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Abstract 

Recent studies suggest that lung cancer stem cells (CSCs) may play major roles in lung 

cancer development, metastasis and drug resistance. Therefore, identification of lung CSC 

drivers may provide promising targets for lung cancer. TAZ (transcriptional co-activator with 

PDZ-binding motif) is a transcriptional co-activator and key downstream effector of the Hippo 

pathway, which plays critical roles in various biological processes. TAZ has been shown to be 

overexpressed in non-small cell lung cancer (NSCLC) and involved in tumorigenicity of lung 

epithelial cells. However, whether TAZ is a driver for lung CSCs and tumor formation in vivo is 

unknown. In addition, the molecular mechanism underlying TAZ-induced lung tumorigenesis 

remains to be determined. In this study, we provided evidence that constitutively active TAZ 

(TAZ-S89A) is a driver for lung tumorigenesis in vivo in mice and formation of lung CSC. 

Oncogenes upregulated in TAZ-overexpressing cells were identified with further validation. The 

most dramatically activated gene, Aldh1a1 (Aldehyde dehydrogenase 1 family member a1), a 

well-established CSC marker, showed that TAZ induces Aldh1a1 transcription by activating its 

promoter activity through interaction with the transcription factor TEA domain (TEAD) family 

member. Most significantly, inhibition of ALDH1A1 with its inhibitor A37 or CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats) gene knockout in lung cancer cells 

suppressed lung tumorigenic and CSC phenotypes in vitro, and tumor formation in mice in vivo. 

In conclusion, this study identified TAZ as a novel inducer of lung CSCs and the first 

transcriptional activator of the stem cell marker ALDH1A1. Most significantly, we identified 

ALDH1A1 as a critical meditator of TAZ-induced tumorigenic and CSC phenotypes in lung 

cancer. Our studies provided preclinical data for targeting of TAZ-TEAD-ALDH1A1 signaling 

to inhibit CSC-induced lung tumorigenesis and drug resistance in the future.   
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Chapter 1 

Introduction 

1.1 Lung cancer 

1.1.1 Overview of lung cancer 

Lung cancer is one of the most malignant cancers in the world with a 5-year survival 

rate lower than 15% due to a lack of druggable targets, development of resistance to 

drugs, or metastasis (1). Although various diagnostic methods and therapies have been 

developed, lung cancer is still the leading cause of cancer-related mortality, accounting 

for about 1.2 million patients deaths every year (1,2). Furthermore, since most lung 

cancer patients are estimated to be diagnosed at an advanced TNM-stage, 5-year overall 

survival (OS) is only 2%, which is a grim and severe situation for patients to face (3). 

Lung cancers are distinguished into two classes according to histological types: 

small-cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). SCLC accounts 

for 15-20% of all kinds of lung cancer and is characterized as an aggressive neoplasm, so 

metastasis is often found by the time of diagnosis (4). The precursor of SCLC was 

proposed to be the pulmonary neuroendocrine cell hyperplasia, since the proteins critical 

for neuroendocrine cell formation were also expressed in SCLC cells leading to receptor 

activation with autocrine-stimulated growth loop (5). Therefore, radiation and 

chemotherapy showed high efficiency for SCLC, making decent therapeutic responses 

with reduced mortality (5). In contrast to SCLC, NSCLC is more prevalent and accounts 

for 80-85% of lung cancers (6). NSCLC is often originated in lung epithelial cells, and is 

classified as adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large cell 
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carcinoma (LCC). ADC is the predominant histological type of lung cancer, especially in 

women and younger males, because of the highly heterogeneous histology of ADC and 

mixed patterns discovered in a majority of cases (7,8). Most of the classification of lung 

cancers is based on histological characteristics found through light microscopy over ten 

years ago, but immunohistochemistry (IHC) and genetic tests are becoming more 

prevalent in guiding personalized therapies today (8,9).  

Various risks contribute to lung cancer development. Among behaviour, lifestyle, 

environment and many other factors, smoking is one of the well-known risk factors. The 

strong association between lung cancer and the amount of tobacco smoked was shown by 

a number of breakthrough epidemiologic studies in the 1950s (10). Since the metabolites 

of tobacco smoking could be diffused into air, people who never smoke may also be 

exposed to a smoking environment. Hence, a causal relationship between passive 

smoking and lung cancer was also concluded by a meta-analysis of different studies (11). 

However, not all lung cancers are correlated with smoking, leading scientists to seek 

other risk factors involved in lung cancer, such as asbestos, radon, arsenic, and non-

tobacco-related polycyclic aromatic hydrocarbons (12). Furthermore, family history is 

another major risk factor for lung cancer and 6q23-25 was identified as a inherited 

susceptibility locus for lung cancer independent of smoking (13). 

It is known that the earlier cancer is detected, the longer patients may live and the 

more likely they may be cured, especially for NSCLC. Since a large amount of patients 

diagnosed at IV stage have obvious symptoms and multiple metastases, a wise 

management of lung cancer would be beneficial not only to patients, but also their 

families as well. Unfortunately, until 2010, the low-dose computed tomography (CT) 
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scan could not be recommended for lung cancer screening because clinical trials showed 

contradicting reports for diagnosis and prognosis of early stage lung cancer (2). Since 

biopsy is still the mandatory and golden standard for histological staging, surgery is 

recommended for healthy patients diagnosed at stage I or II (2). Adjuvant and 

neoadjuvant chemotherapies are both suggested to be carefully offered to selected 

patients after pathological staging (2). Similar to the early stage and locally advanced 

NSCLC, metastatic NSCLC is confirmed by cytological and histological tests. Moreover, 

systemic therapy is recommended and the first-line treatment is a platinum-based doublet 

chemotherapy for metastatic NSCLC when patients are fit for treatment (12). In addition 

to traditional diagnostic methods such as morphological classification, clinical and 

radiographic assessment, gene expression profiling has acquired more attention since the 

molecular subtypes can assist treatment decisions and further enhance the clinical 

outcomes (6). Some of the genetic alterations were validated as therapeutic targets in 

numerous subtypes of NSCLC.  

1.1.2 Molecular biology of NSCLC 

With the development of molecular biology, lung cancer is characterized as multi-

step genetic and epigenetic changes resulting in transformation in lung epithelial cells 

(14,15). Numerous molecular abnormalities were identified in lung cancer tissues and 

contribute to emergence of cancer hallmarks, including sustained proliferative signaling, 

evasion of growth suppressors, activation of invasion and metastasis, enablement of 

replicative immortality, angiogenesis induction, and cell death resistance (16). Similar to 

other types of cancers, the tumorigenesis of lung cancer is related to activation of 

oncogenes, such as v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS), 
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epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK) and 

rearranged during transfection (RET), as well as inactivation of tumor suppressor genes 

(TSGs), such as tumor protein p53 (TP53), retinoblastoma (RB) and phosphatase with 

tensin homology (PTEN) (14,15,17).  Among the various genetic alterations, two 

exclusive molecular mutations have been discovered in life-style-related cancer 

pathogenesis: KRAS pathway (smoking-related) and EGFR pathway (smoking-unrelated) 

(14). Furthermore, the detection of different mutations is not used only to classify, but 

also to guide effective therapeutic strategies. For example, EGFR is overexpressed in 

around 65% of NSCLC (18), and patients with EGFR overexpression were correlated 

with responses to EGFR target therapy with gefitinib and erlotinib (6,19,20).  

1.2 Hippo pathway 

The Hippo pathway was originally discovered in Drosophila through loss-of-

function genetic screenings for tumor suppressors that cause accelerated cell proliferation 

and reduced cell death (21,22). It is an emerging signaling cascade that regulates cell 

proliferation, apoptosis, organ development, and regeneration, as well as tumorigenesis, 

stem cell renewal and differentiation, all of which are also conserved in mammalian 

systems (21–23).  

The key components of the Hippo pathway (Figure 1.1) consist of regulatory 

serine/threonine kinases including mammalian sterile 20-like protein kinase 1 (MST1) 

and its homolog MST2 (mammalian orthologues of drosophila melanogaster Hippo), and 

the large tumor suppressor 1 (LATS1) and its homolog LATS2 (mammalian homologs of 

Drosophila warts/lats), adaptor/scafold proteins Mps one binder kinase activator 1A and 

1B (MOB1A/B) and Salvador Family WW Domain Containing Protein 1 (SAV1; also  
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Figure 1.1 The canonical Hippo pathway in mammals. 

The core components of the mammalian Hippo pathway consist of kinases MST1/2, 

LATS1/2, adaptor/scaffold proteins MOB and SAV1, and transcription coactivators TAZ 

and YAP. Arrow and blunt lines are corresponding to activators and suppressors, 

respectively. Stimulated by upstream signals, MST1/2 phosphorylate and activate 

LATS1/2, which further phosphorylate and inhibit TAZ/YAP through 14-3-3 protein-

mediated cytoplasm retention. If TAZ/YAP are not phosphorylated, they would 

translocate into nucleus, bind to TEAD response elements (TREs) through TEAD, and 

trigger the transcription of target cellular genes. NF2, VGLL4, Wbp2, AMOT, PP1A and 

ASPP2, ZO-1/1 and GSK3 are regulators of core components independent of the Hippo 

pathway.  



 

6 

 

known as WW45, 45kD WW domain protein),  as well as WW domain-containing 

transcriptional co-activators including transcriptional co-activator with PDZ-binding 

motif (TAZ; also called WWTR1 in short of WW domain containing transcription 

regulator 1) and its paralog yes-associated protein (YAP) (mammalian homologs of 

Drosophila Yorkie) (21,24). Upon stimulation by upstream signals such as cell-cell 

contact or mechanical cues, MST1/2 are activated and phosphorylate MOB1A/B and 

SAV1, which help MST1/2 to recruit and further phosphorylate LATS1/2 (21,22,24). 

Phosphorylated and activated LATS1/2 then phosphorylate and inactivate TAZ and YAP 

either through 14-3-3 protein-mediated cytoplasmic retention or ubiquitin-mediated  

degradation (25–28).  

TAZ and YAP are core effectors of the Hippo pathway sharing 45% identical amino 

acids (29). While they are not able to bind downstream DNA fragments directly, they 

serve as transcriptional co-activators and translocate from cytoplasm into the nucleus 

when the Hippo pathway is silenced (21). TAZ and YAP recruit TEA domain family 

members (TEAD) as one of their major transcription factors which further induces 

transcription of target genes (such as Cyr61, CTGF, BMP4, etc.) regulating cell-

proliferation or apoptosis in mammalian cells (21,27,30). TAZ/YAP also bind to other 

transcription factors including Smad-2/3-4, Runt family member Runx2, P53-like 

transcription factor p73, T-box transcription factor TBX5, Pax gene family member Pax3 

to regulate the transcription of downstream targets (21,22,31–36). 
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The Hippo pathway is known as tumor inhibitory signaling since various 

components contribute to restrict the tumorigenic property of TAZ/YAP and its 

aberration leads to multiple types of tumors. For example, the expression of LATS1/2 in 

normal tissues are higher than in cancer tissues such as NSCLC (37,38). More than that, 

LATS1/2 were identified as tumor suppressors and expression of LATS1 was correlated 

with cell cycle arrest, apoptosis, TNM-stage, lymph node metastasis and prognosis of 

NSCLC (24,37,39). Furthermore, Neurofibromin 2 (NF2; also called Merlin) was 

identified as another tumor suppressor encoding membrane-cytoskeleton adapters such as 

Ezrin, Radixin, Moesin (ERM) family, whose dysregulation was related to familial 

cancer syndrome Neurofibromatosis type II and other tumors including mesotheliomas 

and skin cancer (40,41). NF2 was recognized as an membrane regulator of the Hippo 

pathway because of its direct localization and activation of LATS1/2 without stimulation 

of MST1/2 kinase activity (40). In addition to MST1/2 and LATS1/2, Vestigial-like 4 

(VGLL4) was suggested to be a potent inhibitor for YAP because of its direct 

competition with YAP for binding to TEAD (27,42). As a natural antagonist of the 

oncogene YAP, VGLL4 was not only functionally conserved between Drosophila and 

mammalian, but also showed identical function between different kinds of tumors, such 

as gastric cancer and lung cancer, making itself a potential therapeutic target in cancer 

treatment (43,44).  
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1.3 TAZ 

1.3.1 Overview of TAZ 

TAZ was initially identified in 2000 by screening for proteins interacting with 14-3-3 

protein (29). In this study, they found the interaction of 14-3-3 and TAZ required 

phosphorylation of TAZ at serine 89 (S89), which was subsequently discovered as one of 

the phosphorylation sites for LATS2 (29,45). Later studies identified TAZ as a 

downstream core effector in the Hippo pathway, which plays important roles in organ 

development, organ size control, stem cells maintenance, cell proliferation, tumorigenesis 

and cancer stem cell (CSC) properties (24). The TAZ gene was mapped to chromosome 

3q24 by construction of the irradiation hybrid maps (46). TAZ expression is detected in 

many organs, including kidney, heart, placenta, lung, thyroid, skeletal muscle and small 

intestine (29,47).  

In the canonical Hippo pathway, TAZ is phosphorylated for cytoplasmic retention 

and functional inhibition by LATS1/2, whereas TAZ would translocate from cytoplasm 

into the nucleus when LATS1/2 is inactivated. Meanwhile, several proteins were 

identified as upstream regulators of TAZ independent of the canonical Hippo pathway. 

WW domain binding protein 2 (Wbp2) was identified by a proteomic approach, 

indicating that Wbp2 could directly promote TAZ-induced cell anchorage-independent 

growth (48). Furthermore, protein phosphatase 1 catalytic subunit alpha (PP1A) was 

identified as a phosphatase for TAZ, whose interaction was cooperated with ASPP2 (a 

member of ankyrin repeat-containing, SH3 domain-containing, and proline-rich region-

containing protein family) to antagonize the interaction between LATS1/2 and TAZ (49). 

Moreover, Angiomotin (AMOT) was first reported as a mediator for angiostatin 
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regulation of endothelial cell migration and tube formation (50). AMOT and its 

homologue AMOTL1 and AMOTL2 were validated as negative regulators of TAZ, 

leading to cytoplasmic sequestration of TAZ through direct interaction in a Hippo-

independent pathway (51,52). Other proteins were also discovered in this manner, such as 

zonula occludens-1 and -2 (ZO-1/2, negative regulators of TAZ), glycogen synthase 

kinase 3 (GSK3, phosphorylation of TAZ for further ubiquitylation and degradation), etc. 

(53,54). On top of that, numerous genes and signaling pathways were identified to have a 

crosstalk with TAZ, including transforming growth factor-β (TGF-β), phosphoinositide 

3-kinase (PI3K), Wnt and other signaling pathways (54–56). Even though many upstream 

regulators of TAZ have been discovered, the molecular mechanisms underlying TAZ-

induced tumorigenesis are complex and not completely understood. 

1.3.2 Structure of TAZ 

From N-terminal to C-terminal sequence, the major domains of TAZ are TEAD 

binding domain (TBD), WW domain, transcriptional activation domain (TAD), and a 

postsynaptic density95-discs large-zonula occludens-1 (PDZ)-binding motif (Figure 1.2) 

(29). The N-terminal TEAD binding region of TAZ plays an important role in TAZ 

function, especially in the interaction and regulation of the downstream transcription 

factor TEAD (57,58). Point mutations disrupting TAZ-TEAD binding were demonstrated 

to block TAZ-induced stimulation of cell proliferation, induction of epithelial-

mesenchymal transition (EMT), and promotion of cell migration (57). Interestingly, 

phenylalanine (F) on 52 and 53 residues and several other amino acid residues of TAZ 

were identified to be critical for TAZ-TEAD interaction, since TAZ could no longer be 

transported to nucleus when F is substituted by alanine (A; F52/53A) (59).  
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Figure 1.2 The structure of TAZ. 

The structure of TAZ contains TEAD binding domain (TBD), WW domain (WW), 

transcriptional activation domain (TAD), and a postsynaptic density95-discs large-zonula 

occludens-1 (PDZ)-binding motif. F52/53 is important for TAZ in nucleus transportation. 

S89 and S311 of TAZ are important phosphorylation sites for LATS.  
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Besides, WW domain of TAZ could mediate its binding to the proline-rich peptide 

motifs (PPxY motif, in which P represents proline, Y represents tyrosine, x represents 

any amino acid) that exist in various proteins such as Runx2 and Smad-2/3-4 that 

cooperate with TAZ localization, activity and transcriptional co-activating functions 

(29,32,33,58,60). Additionally, modular PDZ domain, consisting of around 90 amino 

acid residues, was found in a variety of cell membrane-associated proteins (61,62). The 

PDZ-binding motif of TAZ is highly conserved at its C-terminus and is indispensable for 

the translocation of TAZ from cytoplasm into nucleus (29). In addition, TAZ’s 

transcriptional co-activation is shown to be balanced through nuclear translocation by 

PDZ proteins (such as ZO-1/2) and cytoplasmic retention by 14-3-3 protein (29,53). 

Notwithstanding the many discoveries in other domains, the functions and molecular 

mechanisms of TAD in TAZ have not been well understood. In this situation, several 

tyrosine residues (Y321 and Y316) were identified as phosphorylation sites for TAZ, 

which may regulate TAZ function (58,63). However, S311, which is located at the TAD 

of TAZ, was characterized as one of phosphorylation sites by LATS2 and its 

phosphorylation is critical for subsequent phosphodegron recognition and ubiquitination 

(28,45).  

Based on the alignment and comparison of amino acid sequences, human and mouse 

TAZ share 91% of amino acids; therefore, a mouse model study for TAZ would possibly 

explain its function in humans (29).  
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1.3.3 Functions of TAZ and its roles in human diseases 

In the studies of tissue development, TAZ was identified to play an essential role in 

(patho)physiology, including alveolarization (64). TAZ deficiency in mice induced 

abnormal alveolarization during lung development, causing enlarged airspace and 

reduced elastance in adult mice, which is similar to the histological phenotype in human 

emphysema (64,65). In addition, TAZ was described as a critical factor contributing to 

the integrity of renal cilia since its absence caused renal cysts in vivo (66). This 

pathological process is conserved in vertebrate species including mice and zebrafish, and 

a model in which TAZ mediates polycystin 2 (PC2, proteins encoded by Polycystic 

Kidney Disease 2 gene) protein degradation was proposed to explain this phenomenon 

(67). Moreover, multiple renal cysts and urinary concentration defects were observed in 

mice due to gene inactivation of TAZ, both of which are phenotypes resembling human 

polycystic kidney disease (PKD) (65). These lung and kidney abnormalities were found 

in all TAZ-knockout mice, indicating TAZ-deficient mouse as an animal model for 

chronic obstructive pulmonary disease (COPD) and kidney diseases, as well as showing 

TAZ’s critical involvement in organ development (64,65,67). Moreover, dysregulation of 

TAZ was also reported in Holt-Oram syndrome (cardiac and upper limb abnormalities), 

and Sjogren’s syndrome (an autoimmune disease affecting salivary and lacrimal glands) 

(34,68). 

In 2008, TAZ was recognized to promote cell proliferation and induce EMT in breast 

immortalized epithelial cells by changing cell morphology from epithelium-type 

characteristics to spindle shape (45,69). The relationship between TAZ and EMT was 

further confirmed with reduced levels of epithelial markers (E-cadherin and occludin) 
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and increased levels of mesenchymal markers (N-cadherin and vimentin) (45). Besides 

stimulating cell proliferation, promoting EMT, and reducing cell contact inhibition, TAZ 

is also involved in regulating stem cell differentiation and renewal through interaction 

with peroxisome proliferator-activated receptor γ (PPARγ), Runx2 and Smad (32,33,45). 

Specifically, TAZ was recognized as a transcriptional modulator for mesenchymal stem 

cell (MSC) differentiation, which functions as a molecular balancer that co-activates 

Runx2 while represses PPARγ-dependent gene expression, promoting osteogenesis 

instead of adipogenesis (33).  

Dysregulation of TAZ has also been found in a variety of cancers including lung 

cancer, breast cancer, colorectal cancer, and tongue squamous cell carcinoma (47,58,70–

72). For instance, TAZ was observed with highly expression not only in invasive breast 

cancer cell lines but also in about 20% of primary breast cancer samples, demonstrating 

its importance in cancer cells migration, invasion and anchorage-independent growth 

(69). Later on, our lab identified that TAZ works as an oncogene in lung cancer for the 

first time (73). TAZ expression was fairly low in normal and immortalized cell lines, 

while overexpression was detected in about 80% of cell lines examined. Overexpression 

of TAZ caused increased cell proliferation and anchorage-independent growth, while 

knockdown of TAZ in lung cancer cells reversed these phenomena both in vitro and in 

vivo, indicating TAZ’s involvement in tumorigenicity of NSCLC (73). Based on this 

study, another group investigated the correlation between TAZ expression and survival of 

NSCLC and suggested TAZ to be a prognostic indicator for poor survival probability in 

NSCLC patients (74). They found that TAZ is highly relevant to lung ADC, lower 

differentiation, higher TNM-stage, metastasis, and shorter OS time compared to control 
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group, which provided the first evidence for TAZ correlation to clinical pathology (74). 

About two years later, TAZ was confirmed as a functional player in lung cancer 

propagation, migration and metastasis, not only in vivo tail vein assays, but also in the 

Director’s Challenge cohort studies (75). Impressively, this study caught a glimpse of the 

important roles of TAZ in tumor stem cell phenotype since the elevated TAZ expression 

in tumor propagating cells and reduced lung metastases were observed after knockdown 

of TAZ (75). 

In the development of solid tumors, CSC hypothesis was provided as an explanation 

for tumor heterogeneity, in which a population of stem-like cells acquired properties 

including differentiation, self-renewal, and other aberrations (76). Intriguingly, TAZ was 

connected to CSCs because of an overlap in elevated activity of TAZ and of poorly-

differentiated, high-grade breast cancers containing a high proportion of CSCs (77). 

Furthermore, high expression of TAZ was correlated with stem cell signatures, metastatic 

propagation and short disease-free survival in breast cancer patients, as well as 

chemoresistance and migration potential in patient-derived cancer stem cells (77,78). 

Interestingly, both WW domain and TAD of TAZ were characterized as critical 

contributors to CSC traits and tumorigenesis (79). Most studies of the TAZ functions in 

CSC were focused on breast cancer, but recently, the investigations have been expanded 

to other cancer types. For example, constitutively activated TAZ was found to induce 

CSC gene expression in a very common soft tissue sarcoma in children named embryonal 

rhabdomyosarcoma (eRMS) (80). In addition, highly expressed TAZ was discovered in 

prostate cancer stem cells and its reduction resulted in attenuation of CSC properties (81). 
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However, the role of TAZ in tumorigenic potential and CSC propagation in lung cancer 

is still unclear. 

1.4 ALDH1A1 

1.4.1 Overview of ALDH1A1 

Aldehyde dehydrogenase 1 family member a1 (ALDH1A1) belongs to the Aldehyde 

dehydrogenase (ALDH) superfamily, which is represented in three-domain system 

(archaea, bacteria and eukarya) and contains 19 ALDH subtypes in humans (82). 

ALDHs are distributed throughout whole subcellular regions such as mitochondria, 

cytoplasm, and nucleus (83). ALDHs are composed of a group of nicotinamide-adenine 

dinucleotide phosphate-positive (NAD(P)+)-dependent enzymes that catalyze the 

oxidation of aldehyde substrates into corresponding carboxylic acids (83–85). Aldehydes 

are highly reactive organic compounds, generated during metabolism of endogenous 

aldehydes (e.g., carbohydrates, amino acids and lipids) and exogenous aldehydes (e.g., 

ethanol, anticancer drugs, and numerous aldehydes in cigarette smoke and exhausted 

fume) (83,84). Therefore, ALDHs play an important role in aldehyde detoxification. 

Furthermore, mutations in ALDH genes were associated with severe diseases, including 

type II hyperprolinemia (ALDH4A1), pyridoxine-dependent seizures (ALDH7A1), 

alcohol-related diseases (ALDH2) and Sjogren-Larsson syndrome (ALDH3A2) (83,86–

88).  

In addition, ALDH1A1 is one of the three main subtypes (ALDH1A1, ALDH1A2 

and ALDH1A3) of ALDH1 cytosolic isozymes, which is ubiquitously distributed in 

cytosol of various adult organs including kidney, breast, retina, liver, testis, ovary, brain 

and lung (83,85,89). ALDH1A1 is located at the chromosome 9q21.13, encoding a 
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homotetramer that catalyzes the oxidation of retinal (such as all-trans and 9-cis-retinal) to 

retinoic acid (RA) in retinoid signaling pathway (83,85,90–92). In retinol (vitamin A) 

metabolic process, intracellular retinol would be oxidized to retinal by retinol 

dehydrogenases, and the products are subsequently recruited to nucleus (85). After 

transportation and further oxidation, the product RA would serve as a ligand for RA 

receptor (RAR) and retinoid X receptor (RXR), inducing the transcriptional activity of 

downstream target genes (83,93,94). Therefore, the synthesis of RA is crucial for normal 

growth, differentiation, development and maintenance of multiple tissues in vertebrate 

animals (83,93). Additionally, ALDH1 and its involvement in retinoid pathway were 

showed to be critical for hematopoietic stem cell (HSC) differentiation (95). Inhibition of 

Aldh1 by diethylaminobenzaldehyde (DEAB) would decrease RA activity and reduce 

RAR-mediated signaling transduction, switching HSC to self-renewal direction (95). 

Meanwhile, appropriate and sufficient level of retinol and its derivative RA are important 

for normal embryonic development (93). For instance, the development of HSC is largely 

dependent on RA signaling, with evidence that activation of RA pathway enhanced HSC 

generation while inactivation of RA abolished HSC development (96).  

Moreover, as one of the substrates for ALDH1, acetaldehyde was recognized as an 

intermediate in alcohol metabolism, and ethanol could be oxidized to acetaldehyde by 

alcohol dehydrogenase (ADH), catalase and cytochrome P4502E1 (CYP2E1) (85). 

Acetaldehyde is the principle and most toxic metabolite of ethanol, and it is now 

considered as a potential carcinogen due to its mutagenic effects on DNA (97,98). Even 

though acetaldehyde is highly reactive and causes DNA adducts with further polymerase 

errors and mutations in genes, it could further be metabolized to acetate by ALDHs in 
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normal condition (85,97,99). Although the majority of alcohol-related studies were 

focused on ALDH2 previously, more reports shed a light on the role of ALDH1A1 in 

alcohol-related phenotypes, including alcohol-induced flushing, alcohol sensitive, 

problem consumption behavior and alcohol dependence (100,101). Different genetic 

polymorphisms were discovered in the promoter region of ALDH1A1, indicating a link 

between alcoholic phenotype and genetic evidence (100,101).  

Besides the roles in vitamin A metabolism and acetaldehyde detoxification, 

ALDH1A1 also contributes to drug resistance. Evidence was discovered that primitive 

hematopoietic cells and leukemia stem cells containing high ALDH activity were highly 

resistant to cyclophosphamide (CPA) (102,103). CPA is a classical chemotherapeutic 

agent widely used in treatment of various kinds of tumors, and it targets proliferative 

cells to inhibit cell division with further apoptosis by inhibition of DNA replication (104). 

During the process of cellular protection against cytotoxic agents, ALDHs would oxidize 

and convert the activated CPA (4-hydroperoxy-CPA) to an inactive excretory and non-

toxic product carboxyphosphamide (105). Among different subtypes of ALDHs, 

ALDH1A1 was considered as the best enzyme for this reaction (105). Later on, drug 

resistance induced by ALDH1A1 was also observed in other diseases, including 

colorectal cancer, breast cancer, and large B cell lymphoma (104,106,107). Promisingly, 

ALDH1A1 might be involved in drug resistance via RA signaling pathway, since RARα 

was identified as a marker for tamoxifen resistance in breast cancer (108). In addition, 

recent investigation on ALDH1A1 revealed that it was a promoter for both drug 

resistance and disease relapse in multiple myeloma through the mechanism in which 
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overexpressed ALDH1A1 activates drug-efflux pump by generating the RXRα ligand, 9-

cis retinoic acid (109).  

1.4.2 Role of ALDH1A1 in human cancer 

Because of the important role of ALDH1A1 in retinoid signaling pathway, the 

function of ALDH1A1 was also expanded to regulation and maintenance of numerous 

CSCs, including hepatocellular carcinoma, ovary adenocarcinoma, breast ductal 

carcinoma, esophagus squamous cell carcinoma, eRMS and lung cancer (80,85,110–117).  

Although ALDH1 expression could be detected by previous techniques (Western 

blot and intracellular antibody staining), the activity of cytosolic ALDH1 in living cells 

was not measurable until an indirect method for ALDH1 assessment in mouse HSCs was 

developed about two decades ago (118). A sensitive fluorescent aldehyde known as 

dansyl-aminoacetaldehyde (DAAA) was discovered and could be oxidized into dansyl-

glycine by ALDH1, during which the corresponding fluorescent product would be 

measured for ALDH1 level (118). Soon after this pioneering study, another fluorescent 

substrate for ALDH1 known as BODIPY aminoacetaldehyde (BAAA) was developed not 

only for simply and efficiently isolating HSC cells in human system, but also for 

overcoming the mutagenic potential of DAAA (119). Contrary to DAAA, BAAA is 

converted by ALDH1 to BODIPY amino acetate (BAA), which is a carboxylate ion 

product that should be retained in cytoplasm (Figure 1.3) (119).  
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Figure 1.3 Schematic process of Aldefluor assay. 

ALDH1 in living cells could oxidase the substrate BODIPY aminoacetaldehyde 

(BAAA) into BODIPY amino acetate (BAA), which is retained in the cytoplasm and 

could be detected by flow cytometry. The general ALDH inhibitor 

diethylaminobenzaldehyde (DEAB) is added in control samples to eliminate the 

background fluorescence. The percentage of ALDH1 positive cells is compared between 

Test and Control samples. 
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Therefore, accumulation of the fluorescent product is consistent to the activity of 

ALDH1 in cells. Another advantage of BAAA is that the fluorochrome is excited by 

visible light instead of UV light, and its product would not bind to nucleic acids, making 

the whole process safe and appropriate for preclinical studies (119). This method, now 

known as Aldefluor assay in a kit format for measuring ALDH1 in viable cells, 

stimulated more studies in characterization of viable CSCs as well as association between 

ALDH1 overexpression and different kinds of CSC properties (120). 

In order to detect ALDH1 activity, Aldefluor assay was introduced to identify and 

sort malignant stem cells in normal or cancer human mammary cells (114).  Even though 

the prognostic ability of ALDH1 in breast cancer was uncertain among different studies, 

Aldefluor positive cancer cells shared several common histoclinical characteristics, such 

as human epidermal growth factor receptor 2 (HER2) overexpression, and estrogen 

receptor (ER) and progesterone receptor (PR) reduction (113,114). Later on, the 

association between high level of ALDH1 expression and poor OS was revealed by IHC 

staining in epithelial ovarian cancer cells and clinical tissues (112). Interestingly, the high 

expression of ALDH1A was observed with coincidences of stem cell surface marker 

expression (CD44) and chemotherapeutic drug resistance (112). High levels of 

ALDH1A1 were also identified in esophageal squamous cell carcinoma cells, with stem 

cell properties including self-renewal, differentiation, tumorigenesis (116). Moreover, in 

the study from patient specimens, cancer stem-like cells expressing high ALDH1A1 were 

correlated to dysplasia, invasion and lymph node metastasis and poor prognosis of 

esophageal squamous cell carcinoma (116). 
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In addition to the role of ALDH1A1 in numerous types of cancers, lung cancer 

started to be included in ALDH1A1 study recently. The first correlation between 

ALDH1A1 and lung cancer cells came from a study on the roles of ALDH1A1 in drug 

resistance, in which knockdown of ALDH1A1 by siRNA duplexes was found to achieve 

a high sensitivity to CPA treatment in lung cancer cell line (121). Even though the 

siRNAs are not as safe as previously expected and the off-target effects may compromise 

therapeutic effects, this research still contributed to lung cancer treatment (122). One year 

later, Aldefluor assay was successfully adopted to measure ALDH1 activity in lung 

cancer cell lines, detecting higher levels of ALDH1A1 in NSCLC cell lines compared to 

SCLC cell lines (123). Furthermore, their study confirmed the Aldefluor assay as an 

accurate method to measure real cell viability as well as to sensitively reflect the activity 

of ALDH1 (123). Based on these findings, a significant high level of ALDH1A1 

expression was confirmed in NSCLC patient specimens, which further indicated an 

association between up-regulation of ALDH1A1 and malignant transformation to ADC 

(124). Moreover, elevated expression of ALDH1 was reported to be positively correlated 

with poor prognosis for lung cancer patients, sharing associations with smoking status, 

histological subtypes, lymph-node metastasis, late clinical stages and reduced OS time 

(115,125–127). ALDH1A1 was characterized to play an important role in aggressive 

potentialities not only in vitro (e.g., lung cancer cell growth, proliferation, migration and 

cell cycle), but also in vivo (e.g., tumor growth, recapitulation of tumor heterogeneity and 

self-renewal capacity) (125). Therefore, ALDH1A1 was considered as a CSC marker and 

an independent prognostic factor for NSCLC (115,125).  
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Notwithstanding the strong correlation between ALDH1A1 and CSC properties in 

lung cancer, the molecular mechanisms involved in the up-regulation of ALDH1A1 in 

CSC are still elusive. Recently, Notch signaling pathway was proclaimed to regulate the 

maintenance of lung CSCs with high ALDH1 expression, since suppression of Notch 

pathway caused dose-dependent reduction in cell number and clonogenic ability in 

ALDH1-high lung cancer cells (128). However, a later study found that down-regulation 

of ALDH1A1 caused increased levels of Notch genes, while overexpression of 

ALDH1A1 induced reduced levels of Notch genes in lung cancer cell line (129). Hence, 

they concluded that ALDH1A1 was able to suppress Notch pathway in order to maintain 

the immature state of stem-like cells (129). Unfortunately, these two studies could not 

provide a consistent explanation, making the molecular mechanism for the regulation of 

ALDH1A1 in lung cancer still largely unknown. 

1.5 Rationale, hypothesis and objectives 

Based on previous studies, TAZ has been identified as a core effector in the 

downstream of the Hippo pathway, functioning as a co-activator in various processes, 

including cell proliferation, tumorigenesis, CSC properties, etc. Our lab has confirmed 

TAZ as an oncogene in NSCLC and TAZ is a critical player in tumorigenicity (73). Its 

overexpression could promote cell proliferation and transformation, while its inactivation 

could reverse those functions. Although various transcription factors have been 

discovered to be regulated by TAZ, few molecular mechanisms have been elucidated for 

the function of TAZ in stem cell phenotypes in lung cancer.  

To deal with this elusive situation, our lab established a allograft mouse model to 

examine the effects of overexpressed TAZ in lung epithelial cells. Shortly after 
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subcutaneous injection, tumor formation driven by constitutively activated TAZ was 

observed, and tumor cells were isolated as well. From the gene profiles of the 

tumorigenic cells, Aldh1a1 was one of the upregulated genes by TAZ. Furthermore, 

ALDH1A1 was demonstrated as a CSC marker in various cancers including lung cancer. 

However, the role of ALDH1A1 in NSCLC has not been well explained yet. Therefore, 

we hypothesize that ALDH1A1 is a novel target of TAZ in TAZ-mediated tumorigenesis 

and stem cell phenotypes. 

Thus, the hypothesis would be tested as the following objectives: 

1. Characterization of functional domains mediating TAZ-induced tumorigenesis 

and CSC phenotypes 

2. Identification of Aldh1a1 as a downstream transcriptional target of TAZ 

3. Validation of ALDH1A1’s function in TAZ-induced tumorigenesis and CSC 

phenotypes. 

  



 

24 

 

Chapter 2 

Materials and Methods 

2.1 Plasmid construction  

ALDH1A1 promoter Gaussia luciferase reporter (ALAH1A1-Gluc) was purchased 

from GeneCopoeia (USA). Deletions of the promoter were constructed by polymerase 

chain reaction (PCR) using primers as the following: pEZX-PG02-ALDH1A1-(-

658~+52)-Gluc-F: 5’-CCGAATTCCCTAAAAGTCCTG-3’, pEZX-PG02-ALDH1A1-(-

535~+52)-Gluc-F: 5’-CCGAATTCGTCTGTCAGAGAACAGAAAG-3’, pEZX-PG02-

ALDH1A1-(-291~+52)-Gluc-F: 5’-CCGAATTCTAACTGGCCTTAGTGGCCAG-3’, 

pEZX-PG02-ALDH1A1-(-256~+52)-Gluc-F: 5’-CCGAATTCCACTTATCACAGGTTT 

CGGC-3’, and pEZX-PG02-ALDH1A1-Gluc-R: 5’-CACAAGCTTTTCTGATTCGGCT 

CCTGGAAC-3’. PCR products were digested by EcoRI/HindIII, followed by subcloning 

back into the EcoRI/HindIII site of the pEZX-PG02-Gluc reporter vector.  

2.2  Site-directed mutagenesis 

Mutation of the ALDH1A1 promoter was constructed with the following primers: 

ALDH1A1-TRE1M-Gluc-F: 5’-CTGAGTTTGTTCATCCAATCGTATCCGAAAAAGC 

AAATAAACTTTAGCCCGT-3’ and ALDH1A1-TRE1M-Gluc-R: 5’-ACGGGCTAAA 

GTTTATTTGCTTTTTCGGATACGATTGGATGAACAAACTCAG-3’. PCR products 

were digested by EcoRI/HindIII, followed by subcloning into the EcoRI/HindIII sites of 

the pEZX-PG02-ALDH1A1-Gluc reporter vector. TRE1 sequence was mutated from 
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AGTAT to AAAAA by either Quick-Change Mutagenesis kit (Strategene) or overlapping 

PCR mutagenesis. 

2.3  Cell culture 

E10 (mouse immortalized lung epithelial cell line), A549 (adenocarcinomic human 

lung epithelial cell line), and HEK293T (human embryonic kidney cell line) were 

cultured in Dulbecco’s modified eagle’s medium (DMEM) (Sigma, #D6429) containing 

10% fetal bovine serum (FBS), and 1% penicillin/ streptomycin (P/S) (Invitrogen). H358 

(human NSCLC cell line) and H1299 (human NSCLC cell line) were maintained in 

RPMI-1640 medium (Sigma, #8758) containing 10% FBS and 1% P/S supplemented 

with Sodium Pyruvate (1mM), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES; 10mM) and Glucose (2.5mg/ml). All cells were maintained at 37˚C with 5% 

CO2.  

2.4  Lentivirus production and concentration 

Twenty-four hours before transfection, 2×106 293T (passage lower than 10) cells 

were seeded in 60mm tissue culture dishes pre-coated with 0.1 mg/ml poly-L-lysine and 

incubated at 37˚C overnight. Then, 1µg of pTRIPZ-TAZ-S89A, pTRIPZ-TAZ-S89A-

WWm, pTRIPZ-TAZ-S89A-F52/53A, pLentiCRISPRv1-sgTAZ/YAP or 

pLentiCRISPRv1-sgAldh1a1 transfer vector were mixed with 0.75µg of psPAX 

(packaging), 0.25µg of pMD2G (envelop) plasmids and 6µl of PolyJet reagent 

(SignaGen) in Serum-free medium. After incubation for 15 minutes at room temperature, 

the mixture was added dropwise into each plate. Twenty to twenty-four hours after 

transfection, the medium was replaced with 2ml of DMEM/10%FBS containing 10mM 
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Sodium Butyrate (demethylation of plasmids to increase gene expression). Two days 

after transfection, the media containing lentivirus were collected for direct viral infection 

or viral concentration using Lenti-X concentrator (Clontech) according to the 

manufacturer's protocol.  

Lentivirus-containing media was collected and centrifuged at 1,000g for 5 minutes at 

4˚C to remove cells or debris. Then, one volume of the Lenti-X concentrator was mixed 

with three volumes of the supernatant. After overnight incubation at 4˚C, the mixture was 

centrifuged at 1,500g for 45 minutes at 4˚C. The off-white precipitation was further 

resuspended in a certain amount of complete culture media. The concentrated lentivirus 

was aliquoted and stored at -80˚C or applied for infection, as described below. 

2.5  Establishment of stable cell lines 

For lentivirus infection, 1.5×105 E10 cells, 1×105 A549, and 2×105 H358 cells were 

seeded into each well of 6-well plates. One day after plating, 8µg/ml of polybrene and a 

series amount of virus were added into each well. Two days after infection and 

incubation at 37˚C with 5% CO2, the cells were treated with 2µg/ml Puromycin for 

selection. After stable cell lines were established, cells were either collected for protein 

analysis, functional assays or tumorigenesis assay (see below). 

2.6  Gene knockout by Clustered Regularly-Interspaced Palindromic Repeats 

(CRISPR) 

For TAZ/YAP or Aldh1a1 gene knockout, 1-2 single-guide RNAs (sgRNAs) 

sequences targeting TAZ/YAP or Aldh1a1 were chosen based on published whole-genome 

sgRNA library sequences (130,131) (Table A-1) and single-stranded complementary 
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oligos with BsmBI overhang were synthesized (McGill University). FastDigest BsmBI 

and FastAP from Fermentas were used to digest lentiCRISPRv1 (Addgene) lentiviral 

vector. Digested vectors were purified by QIAquick Gel Extraction Kit and eluted in EB 

buffer. Oligos were phosphorylated and annealed by T4 Polynucleotide kinase (PNK, 

NEB, #M0201S) in T4 Ligation Buffer (NEB) following a thermocycler running at 37˚C 

for 30 minutes, 90˚C for 5 minutes and then ramp down to 25˚C at 5˚C per minute. 

Ligation was catalyzed by mixing annealed oligos and digested lentiCRIPSRv1 vector 

with Quick Ligase in Quick Ligase Buffer (NEB, #M2200S), followed by transformation 

into Stbl3 bacteria. Production of lentivirus and establishment of stable cell lines were as 

described above. 

2.7  Protein extraction and quantification 

Mammalian cells were 80-90% confluence when they were applied for protein 

extraction. Before protein extraction, cell culture dishes were placed on ice and cells were 

washed twice with ice-cold 1× phosphate buffered saline (PBS). Ice-cold 

radioimmunoprecipitation assay buffer (RIPA lysis buffer; 50mM Tris HCl (pH8.0), 

150mM NaCl, 0.02% sodium azide, NP-40, 0.1% SDS, 0.5% sodium deoxycholate) 

containing 1× complete Ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor 

cocktail (Roche, #1873580) was added immediately to each plate after the second wash. 

Cells were scraped off the dish and transferred into a pre-cooled Eppendorf tube. After 

incubation on ice for 30 minutes, the cell lysate was centrifuged at 12,000g for 10 

minutes at 4˚C and the supernatant was transferred into a fresh tube on ice. The proteins 

were applied to quantification or stored at -80˚C for further use. 
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For protein quantification, bovine serum albumin (BSA, Bio-Rad) was diluted as 

protein standards. Cell lysates were diluted four times and proteins were quantified by 

using DC protein assay kit (Bio-Rad). The protein concentration was measured by 

SmartSpec Plus Spectrophotometer from Bio-Rad. 

2.8  Western blot and antibodies 

Protein lysates were equally adjusted to 10-20µg and mixed with 5× protein loading 

buffer (0.29M Tris HCl (pH6.8), 8.57% SDS, 30% glycerol, 4.2% β-mercaptoethanol, 

0.2mg bromophenol blue). The mixture was boiled at 100˚C for 5 minutes, and samples 

were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

electrophoresis (SDS-PAGE) and transferred to the Hybond-ECL nitrocellulose 

membrane (Amersham, #RPN2020D). The non-specific binding sites were blocked by 

immersing the membrane in 5% skim milk dissolved in Tris-buffered saline with Tween-

20 (TBST) on a shaker for one hour at room temperature.  

Subsequently, the membrane was probed with corresponding primary antibody at 

4˚C overnight. Primary antibodies were used as follows: mouse monoclonal anti-TAZ 

(1:1,000) antibody from BD Biosciences; rabbit polyclonal antibody YAP (H125, 

1:1,000) from Santa Cruz; rabbit monoclonal anti-ALDH1A1 (1:500) antibody from 

Abcam and mouse monoclonal anti-β-actin (1:10,000) from Sigma, respectively. Next, 

the membrane was washed by TBST and incubated with horseradish peroxidase (HRP)-

conjugated goat anti-mouse or anti-rabbit IgG antibody (1:10,000; Jackson 

ImmunoResearch) for one hour at room temperature. Protein expression was detected by 

incubation of membranes in enhanced chemiluminescence (ECL) reagents for 1 minute, 

followed by exposure to Kodak BioMax x-ray films. 
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2.9  RNA extraction and real-time quantitative reverse transcription-polymerase 

chain reaction (qRT-PCR) 

For total RNA extraction, cells were cultured until 70-80% confluence, followed by 

total RNA extraction through RNAzol®RT reagent (Molecular Research Center, Inc., 

Cincinnati, OH, USA) according to the manufacturer’s protocol. In brief, cells were 

homogenized with a certain amount of RNAzol®RT reagent, followed by DNA/protein 

precipitation at 12,000g for 15 minutes. To further eliminate DNA contamination, the 

total RNA was purified by 4-bromoanisole (BAN), followed by centrifugation at 12,000g 

for 10 minutes. The supernatant was collected and incubated with the same volume of 

isopropanol for 15 minutes at room temperature. Next, the RNA was precipitated at 

12,000g for 10 minutes, washed twice with 75% ethanol and centrifuged at 4,000g, and 

finally solubilized in RNase-free water. RNA integrity was checked by electrophoresis on 

a 1% Tris-acetate-EDTA (TAE) agarose gel. RNA concentration was measured by a 

spectrophotometer with an optical density (OD) reading at 260nm. 

After RNA extraction, SuperScript III Platinum SYBR Green One-Step qRT-PCR 

Kit (Invitrogen) was used for real-time qRT-PCR to validate the level of each 

differentially expressed gene. A duplicate of 50ng of total RNA extracted from cells were 

mixed with specific primers (Table A-2), followed by running on the ViiA 7 Real-Time 

PCR System. RT-PCR was run at 1 cycle of 50˚C for 10 minutes, 95˚C for 5 minutes and 

40 cycles of 95˚C for 10 seconds, 60˚C for 30 seconds. 18S rRNA was used as internal 

control of RNA. The relative mRNA level of each gene was calculated as the following 

formula:  2-(gene ∆CT – Control ∆CT), where ΔCT = gene average CT - rRNA average CT. Gene 

expression levels were compared between cells infected with vector control (A549 and 
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H358) or without Dox-induced TAZ overexpression (E10-TAZS89A-T) and those 

infected with lentivirus expressing sgTAZ/sgYAP or sgAldh1a1 or Dox (+).The mean 

and S.D. were calculated from Ct values of duplicate real-time RT-PCR. Student t-test 

was used for statistical analysis of the difference between control (Dox- or sgCtrl) and 

test (Dox+ or sgTAZ/sgYAP or sgAldh1a1) group. P<0.05 was considered as statistically 

significant. The same statistical analysis was used for soft-agar, sphere formation, 

Aldefluor, and luciferase assays described below. 

2.10 Gaussia Luciferase and β-galactosidase assays 

Triplicates of 1×105 H1299 cells were plated in 12-well plates 24 hours before 

transfection. After changing fresh complete growth media, cells were transiently 

transfected with ALDH1A1-Gluc reporter or its mutants (100ng) alone or together with 

vector control pcDNA3.1, TAZ-S89A-HA, TAZ-HA, TAZ-WWm-HA, TAZ-F52/53A-

HA (400ng) using PolyJet at a ratio of 3:1 (volume of PolyJet to mass of plasmid). As an 

internal transfection control, CMV-β-galactosidase (100ng) was also co-transfected into 

each sample. After 24 hours, cells were harvested and measured for Gaussia Luciferase 

activity by BioLux Gaussia Luciferase Assay Kit using the Gaussia Luciferase Reporter 

Assay System (Promega) and Turner Biosystems 20/20 luminometer (Promega).  

β-galactosidase assay was started by mixing 30µl cell lysates with MgCl2 (0.1M, in 

4.5M beta-mercaptoethanol), o-Nitrophenyl-β-D-galactoside (ONPG, 4mg/ml, pH=7.5), 

and Sodium Phosphate (0.1M, pH=7.5). After incubation at 37°C for about 10 minutes or 

until a faint yellow color developed, the reactions were stopped by adding 500µl of 

Na2CO3 (1M). Mixtures were transferred to each well of a 96-well plate and color 

intensities were measured at a wavelength of 420nm by VersaMax Microplate Reader 
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(Molecular Devices, LLC., USA). β-galactosidase activity (units/ml) = A420 × (0.0045)-1 

× ( reaction time (min) × cell extraction volume (ul) )-1.  

Luciferase activity of each sample is calibrated with β-galactosidase activity. The 

fold change is calculated based on the ratio of averaged luciferase activity of ALDH1A1-

Gluc or its mutants after transfection of TAZ/TAZ-S89A or its mutants to that after 

transfection of vector (control). The experiments were repeated 3 times. The means ±S.D. 

of each transfection were shown. 

2.11 Cell proliferation assay 

Triplicates of about 1.5×104 E10 cells or 1×104 A549 cells were seeded into each 

well of 12-well plates. Dox (doxycycline hyclate, 1µg/ml, BioShop, Canada) was added 

into the cells on the next day. Cell numbers were counted on days 1, 2, 3, 4, 5, and 6 after 

plating. Dox was refreshed every two days by changing fresh culture media with Dox. 

Data are shown as means ±S.D. and experiments are repeated at least three times. 

2.12 Soft-agar assays 

A triplicate of about 2×103 E10 or 2×104 A549 cells were mixed with complete 

growth media containing 0.4% agarose and then overlaid on 0.8% agarose in each well of 

6-well plates. On the next day, 1ml of complete growth medium with/without 2µg/ml 

Dox was added on top of the agarose. Medium was refreshed every two or three days. 

After culturing for 18 days, colonies were stained with 0.005% crystal violet in 20% 

methanol. Pictures were obtained under white light by the Bio-Rad Gel Doc System (Bio-

Rad, Mississauga, Canada) and colonies were quantified by colony count program in 
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Quantity One software. Data are shown as means ±S.D. These experiments were repeated 

at least three times. 

2.13 Sphere formation assay 

When E10 overexpressing TAZ or its mutants or A549 cells with or without 

TAZ/YAP knockout were around 80% confluence, they were dissociated by trypsin-

EDTA into single-cell suspensions. Triplicates of 1×104 cells were suspended in 

Dulbecco’s Modified Eagle Medium/F12 (Sigma-Aldrich Co. LLC., #D6421) supplied 

with L-glutamine, epidermal growth factor (EGF, 20ng/ml, Sigma-Aldrich Co. LLC., 

#E5036), basic fibroblast growth factor (bFGF, 20ng/ml, recombination human protein, 

AA10-155, Life Technology), and insulin (4µg/ml; Life Technologies, #A11429IJ). Cells 

were then seeded into each well of ultra-low-attachment 6-well plates (Corning, Inc., NY, 

USA) with/without Dox. Following 7 days in culture, spheres larger than 100µm were 

quantitated and pictures were taken using TE200 Nikon Inverted Fluorescent Microscope 

(Nikon, Montreal, Canada). 

2.14 Aldefluor assay and flow cytometry 

To profile cells with high ALDH enzymatic activity, the Aldefluor kit (Stem Cell 

Technologies, Vancouver, BC, Canada) was utilized according to the manufacturer’s 

instructions. Around 2×105 cells were collected and suspended in Aldefluor Assay 

Buffer. Cells were incubated in ALDH substrate BAAA. Cells that were able to take 

BAAA and catalyze BAAA to a fluorescent product BAA, were considered as ALDH 

positive cells (-DEAB Test). Half of the cells was incubated under identical conditions 

with addition of specific ALDH inhibitor DEAB as a control (+DEAB control). Flow 
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cytometry was conducted by MACSQuant Analyzer (Miltenyi Biotec Inc., San Diego, 

CA, USA). Gate were set on the right side of the plot and data were analyzed by Flowing 

Software (Perttu Terho, Turku Center for Biotechnology, University of Turku, Finland). 

2.15 Treatment of cells by ALDH1A1 inhibitor 

E10-TAZS89A-T cells were treated with increasing concentrations (0, 1, and 10µM) 

of ALDH1A1 inhibitor A37 (EMD Millipore, #531726) for cell proliferation assay (6 

days), sphere formation assay (7 days), soft-agar assay (18 days). For Aldefluor assay, 

cells were pre-treated with A37 for two days, followed by cell collection, reagents 

incubation and flow cytometry as described above. 

2.16 Tumorigenesis assay 

For CSC tumorigenic studies, low cell numbers of 1×104 tumorigenic E10-TAZ-

S89A-T cells expressing sgCtrl or sgAldh1a1 were suspended in 100µl 1×PBS and 

subcutaneously injected into each side of NU/NU nude mice (Jackson Lab). Five mice 

were used for each cell concentration, age matched between 5 and 6 weeks. Mice were 

fed with water without or with Dox (1µg/ml) with refreshing on every other day. After 11 

weeks, mice were sacrificed to get the withdrawn tumors for further analyses. 

2.17 Establishment of TAZ-overexpressing tumorigenic cell line 

To establish E10-TAZ-S89A-T cell line, mice were injected with E10-TAZ-S89 cells 

and fed on food containing Dox. Tumors were isolated and cut into small pieces, washed 

by PBS and trypsinized 4˚C overnight. Then cells were passed through filter and cultured 

in 100 mm plate with culture media supplemented with Ciprofloxacin to get rid of 
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potential bacteria and Puromycin to keep a selection pressure, sequentially. After that, 

cells were cultures in regular procedures (132). 

2.18 Immunohistochemistry analysis 

Formalin fixed paraffin embedded (FFPE) tumor tissues were sectioned at the 

thickness of 3-4µm, stained by the Discovery XT Automated IHC/ISH research slide 

staining system (Ventana Medical Systems, Inc.). Antigens were retrieved with EDTA 

(pH=8) solution, blocked by 1% BSA (Fraction V), and incubated with mouse 

monoclonal anti-TAZ antibody (1:300 dilution, BD Biosciences) and rabbit monoclonal 

anti-ALDH1A1 (1:50 dilution, Abcam) antibody. As a control for specificity, one slide 

was processed with the same IHC condition except that primary antibody was not added. 

IHC signals were developed by using biotinylated HRP-conjugated anti-mouse or anti-

rabbit secondary antibody, respectively, followed by catalyzing 3,3’-diaminobenzidine 

(DAB) substrate-chromogen into a visible precipitate. Pictures were taken using TE200 

Nikon Inverted Fluorescent Microscope at 40× magnification. 

2.19 Statistical analysis 

Data are shown as the mean ±S.D. and statistical differences were analyzed with t-

test. A P value of less than 0.05 was considered to be statistically significant. Statistical 

analysis was performed by Office excel macro. 
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Chapter 3 

Results 

3.1 Overexpression of TAZ-S89A induces tumorigenic and stem cell phenotypes in 

lung epithelial cells  

3.1.1 Overexpression of TAZ-S89A induces tumor formation 

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 (73). 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 vivo in nude mice (73). 

Previously our lab overexpressed the constitutively active form of TAZ (TAZ-S89A), 

which has superior oncogenic effects to wild-type TAZ due to mutation of the 

phosphorylation site of its upstream kinase and suppressor LATS, in HBE135 and E10 

mouse non-tumorigenic lung epithelial cells using a lentiviral Dox-inducible system. 

HBE135-TAZ-S89A and E10-TAZ-S89A cells were subcutaneously injected into nude 

mice, followed by Dox treatment. Remarkably, in the presence of Dox, E10-TAZ-S89A 

formed large-size tumors in two weeks, whereas HBE135-TAZ-S89A formed tiny tumors 

after 2 months. Therefore, the cell line derived from tumor caused by E10-TAZ-S89A 

was used in our further experiments. Hematoxylin and eosin (H&E) staining and IHC 

analysis of tumor histology and TAZ expression, respectively showed that 
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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 (Figure 3.1). Formation of such highly malignant tumors after TAZ-

S89A induction in two weeks confirms that TAZ is indeed a driver of tumorigenicity in 

lung cancer in vivo.  
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Figure 3.1 Overexpression of TAZ-S89A caused highly malignant tumor formation. 

Tumorigenesis assay was performed by subcutaneously injecting about 3x106 E10-

TAZ-S89A cells into two-sides of nude mice. (A) E10-TAZ-S89A cells caused large 

tumors in two weeks. Two weeks later, the tumors were fixed, sectioned, and subjected to 

H&E staining and IHC. (B) H&E staining of E10-TAZ-S89A tumors showed high-grade, 

poorly-differentiated carcinoma. (C) IHC staining for TAZ expression using TAZ 

antibody (1:300 dilution, BD Biosciences) showed that TAZ was overexpressed in the 

nuclei. Pictures were taken using TE200 Nikon Inverted Fluorescent Microscope (Nikon, 

Montreal, Canada) as 20× magnification.    

A B C
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3.1.2 Overexpression of TAZ-S89A induces stem cell phenotypes in E10 cells 

To further explore the molecular mechanism underlying TAZ-S89A-induced 

tumorigenesis, E10-TAZ-S89A cells from tumor allografts (E10-TAZ-S89A-T) were 

isolated. In addition to the high expression of TAZ level and enhanced ability in cell 

proliferation and transformation (132), E10-TAZ-S89A-T cells significantly obtained 

higher CSC phenotypes as demonstrated by sphere formation assay (Figure 3.2) 

compared to the parental E10-TAZ-S89A (E10-TAZ-S89A-P) cells. More interestingly, 

in spite of the sphere formation in parental cells, tumor-derived cells could develop larger 

sphere size (Figure 3.2A) and more sphere number (Figure 3.2B), suggesting that the 

new-tumor-derived cells have high percentage of CSCs and tumorigenic activity. 
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Figure 3.2 Overexpression of TAZ-S89A induces stem cell phenotypes in lung 

epithelial cells. 

Sphere formation assay. (A) 1×104 parental or tumor-derived cells were seeded into 

each well of ultra-low-attachment 6-well plates, followed by incubation in the absence or 

presence of Dox (1µg/ml). Spheres were set as larger than 100µm. Sphere size is shown 

as pictures taken at 20× magnification. (B) Quantification of tumor sphere numbers. The 

data are shown as means ±S.D. (n=3). “*” represents statistically significant difference 

(P<0.05) in t-test.  

A 
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3.2  Identification of functional domains mediating TAZ-induced tumorigenesis and 

cancer stem cell phenotype 

As a transcriptional co-activator and a downstream target phosphorylated and 

inhibited by the Hippo tumor suppressor pathway, TAZ has been shown to promote cell 

proliferation, transformation and migration through downstream transcription factors, 

such as TEAD (57,59). Although TEAD has been shown to be critical for TAZ-induced 

tumorigenesis, conflicting results have been reported on the roles of WW domain of TAZ 

in cancer (48,79,133,134). To further understand the molecular mechanism underlying 

TAZ-induced tumorigenesis, we tested the functional domains of TAZ important for 

TAZ-S89A-induced lung tumorigenesis and CSC phenotypes.  

In mammary cells, mutations of two phenylalanine residues at 52 and 53 (F52/53A) 

of TEAD binding domain on the N-terminal region of TAZ is critical for TAZ-TEAD 

binding and TAZ-induced anchorage-independent growth (57,59). Additionally, WW 

domain of TAZ was also demonstrated as an important domain for TAZ transformation 

ability (48,134). However, their function in lung tumorigenesis is still unclear. We then 

examined the effect of TAZ with mutation of TEAD binding domain (TAZ-S89A-

F52/53A) and mutation of WW domain (TAZ-S89A-WWm) in E10 cells. Although equal 

levels of TAZ-S89A wild-type (WT) and mutants were expressed in the presence of Dox 

(Figure 3.3), TAZ-S89A-F52/53A abolished TAZ-induced increased cell proliferation 

(Figure 3.4), transformation (Figure 3.5) and spheroid formation (Figure 3.6), whereas 

TAZ-S89A-WWm have no effect on these phenotypes (Figure 3.4-3.6).  



 

41 

 

 

 

 

 

    
 

 

 

Figure 3.3 TAZ-S89A is equally overexpressed in TAZ-induced systems. 

Western blot analysis of TAZ-S89A expression. E10 cells expressing WT, WWm, or 

E52/53A TAZ-S89A were incubated in the absence (-) or presence (+) of Dox for two 

days. About 10µg of cell lysates were extracted for Western blot analysis. Without Dox, 

there were low levels of TAZ expression, which means low basal level of TAZ in E10 

cells.  
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Figure 3.4 Identification of functional domains mediating TAZ-induced cell 

proliferation. 

Cell proliferation assays were performed to compare the increased cell proliferation 

caused by overexpression of WT (A), WWm (B), and F52/53A (C) TAZ-S89A in E10 

cells. 1.5×104 cells were seeded into each well of 12-well plates, then untreated (-) or 

treated (+) with Dox. Cell numbers were counted on days 1, 2, 3, 4, 5, and 6 after plating. 

The experiments were repeated at least three times. Data are shown as means ±S.D. “*” 

represent significant difference.  

 

  



 

43 

 

 

 

 

 

 

A 

B 

C 



 

44 

 

 

 

 

 

 

Figure 3.5 Identification of functional domains mediating TAZ-induced anchorage-

independent cell growth. 

(A) Soft-agar assays. The assays were conducted to compare transformation property 

of E10-TAZ-S89A-WT, E10-TAZ-S89A-WWm, and E10-TAZ-S89A-F52/53A cells. 

2×103 cells were mixed with 0.4% agarose in growth media and overlaid on 0.8% agarose 

in 6-well plates, followed by incubation in the absence or presence of Dox (2µg/ml). 

Colony formation was examined after culturing for 18 days. (B) Quantification of colony 

numbers. Colony numbers were counted by Quantity One software of the Bio-Rad Gel 

Doc System. Data are shown as means ±S.D. “*” represent significant difference 

(P<0.05) in t-test.  
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Figure 3.6 Identification of functional domains mediating TAZ-induced CSC 

phenotype. 

(A) Morphology of spheres measured by sphere formation assay in E10-TAZ-S89A 

WT, WWm and F52/53A cells with and without Dox induction for 7 days. (B) 

Quantification of sphere formation assay. Experimental procedures and data analysis 

were as described in Figure 3.2. 
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These studies suggest that the TBD, rather than the WW domain of TAZ, is essential 

for TAZ-S89A induced tumorigenesis and cancer stem cell phenotypes. 

3.3  Identification of Aldh1a1 as a downstream transcriptional target of TAZ 

3.3.1 Identification of cellular genes as potential targets of TAZ 

Since TAZ is a transcriptional coactivator, it may cause lung tumorigenesis and CSC 

phenotypes by transcriptionally activating downstream gene(s). To identify novel 

downstream genes transcriptionally upregulated by TAZ, gene expression profiles of 

E10-TAZ-S89A-T cells in the absence and presence of Dox induction were compared by 

RNA-sequencing (RNA-seq) (132). After inducing TAZ-S89A for 24 hours, a total of 

168 genes were found upregulated. qRT-PCR analysis validated a total of 10 oncogenes 

that are upregulated at least 3 fold (Figure A-1). Of these genes, human homologs of 4 

genes including Inhibin, beta A (INHBA), Kruppel-like factor 5 (KLF5), 

Serine/threonine/tyrosine kinase 1 (STYK1), and stem cell marker ALDH1A1 are 

previously shown to be over-expressed in NSCLC and involved in lung cancer 

progression and tumorigenicity (115,135–140). In this study, we have further 

characterized Aldh1a1, the most significantly up-regulated gene (Figure 3.7), as a bona 

fide downstream target of TAZ during lung tumorigenesis. 
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Figure 3.7 qRT-PCR confirmation of cellular gene activated by TAZ. 

Real time qRT-PCR was performed to examine Aldh1a1 gene expression in E10-

TAZ-S89A-T cells in the absence (-) or presence (+) of Dox for 24 h. The mRNA levels 

of E10-TAZ-S89A-T+Dox relative to those of E10-TAZ-S89A-Dox cells are presented 

here. The mean and S.D. were calculated from Ct values of triplicate real time RT-PCRs 

for each RNA sample.  
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3.3.2 Characterization of Aldh1a1 as a novel transcriptional target of TAZ 

To further confirm Aldh1a1 as a novel downstream target of TAZ, we examined the 

protein levels of ALDH1A1 by Western blot after induction of TAZ-S89A by Dox. 

ALDH1A1 is significantly induced after TAZ-S89A overexpression (Figure 3.8). Since 

TAZ-S89A-T cells formed CSC-like spheres (Figure 3.2A), we also isolated cells 

forming the lung spheres (TAZ-S89A-T-S). Significantly, we found that both TAZ and 

ALDH1A1 are higher in TAZ-S89A-T-S than TAZ-S89A-T cells (Figure 3.8), 

suggesting that the level of ALDH1A is positively correlated with TAZ level and CSC 

phenotype. In addition, by using an Aldefluor assay to detect active ALDH1A1 in cells, 

we found that induction of TAZ-S89A by Dox caused over 4-fold (0.71% vs 3.01%) 

induction of ALDH1A1 activity (Figure 3.9). To test whether activation of Aldh1a1 

transcription by TAZ is due to activation of Aldh1a1 promoter, we performed a luciferase 

assay in H1299 lung cancer cells using an ALDH1A1 promoter Gaussia luciferase 

reporter (ALDH1A1-Gluc). Overexpression of TAZ-S89A significantly increased 

ALDH1A1 promoter activity (Figure 3.10). Moreover, IHC showed that ALDH1A1 level 

was also significantly high in tissues derived from tumors induced by A549 human lung 

adenocarcinoma cells which is known for high level of TAZ (73,141) (Figure 3.11).  
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Figure 3.8 Western blot analysis of E10-TAZ-S89A-T and E10-TAZ-S89A-T-S cells. 

Western blot analysis was performed in E10-TAZ-S89A-T cells and lung spheres 

cells isolated from E10-TAZ-S89A-T-S. ALDH1A1 was detected from anti-ALDH1A1 

(1:500, Abcam) antibody. 

  



 

52 

 

 

 

 

 

 
 

 

Figure 3.9 Aldefluor assay detected higher activity level of ALDH1A1 induced by 

TAZ. 

Flow cytometry analysis of ALDH1A1 levels by Aldefluor assay. E10-TAZ-S89A-T 

cells were cultured in the absence (-Dox) or presence (+Dox) of Dox for 2 days. Cells 

were untreated (-DEAB, Test) or treated (+DEAB, Control) with the ALDH1A1 enzyme 

inhibitor DEAB, followed by Fluorescence-activated cell sorting (FACS) analysis. The 

experiments were repeated 3 times. A representative set of data is shown here.  
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Figure 3.10 Overexpression of TAZ-S89A significantly increased ALDH1A1 

promoter activity. 

ALDH1A1-Gluc reporter (100ng) was transiently transfected together with 

pcDNA3.1 vector (control, 400ng) or TAZ-S89A-HA (400ng) into H1299 lung cancer 

cells. CMV-β-galactosidase (100ng) was also transfected as an internal control. After 24 

hours, cells were harvested and tested for reporter activity by BioLux Gaussia Luciferase 

Assay Kit and β-galactosidase assay. The mean ±S.D. (n=3) is shown. t-test, *P<0.05.  
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Figure 3.11 IHC staining showed higher ALDH1A1 level in A549-induced tumor 

tissues. 

Tissue sections derived from tumors caused by A549 cells. (A) IHC staining without 

the primary antibody in tissues derived from tumors induced by A549 cells. (B) IHC 

staining for ALDH1A1 expression with ALDH1A1 antibody (1:200 dilution, Abcam).  
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Next, we wished to further confirm our result in other lung cell lines and test whether 

endogenous TAZ is essential for activation of ALDH1A1 in lung cancers. Since TAZ and 

YAP have redundant functions, we simultaneously knocked out TAZ alone or in 

combination with its paralog YAP in TAZ/YAP-high and ALDH1A1-high A549 human 

lung cancer cells using two sgRNAs targeting TAZ and YAP (Figure 3.12A). Although 

TAZ single knockout has some effect (data not shown), TAZ/YAP double knockout 

(sgTAZ/sgYAP) in these cells not only significantly reduced their mRNA (Figure 3.12B) 

levels, proliferation (Figure 3.13), transformation (Figure 3.14) and CSC sphere 

formation (Figure 3.15), but also caused significant reduction of ALDH1A1 protein 

activity (Figure 3.16) in A549 cells. In addition, reduction of ALDH1A1 at mRNA and 

protein levels was also found when TAZ and YAP are knocked out in another lung cancer 

cell line, H358 (Figure A-2). Together, our studies provide convincing evidence that 

ALDH1A is a major bona fide downstream target of TAZ/YAP in lung CSC phenotypes 

and tumorigenesis. 
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Figure 3.12 TAZ/YAP knockout significantly reduced ALDH1A1 levels of A549. 

(A) Western blot analysis of TAZ and YAP levels in A549 cells. By using two 

CRISPR sgRNAs targeting TAZ and YAP, both protein levels of TAZ and YAP were 

abolished in A549. TAZ and YAP was detected by anti-TAZ (1:1,000; BD Biosciences) 

and anti-YAP (1:1,000; Santa Cruz, CA, USA) antibodies, respectively. Vector virus was 

infected as a positive control. (B) qRT-PCR analysis of ALDH1A1 mRNA after TAZ/YAP 

knockout. RNAs were extracted from each infected A549 cell line for qRT-PCR to detect 

mRNA levels of ALDH1A1 in each cell line. Data are shown as means ±S.D., n=2. t-test. 

 



 

57 

 

                                             

 

 

 

  

 

  

A 

B 



 

58 

 

 

 

 

 

 

                               
 

 

Figure 3.13 TAZ/YAP knockout inhibits cell proliferation.  

1×104 A549 with TAZ/YAP knockout cells were seeded into each well of 12-well 

plates. Cells were cultured for six days and media were refreshed every two or three days. 

Data are shown as means ±S.D., n=3. 
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Figure 3.14 Knocking out TAZ/YAP reduced cell anchorage-independent growth. 

Soft-agar assay was performed on A549 cells with with reduced TAZ/YAP 

expression. (A) 2×104 cells were seeded and cultured for 18 days. (B) Quantitation of the 

colonies formed by sgTAZ/YAP. Experimental procedures and data analysis were as 

described in Figure 3.5. 
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Figure 3.15 TAZ/YAP double knockout significantly reduced CSC formation. 

(A) The representative spheres of TAZ/YAP knockout A549 cells. (B) sgTAZ/YAP 

significantly reduced CSC phenotype compared to control cells. Experimental procedures 

and data analysis were as described in Figure 3.2. 
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Figure 3.16 TAZ/YAP double knockout dramatically reduced ALDH1A1 activity in 

A549 cells.  

Aldefluor assay and flow cytometry quantification revealed a reduction in ALDH 

positive percentage when cells were infected by lentivirus expressing CRISPR 

sgTAZ/YAP. Procedures and data analysis were as described in Figure 3.9.  
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3.4  TEAD-dependent activation of ALDH1A1 transcription by TAZ 

Our findings suggest that interaction of TAZ with TEAD transcription factor is 

essential for TAZ-S89A-induced lung tumorigenesis and CSC phenotypes (Figure 3.3-

3.6). Therefore, we further tested whether TAZ activates ALDH1A1 transcription through 

activation of TEAD. Our luciferase assay showed that wild-type TAZ or TAZ-WW 

mutant (TAZ-WWm) significantly activated, whereas mutation of TEAD binding domain 

in TAZ (TAZ-F52/53A) completely abolished TAZ-induced activation of ALDH1A1 

promoter activity (Figure 3.17). By examining the ALDH1A1 promoter sequence, we 

found 11 putative TEAD response elements (TREs; Figure 3.18). Deletion analysis 

showed that TRE1 localized in the -256 ~ +52 region of ALDH1A1 promoter is 

responsible for the majority of its activation by TAZ (Figure 3.19-3.20). Since only a 

single TRE1 is located in -256 ~ +52 region of ALDH1A1 promoter, we further mutated 

the TRE1 (TRE1M) in the full-length ALDH1A1 promoter and showed that TRE1 

mutation completely abolished its activation by TAZ (Figure 3.21). In summary, these 

results strongly suggest that TAZ co-activator up-regulates ALDH1A1 by directly 

interacting with and activating the ALDH1A1 promoter through the TEAD transcriptional 

factor. 
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Figure 3.17 Functional domain important for activation of ALDH1A1 promoter. 

ALDH1A1-Gluc and β-galactosidase alone or together with wild-type TAZ, TAZ-

WWm, or TAZ-F52/53A were transiently transfected into H1299 cells. Relative 

luciferase activity was determined as described in Figure 3.10.  
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Figure 3.18 Construct of the ALDH1A1 promoter. 

There are eleven potential TEAD response elements (TREs) on the ALDH1A1 

promoter. The full length ALDH1A1 promoter contained within the region of -1223 ~ +52 

and was cloned into pEZX-PG02-Gluc vector.   

 

 

 

       
 

Figure 3.19 Deletions of ALDH1A1 promoter.   

The structures of ALDH1A1-Gluc with wild-type (-658 ~ +52) and deletions [(-535 

~ +52), (-291 ~ +52), (-256 ~ +52)] are shown here.  
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Figure 3.20 Luciferase analysis of ALDH1A1 promoter deletions. 

The constructs shown in Figure 3.19 were transfected alone or together with TAZ 

into H1299 cells line. Gaussia luciferase assays were carried out as described in Figure 

3.10.  
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Figure 3.21 TRE1 mutation in Aldh1a1 promoter completely abolished its activity 

by TAZ. 

(A) TRE1 mutation construct and sequences. TRE1 mutation (ALDH1A1-TRE1M-

Gluc) constructs were generated by site directed mutagenesis of TRE1. Mutated 

nucleotides in TRE1 are bolded and underlined. (B) Luciferase analysis of the ALDH1A1 

promoter with TRE1 mutation. Procedure and data analysis were as described in Figure 

3.10. The constructs of wild-type ALDH1A1 promoter and TRE1-mutated ALDH1A1 

promoter were transfected together with TAZ or mock control into H1299 cells line. 

TRE1 mutation completely abolished its activation by TAZ.  
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3.5  Activation of ALDH1A1 is critical for TAZ-induced tumorigenesis and CSC 

phenotype 

3.5.1 ALDH1A1 inhibitor reduced TAZ-induced cell proliferation, 

transformation and CSC property 

To examine whether activation of ALDH1A is critical for TAZ-induced 

tumorigenesis and CSC phenotypes, we first treated E10-TAZ-S89A-T cells with 

increasing concentrations of A37, a novel ALDH1A1-specific inhibitor recently 

developed and used by others (142). As a relatively potent first-generation selective 

inhibitor for ALDH1A1, A37 has less effect on related ortholog enzymes in ALDH 

family, which is promising to be a target therapeutic drug in ovarian cancer (142). Thus, 

we chose this small molecule inhibitor to test whether inhibition of ALDH1A1 by drug 

could reduce tumorigenesis and CSC phenotype in TAZ-inducible systems. An increase 

dosage of A37 (0, 1, 10µM) was added to the E10-TAZ-S89A-T cells. While 1µM of 

A37 reduced the activity of ALDH1A1, treatment of these cells with 10µM of A37 

abolished the active ALDH1A1 back to its original level (Figure 3.22). Cell proliferation 

in 1µM and 10µM A37 treatment was dramatically decreased compared to the 0µM 

group (Figure 3.23). Similar to the result in proliferation assay, soft-agar assay and tumor 

sphere formation assay showed that compared to untreated control cells, treatment with 

1µM of A37 induced less colony number (Figure 3.24), smaller sphere sizes and reduced 

sphere number (Figure 3.25). Moreover, with the increasing amount applied in 

experiments, A37 showed a dose-dependent properties the inhibition of ALDH1A1, cell 

proliferation, anchorage-independent cell growth and CSC phenotypes (Figure 3.22-

3.25).   
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Figure 3.22 A37 caused dose-dependent inhibition of ALDH1A1 activity in E10-

TAZ-S89A-T cells. 

(A) Aldefluor assay was conducted as described in Figure 3.9. Cells were cultured in 

the absence (-Dox) or presence of Dox (+Dox) with increasing concentration of A37 (0, 

1, 10µM) for 2 days. FACS data from cells treated with DEAB as a negative control are 

not shown. (B) ALDH1A1-positive cells were counted by Flowing Software. The data 

are shown as means ±S.D. (n=3). “*” represents significant difference (P<0.05) in t-test.   
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Figure 3.23 A37 inhibited TAZ-induced cell proliferation in E10 tumorigenic cell 

line. 

E10-TAZ-S89A-T cells were cultured without (-Dox) or with (+Dox) Dox and 

ALDH1A1 inhibitor A37 with increasing concentrations (0, 1, 10µM) for 6 days. 

Experimental procedures and data analysis were as described in Figure 3.4. Data are 

shown as means ± S.D., n=3. 
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Figure 3.24 A37 caused dose-dependent inhibition of the transformation of E10-

TAZ-S89A-T cells. 

(A) Soft-agar assay. Increasing amount of A37 was added together without or with 

Dox into cells. Media containing Dox and A37 were freshly made and changed every two 

or three days to keep the effect of drugs. (B) Quantification of soft-agar assay. Colonies 

were stained and counted after 18 days culturing. Experimental procedures and data 

analysis were as described in Figure 3.5. The data are shown as means ±S.D. (n=3). “*” 

represent significant difference (P<0.05) in t-test. 
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Figure 3.25 A37 reduced CSC phenotype induced by TAZ-overexpression in E10 

tumorigenic cells. 

(A) Sphere formation assay. E10-TAZ-S89A-T cells were cultured without (-) or 

with (+) Dox to induce TAZ overexpression, together with increasing concentrations of 

A37. (B) Quantification of sphere formation assay. Numbers of spheres were counted 

after treatment with A37 0µM (DMSO control), 1µM and 10µM for 7 days. Experimental 

procedures and data analysis were as described in Figure 3.2. The data are shown as 

means ±S.D. (n=3). “*” represents significant difference (P<0.05) in t-test. 
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3.5.2 Knocking out Aldh1a1 inhibits TAZ-induced tumorigenic properties 

To exclude the possibility that a high concentration of the small molecule drug A37 

may have non-specific effect, we also knocked out Aldh1a1 in E10-TAZ-S89A-T cells 

using two sgRNAs against different regions of Aldh1a1 gene (sgAldh1a1-1 and 

sgAldh1a1-2). Western blot confirmed that ALDH1A1 was completely abolished 

compared to control when TAZ was induced at the same levels (Figure 3.26). Knockout 

of Aldh1a1 significantly reduced TAZ-induced transformation (Figure 3.27) and CSC 

phenotype (sphere formation) (Figure 3.28). Compared to control cells, almost half 

numbers of colonies (Figure 3.27B) and spheres (Figure 3.28B) were reduced which 

further implicated the functional effects of ALDH1A1 in TAZ-induced tumorigenic 

phenomena. 
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Figure 3.26 Western blot analysis of cells after Aldh1a1 knockout by CRISPR.   

E10-TAZ-S89A-T expressing sgCtrl or two different sgAldh1a1 (sgAldh1a1-1 and 

sgAldh1a1-2) were cultured in the absence (-) or presence (+) Dox for 2 days, followed 

by protein extraction and Western blot analysis.  
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Figure 3.27 Aldh1a1 knockout reduced TAZ-induced anchorage-independent 

growth. 

(A) About 2×103 E10-TAZ-S89A-T cells infected with two different sgRNAs 

targeting Aldh1a1 gene was plated in complete media with agarose, culturing for 18 days. 

sgRNA vector was infected and plated as a control. (B) Quantification of soft-agar assay. 

Experimental procedures and data analysis were as described in Figure 3.5. The data are 

shown as means ±S.D. (n=3). “*” represents significant difference (P<0.05) in t-test. 
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Figure 3.28 Aldh1a1 knockout reduced TAZ-induced sphere formation.  

(A) Sphere formation assay was conducted as described in Figure 3.2. Pictures were 

taken after 7 days culturing. (B) Quantification of sphere formation assay. Data analysis 

was described in Figure 3.2. Sphere numbers were significantly decreased in Aldh1a1 

knockout cells compared to vector control.  
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3.6 Tumorigenicity in vivo 

To confirm Aldh1a1 is important for CSC phenotype in vivo, we subcutaneously 

injected low cell numbers (1×104 cells) of E10-TAZ-S89A-T and E10-TAZ-S89A-T-

sgAdlh1a1 cells into nude mice, followed by treating their drinking water with (+Dox) or 

without (-Dox) Dox. Tumor emerged after feeding mice with Dox treated water for four 

weeks. After feeding for 11 weeks, tumor formation in vivo was observed in the majority 

of mice (4 out 5; Figure 3.29) when E10-TAZ-S89A-T cells were injected, whereas 

knockout of Aldh1a1 in E10-TAZ-S89A-T cells (E10-TAZ-S89A-T-sgAdhl1a1-1 and -2) 

completely abolished tumor seeding and growth in mice (Table 3.1).  

Together, these in vitro and in vivo studies strongly suggest that Aldh1a1 is a critical 

gene mediating TAZ-induced lung tumorigenesis and CSC phenotypes. 

3.7 Exploration for upstream regulators of TAZ and YAP 

TAZ and YAP share redundant functions and both of them were recognized as 

oncogenes, working as transcriptional co-activators for genes involved in proliferation 

and apoptosis (30,41,143,144). In addition to their downstream genes, we also proposed 

to investigate the upstream regulators of TAZ and YAP in cancer development. 

Fluorescent reporter systems were established and receptor tyrosine kinases (RTKs) 

library was applied in candidate screening (Appendix B). 
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Figure 3.29 Tumor formation in nude mice. 

Tumorigenicity assay was performed by subcutaneously injecting about 1×104 

tumorigenic or Aldh1a1-knockout cells into each side of NU/NU nude mice (Jackson 

Lab). In order to induce TAZ-S89A overexpression, the test group of mice were fed on 

Dox (1mg/ml) treated water, while the control group of mice were fed on normal water. 

Representative tumor is shown with the black arrow. 
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Table 3.1 Summary of tumorigenicity analysis. 

 

Cell lines 

 

Injected cell number 

 

Dox 

 

Tumor formation 

E10-TAZS89A-T-sgCtrl 1×104 
- 0/5 

+ 4/5 

E10-TAZS89A-T-sgAldh1a1-1 1×104 
- 0/5 

+ 0/5 

E10-TAZS89A-T-sgAldh1a1-2 1×104 
- 0/5 

+ 0/5 
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Chapter 4 

Discussion 

4.1 TAZ is important for lung CSC phenotype 

Similar to normal stem cells (embryonic stem cells, germinal stem cells and somatic 

stem cells), CSCs are composed of a subpopulation of cells with the properties of self-

renewal and differentiation (145). Although CSCs share similar surface markers with 

normal stem cells (145), mounting evidence suggests that CSCs are critical for lung 

tumorigenesis, metastasis, and resistance to therapeutic drugs. Therefore, targeting the 

CSCs for lung cancer therapy has become one of the hottest areas in cancer research and 

therapy (145–147).  

However, although many genes have been identified to be involved in lung 

tumorigenesis, only a few cancer-causing genes were shown to be critical for lung CSC 

phenotypes. In our study, constitutively activated TAZ (TAZ-S89A) was applied in 

allograft mouse model, since overexpression of the wild type of TAZ could not cause 

tumor formation (73). It is possible that endogenous LATS could inhibit the wild-type 

TAZ in the canonical Hippo pathway in vivo, while the mutation of TAZ phosphorylation 

site by LATS (S89A) were resistant to inhibition by LATS (45). Therefore, simultaneous 

down-regulation of LATS and upregulation of TAZ may be required for lung 

tumorigenesis in vivo. In conclusion, our TAZ overexpression and knockout studies in 

vitro and in vivo strongly suggest that TAZ is not only a driver for lung CSC formation 

but also essential for the maintenance of the CSC phenotypes in lung cancers (Figure 3.1-

3.2 and Figure 3.12-3.16). Therefore, TAZ can be a novel target to specifically inhibit 
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CSC growth for more effectively treating early-stage, metastatic, and drug resistant lung 

cancer in the future. 

4.2 ALDH1A1 is a novel tumorigenic target of TAZ mediating TAZ-induced lung 

tumorigenesis and CSC phenotype 

Recently, ALDH1 was characterized as a specific stem cell marker in lung ADC and 

considered to be one of the most important markers in lung cancers (146,148). In their 

study, ALDH1 positive cells showed higher proliferation, colony formation, cell ball 

formation and tumor formation compared to ALDH1 negative cells by using a lung ADC 

cell line (148). Although ALDH1A1 has well been regarded as a standard CSC marker in 

various cancers (79,148), why it is upregulated in CSCs is still unclear. This study 

showed that TAZ is a critical upstream activator of ALDH1A1 in lung CSCs. Since TAZ 

is also involved in the formation of CSCs in other cancers such as breast cancer 

(77,78,149), our findings provide the first molecular mechanism underlying enhanced 

levels of ALDH1A1 in CSCs.  

In addition, our studies also indicate that ALDH1A1 is not only a marker, it also 

mediates TAZ-induced lung CSC phenotypes and tumorigenesis. We show here that 

inactivation of ALDH1A1 by its inhibitor or CRISPR gene editing can block TAZ-

induced lung tumorigenic and CSC phenotypes in vitro and tumor formation in vivo 

(Figure 3.22-3.25 and Figure 3.26-3.29). However, knockout of other TAZ downstream 

lung oncogenes such as INHBA, KLF5, or STYK1 by CRISPR has no effect (data not 

shown). This study strongly suggests that ALDH1A1 is a critical mediator of TAZ-

induced CSC phenotypes and tumorigenesis. Most significantly, since overexpression of 

TAZ has been found in over 60% lung cancer (73,74), inhibiting TAZ or ALDH1A1 
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alone or in combination may provide a more effective therapy for the treatment of TAZ-

associated lung cancer in the future. 

4.3  TEAD is a critical binding partner of TAZ in ALDH1A1 promotion 

Recently, TEAD binding domain has been recognized to play an important role in 

mediating cancer stem-like traits of TAZ in breast cancer (79). Additionally, other typical 

functional domains of TAZ, including WW domain, TAD and PDZ-binding motif, were 

also shown to contribute to TAZ-induced CSC traits and mammary tumor formation (79). 

Here, we report that TAZ-induced upregulation of ALDH1A1  is largely dependent on 

TEAD in lung cancer cells. Moreover, since TAZ is a core component of the Hippo 

pathway and dysregulation of the Hippo pathway plays an important role in lung 

tumorigenesis (24), TAZ-TEAD-ALDH1A1 may be a critical signaling axis in mediating 

CSC formation and tumorigenesis caused by dysregulation of other components of the 

pathway. Therefore, this regulation axis might be a potential target for cancers with 

dysregulation of the Hippo pathway. 

4.4  Conclusion and future directions 

In conclusion, this study provides convincing evidence that TAZ is a driver for lung 

tumorigenesis in vivo and a novel regulator of lung CSCs and that TAZ regulates these 

processes through upregulation of ALDH1A1. In addition, the transcription of ALDH1A1 

by TAZ is directly mediated by TEAD transcriptional factor. These findings might have 

implications for the prognosis, diagnosis, and therapy of lung cancer in the future. 

However, there are still a long way to apply this discovery into clinical patients. 
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It is possible to correlate the expression of TAZ and ALDH1A1 in tissue microarray 

from patients and check their overlapping expression and relationship to TNM-stages. It 

would be promising if we could confirm this correlation and may assist physicians to 

predict the prognosis for patients. In addition, more research could be done in exploration 

of the therapeutic effects and non-specific effect of ALDH1A1 inhibitor A37. Although 

A37 has been identified to have no effects on ALDH1A2 and ALDH1A3, it might be still 

worthy to carefully do more experiments in vivo before its application in clinical trials.  

Recently, a chemical compound library screen was conducted to identify inhibitors 

of TAZ and anticancer drugs (150). Although knockdown of TAZ and YAP 

compromised the viability of lung cancer cells, none of the 18,606 small chemical 

compounds could reduce the viability of H1299 cell line (150). Therefore, further 

screening and selection in other lung cancer cell lines are necessary to obtain effective 

compounds that may reduce the unphosphorylated TAZ and its function through TEAD 

in lung cancer. Moreover, the signaling axis of TAZ-TEAD-ALDH1A1 could be applied 

as a target in future validation of the compound screening. 

Furthermore, we also noticed that although TAZ-S89A is overexpressed in all E10-

TAZ-S89A-T cells, only low percentage (3.01%) of them are positive for ALDH1A1 

(Figure 3.9), suggesting that TAZ-S89A may specifically activate ALDH1A1 in CSCs. It 

will be very interesting to further investigate how ALDH1A1 is only activated by TAZ in 

CSCs and whether high levels of TAZ is positively correlated with those of ALDH1A1 

(CSC-specific) in clinical lung cancer patients.  
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Appendix A 

Figures and tables 

Table A-1  Oligo sequences of sgRNAs. 

sgRNA Oligos Forward Primer (5’ -3’) Reverse Primer (5’ -3’) 

sgTAZ 
CACCGTGCGCCAAGAGG

AGCTCATG 

AAACCATGAGCTCCTCTTG

GCGCAC 

sgYAP 
CACCGTAATAGGCCAGT

ACTGATGC 

AAACGCATCAGTACTGGC

CTATTAC 

sgAldh1a1-1 
CACCGAAAGCATTAAAG

TACTGTGC 

AAACGCACAGTACTTTAAT

GCTTTC 

sgAldh1a1-2 
CACCGGAGAACTTACGG

GGATGATT 

AAACAATCATCCCCGTAA

GTTCTCC 

 

Table A-2  qRT-PCR primer sequences. 

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

hAldh1a1 
TGAGCCAGTCACCTGTGT

TC 
CCACTCACTGAATCATGCCA 

mAldh1a1 
CGGTGGATTCAAGATGTC

TG 

GATGTGTAGCCACTGCTGAG

A 
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Figure A-1 qRT-PCR confirmation of cellular genes activated by TAZ. 

Real time qRT-PCR was performed to examine selected cellular gene expression in 

E10-TAZ-S89A-T cells in the absence (-) or presence (+) of Dox for 24 h. The mRNA 

levels of E10-TAZ-S89A-T+Dox relative to those of E10-TAZ-S89A-Dox cells are 

presented here. The mean and S.D. were calculated from Ct values of triplicate real time 

RT-PCRs for each RNA sample. 
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Figure A-2 Knockout of TAZ/YAP dramatically reduced ALDH1A1 in H358. 

(A) Western blot analysis of TAZ and YAP levels in H358 cells. By using two 

CRISPR sgRNAs targeting TAZ and YAP, both protein levels of TAZ and YAP were 

abolished in H358. Antibodies were applied as described in Figure 3.12. Vector virus was 

infected as a positive control. (B) qRT-PCR analysis of ALDH1A1 mRNA after TAZ/YAP 

knockout. RNAs were extracted from each infected H358 cell line. Data are shown as 

means ±S.D., n=2. t-test.   

A 

B 
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Appendix B 

RTKs screen for novel kinases interacting with YAP and TAZ in 

tumorigenesis 

In order to study whether there are novel kinases regulating YAP/TAZ functions by 

gain-of-function screening, E10 and H1299 cell lines stably expressing YAP/TAZ 

reporter super TEAD binding sequence (STBS)-mCherry were established (please refer 

to Table B-1 for oligos applied to construct STBS-mCherry-HygroR plasmid). STBS-

mCherry was developed as an improved mCherry fluorescent reporter containing 14 

copies of the TEAD DNA-binding sequence (151). Therefore, when YAP/TAZ are 

activated, TEAD would consequently be activated and further bind to STBS and induce 

high levels of mCherry fluorescence. The mCherry fluorescence in E10 cell line indicated 

its low background (Figure B-1 a-b) while the fluorescent background was high in H1299 

cell line (Figure B-1 c-d). This phenomenon is consistent to low levels of YAP/TAZ in 

E10 cell line and high levels of YAP/TAZ in H1299 cell line, respectively.  

Then the YAP/TAZ reporter system based on E10 cells lines was validated by 

infection of Dox-inducible constitutively active YAP-S127A and comparison of protein 

levels of YAP. YAP was highly expressed in cells treated with Dox compared to those 

without Dox, indicating that overexpression of YAP in E10 cells indeed enhanced the 

expression of YAP (Figure B-2). 

Since RTKs have been found to play important roles in a number of pathological 

processes including cancers (152), an RTKs screen was processed by using dual-

luciferase assay to detect RTK candidates that could activated YAP/TAZ reporter (STBS-

Luc) expression.   
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Table B-1  Oligo sequences for STBS-mCherry-HygroR construction. 

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

AvrII-HygroR 

AGGCCTAGGCTTTTGCAA

AAAGCTCGAATGAAA 

AAGCCTGAACTCACCG 

AGGCCTAGGCTATTCCTTTG

CCCTCGGAC 

 

             a                                                                 b 

	  

	  

	  

 c  d 

	  

	  

	  

Figure B-1  Basal fluorescent levels of YAP/TAZ reporter system. 

The figures show mCherry and normal states of cells under fluorescence microscope 

with green fluorescence and white light, respectively. Basal levels of mCherry and 

normal state in E10-STBS-mCherry-HygroR cells are shown in (a) and (b). Basal levels 

of mCherry and normal state in H1299-mCherry-HygroR cells are shown in (c) and (d).   
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Figure B-2  Western blot analysis of YAP expression in E10-STBS-mCherry cells 

with YAP overexpression. 

Two different amount virus (440ul and 800ul) of Dox-inducible YAP-S127A were 

infected to E10-STBS-mCherry cell line. Western blot was conducted after Puromycin 

selection and Dox induced for two days. The antibodies used in this experiment include: 

rabbit polyclonal anti-YAP (1: 500), mouse monoclonal anti-β-actin (1: 3,000).  
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From the RTKs screening, ERBB4 dramatically enhanced the reporter luciferase fold 

change (Figure B-3), which is consistent to previous studies (153,154). Among the RTKs 

library, 45 RTKs were transfected respectively and finally 31 of the RTKs including 

ERBB4 could activate YAP/TAZ (Figure B-3 and Table B-2). Among the 30 novel 

potential regulators for YAP/TAZ, FGFR1 upregulated luciferase fold change greater 

than 5 times, and other FGFR family members (FGFRL1 and FGFR2) highly increased 

YAP/TAZ reporter as well. Therefore, stable cell line (HEK293) overexpressing wild-

type FGFR family members were established for further validation (Figure B-4).  

FGFR1 and FGFR2 were further validated by dual-luciferase assay. Plasmids of 

wild-type FGFR1 and FGFR2 were constructed with corresponding oligos (Table B-3). 

Kinase dead mutations of FGFR1 (D623A; D represents aspartic acid) or FGFR2 (K517I; 

K represents lysine, I represents isoleucine) significantly reduced STBS-Luc fold change 

compared to their wild-types (Figure B-5), indicating their involvement in YAP/TAZ 

activation. Additionally, immortalized human breast epithelial cell line MCF10A 

overexpressing FGFR1 or FGFR2 were established and confirmed by qRT-PCR (Figure 

B-6). Western blot analysis was conducted to investigate the effects of these two 

candidate RTKs on downstream molecules (Figure B-7). Although some of the potential 

downstream proteins were not affected, other potential molecules are going to be checked 

or applied to other cell lines such as E10. 
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Figure B-3  RTK screen by dual-luciferase assay. 

Duplicates of 8×105 HEK293 cells were plated in 12-well plates 24 hours before 

transfection. After changing fresh media, cells were transiently transfected with STBS-

Luc reporter plasmid (100ng) together with pcDNA3.1 (plasmid control; 500ng), Mst 

(negative control; 500ng), ERBB4 (positive control; 500ng) or other 45 RTKs (500ng) 

using PolyJet. pRL-TK (Renilla luciferase reporter vector; 10ng) was also transfected as 

an inner control. After 48-hour incubation, cells were harvested and measured for Firefly 

and Renilla luciferase activities by Dual-Luciferase® Reporter (DLRTM)Assay System 

(Promega) and the luminometer. Red dashed line indicates the fold change at 1.5 times. 

“*” represents the candidate RTKs higher than 1.5 fold change.   
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Table B-2  List of candidate RTKs. 

RTKs Fold change RTKs Fold change RTKs Fold change 

FGFR1 5.41 FGFRL1 2.33 ErbB2 1.66 

ALK 4.01 FGFR2 2.27 VEGFR2/KDR 1.66 

EphA2 3.81 FIt3/Flk2 2.25 CSF1R/Fms 1.66 

MERTK 3.55 Ror2 2.14 DDR2 1.66 

NTRK2 3.40 NTRK3 2.06 LOC652799 1.65 

EphB1 2.98 MST1R 2.02 EGFR 1.64 

EphA4 2.80 SLAMF6 1.88 LMTK2 1.59 

Tie1 2.59 SuRTK106/STYK1 1.86 EphA1 1.55 

Axl 2.43 EphB6 1.81 PTK7/CCK4 1.54 

NTRK1 2.42 DDR1 1.67 Flt4 1.53 
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Table B-3  Oligo sequences for FGFRs constructs. 

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

FGFR1 
CGGGATCCACCATGGGGA

GCTGGAAGTGCCTCCTC 

CGACGCGTTCAGCGGCGTTT

GAGTCC 

FGFR2 
CGGGATCCACCATGGTCA

GCTGGGGTCGTTT 

CGACGCGTTCATGTTTTAAC

ACTGCCG 

 

 

                                
 

Figure B-4  Western blot analysis of HEK293 infected with FGFR family members. 

HEK293 cells were infected with FGFR family members (FGFR1, FGFR2, FGFR3 

and FGFRL1) with Flag tag. Mst was also infected. Mouse monoclonal anti-Flag (M2, 

purchased from Sigma, #F1804) was used as 1:1,000. 
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Figure B-5 Dual-luciferase assay of HEK293 with transient transfection of FGFRs 

and their kinase dead mutants. 

Kinase dead (KD) mutations of FGFR1 (D623A) and FGFR2 (K517I) were 

transfected respectively into HEK293 cell line together with STBS-Luc and renilla 

plasmid to detect their effects on YAP/TAZ compared to their wild-type plasmid (FGFR1 

and FGFR2).Dual-luciferase assay was conducted as described in Figure B-3. “*” 

represents statistically significant difference (P<0.05) in t-test, n=2. 
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Figure B-6  qRT-PCR of MCF10A cell line infected with FGFR1 and FGFR2. 

MAF10A cells were infected with two different amounts (100ul and 150ul) of 

FGFR1 (a) and FGFR2 (b) virus, respectively. WPI was also infected as a control. qRT-

PCR was conducted and analyzed as described (materials and methods 2.9). 

  

a b 
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Figure B-7 Western blot analysis for downstream molecules of FGFR family 

members. 

Cell lysates of MCF10A expressing FGFR1 or FGFR2 were extracted for Western 

blot analysis. Primary antibodies were applied as following: rabbit polyclonal anti-

phospho-YAP (S127; 1:1,000; Cell Signaling), anti-YAP (H125; 1:500; Santa Cruz), 

rabbit monoclonal anti-phospho-AKT (S473; D9E; 1:500; Cell Signaling), mouse 

monoclonal anti-AKT (1:1,000; Cell Signaling), rabbit monoclonal anti-phospho-ERK 

(Thr202/Tyr204; p-P44/42 MAPK; 1:2,000; Cell Signaling), rabbit monoclonal anti-

ERK1/2 (P44/42 MAPK; 1:1,000; Cell Signaling), anti-JNK (SAPK/JNK; 1:1,000; Cell 

Signaling) and mouse monoclonal anti-β-actin (1:10,000, Sigma). 


