/Twist may play a dual role 

in TAZ-induced EMT and cell migration. It would be interesting and valuable to further 

investigate the interplay of BMP4 with these and other growth factors in addition to the 

contribution of MYLK, Slug and Twist in TAZ-induced EMT and cell migration. 

 Insulin receptor substrate-1 (IRS-1) was also confirmed by qRT-PCR as an upregulated 

target downstream of TAZ. IRS-1 is one of three related insulin receptor substrate proteins (IRS-

1, IRS-2, IRS-4) found in humans (223). Although originally identified as a major hub that 

coordinates IGF-IR/IR signaling to activate intracellular signaling pathways such as MAPK/ERK 

and PI3K/Akt, it was later shown to regulate intracellular networks downstream of many diverse 

receptors including various steroids, cytokines, hormones, and the integrins (177). Therefore, 

these proteins function as important integrators of upstream signals to activate intracellular 

signaling pathways and induce biological responses. Through qRT-PCR and dual luciferase 

reporter assays, I have also characterized IRS-1 as a transcriptional target of TAZ through TEADs 

(Lai and Yang, unpublished data). However, due to time contraints, the functional relevance of 

IRS-1 in mediating TAZ functions was not further studied. Nonetheless, based on previous studies 

of IRS-1 we suspect that it may mediate TAZ-induced transformation. Several studies have 

demonstrated that overexpression of IRS-1 consistently promotes cellular transformation in 

various cell types including NIH 3T3 fibroblast cells, 32D mouse bone marrow cells, and BT-20 

breast cancer cells, as well as disrupting acinar growth of MCF10A cells when cultured in 3D 
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Matrigel (224-228). Overexpression of IRS-1 in these cell lines can also promote their 

tumorigenesis in vivo (224, 226-228) and increase cell proliferation of various cancer cell lines 

through increased MAPK and Akt signaling (229). The effect of IRS-1 on mediating TAZ-

induced cell transformation and proliferation can be easily evaluated by shRNA knockdown of 

IRS-1 in MCF10A-TAZ cells using soft agar assay and cell proliferation assays, respectively. This 

study will be continued in our lab.  

 Considering TAZ is a transcriptional co-activator, our studies focused mostly on the genes 

upregulated by TAZ. Interestingly, our microarray has also uncovered many downregulated genes 

(Lai and Yang, unpublished data). It would be interesting to further investigate whether TAZ also 

possesses transcriptional repressive functions and the interacting transcription factor mediating 

this effect. Although previous studies have hinted at this possible role as TAZ interaction with 

PPAR-γ exhibits transcriptional repressive activity (131). Further analysis of the effect of PPAR-γ 

and other transcription factors as well as the identification of interacting repressive co-factors on 

TAZ-induced transcriptional repression is warranted. 

 Lastly, following our in vitro analysis, we sought to investigate the clinical significance of 

our findings. Surprisingly, TAZ was overexpressed in a significant proportion of breast cancer 

cases (66.6%) compared to YAP (18%), which is consistent with our results showing that TAZ, 

rather than YAP is correlated using breast cancer cell lines. Further associations with 

clinicopathological parameters and overall survival will provide further insight into the use of 

TAZ status as a prognostic marker. Interestingly, a study conducted by Han et al. has provided 

evidence that TAZ may be differentially expressed in a specific subtype of breast cancer. 

Specifically, they investigated DNA copy alterations in triple-negative breast cancers by array 

comparative genomic hybridization (CGH) (220). It was found that the chromosomal loci 
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harboring the TAZ gene (3q22.1-q26.33) was frequently amplified in triple negative breast 

cancers, suggesting that high expression levels may be a result of increased DNA copy number in 

this notoriously aggressive breast cancer subtype. Therefore, to further investigate this finding, I 

screened a panel of 6 luminal and 15 basal breast cancer cell lines and observed that TAZ is 

specifically overexpressed in breast cancer cell lines of the basal subtype (Fig. 5A of the 

Appendix). Basal-like breast cancers are generally more aggressive and associated with poor 

prognosis due to limited treatment options as a result of triple-negative receptor expression (ER-

/PR-/HER2-). Therefore, this evidence suggests TAZ may serve as a useful biomarker in basal-

like breast cancers. We are currently investigating this association using a TMA containing 406 

cases (in duplicate) of primary and recurrent breast cancers with known ER, PR, HER2, CK5/6, 

and EGFR receptor statuses and patient outcomes in collaboration with Dr. Torsten Nielsen at the 

University of British Columbia.  

 It is becoming increasingly obvious the importance of TAZ as a broad signaling molecule 

in the cell and its relevance to human disease. This piece of work has elucidated many novel 

functions of TAZ as well as providing insight into the underlying molecular mechanisms, which 

will contribute greatly to the field of cancer biology and ultimately translate to clinical 

applications. Most notably, we have elucidated two novel signaling pathways: 1) TAZ-TEAD-

Cyr61/CTGF, which mediates paclitaxel resistance and 2) TAZ/TEAD/BMP4, which mediates 

cell migration. Because drug resistance and metastasis are two major obstacles that often hinder 

successful breast cancer treatment, the elucidation of these two pathways provide insight into their 

underlying mechanisms and also serves as possible targets for future treatment options and the 

ultimate goal of curing these patients.  
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Table 1A: Cell lines. 
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Table 2A: Constructs and primer sequences. 
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Table 3A: qRT-PCR primer sequences. 
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Table 4A: Cellular genes upregulated by TAZ. 



 186 



 187 



 188 



 189 



 190 



 191 



 192 

 



 193 



 194 



 195 



 196 



 197 



 198 



 199 

 



 200 

 

 

 

 

 

 

  



 201 

 

 

  



 202 



 203 



 204 

 



 205 

 

 

   



 206 



 207 



 208 



 209 



 210 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5A: TAZ protein expression levels are correlated with the basal breast cancer subtype. 
Western blot analysis of TAZ protein expression levels in the indicated luminal and basal breast 

cancer cell lines. ß-actin is used as an internal loading control. 
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