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ABSTRACT 

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

transcriptional co-activator and downstream component of the tumor suppressor Hippo 

pathway that plays critical roles in organ size control, stem cell self-renewal, 

tumorigenesis and drug resistance. Recently, TAZ has been identified as a novel 

oncogene that is overexpressed in non-small cell lung cancer (NSCLC) cells and mediates 

their proliferation, transformation and tumorigenesis. However, the molecular mechanism 

underlying TAZ-induced tumorigenesis remains largely unknown. In this study, we first 

established an in vivo xenograft mouse model by overexpressing the constitutively active 

TAZ-S89A in E10 (mouse) and HBE135 (human) immortalized lung epithelial cells. 

Next, the gene expression profile of this model was analyzed by performing next-

generation sequencing (RNA-seq) which led to identifying several novel genes 

transcriptionally upregulated by TAZ such as INHBA, KLF5, BMPs, FGFs, etc. 

Interestingly, we identified PI3K and TGF-ß signaling pathways as mediators of TAZ-

induced cell proliferation and transformation, which were inhibited by using small 

molecule inhibitors specifically targeting these two signaling pathways. In addition, TAZ-

induced cell proliferation and transformation were suppressed by disrupting the 

interaction between TAZ and its major binding transcription factor TEAD. Together, our 

study shows for the first time a new mechanism linking PI3K and TGF-ß pathways to 

TAZ-induced cell transformation, suggesting TAZ as a therapeutic target for NSCLC. 
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Chapter 1: Introduction 

1.1 Transcriptional co-activator with PDZ-binding motif (TAZ) 

In 2000, Michael Yaffe’s team performed a cDNA pool screening to identify 

binding partners of 14-3-3 regulatory protein. As a result, they found a new 14-3-3 

binding protein which has a PDZ-binding motif and works as a transcriptional 

coactivator. Therefore, this protein was named transcriptional co-activator with PDZ-

binding motif (TAZ). TAZ, also known as WW domain containing transcription regulator 

(WWTR1), has a WW domain that binds to various transcription factors containing PPxY 

motif (1). As a transcriptional coactivator, TAZ has been found to be essential for organ 

development, tissue homeostasis and mesenchymal stem cell (MSC) differentiation (2-6). 

However, the transcriptional co-activation activity of TAZ is inhibited after 

phosphorylated TAZ binds to 14-3-3 protein and is sequestered in the cytoplasm. How 

TAZ is regulated remained a mysterious question until 2008 when Kun-Liang Guan's 

group identified TAZ as a downstream target of the Hippo pathway. They showed that the 

Hippo pathway component large tumor suppressor homolog 1/2 (LATS1/2) 

phosphorylates TAZ at multiple sites, leading to cytoplasmic localization of TAZ (7). 

Since the link between TAZ and the Hippo pathway was revealed, TAZ has been 

attracting many scientists’ attention, which has led to major discoveries related to TAZ 

structure, upstream regulators, downstream targets, biological functions and its roles in 

human cancer progression and therapies. 

1.1.1 Structure of TAZ 

The TAZ/WWTR1 gene, located on chromosome 3q24, encodes a 400 amino acid 

protein with molecular weight around 50 KDa (1, 8). Although TAZ is a vertebrate-

specific protein, it was recognized as a paralog of Yes-associated protein (YAP) which is 
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the mammalian homolog of Drosophila Yorkie (1, 9, 10). TAZ and YAP share about 

50% amino acid sequence identity, and also have similar functional domain 

organizations. Similar to YAP1, TAZ has TEA-domain transcription factor (TEAD)-

binding (TB) domain, WW domain, coiled-coil (CC) domain, transcriptional activation 

(TA) domain and PDZ-binding motif (Fig. 1.1). These domains and motifs are essential 

for TAZ regulation, expression and functions (1, 11, 12). As the name implies, TAZ is a 

transcriptional coactivator meaning that TAZ has no DNA-binding domain. Therefore, 

TAZ needs to bind to DNA-binding transcription factors in order to regulate downstream 

genes required for TAZ-induced functions. TAZ has two domains mediating the TAZ co-

activation of transcription factors (1, 13, 14). First, the TB domain, which is located at the 

N-terminal region of TAZ, is critical for the interaction between TAZ and TEAD family 

transcription factors. This interaction is responsible for most of TAZ oncogenic functions 

such as promoting cell proliferation, epithelial-mesenchymal transition (EMT) and 

transformation (13-15). Second, the WW domain [amino acid position 124–157] interacts 

with proteins containing L/PPxY motif (L, leucine; P, proline; x, any amino acid; Y, 

tyrosine) such as Runx2, PPAR-γ and PAX5 (1, 2, 5, 6). In order to interact with and 

activate transcription factors, TAZ needs to be activated and translocated to the nucleus. 

The translocation of TAZ from the cytoplasm to the nucleus is controlled by a PDZ-

binding motif (-FLTWL) in the C-terminal region of TAZ. Kanai et al. found that 

deletion of the PDZ-binding motif of TAZ prevents translocation of TAZ to the nucleus 

and subsequently blocks activation of its target transcription factors (1). In addition, the 

PDZ-binding motif of TAZ is important for interaction with transmembrane proteins 

containing PDZ domains such as Na+/H+ exchanger regulatory factor (NHERF-2) and 

Zonula Occludens-1 and -2 (ZO-1/2) (1, 16). The C-terminal TA domain is essential        

for its transcriptional activation function (1), whereas the CC domain mediates binding of  
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Figure 1.1: Structure of TAZ and YAP. This is a schematic draw showing the functional 
domains of TAZ and YAP. Both TAZ and YAP have TEAD binding domain (TB), WW 
domain, coiled-coil (CC) domain, transcriptional activation (TA) domain and PDZ-
binding motif. Unlike TAZ, YAP has a Proline-rich motif, SH3-binding motif and two 
WW domains. Also, TAZ and YAP are phosphorylated at different sites which are four 
and five phosphorylation sites in TAZ and YAP, respectively. 
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TAZ to Smad2/3/4 complex and controls Smads nuclear-cytoplasmic shuttling (17).  

1.1.2 Upstream regulators of TAZ 

The activation and subcellular localization of TAZ are tightly controlled by many 

regulators as summarized below. 

1.1.2.1 The Hippo pathway  

When Kanai et al. identified the interaction between TAZ and 14-3-3 protein, they 

found that TAZ needs to be phosphorylated on serine residue at 89 (Ser89) by kinases in 

order to cause the interaction. This phosphorylation on Ser89 creates a 14-3-3 binding site 

on TAZ and subsequently causes TAZ sequestration in the cytoplasm (1). The upstream 

kinases phosphorylating and regulating TAZ remained obscure until the Hippo pathway 

was recognized as a negative regulator of TAZ (7). The tumor suppressor Hippo pathway 

is activated by phosphorylating and activating two core kinase cassettes including 

mammalian Ste20-like kinases 1 and 2 (MST1/2) and LATS1/2 whose activations are 

enhanced by two adaptor proteins WW45 and Mps one binder kinase activator 1A and 1B 

(Mob1A/B). Activation of the Hippo pathway core components leads to inactivation of 

the two main downstream transcriptional coactivators YAP/TAZ (Fig. 1.2) (18-20).  

Following activation of the MST1/2-WW45 complex, the LATS1/2-Mob1A/B 

complex phosphorylates TAZ consensus HXRXXS/T motif (H, histidine; X, any amino 

acid; R, arginine; S, serine; T, threonine) located at Ser66, Ser89, Ser117 and Ser311 sites 

(7, 12). Although LATS1/2 phosphorylates TAZ on different sites, phosphorylation of 

TAZ at Ser89 seems to be the main site for LATS1/2-dependent phosphorylation and 14-

3-3-dependent cytoplasmic sequestration of TAZ. Mutation of TAZ Ser89 to alanine 

(S89A) inhibits phosphorylation and cytoplasmic retention of TAZ, which subsequently 

causes TAZ to be constitutively active and accumulated in the nucleus (1, 7). 
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Figure 1.2: Regulation of TAZ. The mechanism of regulation TAZ activation and 
localization is complex. The phosphorylation of TAZ by the Hippo pathway core 
component LATS kinase causes cytoplasmic sequestration of TAZ/YAP by 14-3-3 protein 
or through ubiquitination and proteasomal degradation. Also, TAZ can be regulated by the 
tight junction angiomotin (AMOT) and the apical polarity Crumbs complex which binds 
to TAZ/YAP and attaches them to the membrane. On the other hand, G protein-coupled 
receptors (GPCRs) promote TAZ/YAP activation through inhibition of LATS kinases 
activity. Activated TAZ/YAP enter the nucleus and bind to transcription factors such as 
TEAD, Smads, Runx2, PAX3, etc. 
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In addition to the regulation of TAZ nuclear-cytoplasmic shuttling, LATS1/2 

promotes TAZ destabilization by phosphorylating TAZ at Ser311 that primes a second 

phosphorylation at Ser314 by casein kinase 1 (CK1). Consequently, TAZ binds to SCF β-

TrCP E3 ubiquitin ligase, eventually leading to ubiquitination and 26S proteasomal 

degradation of TAZ (Fig. 1.2) (21). Additionally, TAZ ubiquitination and proteasomal 

degradation can be triggered by glycogen synthase kinase 3 (GSK3) in a phosphoinositide 

3-kinase (PI3K)/phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 

pathway-dependent fashion. GSK3 phosphorylates TAZ at Ser58/62 which generates a 

binding site for SCF β-TrCP E3 ubiquitin ligase, leading to ubiquitination and 

degradation. Activation of PI3K or mutation of PTEN inhibits GSK3-dependent 

phosphorylation of TAZ and promotes TAZ activation and nuclear localization (22).  

The interaction between LATS and TAZ/YAP is regulated by LATS upstream 

proteins (23, 24). For example, the adaptor proteins KIBRA (kidney and brain protein) 

and Willin (also known as Ex1 or FRMD6), the tumor suppressor Merlin (encoded by the 

neurofibromatosis-2 gene) and the protein kinases thousand and one amino acid protein 

(TAO) and MAP/microtubule affinity-regulating kinase 1 (MARK1) have been identified 

as direct activators of the core kinases of the Hippo pathway MST1/2 and LATS1/2, and 

thus negatively regulate TAZ/YAP activation and transcriptional co-activation function 

(23-29). In contrast, the cilia-associated protein Nephronophthisis 4 (NPHP4) binds to 

LATS and inhibits TAZ/YAP phosphorylation and cytoplasmic sequestration mediated 

by LATS (30). In addition, serum-borne lysophosphatidic acid (LPA), sphingosine 1-

phosphophate (S1P) and thrombin have been identified as stimulators of TAZ/YAP. 

Although the exact molecular mechanism is unclear, they act through GPCRs leading to 

Rho GTPase activation and actin cytoskeletal organization that eventually causes 

inhibition of LATS kinases activity (Fig. 1.2) (31-33). 
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1.1.2.2 Mechanotransduction system  

 Although the Hippo pathway is the main upstream regulator of TAZ, activation 

and localization of TAZ can also be regulated by Hippo pathway-independent manners. 

For example, several studies have found that TAZ is tightly regulated by extracellular 

mechanical and physical stimuli such as extracellular matrix (ECM) elasticity, cell shape, 

cell-cell contact and the actomyosin cytoskeleton (34-38). Discovering such a connection 

between TAZ and mechanotransduction effectors elucidated how mechanophysical cues 

are translated into biochemical signaling that regulates gene expression and determines 

cell fate. For instance, ECM stiffness positively regulates TAZ activation and nuclear 

localization. Furthermore, growing MSCs in stiff ECM promotes MSCs differentiation 

into osteoblasts. In contrast, TAZ was inactivated and re-localized into cytoplasm when 

MSCs were cultured in soft ECM (34). Similarly, cell spreading, stretching and Rho 

GTPase-dependent cytoskeletal tension stimulate TAZ activity and nuclear localization 

while cell-cell contact inhibits TAZ activation and nuclear localization (34-38).  

1.1.2.3 Transmembrane proteins and TAZ binding proteins 

Several studies have identified various proteins that directly bind to the WW 

domain of TAZ through their PPxY motifs, and subsequently regulate TAZ 

transcriptional activation. For instance, protein phosphatase 1A (PP1A) positively 

regulates TAZ by dephosphorylation of TAZ at Ser89 and Ser311, which are the main 

phosphorylation sites of LATS-dependent cytoplasmic retention and degradation of TAZ, 

respectively. The activation of TAZ by PP1A is induced by the PP1A binding protein 

ASPP2 (39). Likewise, WW domain-binding protein 2 (Wbp2) promotes TAZ nuclear 

transportation and activation of TAZ downstream genes (40). In contrast, the 

transmembrane Crumbs polarity complex including palmitoylated 5 (PALS1), lin-7 

homolog C (LIN7C), protein associated to tight junctions (PATJ) and multiple PDZ 
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domain protein (MPDZ) and the tight junction AMOT inhibit TAZ activity by increasing 

phosphorylation and nuclear exclusion through direct or indirect interaction with TAZ 

(Fig. 1.2) (41, 42).  

1.1.3 Function of TAZ 

Since TAZ was discovered in 2000, many studies have examined the functional 

effects of TAZ at cellular, tissue and organ levels (1). It is well known that TAZ functions 

as a transcriptional regulator. Through its TB or WW domains, TAZ regulates activation 

or suppression of many transcription factors and proteins involved in cellular functions, 

tissue homeostasis, organ development, cancers and other diseases (11, 43, 44). 

1.1.3.1 Organ development and diseases 

The expression of TAZ mRNA has been observed in various tissues 

predominantly in kidney, heart, placenta and lung but not in thymus and peripheral blood 

leukocytes (1). The functional effects of TAZ expression in development of these tissues 

were elucidated by TAZ knockout studies (3, 4, 6, 45). TAZ-deficient mice have shown 

partial embryonic lethality and reduction in overall size and life span. Interestingly, TAZ 

knockout mice have displayed polycystic kidney disease (PKD), emphysema and skeletal 

abnormalities, while TAZ-depleted zebrafish were characterized by lack of bone 

formation and osteogenesis. These TAZ knockout studies indicate that TAZ is involved in 

kidney, lung and bone development (3, 4, 6, 45). 

In addition to PKD, which is the most common inherited renal disease associated 

with multiple renal cysts development, TAZ-null mice have shown accumulation of 

polycystin 2 (PC2) and ß-catenin in the kidneys (4, 45, 46). Several studies have reported 

that PKD is caused by mutation of genes encoding PC1 and PC2 or by imbalance of 

PC1/PC2 levels (47-49). Also, overexpression of ß-catenin or preventing its degradation 
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have been linked to the development of PKD (50, 51). Interestingly, cytoplasmic TAZ, 

either ubiquitinated or sequestered, has been reported to promote PC2 and ß-catenin 

degradations (45, 46). Phosphorylated TAZ is ubiquitinated by SCF β-TrCP E3 ubiquitin 

ligase that together form a complex needed for PC2 ubiquitination and degradation (45). 

However, sequestration of phosphorylated TAZ in the cytoplasm stimulates the 

interaction between TAZ and dishevelled (DVL), an inducer for ß-catenin activation, and 

promotes ß-catenin degradation through inhibition of CK1-mediated phosphorylation of 

DVL (46). Thus, TAZ knockout causes overexpression of PC2, disruption of PC1/PC2 

balance and upregulation of ß-catenin which might be the mechanism behind PKD 

development. 

Other studies have found TAZ implicated in development of various organs such 

as lungs, thyroid gland and muscles (52-55). Through its WW domain, TAZ interacts 

with Thyroid Transcription Factor-1 (TTF-1), which is essential for lung and thyroid 

development and differentiation. TAZ-TTF-1 binding results in activation of TTF-1 and 

upregulates of TTF-1 downstream genes such as surfactant protein C (SP-C) in lung (52, 

53). Besides TTF-1, TAZ also binds to paired box 8 (Pax8) and Pax3 transcription factors 

to promote the formation and differentiation of thyroid gland (53). Regarding to the role 

of TAZ in muscle development, TAZ interacts with Pax3 and MyoD transcription factors 

that are critical for myoblasts differentiation (54, 55). Interestingly, TAZ has been related 

to Holt–Oram syndrome, a congenital disorder manifested with heart and upper limbs 

malformations. T-box transcription factor (TBX5), which is mutated in Holt–Oram 

syndrome patients, is transcriptionally co-activated by TAZ through WW-PPxY motif 

interaction fashion. When TBX5 is mutated, it fails to interact with TAZ and to activate 

TBX5-dependnet transcription (2).  
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1.1.3.2 Mesenchymal stem cell differentiation 

Regulation of TAZ localization and transcriptional activity controls cell fate (56). 

Several studies have identified TAZ as a major modulator of MSCs differentiation. 

Dephosphorylation and activation of TAZ promotes its nuclear translocation where TAZ 

induces MSCs differentiation into osteoblasts. Although the exact mechanism has not 

been fully explained, TAZ induces osteoblast differentiation by transcriptionally 

activating the osteogenesis stimulator Runx2 and repressing the adipogenesis inducer 

PPAR-γ (5, 6, 57). Moreover, ECM stiffness, cell geometry and cytoskeletal tension 

promote MSCs differentiation into osteoblasts (34). However, knockdown of TAZ or 

activating the Hippo pathway inhibits TAZ-induced MSCs differentiation into osteoblasts 

but enhances their differentiation into adipocytes (5, 6, 34, 56). Overall, TAZ is essential 

for osteogenesis and bone development and loss of TAZ in TAZ-null zebrafish causes 

defect in bone formation (6). 

1.1.3.3 Stem cell self-renewal 

In 2008, Jeffrey L. Wrana's team published a study highlighted the role of TAZ in 

maintaining stem cell self-renewal and pluripotency. They found that TAZ activation in 

human embryonic stem cells enhances Smad2 and Smad4 nuclear localization through 

direct interaction between TAZ and the Smad2/3/4 complex. TAZ-mediated Smad2/3/4 

nuclear translocation causes activation of TGF-ß-Smad2/3 signaling, which regulates 

embryonic stem cell pluripotency. Significantly, knockdown of TAZ in human embryonic 

cells represses TGF-ß-mediated transcription that leads to downregulation of the 

pluripotency markers Oct4 and Nanog and upregulation of the neuroectodermal 

differentiation marker Pax6 (17). Two years later, Jeffrey L. Wrana's team found that 

TAZ-mediated Smad2/3/4 nuclear translocation is negatively regulated by high cell 

density or Crumbs polarity complex which promotes TAZ phosphorylation and 
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subsequently suppresses TGF-ß-Smad signaling (41). A recent study found that TAZ 

binds to its main target transcription factor TEAD which together form a complex with 

Smad2/3 and Oct4 to maintain embryonic stem cell pluripotency (58). 

1.1.3.4 Homeostasis versus oncogenesis 

The Hippo pathway is identified as a tumor suppressor and key modulator of 

organ size control via regulating cell growth, proliferation and apoptosis. Inactivation or 

dysregulation of the Hippo pathway has been associated with increased cell growth, cell 

proliferation, and cell survival (12, 18, 19, 24, 44, 59). Similarly, hyper-activation of TAZ 

or YAP, the main downstream effectors of the Hippo pathway, leads to disruption of 

normal cell homeostasis by inducing oncogenic phenotypes such as sustaining cell 

proliferation, overcoming cell-cell contact inhibition, inhibiting apoptosis, inducing EMT 

and transformation (7, 12-14, 44, 60). Overexpression of constitutively active TAZ (TAZ-

S89A) instead of wild-type TAZ further promotes these oncogenic phenotypes because of 

LATS-dependent phosphorylation inhibition and consistent nuclear accumulation of TAZ 

(1, 7, 13). 

Although the transcription factors and molecular mechanism behind TAZ-induced 

tumorigenesis are not well understood, several studies reported that TAZ-dependent 

oncogenic effects are primarily caused through TAZ-TEAD transcriptional activation 

(13-15). TEAD, also known as TEF (transcriptional enhancer factor), is a family of four 

transcription factors (TEAD1-4) that are functionally expressed in various tissues 

including heart, muscles and placenta. Through binding to a transcriptional coactivator, 

TEADs activate enhancers and promoters of genes involved in organ development and 

differentiation (61, 62). The TB domain at the N-terminus of TAZ binds to the LPxY 

motif at the C-terminal region of all four TEADs (TEAD1-4). The interaction between 

TAZ and TEAD promotes TAZ-induced proliferation, EMT, transformation and 
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migration of MCF10A (human immortalized mammary epithelial) cells. Either 

knockdown of TEAD or mutation of residues L31/F32 or F52/F53 of the TB domain on 

TAZ-S89A is enough to suppress these oncogenic phenotypes suggesting that TAZ-

TEAD transcriptional activation mediates TAZ-induced oncogenic functions (13, 14). 

Recently, identifying the transcriptional targets regulated by TAZ-TEAD and the 

molecular mechanisms underlying their oncogenic functions have been extensively 

studied. Several studies have found that TAZ-TEAD binds to and activates the promoters 

of genes involved in cell proliferation, transformation and migration of breast cancer such 

as CTGF (14), Cyr61 (63), Amphiregulin (64), BMP4 (65) and Smad2/3 (66).  

Besides TAZ-TEAD-mediated transcriptional activation, the WW domain of TAZ 

also plays a role in inducing and promoting some oncogenic properties of TAZ. 

Introducing a point mutation into the WW domain of TAZ abolishes TAZ-induced 

MCF10A cells transformation and inhibits the transcriptional activation of ITGB2 (40). 

In addition, a study on YAP showed that the WW domain of YAP, with/without TB 

domain, is essential for YAP-induced cell proliferation and transformation (67). Although 

the exact transcriptional mechanism is not fully defined yet, overexpression of TAZ in 

MCF10A cells causes upregulation of known oncogenes such as FGF1, PDGFβ, IRS-1, 

MYLK/MLCK, PLK2 and HIF-1α which were confirmed as TAZ-induced target genes 

by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) (63, 68). 

1.1.4 Role of TAZ in human cancers 

Increasing evidence showing TAZ as a novel oncogene supported the notion that 

TAZ is implicated in human cancer progression and tumorigenesis. Wanjin Hong's group 

published the first study connecting TAZ to breast cancer progression. By assessing TAZ 

expression in 11 breast cancer cell lines and 126 breast cancer clinical samples, TAZ was 

found overexpressed in 50% and 20% of breast cancer cell lines and clinical samples, 
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respectively. Interestingly, TAZ expression was significantly higher in invasive breast 

cancer cell lines and clinical samples characterized by invasive ductal carcinoma. 

Furthermore, overexpression of TAZ promotes EMT, migration and invasion of MCF10A 

cells whereas knockdown of TAZ in MCF7 (human breast adenocarcinoma) cells 

suppresses cell migration, invasion, transformation and tumorigenesis (60). Supporting 

these findings, another study found that breast cancer patients who have high TAZ-

expressing tumors were at higher risk to develop metastasis (69). Interestingly, breast 

cancer stem cells purified by cell sorting have high TAZ nuclear expression which is 

crucial for their self-renewal, tumor-initiating potential and metastatic ability (69, 70). In 

addition to its role in promoting breast cancer progression and metastasis, Xiaolong 

Yang’s Group has shown that TAZ mediates resistance to the chemotherapeutic drug 

paclitaxel (Taxol) in breast cancer through a TEAD-dependent transcriptional activation 

of CTGF/Cyr61 (63).  

Besides breast cancer, TAZ has been found highly expressed in colorectal cancer 

tissues (97 out of 168 samples). TAZ expression in colorectal cancer patients was 

associated with lymph node metastasis and reduced overall survival rate (71, 72). In 

melanoma, TAZ is also overexpressed in 11 out of 12 human melanoma cell lines but not 

in normal human melanocyte cell lines. Short hairpin RNA (shRNA)-mediated 

knockdown of TAZ inhibits anchorage-independent growth, invasion and metastasis of 

melanoma cells (73). Similar to the role of TAZ in breast cancer stem cells, knockdown 

of TAZ in glioma mesenchymal stem cells reduces cells differentiation, self-renewal, 

invasion and tumorigenicity (74). A recent study linked gastric cancer to TAZ that was 

overexpressed in 113 out of 146 (77.4%) gastric cancer clinical samples particularly 

signet ring cell carcinoma (75). Another cancer type linked to TAZ is ovarian cancer 
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induced by LPA that activates TAZ expression and subsequently promotes proliferation 

and migration of ovarian cancer cells (76).  

Mutation of TAZ in human cancer is uncommon, with only two mutations found 

so far (77, 78). In a study to identify a metastatic driver mutation in a patient diagnosed 

with HER2 and estrogen receptor negative basal-like breast cancer, two biopsies were 

taken from a primary tumor and brain metastasis and injected into mice to form xenograft 

tumors. Interestingly, the established xenografts were characterized by expression of 

mutant TAZ possessing a substitution mutation at position 299 (F299V where F denotes 

phenylalanine and V denotes valine). This mutation was significantly enriched in the 

brain metastatic xenograft comparing to the primary tumor xenograft, suggesting that 

TAZ mutation could be a metastatic driver in breast cancer (77). The second alteration of 

TAZ that has been reported so far is a chromosomal translocation of TAZ in a type of 

vascular sarcoma known as epithelioid hemangioendothelioma (EHE). Analysis of 

fluorescence in situ hybridization (FISH) revealed that calmodulin-binding transcription 

activator 1 (CAMTA1) (1p36) and TAZ (3q25) have been translocated t(1;3)(p36;q25). 

This translocation results in ectopic expression of CAMTA1 through the TAZ promoter 

which could be responsible for regulation of genes involved in EHE progression (78). 

1.1.4.1 TAZ in lung cancer 

Globally, lung cancer is the leading cause of cancer-related deaths in men and 

women with an estimated 1.6 million deaths in 2012 (79). Worldwide, there are about 1.4 

million new cases of lung cancer diagnosed annually (80). Histopathologically, lung 

cancer is classified into small-cell lung cancer (SCLC) and non-small cell lung cancer 

(NSCLC). The latter accounts for up to 85% of lung cancer cases and is subdivided into 

three different histological subtypes including adenocarcinoma (AD), squamous cell 

carcinoma (SCC) and large cell carcinoma. Of NSCLC subtypes, AD is the most 
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commonly diagnosed type of lung cancer worldwide (81-83). Although diagnosis, 

prognosis and treatment of lung cancer have improved over the past decades, the disease 

remains a major challenge in the medical field. Because lung cancer is asymptomatic at 

early stages, most lung cancer patients are diagnosed at an advanced stage (84, 85). As a 

result, lung cancer patients upon diagnosis have no more than a 15% 5-year overall 

survival rate, which has not increased considerably since the early 1980s (86). 

Currently, Xiaolong Yang’s group has identified TAZ as a novel oncogene in 

NSCLC. By examining TAZ expression in a panel of normal, immortalized and 

tumorigenic lung cell lines, TAZ was overexpressed in 9 out of 11 NSCLC cell lines but 

low in all normal and immortalized lung epithelial cell lines. In addition, overexpression 

of TAZ in HBE135 (human immortalized non-tumorigenic bronchial epithelial) cells 

increased cell proliferation and caused anchorage-independent growth while knockdown 

of TAZ in A549 (human lung adenocarcinoma) cells suppressed cell proliferation, 

transformation and tumorigenicity (87). Following this study, Xie et al. examined TAZ 

expression in 181 NSCLC clinical samples. Significantly, TAZ was overexpressed in 

121/181 (66.8%) of NSCLC tumors, specifically more in ADs (74.6%) than SCCs (59%). 

By assessing the correlation between TAZ expression and clinicopathological factors in 

these NSCLC samples, TAZ expression was positively correlated with poor 

differentiation, tumor progression, invasion, lymph node metastasis and short overall 

survival (88). Similarly, another study confirmed that TAZ is highly expressed in NSCLC 

tumors but TAZ expression in SCCs was higher than ADs (89). Additionally, the study 

identified ErbB ligands (amphiregulin, epiregulin, and neuregulin 1) as downstream 

growth factors regulated by TAZ, which is parallel to what has been found in breast 

cancer (64). Interestingly, TAZ has been found enriched in lung tumor propagating cells 

with metastatic potential which suggests that TAZ is important for lung cancer 
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progression and metastasis (90). Together, these studies strongly suggest that TAZ is 

indeed involved in NSCLC tumorigenesis and progression although the underlying 

molecular mechanism remains to be determined. 

 1.2 Rationale, hypothesis and objectives 

Over the past decade, compelling evidence has indicated that TAZ is a key player 

in cell proliferation, differentiation and stem cell self-renewal. Furthermore, TAZ has 

been recognized as a novel oncogene promoting tumorigenesis and cancer progression of 

different human cancers including breast, colorectal and gastric cancers. Recently, TAZ 

was found to be implicated in lung cancer and overexpressed in NSCLC cell lines and 

clinical samples. In addition, knockdown of TAZ in NSCLC cell lines inhibits cell 

proliferation, transformation and tumorigenesis. Since TAZ is overexpressed in NSCLC, 

overexpression of TAZ in immortalized non-tumorigenic lung cells accordingly promotes 

cell proliferation and induces cell transformation and tumorigenicity. Collectively, few 

studies have analyzed the role of TAZ in NSCLC so far. Yet, the precise molecular 

mechanism underlying TAZ-induced lung tumorigenesis remains largely unknown. Thus, 

the current study will test the hypothesis that overexpression of TAZ contributes to the 

tumorigenesis and progression of lung cancer by transcriptionally regulating downstream 

genes. I will test this hypothesis by pursuing the following specific objectives 

1. Establishment of a xenograft mouse model system using TAZ-overexpressing 

lung epithelial cells 

2. Identification of cellular genes/pathways transcriptionally activated by TAZ 

3. Examining the functional interaction of TAZ and its downstream target 

genes/pathways during lung tumorigenesis 
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Chapter 2: Materials and Methods 

2.1 Plasmid construction 

The Doxycycline (Dox)-inducible pTRIPZ lentiviral vector was used to construct 

all the plasmids used in this study. For plasmid construction, cDNAs of wild-type YAP or 

TAZ and their mutants (YAP-S127A, TAZ-S89A and TAZ-F52A/F53A) previously 

constructed in the Yang Lab were first amplified by PCR using gene-specific primers: 

AgeI-TAZS89A-F (ATACCGGTACCATGAATCCGGCCTCGGCG); MluI-TAZS89A-

HA-R (CATACGCGTTTATGCGTAGTCTGGGACATCGTATGGATACAGCCAGGT 

TAGAAAG); AgeI-YAPS127A-F (ATACCGGTACCATGGATCCCGGGCAGCAG 

CCG); MluI-YAPS127A-R (CGACGCGTCTATAACCATGTAAGAAAGC) (ordered 

from IDT). Then, the amplified cDNA was digested by AgeI and MluI restriction 

enzymes, and subsequently cloned into the AgeI/MluI site of the pTRIPZ lentiviral 

vector. For construction of pTRIPZ lentiviral inducible shRNA, pGIPZ lentiviral shRNA 

(Open Biosystem) were digested by XhoI and MluI restriction enzymes, and subsequently 

cloned into the XhoI/MluI site of pTRIPZ lentiviral vector (Table 2.1).  

2.2 Cell culture 

E10 (mouse immortalized lung epithelial cell line) and HEK293T (human embryonic 

kidney cell line) cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma) containing 10% fetal bovine serum (FBS), and 1% penicillin/ 

streptomycin (P/S) (Invitrogen). HBE135 (human immortalized bronchial epithelial cell 

line) cells were maintained in keratinocyte-serum free medium (Gibco) supplemented 

with 0.005mg/ml insulin and 500ng/ml hydrocortisone. H1299 (human NSCLC cell line) 

cells were cultured in RPMI-1640 medium (Sigma) supplemented with 10% FBS and 1% 

P/S. All cells were maintained in a 37˚C incubator with 5% CO2. 
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Table 2.1: List of shRNAs used in this study and their sequences  

shRNA Target Sequence (sense) Position 

Human shTAZ CCCTTTCTAACCTGGCTGT 1523-1541 

Human shYAP AGCTCAGATCCTTTCCTTA 1529-1547 

Mouse shKLF5-1 CTGCCACTCTGCCAGTTAA 1302-1320 

Mouse shKLF5-2 GTATCCACTTCTGCGATTA 1383-1401 

Mouse shKLF5-3 TGCTGTTCCACAGACGTCA 1075-1094 

Mouse shKLF5-4 ACCTGTCAGATACAACAGA 1336-1354 

Mouse shKLF5-5 AGATGTGAAATGGAGAAGT 536-554 

Mouse shINHBA-1 AGGAGAGTGGTGCCAGTCT 915-933 

Mouse shINHBA-2 TGTATTACGATGATGGTCA 1371-1389 

Mouse shINHBA-3 AGGAAGACACTGCACTTTG 568-587 

Mouse shINHBA-4 TCAACAGTCATTAACCACT 1274-1292 

Mouse shSTYK1 GGCAGAAAGCATTTCCTAT 2098-2117 
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2.3 Lentiviral production, infection and establishment of stable cell lines 

overexpressing cellular genes or shRNAs of interest 

To produce lentivirus expressing a gene or shRNA of interest, 1.5x107 HEK239T 

cells were plated on a 150mm plate coated with 4ml 0.1mg/ml poly-L-lysine. The next 

day, the 60-80% confluent HEK293T cells were cultured in fresh 12.5ml DMEM growth 

medium for 30 minutes prior to transfection. Then, cells were transfected with 7.5µg of 

lentiviral transfer plasmid including pTRIPZ-TAZS89A, pTRIPZ-TAZS89A-

W152A/P155A, pTRIPZ-TAZS89A-F52A/F53A, pTRIPZ-YAPS127A, pTRIPZ-shTAZ, 

pTRIPZ-shYAP, pTRIPZ-shKLF5-(a total of 5 shRNAs), pTRIPZ-shINHBA-(a total of 4 

shRNAs) or pTRIPZ-shSTYK1 along with 5.6µg of PAX packaging plasmid, and 1.9µg 

of MD2G envelope plasmid using PolyJet transfection reagent according to the 

manufacturer's protocol (SignaGen Laboratories). After overnight incubation, the medium 

was replaced with OPTI-MEM Reduced Serum Medium (Gibco) containing 10mM 

sodium butyrate. At 24 hours post-treatment, the lentivirus-containing medium was 

collected and used for infection. When concentrating virus was needed, the lentivirus-

containing medium was concentrated using a Lenti-XTM Concentrator according to the 

manufacturer's protocol (Clontech Laboratories). 

To establish stable cell lines overexpressing a gene or shRNA of interest, 1x105 

HBE135, 5x104 E10 or 7x104 H1299 cells were plated into each well of a 12-well plate. 

The next day, cells were infected overnight with increasing amounts of virus mixed with 

250µl culture medium and 8mg/ml polybrene per well. Next, cells were cultured in fresh 

growth medium for 2 days. Then, cells were treated with 2µg/ml puromycin for 5 days to 

select infected cells resist to puromycin-induced cell death. Selected stable cells with high 

expression of target gene were chosen for cell line expansion and functional analysis 

(Table 2.2). 
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Table 2.2: Established cell lines used for cell lines expansion and functional analysis 

Cell 
Name Established Stable Cell Line Optimum Virus Amount 

E10 

E10-TAZS89A 250 µl 
E10-YAPS127A 250 µl 

E10-TAZS89A-F52/53A 200 µl 
E10-TAZS89A-W152A/P155A 50 µl 
E10-TAZS89A-TM-shKLF5-2 1000 µl 
E10-TAZS89A-TM-shKLF5-4 1000 µl 

E10-TAZS89A-TM-shINHBA-1 1000 µl 
E10-TAZS89A-TM-shINHBA-4 1000 µl 
E10-TAZS89A-TM-shSTYK1 1000 µl 

HBE135 
HBE135-TAZ 10 µl 

HBE135-TAZS89A 250 µl 
HBE135-YAPS127A 250 µl 

H1299 H1299-shTAZ 10 µl 
H1299-sTAZ-shYAP 1000 µl 
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2.4 Protein extraction and quantitation, western blot and antibodies  

 For protein extraction, cells were grown to 70-80% confluence in tissue culture 

plates. Prior to protein extraction, cells were placed on ice and washed twice with ice-

cold 1xPBS. Next, RIPA lysis buffer (2mM Tris-HCl, pH7.5; 5 mM EDTA, 150 mM 

NaCl, 1% NP40, 1% Sodium Deoxycholate, 0.025% SDS) containing 1X EDTA-free 

protease inhibitor (Roche) was added, and cells were immediately scraped with a cell 

scraper and transferred to a chilled microfuge tube. After 30 minutes of incubation on ice, 

cell lysates were centrifuged at 12,000g for 10 minutes at 4˚C. The supernatant was 

transferred to a fresh chilled microfuge tube and stored at -80˚C until needed. To quantify 

protein in the cell lysate, the DC protein assay kit (Bio-Rad) was used according to 

manufacturer’s instructions. 

For western blot analysis, protein samples were prepared as equal aliquots (10µg) 

and boiled in 1x protein loading buffer with 4.2% β-mercaptoethanol for 5 minutes. The 

boiled samples were then resolved by 8-10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Bio-Rad). 

The membrane was blocked with 5% milk in Tris- Buffered Saline Tween-20 (TBST) for 

1 hour at room temperature, and subsequently probed with primary antibody at 4˚C 

overnight. Mouse monoclonal anti-TAZ (BD-Bioscience), rabbit polyclonal anti-YAP 

(Santa Cruz) or mouse monoclonal anti-ß-actin (Sigma) was used as primary antibody. 

Next, the membrane was washed with TBST buffer and probed with horseradish 

peroxidase-conjugated goat anti-mouse or anti-rabbit IgG secondary antibodies (1:10,000 

dilution; Jackson ImmunoResearch) for 1 hour at room temperature. After washing with 

TBST buffer, the membrane was incubated with enhanced chemiluminescence (ECL) 

reagent, followed by exposure to X-ray film (Kodak). 
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2.5 RNA extraction and next-generation sequencing (RNA-seq) 

 TRIzol reagent (Invitrogen) was used for extraction of RNA from cells which 

were grown to 70-80% confluence in 60mm plate prior to the procedure. Growth medium 

was completely aspirated from the plate and then 2 ml of TRIzol was added to the cells. 

Cells were scraped with a cell scraper and transferred to a chilled microfuge tube. Then, 

0.2 ml of 1-bromo-3-chloropropane (BCP) (Molecular Research Center) was added to the 

tube. The tube was shaken vigorously for 15 seconds, incubated for 5 minutes at room 

temperature, and subsequently centrifuged at 14,000g for 15 minutes at 4˚C. Next, the 

upper colorless aqueous supernatant was transferred to a new chilled tube containing 1ml 

of isopropanol, and centrifuged at 12,000g for 8 minutes at 4˚C. After centrifugation, the 

RNA pellet was washed with 1ml of 75% ethanol and centrifuged at 8,000g for 5 minutes 

at 4˚C. Finally, the RNA pellet was resuspended in diethyl pyrocarbonate (DEPC)-treated 

dH2O. The RNA quality was examined by electrophoresis on 1% agarose gel.  

 For next-generation RNA sequencing (RNA-seq) purposes, RNA that was 

extracted from E10-TAZS89A-TM cells treated with or without Dox was further purified 

using the RNeasy Mini Kit (Qiagen), prepared as equal aliquots (3µg), and subsequently 

sent to BGI Americas Corporation for RNA-seq quantitation and analysis. Based on their 

differential expressions (≥2-fold increase) and oncogenic significances, genes of interests 

were selected and further confirmed by qRT-PCR. 

2.6. qRT-PCR and growth factors array 

 To determine the level of mRNA expression of TAZ, YAP and other genes in 

cells, the 2X QuantiFast SYBR® Green One-step qRT-PCR kit (Qiagen) was used to 

perform qRT-PCR according to the manufacturer's protocol. The qRT-PCR validation 

was performed in duplicates of 50ng of total RNA per reaction, mixed with 1µM gene-

specific forward and reverse primers (Table 2.3), and subsequently run on the ViiA™ 7 
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Table 2.3: qRT-PCR primer sequences  

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

hTAZ GAACATCAATCCCCAACAGAC
CCG TTACAGCCAGGTTAGAAAGGG 

mTAZ CGCCAGCAGTCCTATGACGTG
AC 

GCTGGGACACTGCCATGGACCT
C 

mCTGF TGTGTACGGAGCGTGACCCCTG
C 

TTGCAGCTGCTTTGGAAGGACT
C 

mCyr61 GCTCCACCGCTCTGAAAGGGA
TC 

TGGGGACACAGAGGAATGCAG
CC 

mKLF5 ACTGCCCTCGGAGGAGCTGG ATGCTCTGAAATTATCGGAACT
G 

mINHBA AGGGACCCGAAAGAGAATTT TAATCCAGCAACTTGCCAAC 

mSTYK1 GGAGAGAAGGGTCACCTGAG GCAAGAAGGATGAGAAAGCC 

mTHBS1 CACCTCTCCGGGTTACTGAG ATGCAACAGGAACAGGACAC 

mAngptl4 GAATCTTCAGAGCCAGATAGA
C TTGGAAGAGTTCCTGGCAGTC 

mS100a7a CCTGCACCAAGAGCAACAGAC GCAGCATAGTGATGGAAGCAG 

mEreg GCTGCTTTGTCTAGGTTCCC AATCTGCACTTGAGCCACAC 

mEDN CGTCGTACCGTATGGACTGGG GGTACTTTGGGCCCTGAGTTC 

mTEAD4 ACGGAGGAAGGCAAGATGTAT
G CTTAGCTGCCTGGTCCTTGAG 

mPrss23 AGTGTCACAAGGGAACACCA TTCACCATTGCTGAGGATGT 

mAdamts1 GGTTGTAGATGGCACTCCCT CCACAAACGCCACACTTATC 

mAdamts5 AGGTGTTTCCTTTGCTTGCT CCGACCCACTTCCTTTCTTA 

mFh12 TACCCGCAAGATGGAATACA CCTCCTGTGGTGATAGGCTT 

mAldh1a1 CGGTGGATTCAAGATGTCTG GATGTGTAGCCACTGCTGAGA 

mEpha1 CATGGAGAGTGACCAGGATG CTTTACAGAGCCAGATGCCA 

mKrt7 GACACATCTGTGGTGCTGTCC CCTGGAGTGTCTCAAACTTGG 

mPLK2 GGCTCACATCTTGAAAGCAA CAAACCAAAGTCTCCCACCT 

mPrkci GGGAAGGTCTCCGTTTGATA GACAACCCAATCGTTCCTTT 

mSRC ACTCCTCGGACACCGTCACCTC GCCACCAGTCTCCCTCTCTGA 

mTnfrsf12a GCGCTGGTTTCTAGTTTCCT AATGAATGAATGGACGACGA 

mHoxb9 TCTGGGTTGTACCCAAGTGA AGAGAGAGAGAGGCGCAAAG 

mIRS1 AAGGAGCGCTCTCAGGACTGC
CC 

GGAGGATTTGCTGAGGTCATTT
A 

mrRNA AGGGGAGAGCGGGTAAGAGA GGACAGGACTAGGCGGAACA 
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qPCR System. The qRT-PCR program used in this purpose was 1 cycle of 50˚C for 10 

minutes, 1 cycle of 95˚C for 5 minutes and 35 cycles of 95˚C for 10 seconds, followed by 

60˚C for 30 seconds. The 18S ribosomal RNA was used as an internal control. Relative 

mRNA expression levels were calculated using the following formula: 2-(SampleΔCt - 

ControlΔCt), where ΔCt = average gene Ct - average rRNA Ct. Gene expression levels in 

cells induced by Dox were normalized to control cells not induced by Dox to obtain the 

fold change. The SD was calculated from the duplicate reactions per sample. 

 To determine the level of mRNA expression of growth factors upregulated by 

TAZ overexpression in E10-TAZ-TM cells, RT² Profiler™ PCR Array (Qiagen) was 

used to perform growth factor array (84 growth factors) by qRT-PCR as described in the 

manufacture’s protocol. For this purpose, total RNA was extracted from E10-TAZ-TM 

cells previously treated with/without Dox for 14 days using RNeasy Mini Kit, and 1µg 

RNA was reverse transcribed using 1X reverse-transcription master mix (Qiagen) and 

subsequently 8.5 ng cDNA was added to each well of 96-well plate of RT² Profiler™ 

PCR Array. The qRT-PCR program used in this purpose was 1 cycle of 95˚C for 10 

minutes and 40 cycles of 95˚C for 15 seconds followed by 60˚C for 1 minute. The data 

were analyzed using web-based software for RT² Profiler™ PCR Array Data Analysis. 

2.7. Cell proliferation assay 

A triplicate of 5x104 HBE135 cells, 1.5x104 E10 or 2x104 H1299 expressing Dox-

inducible TAZS89A, YAPS127A, shTAZ or shTAZ/YAP were plated into each well of 

two 12-well plates. Using hemocytometer, the total cell number was counted on the first 

day to ensure the plating accuracy before inducing gene expression by adding 1µg/ml of 

Dox. The total cell number was then counted every day for 5 consecutive days. The SD 

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

three times. 
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2.8. Soft agar assay 

A triplicate of 2x104 HBE135 cells, 2x103 E10 or 1x104 H1299 expressing Dox-

inducible TAZS89A, YAPS127A, shTAZ or shTAZ/YAP were mixed with complete 

culture media containing 0.4% agarose and then overlaid a 0.8% agarose layer in each 

well of 6-well plate. The next day, 1 ml of complete culture medium with/without 2µg/µl 

Dox was added on top of the solid agarose layer in each well. Medium was refreshed 

every 2 days. After 18 days incubation, colonies were stained with 0.005% crystal violet 

(resuspended in 20% methanol) for 1 hour. Pictures were captured under white light using 

the Bio-Rad Gel Doc System (Bio-Rad) and quantified using Quantity One software. The 

SD was calculated from the triplicate wells per sample. The experiment was repeated at 

least three times. 

2.9 Establishment of TAZ/YAP-overexpressing tumorigenic cell line  

To establish a TAZ/YAP-overexpressing tumorigenic cell line, a group of five 

nude mice (Jackson Lab) were used. Three mice were subcutaneously injected with E10-

TAZS89A, E10-YAPS127A and HBE135-TAZS89A and fed on chow containing Dox to 

induce TAZ expression. One control mouse was injected with E10-TAZS89A and E10-

YAPS127A on each side and fed on normal chow. According to Zhou et al., HBE135 

cells overexpressing wild-type TAZ did not form tumors when subcutaneously injected 

into nude mice (87). Therefore, HBE135 cells overexpressing Dox-inducible wild-type 

TAZ were established and then injected into a nude mouse and fed on a food containing 

Dox to be used as a control for HBE135-TAZS89A cells. The mice were watched for 

tumor formation up to 10 weeks. Mice demonstrated tumor formation were dissected to 

isolate the tumor. 

 The isolated tumors were cut into small pieces, trypsinized and passed through 

cell strainers to separate the tumor pieces into individual cells. Then cells were cultured in 
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100 mm plates containing culture media supplemented with 1000X ciprofloxacin for five 

days. Next, cells were treated with 2µg/µl puromycin to kill all cells except cells 

containing pTRIPZ vector expressing puromycin-resistant gene. After puromycin 

selection, cells were cultured similar to parental cells from which the tumor was derived. 

2.10 Drugs and pathways inhibitors 

 The following drugs was purchased from LC Laboratories: Canertinib (EGFR and 

HER2/ErbB2 tyrosine kinase inhibitor), GDC-0941 (PI3K inhibitor), Imatinib (BCR-Abl, 

c-Kit and PDGFR inhibitor). The KLF5 inhibitor (CID 5951923) was purchased from 

EMD Millipore whereas LY2109761 (TGF-ß receptor I/II inhibitor) was purchased from 

APExBIO. Stock solutions were prepared by dissolving the drugs in 100% Dimethyl 

sulfoxide (DMSO) (Bioshop), but the concentration of DMSO did not exceed 0.2% in any 

assay. 
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Chapter 3: Results 

3.1 Examining the effects of TAZ-S89A overexpression in immortalized lung 

epithelial cells in vitro and in vivo 

TAZ has been identified as a novel oncogene that is overexpressed in NSCLC cell 

lines, and knockdown of TAZ by shRNA in NSCLC cell lines inhibits cell proliferation, 

transformation and tumorigenesis (87). In order to mimic TAZ overexpression in 

NSCLC, a TAZ gain-of-function model was established by overexpression of TAZ in a 

TAZ-low human immortalized non-tumorigenic lung epithelial cell line (HBE135). 

Surprisingly, overexpression of TAZ in HBE135 cells increased cell proliferation and 

caused cell transformation but did not cause tumor formation in nude mice (87).  Here, 

we wanted to find out the reason behind the failure of TAZ-overexpressing cells in 

inducing tumorigenesis. Accordingly, we hypothesized that TAZ overexpression in 

HBE135 cells was not enough to induce tumorigenesis or TAZ was inactivated by the 

main upstream regulator LATS. To address this issue, we overexpressed the 

constitutively active form of TAZ (TAZ-S89A) which has superior oncogenic effects to 

wild-type TAZ due to mutation of the LATS phosphorylation site on TAZ. In addition, 

TAZ-S89A was overexpressed in a mouse immortalized non-tumorigenic lung epithelial 

cell line (E10) to minimize any non-specific resistance of mice to injected human cells. 

These models were established and used to examine in vitro and in vivo effects of TAZ-

S89A overexpression in lung epithelial cells as described below. 

3.1.1 Establishment of E10 and HBE135 cell lines stably overexpressing inducible 

TAZ-S89A  

 To establish stable cell lines overexpressing TAZ-S89A, HBE135 and E10 cells, 

whose endogenous TAZ expression is low, were infected with lentivirus encoding Dox-
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inducible TAZ-S89A, followed by selection with puromycin. After incubation of stable 

cell lines with (+) or without (-) Dox for 1 day, TAZ-S89A expression was detected by 

western blot to confirm establishment of HBE135-TAZS89A and E10-TAZS89A stable 

cell lines (Fig. 3.1). Both of the two stable cell lines HBE135-TAZS89A and E10-

TAZS89A expressed a high level of TAZ-S89A in the presence of Dox, and were used 

for functional analysis. 

3.1.2 Overexpression of TAZ-S89A increases cell proliferation and induces 

transformation and tumor formation  

 After HBE135-TAZS89A and E10-TAZS89A stable cell lines were generated, 

TAZ-induced oncogenic functions were tested in vitro by performing cell proliferation 

and soft agar assays. Clearly, overexpression of TAZ-S89A clearly increased cell 

proliferation in E10 cells after inducing TAZ-S89A expression in the cells by adding 

Dox, comparing to the cells without Dox addition (Fig. 3.2). Similarly, overexpression of 

TAZ-S89A in these cells causes anchorage-independent growth after turning-on TAZ-

S89A expression by Dox. However, the same cells failed to form colonies when TAZ-

S89A expression was not induced (Fig. 3.3). Notably, TAZ-induced cell proliferation and 

transformation was more dramatic in E10 cells than HBE135 cells suggesting that the 

E10 mouse lung epithelial cell line is a good experimental model to examine TAZ-

induced oncogenic functions. 

Since overexpression of TAZ-S89A in HBE135 and E10 cells increased cell 

proliferation and induced cell transformation, we wanted to examine if TAZ-S89A 

overexpression was able to cause tumor formation in nude mice. So, HBE135-TAZS89A 

and E10-TAZS89A cells were subcutaneously injected into nude mice. Remarkably, 

overexpression of TAZ-S89A in E10 cells formed large-size tumor in less than two weeks 

while HBE135-TAZS89A cells needed two months to form tiny tumors (Fig. 3.4A). 



 

 30 

TAZ 

Dox  

Actin 

E10-TAZ-S89A HBE135-TAZ-S89A 

      -       +          -         + 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.1 Establishment of stable cell lines overexpressing TAZ-S89A. Western blot 
analysis of TAZ-S89A expression using anti-TAZ antibody (1:1000 dilution) after 
induction of TAZ-S89A expression by Dox in human (HBE135) and mouse (E10) 
immortalized lung epithelial cells. Without Dox, TAZ expression (endogenous) in these 
two cell lines was too low to be detected. 
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Figure 3.2 Overexpression of TAZ-S89A increases lung cell proliferation. A cell 
proliferation assay was performed by plating triplicate of 4x104 HBE135-TAZS89A cells 
or 1.5x104 E10-TAZS89A cells into each well of a 12-well plate. On day 0, cell numbers 
were counted to ensure the accuracy of the plating and then 1µg/µl Dox was added to the 
cells to induce TAZ-S89A expression. Next, cell numbers were counted for five 
consecutive days. Obviously, the results show that TAZ increased cell proliferation in 
E10 cells more than HBE135 cells. 
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Figure 3.3 Overexpression of TAZ-S89A induces anchorage-independent growth.     
A soft-agar assay was performed by seeding triplicate of 2x104 HBE135-TAZS89A cells 
or 2x103 E10-TAZS89A cells into each well of a 6-well plate. Next day, TAZ-S89A 
expression was induced by adding Dox while cells without Dox addition were used as 
control. Overexpression of TAZ-S89A in E10 and HBE135 cells induces cell 
transformation. The control cells showed little to no colony formation. 
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Figure 3.4 Overexpression of TAZ-S89A causes highly malignant NSCLC tumor 
formation. (A) Tumorigenicity assays were performed by subcutaneously injecting about 
3x106 HBE135-TAZS89A or E10-TAZS89A cells into two-sides/nude mouse. In order to 
induce TAZ-S89A expression, the test group was fed food containing Dox while the 
control group fed on normal food. TAZ-S89A overexpression in HBE135 and E10 cells 
causes tumor formation in mice although E10 tumors are bigger and grow faster than 
HBE135 tumors. (B) H&E staining of E10-TAZS89A tumor shows high-grade, poorly-
differentiated carcinoma. The tumor also exhibits high cellular density with distinct 
variations in the shape and size of cells and nuclei. (C) Immunohistochemical staining for 
TAZ expression using TAZ antibody (1:300 dilution) shows that TAZ is overexpressed in 
the nuclei. Nuclear expression of TAZ indicates that TAZ is activated confirming that the 
tumor is caused by TAZ-S89A overexpression. 
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Next, E10-TAZS89A tumor was isolated and subjected to Hematoxylin and Eosin 

(H&E) staining and immunohistochemical analysis to examine the tumor histology and 

TAZ expression, respectively. Strikingly, overexpression of TAZ-S89A in E10 lung 

epithelial cells stimulates tumor formation characterized by high-grade poorly 

differentiated carcinoma with high nuclear (activated) TAZ expression (Fig. 3.4B&C). 

Formation of a such highly malignant tumor in less than two weeks confirms that TAZ is 

a novel driver of tumorigenicity in lung cancer.  

To compare overexpression of wild-type TAZ versus TAZ-S89A, HBE135 cells 

overexpressing inducible wild-type TAZ were injected into mice. No tumor formation 

was detected at two months after injection implying that LATS-dependent 

phosphorylation of TAZ seems to inhibit TAZ-induced tumorigenesis. Overall, these 

findings show that overexpression of constitutively active TAZ, but not wild-type TAZ, is 

essential for tumor initiation. 

3.2 Establishment and functional analysis of TAZ-S89A overexpressing tumorigenic 

lung cells  

To date, there is no suitable in vivo mouse model established from TAZ-

overexpressing lung epithelial cells that can be used to study the roles of TAZ in lung 

tumorigenesis. To do so, the HBE135-TAZS89A and E10-TAZS89A tumor xenografts 

were isolated and used to establish new tumor-derived cell lines HBE135-TAZS89A-TM 

and E10-TAZS89A-TM. The establishment of the new tumor-derived cell lines was 

confirmed by detecting TAZ-S89A expression by western Blot (Fig. 3.5A). Although 

both HBE135-TAZS89A and E10-TAZS89A cell lines caused tumor formation, E10-

TAZS89A-TM was a better in vivo model than HBE135-TAZS89A-TM for the following 

reasons: 1) the significant increase of TAZ-induced cell proliferation and transformation 

of E10 cells compared to HBE135 cells; 2) the huge tumor size and the shorter tumor 
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formation time for injected E10-TAZS89A cells. Consequently, E10-TAZS89A-TM cells 

were chosen to be used in the present study to investigate the molecular mechanism 

underlying TAZ-induced tumorigenesis. 

 To confirm the oncogenic functions induced by TAZ-S89A overexpression in 

E10-TAZS89A-TM cells, cell proliferation and soft agar assay were performed. Inducing 

TAZ-S89A overexpression in the cells promoted TAZ-induced cell proliferation         

(Fig. 3.5B) and transformation (Fig. 3.6). Interestingly, overexpression of TAZ-S89A in 

the tumor-derived E10-TAZS89A-TM cells caused more significant increase in cell 

proliferation and transformation than the parental E10-TAZS89A cells, suggesting that 

the new-tumor-derived cells have developed some functional changes when they were 

grown inside the mice. 

3.3 Examining the functional phenotypes after knockdown of TAZ in NSCLC cells    

 To examine TAZ loss-of-function in NSCLC cells overexpressing TAZ, we 

knocked-down TAZ expression in the H1299 NSCLC cell line using shRNA (Fig. 3.7A). 

Next, cell proliferation and soft agar assays were performed to examine the effects of 

TAZ knockdown on proliferation and transformation of NSCLC cells. Considerably, 

knockdown of TAZ inhibits H1299 cell proliferation (Fig. 3.7B) and anchorage-

independent growth (Fig. 3.8). In line with the findings of TAZ overexpression in E10 

and HBE135 cells, these findings confirm that TAZ promotes cell proliferation and 

induces cell transformation of NSCLC. 
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Figure 3.5 Inducing TAZ-S89A expression in the tumor-derived cells further 
promotes lung cell proliferation. (A) Western blot analysis of TAZ-S89A expression 
using anti-TAZ antibody (1:1000 dilution) to confirm establishment of stable cell lines 
derived from TAZ-S89A overexpressing xenografts. (B) Cell proliferation assays were 
performed to compare the increased cell proliferation caused by TAZ-S89A 
overexpression in the parental E10-TAZS89A and the tumorigenic E10-TAZS89A-TM 
cells. Overexpression of TAZ-S89A in the tumor-derived cells promotes cell proliferation 
more than the parental cells. 
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Figure 3.6 Inducing TAZ-S89A expression in E10-TAZS89A-TM cells causes more 
lung cell transformation. (A) Two pictures of soft agar assays performed on E10-TAZ-
S89A-TM cells in the presence or absence of Dox. (B) Quantitation of the colonies 
formed by TAZ-89A overexpression in the tumor-derived and the parental cells. E10-
TAZS89A-TM cells formed more colonies than the parental cells E10-TAZS89A cells.  
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Figure 3.7 Knockdown of TAZ in H1299 cells inhibits cell proliferation. (A) Western 
blot analysis of TAZ expression using anti-TAZ antibody (1:1000 dilution) after 
inducible knockdown of TAZ in H1299 cells by shRNA. (B) Cell proliferation was 
assessed to examine the effect of TAZ knockdown on H1299 cell proliferation. 
Knockdown of TAZ inhibits NSCLC cell proliferation.  
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Figure 3.8 Knockdown of TAZ in H1299 cells inhibits cell transformation. (A) Two 
pictures of soft agar assays performed on H1299 cells with or without inducing shTAZ 
expression by Dox. (B) Quantitation of the colonies formed by H1299-shTAZ cells with 
and without Dox induction. 
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3.4 Identification of cellular genes differentially regulated by TAZ-S89A 

overexpression 

3.4.1 Gene expression profile analysis of E10-TAZS89A-TM cells by next-generation 

sequencing (RNA-seq) 

 To date, the molecular mechanism underlying TAZ-induced lung tumorigenesis 

remains unknown. Here, we used an established in vivo model to identify new genes and 

pathways mediating TAZ-induced tumorigenicity. To address this issue, an RNA-seq 

approach was used to assess the gene expression profile of E10-TAZS89A-TM cells 

with/without Dox induction. After inducing TAZ-S89A overexpression for 24 hours, a 

total of 168 and 569 genes were upregulated and downregulated, respectively (Table 1A). 

Next, gene ontology and pathway analyses were performed and showed that these genes 

are involved in different cellular functions (Fig. 3.9) and key signaling pathways in 

human cancer (Fig. 3.10).  

3.4.2 Identification of novel genes transcriptionally upregulated by TAZ-S89A 

overexpression  

 Since TAZ is a transcriptional coactivator overexpressed in NSCLC, it may cause 

lung tumorigenesis by transcriptionally activating downstream gene(s). Thus, we focused 

on identifying novel downstream genes transcriptionally upregulated by TAZ. From 168 

upregulated genes, a total of 22 genes were found upregulated over 2-folds change and 

involved in promoting oncogenicity. The mRNA expressions of these genes were 

assessed using qRT-PCR to confirm that these genes are real downstream targets of TAZ 

(Table 3.1). Of these 22 genes, the mRNAs of three oncogenes were found upregulated 

by TAZ more than 3-folds change. These three genes including Inhibin, beta A (INHBA), 

Kruppel-like factor 5 (KLF5) and Serine/threonine/tyrosine kinase 1 (STYK1) are over-

expressed in NSCLC and promote lung cancer progression and tumorigenicity (91-95). 
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Figure 3.9 TAZ-regulated genes are involved in various cellular functions. Gene 
ontology analysis of main cellular functions shows that TAZ regulates genes involved in 
cellular functions such as metabolism, immune response and adhesion. Also, TAZ 
regulates activation of genes implicated in cell growth, proliferation and motility, which 
might promote TAZ oncogenesis. 
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Figure 3.10 Signaling pathways that are affected by TAZ-S89A overexpression. 
Signaling pathways analysis shows that TAZ regulates some players in signaling 
pathways involved in cancer progression such as MAPK, TGF-ß, Wnt and ErbB.  
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Table 3.1: qRT-PCR validation of genes differentially regulated by TAZ 

Gene 
Symbol Gene Name Fold Change 

Thbs1 Thrombospondin 1 6.6 

S100a7a S100 calcium binding protein A7A 6.55 

CTGF Connective tissue growth factor 6.28 

Inhba Inhibin, beta A 6.18 

Adamts5 ADAM metallopeptidase with 
thrombospondin type 5 5.26 

Klf5 Kruppel-like factor 5 3.65 

Angpt14 Angiopoietnin-like 4 3.35 

Styk1 Serine/threonine/tyrosine kinase 1 3.17 

TGFBRII Type II TGF-ß receptor 2.39 

Tnfrsf12a Tumor necrosis factor receptor 
superfamily, member 12A 2.34 

ALDH1A1 Aldehyde dehydrogenase 1A1 1.65 

Cyr61 Cysteine-rich protein 61 1.63 

Ereg Epiregulin 1.51 

Krt7 Keratin-7 1.51 

Adamts1 ADAM metallopeptidase with 
thrombospondin type 1 1.46 

PIK2 Polo-like kinase 2 1.41 

Prss23 Protease, serine, 23 1.38 

Tead4 TEA domain 4 1.38 

Prkci Protein kinase C Iota 1.25 

Fh12 Four and a half LIM domains 2 1.19 

Edn1 Endothelin 1 1.18 

Irs1 Insulin receptor substrate 1 0.89 
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Accordingly, these three TAZ downstream genes will be further examined for their roles 

in TAZ-induced lung tumorigenesis. 

3.5 Identification of the transcription mechanism mediating TAZ-induced 

transcriptional activation of INHBA, KLF5 and STYK1 

 As a transcriptional co-activator, TAZ interacts with and activates transcription 

factor TEAD which mediates most of TAZ-induced oncogenic effects such as promoting 

cell proliferation, EMT, transformation and migration of mammary epithelial cells (13, 

14). Furthermore, TAZ-TEAD interaction is required for activation of TAZ 

transcriptional targets CTGF and Cyr61 (63). Here, we want to examine if the newly 

identified TAZ downstream genes INHBA, KLF5 and STYK1 is transcriptionally activated 

by TAZ through activation of TEAD or other transcription factors. 

 The N-terminal region of TAZ contains the TB domain. Mutation of 

phenylalanine residues at 52 and 53 to alanine (F52A/F53A), which are within the TB 

domain of TAZ, inhibits TAZ-induced anchorage-independent growth of mammary cells 

(13). Here, we established new stable cell lines overexpressing an inducible TAZ-S89A-

F52A/F53A (Fig. 3.11A). Next, this cell line was used to confirm if mutation of the TB 

domain of TAZ abolishes TAZ-induced functions in increasing cell proliferation and 

causing transformation. Obviously, mutation of TEAD-binding domain in TAZ reduces 

TAZ-induced cell proliferation (Fig. 3.11B) and completely inhibits TAZ-induced 

anchorage-independent growth in E10 cells (Fig. 3.12). Together, these findings 

confirmed that TAZ-induced increased cell proliferation and transformation in lung cells 

depends on TAZ-TEAD transcriptional activation. 

 To examine if TAZ-induced genes INHBA, KLF5 and STYK1 need TEAD for 

their transcriptional activations, we used qRT-PCR to assess and compare mRNA levels 

of INHBA, KLF5 and STYK1 in E10-TAZS89A and E10-TAZS89A-F52/53A cells. The 
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Figure 3.11 TAZ-TEAD activity is needed for cell proliferation. (A) Western blot 
analysis of TAZ expression in E10 cells infected with lentiviral encoding TAZS89A with 
F52/53A mutation in TEAD binding domain of TAZ using anti-TAZ antibody (1:1000 
dilution). (B) Overexpression of TAZ-S89A increases cell proliferation. However, this 
increase in cell proliferation was inhibited after disruption of the interaction between 
TAZ and TEAD. 
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Figure 3.12 TAZ-TEAD transcriptional activation is essential for TAZ-induced cell 
transformation. (A) Overexpression of TAZ-S89A-F52/F53A resulted in a complete 
loss of anchorage-independent growth in soft agar assay. (B) Quantitation of the colonies 
formed by E10 cells overexpressing TAZ-S89A or TAZ-S89A-F52/53A. This result 
clearly shows that TEAD mediates TAZ-induced cell transformation. 
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mRNAs expressions of INHBA, KLF5 and STYK1 were reduced when the TAZ-TEAD 

interaction was abolished, indicating that TEAD mediates TAZ transcriptional activation 

of INHBA, KLF5 and STYK1 (Fig. 3.13). 

3.6 Examining the functional interactions of TAZ with its downstream target 

genes/pathways in promoting TAZ-induced transformation and tumorigenesis of 

lung epithelial cells 

3.6.1 Role of INHBA and KLF5 in TAZ-induced lung epithelial cell transformation  

The findings of the present study showed that TAZ-induced cell transformation 

depends on TAZ-TEAD transcriptional activation which also mediates transcriptional 

activation of INHBA, KLF5 and STYK1. To examine the role of INHBA, KLF5 and 

STYK1 in TAZ-induced lung cell transformation, shRNA-mediated knockdown of 

INHBA, KLF5 or STYK1 expression in E10-TAZS89A-TM cells was performed (Fig. 

3.14A). Unexpectedly, knockdown of INHBA or KLF5 showed no inhibition in TAZ-

induced anchorage-independent growth of E10-TAZS89A-TM cells suggesting that 

INHBA or KLF5 does not mediate TAZ-induced cells transformation and certainly TAZ-

induced tumorigenesis (Fig. 3.14B). 

3.6.2 Targeting signaling pathways inhibits TAZ-induced cell transformation 

 Since knockdown of TAZ-upregulated genes INHBA, KLF5 or STYK1 did not 

inhibit the cell transformation induced by TAZ-S89A overexpression, we assumed that 

TAZ-induced cell transformation might be caused by activation of multiple genes but not 

a single gene. Thus, we re-analyzed the data obtained from next-generation sequencing. 

Interestingly, the data showed that overexpression of TAZ-S89A in E10-TAZS89A-         

TM cells upregulated multiple genes in various signaling pathways commonly involved 

in cancer (Table 3.2). Thus, we hypothesized that inhibition of TAZ-induced cellular 
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Figure 3.13 TEAD-dependent transcriptional activation of TAZ-upregulated genes. 
qRT-PCR analysis of mRNA expression of INHBA, KLF5 and STYK1 in E10-
TAZS89A cells compared to E10-TAZ-S89A-F52/53A cells. The mRNAs of all the three 
genes are downregulated after abolishing the transcriptional activation of TAZ-TEAD 
suggesting that INHBA, KLF5 and STYK1 depend on TAZ-TEAD transcriptional 
activation. 
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Figure 3.14 Knockdown of INHBA or KLF5 is not enough to inhibit TAZ-induced 
cell transformation. (A) qRT-PCR analysis of mRNA expression of INHBA, KLF5 and 
STYK1 to check their knockdown status. INHBA and KLF5 seem knocked-down more 
than 50% but STYK1 is not sufficiently knocked-down. (B) Soft agar assays were 
performed for E10-TAZS89A-TM cells that expressed shRNA targeting INHBA or 
KLF5. None of these shRNA was capable to inhibit TAZ-induced cell transformation. 
The experiments were repeated twice after reinfection of the cells with lentivirus 
expressing the same shRNA in order to increase the copy numbers of virus per a cell. 
However, the experiment showed the same results with no suppression in TAZ-induced 
cell transformation. 
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transformation requires targeting a signaling pathway that has multiple genes upregulated 

by TAZ overexpression. To test this hypothesis, we performed the experiments described 

below.  

3.6.2.1 Blocking of TGF-ß or PI3K signaling pathway inhibits TAZ-induced 

oncogenic functions 

 To find out which signaling pathway mediates TAZ-induced transformation, we 

used potent and specific small molecule inhibitors targeting different signaling pathways 

regulated by TAZ-S89A overexpression. Here, we performed soft agar assays and treated 

the cells with increasing concentrations of each drug. Remarkably, the PI3K inhibitor 

(GDC-0941) and TGF-β receptor type I/II inhibitor (LY2109761) completely inhibited 

TAZ-induced anchorage-independent growth in a dose-dependent manner (Fig. 3.15), 

suggesting that TAZ activates theses two pathways and mediates crosstalk between them, 

thereby causing cell transformation.  

 Next, we were interested to know if PI3K or TGF-ß pathways mediate TAZ-

induced cell proliferation. Thus, cell proliferation was performed and cells were treated 

with the three increasing concentrations of the inhibitors. After TAZ-S89A expression 

was induced, cell proliferation was dramatically inhibited by the PI3K inhibitor (Fig. 

3.16) but slightly reduced by TGF-ß inhibitor (data not shown) in a dose-dependent 

manner. These findings indicate that PI3K pathway is involved in lung cell proliferation, 

which seems not mediated through TGF-ß pathway. 
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      Table 3.2: Genes and their signaling pathways differentially upregulated by TAZ 

Pathway Upregulated genes  
Fold Change 

MAPK 

PDGF-B 3.9 

FGF-18 6.9 

NGF 4.3 

MSK1 4.3 

TGF-ß 

GDF5 (BMP14) 13.2 

GDF6 5.6 

TGFßRII 4.6 

INHBA 8.5 

THBS1 9.6 

ERBB 
HBEGF 4.3 

Ereg 6.3 

PI3K 

PIK3CB 4.6 

FGF7 3.7 

FGF14 4.5 

FGF18   29.9 
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Figure 3.15 Effects of pathways inhibitors on TAZ-induced cell transformation. Soft 
agar assays were performed on E10-TAZS89A-TM cells. Then, cells were treated with 
three concentrations (low, medium, and high) of each drug as the following: the BCR-
Abl, c-Kit and PDGFR inhibitor Imatinib (100nM, 1µM and 5µM), the EGFR and 
HER2/ErbB2 tyrosine kinase inhibitor Canertinib (50nM, 1µM and 3µM), The KLF5 
inhibitor CID 5951923 (5µM, 10µM and 30µM), the PI3K inhibitor GDC-0941 (100nM, 
1µM and 2µM) and the TGF-ß receptor I/II inhibitor LY2109761 (1µM, 5µM and 
10µM). Inhibitors of PI3K and TGF-ß suppress TAZ-induced transformation. Cells 
without any drug treatment were used as control 
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Figure 3.16 TAZ promotes E10 lung cell proliferation through PI3K. E10-
TAZS89A-TM cells were used to perform cell proliferation assys. On day 0, cell 
numbers were counted before adding any treatments. Then, Dox or different 
concentrations of the PI3K inhibitor GDC-0941 were added to the cells. Next, cell 
numbers were counted for five consecutive days. Dramatically, the PI3K inhibitor stops 
TAZ-induced cell proliferation in a dose-dependent manner. 
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3.7 Overexpression of TAZ-S89A upregulates the activity of stem cell marker 

Aldehyde dehydrogenase 1A1 (ALDH1A1)  

 Interestingly, the data obtained from next-generation sequencing shows that 

ALDH1A1 is upregulated by TAZ-S89A overexpression. Using qRT-PCR, we confirmed 

the upregulation of ALDH1A1 by TAZ-S89A overexpression (Table 3.1). ALDH1A1 is 

an enzyme involved in oxidation of retinol to retinoic acid which is essential in early stem 

cell development. Increasing ALDH1A1 activity has been identified as a novel stem cell 

marker. It is commonly known that tumors contain a small population of cancer stem 

cells that can be isolated from different cancer types, such as lung, breast, ovarian, 

prostate, liver and colon cancers, by cell sorting using ALDH1A1 marker (96-99). Next, 

we tried to isolate stem cell-like cells using the soft agar assay. After E10-TAZS89A-TM 

formed colonies on soft agar, multiple colonies were isolated and cultured as a single 

colony to establish new cell lines named E10-TAZ-S89A-Co (Fig. 3.16). Then, 

ALDH1A1 level was examined by assessing mRNA expression. Surprisingly, ALDH1A1 

level was increased in the colony-derived cells more than E10-TAZ-S89A-TM suggesting 

that the colony derived cells have stem cell-like characteristics (Fig. 3.17A). It is known 

that stem cell-like cells have an increased potential to transform and drive tumorigenesis 

(98, 99). To test whether the new established cells (ALDH1A1+) increased their potential 

to transform, we performed soft agar assays. Interestingly, inducing TAZ-S89A 

expression in ALDH1A1+ cells caused anchorage-independent colony formation more 

than E10-TAZ-S89-TM cells (Fig. 3.17B). These findings suggest that TAZ-S89A 

overexpression promotes cancer cell stemness which causes increased ALDH1A1 level 

and TAZ-induced cell transformation. 
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Figure 3.17 Establishment of cell lines from colonies grown on soft agar. To isolate 
stem cell like cells, soft agar assays were performed on E10-TAZS89A-TM cells until the 
colonies formed. Next, a single colony was picked and was grown in a 96-well plate. 
During culture, the colony attached to the plate surface and started proliferation. These 
pictures were taken from microscopic examination of the cells proliferation.  
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Figure 3.18 Inducing TAZ-S89A expression in the colony-derived stem cell-like cells 
enhances cell transformation. (A) qRT-PCR analysis of mRNA expression of 
ALDH1A1 in E10-TAZS89A-TM cells compared to E10-TAZ-S89A-TM-Co cells after 
overexpression of TAZ-S89A. Clearly, overexpression of TAZ enhances ALDH1A1 
activity in the colony-derived stem cell-like cells. (B) TAZ-S89A overexpression caused 
cells transformation in ALDH1A1+ cells more than E10-TAZS89A-TM cells which have 
very weak ALDH1A1 expression compared to the E10-TAZS89A-TM-Co cells.  
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3.8 Examining the effects of YAP-S127A overexpression in E10 cells in vitro and     

in vivo 

 Several studies have reported that YAP, the paralog of TAZ, is an oncogene 

which promotes cell proliferation, transformation, EMT and migration in a way that is 

similar to TAZ oncogenicity. In addition, YAP is found to be overexpressed and involved 

in cancer progression and metastasis of many cancer types such as liver, prostate, ovarian, 

lung and breast cancers (19, 23, 71, 100-103). Here, we want to see if YAP 

overexpression in lung cells has similar effects to TAZ overexpression. So, we 

established a stable cell line overexpressing the constitutively active form of YAP (YAP-

S127A) to examine role of YAP in cell proliferation, transformation and tumorigenicity 

(Fig. 3.18A). Similar to TAZ, overexpression of YAP-S127A promotes cell proliferation 

(Fig. 3.18B) and causes anchorage-independent growth (Fig. 3.19) and tumorigenicity 

(Fig. 3.20A). When the tumor formed by E10-YAPS127A cells was stained with H&E, it 

exhibited keratinized stratified squamous carcinoma (Fig. 3.20B). Compared to the tumor 

formed by E10-TAZ-S89A cells, these results showed that TAZ induces more malignant 

tumor formation than YAP, which confirms that TAZ is more involved in NSCLC 

progression than YAP. 
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Figure 3.19 Overexpression of YAP-S127A enhances cell proliferation. (A) Western 
blot analysis of YAP-S127A expression using anti-YAP antibody (1:500 dilution) after 
induction of the constitutively active YAP-S127A by Dox in E10 cells. (B) The results of 
cell proliferation assay clearly shows that YAP-S127A overexpression increases cell 
proliferation after Dox induction. 
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Figure 3.20 Overexpression of YAP-S127A induces cell anchorage-independent 
growth of E10 cells. About 2x103 cells/well were used to perform soft agar assay. YAP-
S127A overexpression causes E10 cell transformation after inducing its expression by 
Dox. 
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Figure 3.21 Overexpression of YAP-S127A causes tumor formation in nude mice. 
(A) About 3x106 E10-YAPS127A cells were subcutaneously injected into two-sides/nude 
mouse. After Dox induction, mice injected with YAP-S127A developed tumors while 
mice injected with the same cells failed to form tumors without inducing YAP-S127A 
expression by Dox. (B) H&E staining of E10-YAPS127A tumor shows well-
differentiated stratified squamous carcinoma. Also, the tissue contains some keratin, 
which is indicated by arrows in third picture.  



 

 62 

Chapter 4: Discussion 

4.1 TAZ is a driver of tumorigenesis 

 Lung cancer is the leading cause of cancer-related deaths with less than 15% 5-

year survival rate. This low survival rate is attributable to the insufficient understanding 

of the molecular mechanisms underlying lung cancer development and progression, 

which is responsible for the late diagnosis and ineffective therapy of lung cancer (80, 85, 

86). TAZ has been recently identified as a novel oncogene overexpressed in NSCLC, and 

is positively correlated with NSCLC progression, poor differentiation and metastasis (87-

89). Although TAZ represents a promising prognostic marker and therapeutic target, the 

role of TAZ in lung tumorigenesis and the underlying molecular mechanisms are largely 

unknown.  

In this study, we have for the first time shown that TAZ is a driver of 

tumorigenesis of non-tumorigenic lung epithelial cells. By overexpressing a Dox-

inducible constitutively active TAZ-S89A in TAZ-low E10 and HBE135 immortalized 

non-tumorigenic lung epithelial cells, we have shown that inducing TAZ expression in 

these cells increases cell proliferation, transformation and tumorigenesis. The increase of 

cell proliferation and induction of cell transformation could not be shown in the cells 

established from the tumor xenograft unless TAZ-S89A expression was induced by Dox, 

which further confirms that TAZ is an initiator of tumorigenesis and inducer of cell 

proliferation and transformation.  

In addition, examining the histology of the TAZ mouse tumor xenograft showed 

that TAZ initiates a high-grade poorly differentiated carcinoma (Fig. 3.4B). This result is 

consistent with what has been found in clinical NSCLC samples that showed TAZ is 

positively correlated with poor differentiation (88). On the other hand, the present study 

also showed that YAP, the paralog of TAZ, can also be an initiator of tumorigenesis, 
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although overexpression of the constitutively active YAP-S127A caused smaller and 

slower tumor formation than what TAZ does. Additionally, the YAP mouse tumor 

xenograft is characterized by stratified squamous well-differentiated carcinoma (Fig. 

3.20B), which is consistent with the finding that YAP has no significant correlation with 

tumor differentiation in NSCLC clinical samples (103). Collectively, these results show 

that TAZ is more involved in lung tumorigenicity than YAP which is consistent with 

Zhou et al. who examined TAZ and YAP expression in different NSCLC cell lines and 

found that TAZ rather than YAP is overexpressed in NSCLC cells (87).  

The current study was initiated to follow-up with the work of Zhou et al. who first 

identified the involvement of TAZ in NSCLC but could not show that TAZ induces 

tumorigenesis in HBE135 human non-tumorigenic lung epithelial cells (87). Therefore, 

the present study addressed this issue by overexpressing wild-type TAZ or TAZ-S89A in 

HBE135 which were then subcutaneously injected into mice. Interestingly, HBE135 cells 

overexpressing TAZ-S89A but not wild-type TAZ formed tumors in mice. Knowing that 

Ser89 is the main LATS phosphorylation site on TAZ and mutation of the serine residue 

at 89 into alanine inhibits LATS phosphorylation (1, 7), we indirectly showed that the 

upstream TAZ/YAP regulator LATS is involved in inhibition of NSCLC through 

phosphorylating TAZ and most probably YAP. In line with our finding that links the 

tumor suppressor LATS to NSCLC tumorigenesis regression, we found that HBE135 

cells had a moderate endogenous expression level of LATS1, which supports the notion 

that overexpression of wild-type TAZ in HBE135 cells failed to form tumors because of 

LATS1 phosphorylation (Fig. 1A). In addition, LATS1/2 have been found to be 

downregulated in NSCLC clinical samples (104, 105). Overall, this study shows that TAZ 

and YAP drive tumorigenesis in NSCLC which seems to be inhibited by the LATS tumor 
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suppressor. It will be interesting to further investigate the correlation of LATS expression 

and its mutational status with TAZ overexpressing-NSCLC cells in clinical samples. 

4.2 Identification of new downstream genes transcriptionally regulated by TAZ 

 Consistent with the present study, our lab and others have shown that TAZ is 

involved in NSCLC proliferation, transformation and tumorigenesis (87-90). Although 

these findings provide a strong foundation for understanding the roles of TAZ in NSCLC 

tumorigenesis and progression, the precise molecular mechanism mediating TAZ-induced 

NSCLC tumorigenesis and progression has not been elucidated. Therefore, identification 

of specific genes mediating TAZ-induced phenotypes in NSCLC is valuable for 

understanding the underlying molecular mechanism and for improvement of NSCLC 

prognosis and therapy. By using next-generation sequencing (RNA-seq) and qRT-PCR 

approaches, this study has identified and characterized INHBA, KLF5, STYK1, Angpt14, 

S100a7a and THBS1 as novel transcriptional downstream targets of TAZ that are 

mediated by TEAD (Fig. 2A). We found that overexpression of TAZ-S89A-F52/53A, 

which has two mutations of TEAD-binding domain of TAZ (F52/53A), strongly inhibits 

TAZ-induced activation of these genes compared to overexpression of TAZ-S89A.  

In addition, we also found that KLF5 is a transcriptional downstream target of 

TAZ mediated by TAZ-TEAD transcriptional activation. A previous study in breast 

cancer showed that TAZ upregulates KLF5, which subsequently activates its main 

downstream target gene Fibroblast growth factor-binding protein (FGF-BP), and prevents 

WWP1 E3 ligase-mediated KLF5 ubiquitination and degradation in a WW domain-PPxY 

motif binding manner. Using a pull-down assay, the authors showed that mutation of the 

WW domain of TAZ or PPxY motif of KLF5 caused weak co-immunoprecipitation with 

KLF5 and TAZ, respectively (106), which suggests that mutation of the WW domain of 

TAZ does not completely abolish the interaction between TAZ and KLF5. At the RNA 
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level, we found that overexpression of TAZ-S89A with a TEAD-binding domain 

mutation inhibits TAZ-induced upregulation of KLF5 more than TAZ-S89A with WW 

domain mutation (Fig. 3A). However, mutation of the WW domain rather than TB 

domain of TAZ-S89A inhibits upregulation of FGF-BP. In line with the findings of Zhao 

et al., our work suggests that TAZ activates KLF5 in both TEAD- and WW domain-

PPxY motif-dependent fashion but the WW domain of TAZ is important for preventing 

KLF5 proteasomal degradation which subsequently caused the downregulation of its 

downstream FGF-BP. 

Through qRT-PCR, we have confirmed that TAZ is a transcriptional regulator of 

several genes involved in cancer progression such as Adamts1, Adamts5, TGFßRII and 

Tnfrsf12a (Table 3.1). In addition, the RNA-seq data shows many growth factors were 

upregulated by TAZ-S89A overexpression. To confirm that these growth factors are 

transcriptionally upregulated by TAZ, we performed a qRT-PCR growth factor array for 

84 genes related to growth factors. Interestingly, we found that TAZ-S89A 

overexpression upregulates novel growth factors involved in cancer progression including 

members of bone morphogenetic protein family (BMP6, BMP7 and BMP8), Fibroblast 

growth factor family (FGF7, FGF14 and FGF18) and INHBA (Table 2A). Although 

identifying the transcriptional mechanism and the functional relevance of TAZ-

upregulated genes were beyond the scope of the present study, future work should be 

initiated with the aim to elucidate the transcriptional regulation and function of these 

identified TAZ-upregulated genes. 

This study could not find a single gene mediating TAZ-induced transformation. In 

this study, we showed that knockdown of INHBA, KLF5 or/and STYK1 does not inhibit 

TAZ-induced anchorage-independent growth. Similar to our results, unpublished works 

from our lab and others also showed that mammary cell transformation and tumorigenesis 
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induced by TAZ were not inhibited when any of the TAZ downstream genes such as 

Angpt14, S100a7a, CTGF or Cyr61, were knocked down. Two possibilities exist based 

on these observations. First, none of TAZ-upregulated genes that were knocked-down are 

essential for TAZ-induced transformation and tumorigenesis although these genes have 

oncogenic history and were the most upregulated genes by TAZ in the gene expression 

profile performed in these studies. Second, TAZ requires more than one gene to initiate 

cell transformation and tumorigenesis. In other words, TAZ might activate different genes 

that are key stimulators of a signaling pathway. If that was the case, knockdown of one 

gene, while the other genes can be activated, will still activate the pathway. So, the whole 

pathway should be shut off in order to inhibit the cell transformation and tumorigenesis 

caused by TAZ.  

4.3 Identification of PI3K and TGF-ß pathways mediating TAZ-induced cell 

transformation 

Since the current study could not identify a single gene mediating TAZ-induced 

cell transformation, we changed our focus to the signaling pathway level instead of gene 

level. Thus, by screening through the RNA-seq data, we found that TAZ upregulates 

multiple genes in each of the following signaling pathways: MAPK, TGF-ß, ErbB, and 

PI3K pathways (Table 3.2). By using specific potent small molecule inhibitors targeting 

these signaling pathways, we showed that PI3K and TGF-ß inhibitors suppress TAZ-

induced transformation in a dose-dependent manner. Also, using another specific 

inhibitor of PI3K LY2940021 we confirmed that inhibition of TAZ-induced cell 

transformation is not because of non-specific effect of the drug (Fig. 4A). Furthermore, 

inhibition of PI3K, but not TGF-ß, suppressed TAZ-induced cell proliferation. Since cell 

proliferation and transformation are two oncogenic steps essential for initiating 
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tumorigenesis (107), it seems that PI3K rather than TGF-ß is more involved in mediating 

TAZ-induced tumorigenesis.  

Based on our studies, we propose a model which may help in elucidating the 

molecular mechanism underlying TAZ-induced lung cell proliferation and transformation 

(Fig. 4.1). In general, we show that TAZ mediates lung cell proliferation and 

transformation through PI3K and TGF-ß pathways. The PI3K pathway is largely 

recognized as a stimulator of cell growth, proliferation, survival and cancer progression. 

PI3K can be activated by different growth factors such as EGF, PDGF and FGF which 

bind to activate their receptor tyrosine kinases (RTK). Activation of PI3K causes 

phosphorylation of its major downstream target Akt which is involved in many functions 

favoring cell proliferation, survival and tumorigenesis (108-111). On the other hand, 

TGF-ß is a key pathway regulating many cellular functions including cell survival, 

apoptosis and tumorigenesis. TGF-ß or other members of the family such as 

Activin/INHBA activate TGF-ß pathway through binding to and activation of TGFBRII, 

which is identified as a novel transcriptional downstream target of TAZ in this study. 

Activated TGFBRII activates TGFBRI that promotes Smad2/3 phosphorylation and 

Smad2/3/4 complex formation. Smads complex enters the nucleus and activates 

downstream genes mediating TGF-ß cellular functions (112, 113). Our study, found that 

PI3K and the TGF-ß pathway components INHBA and TGFBRII are upregulated by 

TAZ although the study does not investigate the transcriptional mechanism mediating this 

upregulation. Also, we found that overexpression of TAZ upregulates FGF7, FGF14, 

FGF18 (possible activators of PI3K pathway) and catalytic subunit beta of PI3K 

(PI3KCB) suggesting that TAZ activates the PI3K pathway through upregulation of 

PI3KCB as well as transcriptional activation of FGFs. However, this mechanism needs to 

be further investigated.  
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Figure 4.1: A proposed model for TAZ-induced cell tumorigenesis. This model is 
proposed based on findings of this study. When LATS-dependent phosphorylation is 
absent, TAZ is activated and subsequently enters the nucleus and binds to and activates 
TEAD transcription factor. Then, TEAD activates INHBA which then activates the TGF-
ß pathway through binding to TGFBRII, which is also upregulated by TAZ by unknown 
mechanism. TGFBRII activates TGFBR1 which then stimulates Smads phosphorylation. 
Previous studies found that TAZ can also stimulate TGF-ß pathways through binding to 
Smad2/3/4 complex and promoting its nuclear localization. On the other hand, TAZ also 
upregulates PI3K which phosphorylates and activates its main downstream target Akt. 
PI3K can be activated by EGF, PDGF and FGF which bind to and activate their receptor 
tyrosine kinase (RTK) signaling. Interestingly, we found that FGF7, FGF14, and FGF18 
are upregulated by TAZ suggesting a possible other way of PI3K pathway activation. The 
TGF-ß and PI3K-Akt pathways have a crosstalk by which PI3K can be activated by TGF-
ß through TGFBRI. Also PI3K can promote TGF-ß signaling through Smads 
phosphorylation by Akt. The PI3K-TGF-ß crosstalk seems promoted by TAZ whose 
induced cell transformation was inhibited by blocking either TGF-ß or PI3K pathway. In 
this schematic model, continuous line indicates confirmed signaling/phosphorylation; 
dashed line means proposed signaling which needs further confirmation; line with point 
on one end indicates inhibition. 
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4.4 Conclusion and future directions 

This study presents a new model illustrating the molecular mechanism underlying 

TAZ-induced cell proliferation and transformation. In TAZ-TEAD-dependent 

transcription, we showed that TAZ promotes cell proliferation and induces cell 

transformation through PI3K or TGF-ß pathways, respectively. In addition, this study 

identified novel transcriptional genes activated by TAZ including INHBA, STYK1, 

Angpt14, S100a7a, Adamts1, Adamts5, TGFßRII, Tnfrsf12a, MBP6, BMP7, BMP8, 

FGF7, FGF14 and FGF18. Activation of INHBA, STYK1, Angpt14 and S100a7a is 

dependent on TEAD transcriptional activation but do not individually mediate TAZ-

induced cell transformation. Overall, findings of the current study can be of great value 

for understanding the molecular mechanism of NSCLC tumorigenesis, which is important 

for improvement of early detection, prognosis, targeted therapy of NSCLC. 

This work will be completed and published after performing the following three 

experiments. First, a tumorigenicity assay to confirm whether PI3K or TGF-ß pathways 

mediate TAZ-induced tumor formation. This experiment was already initiated by 

subcutaneously injecting E10-TAZS89A-TM cells into nude mice. Next, 5 mice were 

orally given PI3K (150mg/kg) or TGF-ß (100mg/kg) pathway inhibitor after inducing 

TAZ-S89A expression by Dox. Results of this experiment will show how inhibition of 

these two pathways affects TAZ-induced tumor formation and tumor regression. Second, 

we will confirm the activation of TAZ-upregulated PI3K and TGF-ß pathways by 

performing western blot using antibodies detecting phosphorylated Akt and Smad, the 

main downstream target of PI3K and TGF-ß pathways, respectively. This experiment was 

done once but it was not successful because of a problem with antibody specificity. Third, 

using different cell lines (HBE135-TAZS89A and H1299-shTAZ) to confirm that TAZ-

induced tumorigenesis mediated by PI3K-TGF-ß signaling is not specific to one cell line. 
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This study provides much preliminary data that could be used in the future to 

initiate several projects. For instance, this study identified more than 15 novel genes as 

transcriptional downstream targets of TAZ. It would be interesting to identify the 

transcriptional mechanism regulating these genes and to examine their functional 

significance. In addition, invaluable diagnostic, prognostic and therapeutic knowledge 

will be gained if TAZ-PI3K-TGF-ß signaling were examined in NSCLC clinical samples 

to confirm if there is any correlation between this signaling and the clinicopathological 

factors. Furthermore, confirming the findings of this study in other cancer types would 

also nurture our understanding of TAZ-induced tumorigenesis and transcriptional 

regulation of downstream genes. Another future direction that could be followed based on 

our findings is the role of TAZ in stem cell self-renewal and cancer stem cells. Although 

TAZ is already known as stem cell self-renewal and potency stimulator (17, 41, 58), we 

showed for the first time that the stem cell marker ALDH1A1 is transcriptionally 

upregulated by TAZ. Elucidation of how TAZ increases the level of ALDH1A1 and the 

functional significance of TAZ-ALDH1A1 signaling could lead to novel findings in term 

of regulation of stem cell self-renewal and cancer stem cells. 
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Table 1A: Cellular genes upregulated by TAZ-S89A overexpression. 

Gene ID Symbol log2 Ratio 
69169 Faim3 6.92 
71874 2310007B03Rik 6.12 
13113 Cyp3a13 4.16 
208098 Panx3 4.10 
14563 Gdf5 4.00 
229672 Bcl2l15 3.93 
381493 S100a7a 3.72 
259144 Olfr456 3.49 
17540 Mrvi1 3.49 
14219 Ctgf 3.43 
12224 Klf5 3.30 
59091 Jph2 3.30 
26358 Aldh1a7 3.20 
70701 Nipal1 3.02 
57875 Angptl4 3.00 
326623 Tnfsf15 2.94 
240873 Tnfsf18 2.91 
23928 Lamc3 2.91 
21825 Thbs1 2.90 
57425 U90926 2.83 
18158 Nppb 2.78 
23794 Adamts5 2.78 
15945 Cxcl10 2.72 
210274 Shank2 2.65 
20392 Sgce 2.59 
16323 Inhba 2.57 
19260 Ptpn22 2.49 
76884 Cyfip2 2.44 
380863 Tmem171 2.35 
12722 Clca1 2.34 
12954 Cryaa 2.23 
66985 Rassf7 2.15 
11668 Aldh1a1 2.09 
106565 Dlk2 2.08 
381232 5830416P10Rik 2.07 
14172 Fgf18 2.05 
20324 Sdpr 2.05 
50768 Dlc1 1.98 
12365 Casp14 1.98 
217325 Llgl2 1.95 
23972 Papss2 1.92 
23882 Gadd45g 1.89 
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17873 Gadd45b 1.89 
224796 Clic5 1.87 
13874 Ereg 1.86 
68178 Cgnl1 1.86 
11443 Chrnb1 1.83 
108897 Aif1l 1.83 
71026 Speer3 1.77 
13614 Edn1 1.76 
243659 Styk1 1.73 
14199 Fhl1 1.73 
11504 Adamts1 1.73 
242316 Gdf6 1.70 
76453 Prss23 1.68 
13835 Epha1 1.68 
14200 Fhl2 1.68 
30938 Fgd3 1.68 
20620 Plk2 1.67 
18787 Serpine1 1.67 
21679 Tead4 1.66 
110310 Krt7 1.65 
244550 Podnl1 1.65 
231440 Parm1 1.65 
18553 Pcsk6 1.64 
22793 Zyx 1.64 
19153 Prx 1.62 
16007 Cyr61 1.60 
83770 Tas1r2 1.58 
432530 Adcy1 1.57 
227731 Slc25a25 1.57 
21929 Tnfaip3 1.56 
56047 Msln 1.54 
226251 Ablim1 1.51 
73683 Atg16l2 1.51 
237523 Ptprq 1.49 
72789 Veph1 1.49 
100342 Fam46b 1.49 
66234 Sc4mol 1.48 
12832 Col5a2 1.48 
18793 Plaur 1.47 
74769 Pik3cb 1.44 
23917 Impdh1 1.43 
21813 Tgfbr2 1.42 
15982 Ifrd1 1.40 
16835 Ldlr 1.38 
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18442 P2ry2 1.36 
19288 Ptx3 1.35 
14573 Gdnf 1.35 
242109 Zfp697 1.35 
227736 1700019L03Rik 1.35 
20296 Ccl2 1.34 
18049 Ngf 1.34 
16449 Jag1 1.34 
68272 Rbm28 1.33 
20515 Slc20a1 1.32 
17760 Mtap6 1.31 
73086 Rps6ka5 1.31 
12286 Cacna1a 1.30 
15200 Hbegf 1.30 
52428 Rhpn2 1.30 
21885 Tle1 1.29 
192156 Mvd 1.28 
109624 Cald1 1.27 
328162 Trmt61a 1.27 
12457 Ccrn4l 1.26 
50523 Lats2 1.26 
16367 Irs1 1.26 
69219 Ddah1 1.25 
11475 Acta2 1.24 
67896 Ccdc80 1.24 
24030 Mrps12 1.23 
627626 3110082D06Rik 1.23 
20563 Slit2 1.23 
20779 Src 1.22 
14086 Fscn1 1.21 
17913 Myo1c 1.20 
14066 F3 1.19 
208618 Etl4 1.18 
77994 2810055G20Rik 1.18 
243958 Siglecg 1.17 
18591 Pdgfb 1.16 
56772 Mllt11 1.16 
216795 Wnt9a 1.15 
30059 Timm10 1.15 
20220 Sap18 1.15 
22403 Wisp2 1.15 
109711 Actn1 1.14 
260409 Cdc42ep3 1.14 
68659 Fam198b 1.14 
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68241 Fam195a 1.13 
107094 Rrp12 1.13 
14725 Lrp2 1.12 
83397 Akap12 1.12 
18263 Odc1 1.12 
27279 Tnfrsf12a 1.11 
16475 Jub 1.09 
109229 Fam118b 1.09 
70617 5730508B09Rik 1.09 
70737 Cgn 1.09 
18759 Prkci 1.09 
56332 Amotl2 1.09 
27966 Rrp9 1.08 
22779 Ikzf2 1.07 
56289 Rassf1 1.07 
12609 Cebpd 1.06 
12977 Csf1 1.06 
235040 Atg4d 1.06 
330171 Kctd10 1.06 
15417 Hoxb9 1.06 
74094 Tjap1 1.06 
56878 Rbms1 1.05 
94242 Tinagl1 1.05 
70350 Basp1 1.05 
67263 Zswim6 1.05 
20856 Stc2 1.05 
107765 Ankrd1 1.05 
319801 9630033F20Rik 1.03 
380928 Lmo7 1.03 
74127 Krt80 1.03 
12795 Plk3 1.02 
66143 Eef1e1 1.02 
18858 Pmp22 1.02 
320982 Arl4c 1.02 
70788 Klhl30 1.01 
15229 Foxd1 1.00 
80915 Dusp12 1.00 
67876 Coq10b 1.00 
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Figure 1A: Western blot analysis of LATS1 expression in HBE135 cells.  
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Figure 2A: TAZ-TEAD transcriptional activation is required for activation of 
INHBA, KLF5, STYK1, Angptl4, S100a7a and THBS1. 
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Figure 3A: TAZ activates KLF5 through its TB and WW domains. qRT-PCR 
analysis of KLF5 and FGF-BP mRNA in E10 cells overexpressing TAZ-S89A, TAZ-
S89A with F52/53A mutation in the TB domain or TAZ-S89A with W152A/P155A 
mutation in the WW domain shows that TAZ activates KLF5 and its downstream FGF-
BP in both TEAD- and WW domain-PPxY motif-dependent fashion. 
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Table 2A: qRT-PCR growth factors array. 
 

Symbol Description Fold Change 
Amh Anti-Mullerian hormone 1.1952 
Artn Artemin 9.0269 
Bdnf Brain derived neurotrophic factor -1.631 
Bmp1 Bone morphogenetic protein 1 -1.2568 
Bmp10 Bone morphogenetic protein 10 -1.3248 
Bmp2 Bone morphogenetic protein 2 1.7127 
Bmp3 Bone morphogenetic protein 3 -1.2369 
Bmp4 Bone morphogenetic protein 4 -1.6956 
Bmp5 Bone morphogenetic protein 5 1.1307 
Bmp6 Bone morphogenetic protein 6 2.8486 
Bmp7 Bone morphogenetic protein 7 6.5488 
Bmp8a Bone morphogenetic protein 8a 2.1844 
Bmp8b Bone morphogenetic protein 8b 2.221 

Csf1 Colony stimulating factor 1 (macrophage) -2.2142 
Csf2 Colony stimulating factor 2 (granulocyte-macrophage) -1.3093 
Csf3 Colony stimulating factor 3 (granulocyte) 1.1625 
Cxcl1 Chemokine (C-X-C motif) ligand 1 -2.7526 
Cxcl12 Chemokine (C-X-C motif) ligand 12 -3.3817 

Egf Epidermal growth factor -1.1882 
Ereg Epiregulin -1.7085 
Fgf1 Fibroblast growth factor 1 1.3179 
Fgf10 Fibroblast growth factor 10 -9.9989 
Fgf11 Fibroblast growth factor 11 -1.2752 
Fgf13 Fibroblast growth factor 13 -3.2417 
Fgf14 Fibroblast growth factor 14 4.5828 
Fgf15 Fibroblast growth factor 15 -2.3665 
Fgf17 Fibroblast growth factor 17 1.4796 
Fgf18 Fibroblast growth factor 18 29.9655 
Fgf2 Fibroblast growth factor 2 -3.8712 
Fgf22 Fibroblast growth factor 22 -2.1716 
Fgf3 Fibroblast growth factor 3 1.0967 
Fgf4 Fibroblast growth factor 4 -3.8927 
Fgf5 Fibroblast growth factor 5 -1.2481 
Fgf6 Fibroblast growth factor 6 1.1082 
Fgf7 Fibroblast growth factor 7 3.7509 
Fgf8 Fibroblast growth factor 8 1.2881 
Fgf9 Fibroblast growth factor 9 -1.1311 
Figf C-fos induced growth factor -42.3347 

Gdf10 Growth differentiation factor 10 -3.2171 
Gdf11 Growth differentiation factor 11 -75.2056 
Gdf5 Growth differentiation factor 5 -1.5462 
Gdnf Glial cell line derived neurotrophic factor -1.8173 
Hgf Hepatocyte growth factor -2.5189 
Igf1 Insulin-like growth factor 1 -21.0357 
Igf2 Insulin-like growth factor 2 -5.5665 
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Il11 Interleukin 11 -2.9115 
Il12a Interleukin 12A -3.1465 
Il18 Interleukin 18 -25.2248 
Il1a Interleukin 1 alpha -3.969 
Il1b Interleukin 1 beta -7.5672 
Il2 Interleukin 2 1.1237 
Il3 Interleukin 3 12.8014 
Il4 Interleukin 4 190.313 
Il6 Interleukin 6 1.1378 
Il7 Interleukin 7 1.3493 

Inha Inhibin alpha 2.2042 
Inhba Inhibin beta-A 5.8735 
Inhbb Inhibin beta-B -9.112 
Kitl Kit ligand -759.954 

Lefty1 Left right determination factor 1 -9.3228 
Lefty2 Left-right determination factor 2 -19.6406 

Lep Leptin -2.5576 
Lif Leukemia inhibitory factor -2.7184 

Mdk Midkine -3.0861 
Mstn Myostatin -1.6711 
Ngf Nerve growth factor -1.3405 

Nodal Nodal -1.5134 
Ntf3 Neurotrophin 3 -1.1989 
Ntf5 Neurotrophin 5 1.1561 
Pdgfa Platelet derived growth factor, alpha -1.3331 
Pgf Placental growth factor 1.2572 

Rabep1 Rabaptin, RAB GTPase binding effector protein 1 -1.7288 
S100a6 S100 calcium binding protein A6 (calcyclin) -4.7594 
Spp1 Secreted phosphoprotein 1 -21.3738 
Tdgf1 Teratocarcinoma-derived growth factor 1 -1.1485 
Tff1 Trefoil factor 1 -4.5845 
Tgfa Transforming growth factor alpha -1.4062 

Tgfb1 Transforming growth factor, beta 1 -5.3397 
Tgfb2 Transforming growth factor, beta 2 -488.35 
Tgfb3 Transforming growth factor, beta 3 -8.8322 
Vegfa Vascular endothelial growth factor A -5.8595 
Vegfb Vascular endothelial growth factor B -2.2019 
Vegfc Vascular endothelial growth factor C -4.5183 
Zfp91 Zinc finger protein 91 -140.0472 
Actb Actin, beta -6.0787 
B2m Beta-2 microglobulin -4.2716 

Gapdh Glyceraldehyde-3-phosphate dehydrogenase 1.1237 
Gusb Glucuronidase, beta 20.9406 

Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B 
member 1 1.2382 

MGDC Mouse Genomic DNA Contamination -16.1087 
RTC Reverse Transcription Control 4.5511 
RTC Reverse Transcription Control 3.8832 
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RTC Reverse Transcription Control 3.6762 
PPC Positive PCR Control 2.5162 
PPC Positive PCR Control 1.1601 
PPC Positive PCR Control 1.1268 
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Figure 4A: The PI3K inhibitors GDC-0941 and LY2940021 inhibit TAZ-induced 
anchorage-independent growth in a dose-dependent manner. 
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Figure 5A: Identification of the mechanism underlying TAZ-induced apoptosis in 
NL20 cells. The use of mammalian cell lines and manipulation of genes expression in 
cells have been widely used to study cancer in vitro. However, generating constitutive 
expression system in certain cell lines is difficult or might be associated with undesirable 
physiological changes such as cell differentiation or death. Interestingly, unpublished 
works from our lab, related to Zhou et al. study (87), observed that overexpression of 
TAZ in NL20 (human immortalized non-tumorigenic bronchial epithelial cells) induces 
cell death. The cell death caused by constitutive TAZ overexpression complicates 
studying the molecular mechanism underlying TAZ-induced cell death. Nevertheless, 
development of tetracycline-inducible lentiviral expression system provides a powerful 
tool to generate efficient and tightly controlled inducible expression system. Thus, we 
used doxycycline (Dox)-inducible lentiviral expression system to examine the molecular 
mechanism behind TAZ-induced death in NL20 cells as the following: first, we 
established NL20 stable cell lines overexpressing inducible TAZ-S89A, TAZ-S89A-
F52/53A mutation in the TB domain or TAZ-S89A with W152A/P155A mutation in the 
WW domain as shown in (A). Second, Western blot analysis was used to detect TAZ-
S89A and the apoptosis marker cleaved-PARP (C-PARP) expression levels after inducing 
TAZ expression by Dox. Interestingly, we noticed dead cells (floating in media) by 
microscopic observation overexpression after inducing TAZ-S89A or TAZ-S89A-
∆TEAD in NL20 cells. This cell death was classified as apoptosis after C-PARP cleavage 
was detected. However, overexpression of TAZ with WW domain inhibits TAZ-induced 
apoptosis in NL20 (B). These results suggest that TAZ can activate apoptosis through its 
WW domain which transcriptionally regulates downstream genes mediating TAZ-
induced apoptosis in NL20 cells. (Labeling keys A: attached cells; F: floating/dead cells). 
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