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Abstract 

TAZ and YAP are transcriptional coactivators negatively regulated in the tumor suppressor 

(TS) Hippo pathway. TAZ and YAP play essential roles in tumorigenesis, epithelial mesenchymal 

transition (EMT) as well as cell resistances to different chemotherapeutic drugs such as the 

antitubulin drug Taxol. Although previous studies from the Yang Lab have shown that TAZ 

induces Taxol resistance through activation of downstream targets Cysteine rich 61 (Cyr61) and 

Connective Tissue Growth Factor (CTGF), the upstream regulations of YAP and TAZ during 

Taxol treatment is largely unknown.  

In this study, a Hippo independent negative regulation of YAP and TAZ is identified. In 

response to antitubulin drug treatments, Cyclin dependent kinase 1 (Cdk1) kinase can directly 

phosphorylate YAP and TAZ at multiple sites with SP/TP (S, serine; T, threonine; P, proline) 

motifs. The phosphorylation of YAP abolishes its interactions with transcription factor (TF) 

TEAD, whereas phosphorylation of TAZ by Cdk1 decreases the stability of TAZ. Our studies 

provide potential strategies and biomarkers to treat and predict antitubulin resistance. In addition 

to Cdk1, another kinase PIK3CB was identified as a positive regulator of TAZ/YAP. PIK3CB 

induces EMT and tumorigenesis by activating TAZ/YAP through inhibition of LATS. 

Collectively, the findings in our study provide another two novel regulators of TAZ and YAP in 

addition to the canonical Hippo pathway, which broadens our understanding of the molecular 

signaling network of the Hippo pathway. Furthermore, our research findings have significant 

implications for the prognosis and treatment of breast cancer patients in the future. 
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Chapter 1  

General Introduction 

 

1.1 Breast cancer (BC)  

1.1.1 BC statistics and risk factors 

Cancer, also known as malignant tumor, derives from uncontrolled cell growth that 

develops to invade or spread to other parts of the body to destroy the normal functions of the 

body. Currently, cancer is one of the top diseases leading to death worldwide (1).  

As one of the cancer types, BC is the leading cancer diagnosed in women worldwide, 

especially in developed countries. According to the statistics of the Canadian Cancer Society 

(2015), 1 in 9 women will develop BC in her life time and 1 in 29 of them will die from it (2).  

Although men can also get BC, less than 1% of BC incidences occur in men, with the reason that 

several types of BC development greatly correlate with female hormones, estrogen and 

progesterone (3). Therefore, women who have early menarche and/or late menopause as well as 

late or no pregnancies or take hormone replacement treatment are more likely to develop BC 

during their life time, because all these situations result in a longer period of estrogen circulation 

in the body and prolonged exposure times of  breast tissues to estrogen (3–5). Other risk factors 

include drinking alcohol, smoking as well as obesity according to epidemiological studies (6–8).  

In addition to the environmental factors mentioned above, women whose family members 

have a history of BC or other cancers are more likely to develop BC in their life time, indicating 

BC is also a genetic related disease. Approximately 5-10% of BC cases are hereditary due to the 

inheritance of mutated BRCA1 (Breast cancer gene 1) and BRCA2 (Breast cancer gene 2) genes 

(9). Women with inherited BRCA1/2 mutations have up to an 80% chance of developing BC in 
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their lives. Therefore, through screening mutations of BRCA1/2, people should be able to 

estimate the risk of developing BC and therefore find solutions for prevention of BC to increase 

the survival rates. A good example of this is the famous American actress Angelina Jolie, who 

had surgery to remove both of her breasts due to the specific mutation of BRCA1 gene detected 

in her. Although the approach to decrease the possibility of getting BC by sacrificing current 

normal breasts is not satisfactory, this is the best choice to decrease the risk for Angelina and 

other women in the same situation at present. In addition to BRCA1/2, increasing numbers of 

identified genes play roles in BC development and progression (10–17). However, due to the 

complexity of BC, successful prevention and treatment of BC are still difficult tasks.   

1.1.2 BC histopathological classifications and genetic subtypes 

BC is a heterogeneous disease, which has distinctive morphological and molecular 

features, variable responses to different clinical treatments as well as diverse clinical outcomes 

(18). The histopathological classification of BC is based on the varied features of morphology.  

According to the origins of the cell type, BCs can be briefly classified into lobular carcinoma 

(LC), ductal carcinoma (DC) and others from connective tissues (19, 20).  According to the 

malignancy, BC can be divided into in situ and invasive BCs, the latter of which can be further 

classified into invasive breast carcinoma of Non Special Type (NST) and special subtype of 

invasive BCs [Classifications of the Tumors of Breast, 4th edition, World Health Organization 

(WHO)] (19). NST is the most common type of all diagnostic BC cases. However, although 

histopathological classification of BC is reasonably reproducible and therefore is adopted 

worldwide (18), these classified BCs normally show less prognostic significance. As a result, the 

role of histological classification in clinical prognostic and predictive implications is limited 

(21).  
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Clinically, BC is also categorized based on the following markers, estrogen receptor 

(ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). 

According to the expression of these markers, BC can be classified into 3 main subtypes: ER 

and/or PR positive (+), HER2+, and triple-negative (TN; ER/PR/HER2 negative). 

Approximately 70% of BC patients are ER+ (22, 23). The growth of these BC depends on 

estrogen. These cancers can be treated with reagents specifically inhibiting the functions of ER 

(e.g., Tamoxifen) (24) or the production of estrogen (e.g., aromatase inhibitors) (22). ER+ BC 

normally has associations with good prognosis and 5 year survival (25), however, about 30% of 

these cancers will not respond to anti-estrogen therapies, resulting in poor prognosis (26). 

Furthermore, about 20-40% of ER+ BC patients will develop metastasis, over half of which 

occur 5 years later after the diagnosis (27, 28). HER2+ BC accounts for about 20% of BC cases, 

which is more aggressive and associates with higher relapse and lower survival rate (29–31). 

This type of cancer can be specifically targeted with a humanized mouse monoclonal antibody 

(Trastuzumab, also called Herceptin) to inhibit the activation of HER2. One clinical study 

suggests that this treatment can improve the prognosis of HER2+ BCs (32). TN BC (TNBC) 

represents 10-15% of BCs and normally occurs in patients that are younger than 50 and 

associates with highly aggressive and poor clinical outcomes (33–35).  Due to no expression of 

ER/PR and HER2, TNBC can’t be treated with either estrogen-related therapy or targeted 

therapy with HER2 inhibitors. Instead, chemotherapy using cytotoxic drugs targeting fast 

dividing cells is currently the standard treatment for TNBC (35).  

Since the year 2000, researchers started to elucidate the heterogeneity of BCs from the 

molecular level. Through a complementary DNA (cDNA) microarray representing 8102 human 

genes, Perou et al. first proposed the molecular portraits of BCs (36). In the following two years, 
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another two studies molecularly defined the classes of BC as luminal A, luminal B, HER2+, 

basal-like (BL) and normal-like (NL) BC (37, 38). Both luminal A and B subtypes are ER 

positive. However, luminal B subtype has a lower level of ER expression. In addition, luminal B 

shares some basal-like and HER2+ genotype (e.g. high Ki67 level) (Table 1), which results in 

poorer outcome than that of luminal A subtype (37). There is a high expression of HER2 but low 

levels of ER in HER2+ BCs, whereas BL BCs (BLBCs) are low in both HER2 and ER/PR. Both 

HER2+ and BLBCs are associated with poorer prognoses (39, 40). In addition, BLBC accounts 

for 15-20% of all BC cases and tend to occur more in younger and premenopausal women, 

which has a significant overlapping with TNBC (41–43). According to studies, about 55-85% of 

BLBCs are TNBCs (41).  

1.1.3 Clinical treatments of BC 

Major treatments for BC include surgery, radiation and general therapies (chemotherapy, 

hormonal therapy, targeted therapy) using different types of drugs. For treatment of early stages 

of invasive BC, which is limited to the primary organ, surgery is the first choice. The options of 

surgery include breast-conserving surgery plus radiation and mastectomy to move partial or 

entire breast tissue (44). Moreover, axillary node dissection is regarded as the standard surgical 

care. In addition, neoadjuvant chemotherapies are normally performed before primary surgical 

therapies to shrink tumors  (45, 46). For those patients who have already taken primary surgical 

therapies, the adjuvant therapies are given to them to prevent recurrences as well as extend 

disease-free survival period. The adjuvant therapies include radiation therapy to locally kill 

cancer cells left  

 

 



 

5 

 

 

 

 

 

 

Table 1. Molecular subtypes of BC and their characteristics as well as clinical prognosis 

correlations. IHC, immunohistochemistry. 

 

 

 

 

 

 

 

 

Molecular 

   subtype 

 

Luminal A 

 

Luminal B 

 

HER2+ 

 

Basal-like 

 

IHC staining 

 ER/PR+++ 

  Low Ki67 

  ER/PR+ 

 High Ki67 

   ER/PR-,       

   HER2+,  

  High Ki67 

         ER/PR-, HER2-, 

High Ki67, cytokeratin 5/6+,     

          and/or EGFR+ 

  Prognosis      Good  intermediate       Poor             Generally poor 

Treatment Hormonal Hormonal HER2 

targeting 

chemotherapies 
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in tissues next to breast as well as nearby lymph nodes and systemic therapies using chemical, 

hormonal or targeted drugs (27, 44, 47–49). Systemic radiation is performed to treat BCs that 

have spread to bone (50, 51), whereas variable drug therapies are often used to treat early stage 

BCs with high risk of reoccurrences as well as relapsed/metastatic cancers (52). These therapies 

are also used as neoadjuvant/adjuvant respectively therapies before and/or after surgery or 

radiation.  

Generally speaking, chemotherapy, hormonal therapy and targeted therapy are all cancer 

therapies killing cancer cells through introducing different types of agents to cancer patients. The 

common used agents for chemotherapies are cytotoxic drugs, whereas hormone related drugs and 

inhibitors targeting specific molecules of cancer cells are used during hormonal therapy and 

targeted therapy respectively. Cytotoxic drugs commonly used for chemotherapies include DNA 

damaging agents (platinum compounds like Cisplatin; anthracyclines like doxorubicin), 

antimetabolites [e.g., 5-fluorouracil (5-FU)], antitubulin drugs (e.g., taxanes like Taxol; vinca 

alkaloids like vinblastine) as well as alkylating agents and topoisomerase inhibitors (53). These 

drugs target fast-dividing cells and can be used for different types of BCs, especially for TNBCs 

with low expression of both HER2 and ER, which can’t be treated with either hormonal therapy 

or targeted therapy. However, cytotoxic drugs can also damage the normal cells that are fast-

dividing, such as hair and bone marrow cells, resulting in side effects including loss of hair and 

repressed immune system, etc. Commonly used drugs for hormonal therapy include Tamoxifen 

and aromatase inhibitors (e.g. Letrozole). The former can interact with ER to block ER 

activation, whereas the latter can decrease the production of estrogen. Hormonal therapy is used 

for the treatment of ER+ BCs. The typical targeted therapeutic drug used clinically for BC 

treatments is Herceptin, which specifically targets HER2 and therefore is used for the treatments 
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of HER2+ BCs. Compared with cytotoxic drugs, targeted drugs are more specific. However, due 

to the limited targets identified in BCs, not every patient can be treated specifically with targeted 

therapy. Therefore, studies are needed to identify more molecular targets for novel drug 

developments. During current clinical chemotherapies, different drugs can be employed either 

singly or in combination, depending on the stage of the cancer development (45, 54). Since a 

portion of BCs can’t be treated effectively, more studies and efforts are needed to improve the 

efficiency of treatments of these BC subtypes.  

1.1.4 Challenges and obstacles for BC treatment 

With more attention on the prevention of BC as well as the improvement of early 

detection and treatment, the survival rate of BC has been improved. However, BC still ranks as 

one of the top cancers causing death of women in Canada (2). The recurrence of BC is the major 

cause for BC-related death (55). Relapse depends on the survival/residual cancer cells or cancer 

stem cells (CSC) from primary therapies, such as chemotherapy and surgery (56). Normally, 

these cells recur in multiple sites of the body, which limits the therapeutic options. In such cases, 

drug-dependent systemic therapies are the most commonly used approaches. However, these 

cells have certain levels of drug resistance due to the alterations of molecular networks during 

the processes from primary therapies to recurrences (57, 58). Therefore, more research on the 

molecular network of alterations of cancer cells evading these systemic therapies (e.g., 

chemotherapy) may provide more strategies for efficient treatments of recurrent BCs to increase 

the survival rates of BC patients.  

1.2 Antitubulin drugs 

Antitubulin drugs are used as both first and second-line chemotherapies for BC as well as 

other types of cancers (59–62). As suggested from the name, antitubulin drugs can induce death 
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of cells through targeting tubulin, which is critical for the formation and dynamic function of 

microtubules (MTs) (60, 62–68). MTs play crucial roles in cell division (69, 70), which is a 

precise process including several self-protective mechanisms (checkpoints) to stop the 

progression of cell cycle if anything for cell division becomes aberrant (71–74). Therefore, 

through affecting normal formations and functions of MTs, antitubulin drugs can arrest cells in 

mitosis during cell cycles, further triggering cell death by apoptosis. In this way, as mitosis 

targeting agents, antitubulin drugs are more effective in inhibiting fast-dividing cells.  

1.2.1 MT compositions and functions 

MTs are hollow cylinders composed of heterodimers of α-tubulin and β-tubulin (67, 68) 

(Fig 1.1). In the presence of guanosine triphosphate (GTP) and physiological temperature, these 

dimers can polymerize into MT (67, 75). In the beginning of polymerization, long protein fibers 

called protofilaments are formed with heterodimers through a head-tail manner, in which the α-

tubulin of one dimer connects to β-tubulin of the other dimer (76). Then, 13 protofilaments 

assemble laterally in parallel, followed with curling around to form MT, which features as a 

polarized tube-like structure (77), with a negative (-) charged α-subunit at one end and a positive 

(+) charged β-subunit at the other end (78) (Fig 1.1). The organization and function of MTs 

require the involvement of MT-associated proteins (MAPs) (79–82). Besides, the dynamic of 

MTs featuring as polymerization and depolymerization requires GTP. The interaction of 

guanosine diphosphate (GDP) and MTs induces MT disassembly, whereas GTP increases the 

stability of MTs and contributes to polymerization (69, 83–85). The function of MT relates to its 

highly dynamic properties. As a component of the cytoskeleton, MTs play a critical role in 

different stages of mitosis by forming MT spindles that  

 

https://en.wikipedia.org/wiki/Guanosine_triphosphate
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     Figure 1.1 Structure and assembly of microtubules 

 

 

Heterodimers of α and β tubulins form into protofilaments in a head-tail manner. Thirteen 

protofilaments assemble in parallel to form polarized tubule-like structure, which is called 

microtubule. 
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assist the movements and attachments of chromosomes during different stages of mitosis (75, 

86). Therefore, interfering with the dynamics of spindle MTs during cell division will delay 

and/or block normal cell cycle progression. Therefore, cells that divide rapidly are more sensitive 

to the agents disturbing the dynamics of MTs (64, 70, 87, 88).  

1.2.2 Commonly used antitubulin drugs and their functional mechanisms 

Currently, taxanes and vinca alkaloids are two main members of the antitubulin drug 

family widely used for clinical treatments (60). Each of them affects MTs to induce cell death 

through different mechanisms. 

1.2.2.1 Vinca alkaloids 

Vinca alkaloids were originally extracted from Vinca plants (89). Commonly used vinca 

alkaloids include vinblastine and vincristine (63). Vinca alkaloids bind to β-tubulin to prevent it 

from assembling MT (59, 60, 62, 90, 91). Therefore, vinca alkaloids are regarded as MT 

destabilization agents. Further studies indicate that, high dosage of these agents inhibits the 

formation of MT spindles (59, 62, 64, 91), whereas lower concentration (nM) of vinca alkaloids 

affects the dynamic of MT to block cell division (64, 69, 87, 90, 91). The delay or blockage of 

mitotic progression finally results in apoptosis (59, 69, 72, 88, 92–94).  

Vinblastine is most often applied to treat BC, Hodgkin’s disease, non-Hodgkin’s 

lymphoma and germ cell tumors (61, 95–100), whereas vincristine is mainly used to treat acute 

leukemia, Hodgkin’s disease and other lymphomas (101–103).  

1.2.2.2 Taxanes 

Taxanes are natural products produced by plants of genus Taxus (104, 105). One of 

typical taxane drugs commonly used for clinical cancer treatments is Taxol (paclitaxel) (63, 106–

109). Taxanes also interact with β-tubulins (60, 62). But unlike vinca alkaloids, the interaction 
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site of β-tubulins for taxanes is different. Moreover, the interaction between taxanes and β-

tubulins keeps MT from depolymerizing, increases MT polymerization and disturbs MT normal 

dynamic regulation during cell division (59, 60, 108–111). Therefore, taxanes are also called MT 

stabilization agents. All of these disturb normal roles of MT in mitotic progression. Similar to 

vinca alkaloids, cells will be stopped from entering anaphase and undergo apoptosis. Currently, 

Taxol has been applied for the treatments of variable cancers, including BC, non-small cell lung 

cancer (NSCLC), ovarian cancer and other types of solid tumor cancers as well as Kaposi’s 

sarcoma (59, 61, 63, 105, 106, 112, 113). 

1.2.3 Mechanisms of antitubulin drug resistance 

Resistance is an unavoidable topic for clinical chemotherapy of cancers. As one of widely 

used chemotherapeutic drugs for cancer treatments, the cases of resistance to antitubulin drugs 

are quite common as well. Take taxanes for example, as first-line treatment, only 25-69% 

patients are responsive to taxanes due to intrinsic drug resistance (114). Even for those patients 

with taxane sensitive tumors, over half of them (>50%) will develop acquired resistances during 

the treatment (115). Both intrinsic and acquired resistance limit the applications of antitubulin 

drugs and cause the failure of the therapy, resulting in high mortalities of cancers.  

Increasing studies point out some mechanisms of antitubulin drug resistances. As a 

general mechanism of drug resistance, the ATP binding cassette (ABC) transporter family 

member, multi-drug resistance 1 (MDR1) coded P-glycoprotein targets and decreases the 

cytoplasmic concentrations of antitubulin drugs (116, 117). Consistently, overexpression of P-

glycoprotein is found associated with Taxol and vinblastine resistance both in vitro (118) and in 

vivo (119, 120). In addition, evasion from apoptosis is another general mechanism of cancer cell 

drug resistance. The inhibitors of apoptosis (IAP) family protein survivin is correlated with the 
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resistance of ovarian cancer patients to taxanes (121). Similarly, B-cell lymphoma 2 (Bcl-2) 

family members Bcl-2, Myeloid cell leukemia 1 (Mcl-1) and B-cell lymphoma-extra large (Bcl-

XL) can induce Taxol resistances (122–124). Furthermore, increasing studies suggest the highly 

activated Cdk1 during antitubulin drug treatments play an essential role in apoptosis (94, 125–

127) and the inhibition of Cdk1 may contribute to antitubulin drug resistance. Likewise, HER2 is 

found to directly phosphorylate and inactivate Cdk1 to cause cell resistance to Taxol (128).  

Since antitubulin drugs induce mitotic arrest and apoptosis by targeting tubulins to affect 

assembly and dynamics of MTs (60, 62), mutations of tubulins can affect their direct interactions 

with the drugs, subsequently resulting in drug resistances (129). Moreover, any factors affecting 

assemble and dynamic of MTs associate with resistance to various antitubulin drugs as well. A 

study points out that the stabilization of MTs enhances the sensitivity of tumors to Taxol 

treatment (130). Besides, the post-translational modification as well as altered isoforms of β-

tubulins can disturb the polymerization and depolymerization of MTs to result in resistance (129, 

131). In addition, some MAPs such as MAP4 can stabilize MT to sensitize cells to MT 

stabilizers (e.g., taxanes) and increase resistance of cells to MT destabilizers (e.g., vinca 

alkaloids) (132). Therefore, the inactivation of MAP4 through phosphorylation gives rise to 

increased sensitivities of cells to MT destabilizers.  

Besides, antitubulin drugs keep cells from entering into anaphase by activating spindle 

assembly checkpoint (SAC), which can induce apoptosis (133). Therefore, proteins involved in 

cell cycle regulation play roles in cell sensitivities to these drugs. For example, overexpression of 

Aurora A kinase can cause cells to enter into anaphase despite defective spindle formation, 

therefore, inducing cell resistance to Taxol (134). HER2 overexpression can induce resistances 

of BC cells to Taxol through upregulating P21, which is a cyclin dependent kinase (Cdk) 
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inhibitor and delays cells entering into mitosis (127, 135). Whereas BRCA1, a tumor suppressor 

gene (TSG)  involved in BC development, can mediate mitotic arrest to enhance the sensitivity 

of cells to antitubulin drugs (136, 137).   

Although increasing numbers of genes are identified to be involved in antitubulin drug 

resistances, few of them efficaciously predict the sensitivity and outcomes of patients with 

antitubulin drug treatments. Furthermore, few drugs are developed to effectively treat antitubulin 

drug resistant cancer patients, suggesting that the biomarkers and therapeutic targets for effective 

preventing and treating antitubulin drug resistances are still limited. Therefore, much more efforts 

are required for elucidating the molecular mechanisms underlying the complicated resistances of 

antitubulin drugs. 

1.3 The Hippo pathway 

The Hippo pathway was first identified in Drosophila and later in mammals as a novel 

signaling pathway controlling organ size (138–141). Later studies indicate this pathway also 

plays a crucial role in variable physiological processes including tissue regeneration, stem cell 

renewal and differentiation, mechanotransduction as well as glucose metabolism (140–150). In 

addition, dysregulation of the Hippo pathway is involved in tumorigenesis as well as other 

human diseases (151, 152). With growing studies on the Hippo pathway, increasing numbers of 

Hippo components and regulators were identified in addition to the core components (142). 

Besides, the Hippo pathway is identified to interacts with diverse intracellular signaling 

pathways, including Wnt, Notch, Hedgehog, epidermal growth factor (EGF), transforming 

growth factor β (TGFβ) (153–163). All these studies provide a more comprehensive 

understanding of the Hippo pathway. At the same time, they suggest that the Hippo pathway is 

more complex and multifunctional than what we currently know. Therefore, exploring novel 
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regulation and interaction mechanisms of the Hippo pathway will assist us to better understand 

this pathway to identify potential targets for treating cancers as well as other diseases.   

1.3.1 The mammalian Hippo pathway 

1.3.1.1 Canonical core cascade of the Hippo pathway 

The core components of the mammalian Hippo pathway (Fig 1.2) include S/T kinases 

Mammalian Ste-20 like kinase 1/2 (MST1/2; homolog of Drosophila Hippo; MST will be used 

for MST1/2 in the following text) and Large tumor suppressor 1/2 (LATS1/2; homolog of 

Drosophila Warts/lats; LATS will be used for LATS1/2 in the following text), as well as the 

transcriptional coactivators YAP (homolog of Drosophila Yorkie) and its paralog TAZ. The 

regulation of the pathway depends on phosphorylations. Through various upstream signals, MST 

is first phosphorylated and activated, which directly induces the phosphorylation and activation 

of its downstream kinase LATS (141, 145). Activated LATS can phosphorylate on specific S 

sites of YAP and TAZ (164–166). As a result, TAZ and YAP are anchored in cytoplasm and/or 

degraded, which blocks their interactions with the TFs of transcriptional enhancer associated 

domain (TEAD) family to activate transcription of downstream genes involved in cell 

proliferation and survival (164, 166–169) (Fig 1.2).  

1.3.1.2 Upstream regulators of the Hippo pathway 

With increasing studies on the Hippo pathway, many regulators of the Hippo pathway are 

identified in addition to the core components (Fig 1.3). Studies in Drosophila identified that a 

protein complex consisting of FERM domain proteins Merlin (NF2, neurofibromatosis 2) and 

Expanded (Ex) as well as kidney and brain expressed protein (Kibra) activates Hippo/MST  
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Figure 1.2 Core components and regulation of the canonical Hippo pathway. 

 

  

The core components of the Hippo pathway include kinases MST and LATS as well 

as downstream transcriptional coactivators TAZ and YAP. TAZ and YAP can interact 

with TEAD transcription factors to travel into nucleus to assist the transcriptions of 

genes involved in cell proliferation and anti-apoptosis, such as Cyr61 and CTGF. 

However, in the activated Hippo pathway, MST is first phosphorylated and activated 

by various upstream signals. Activated MST next phosphorylates and activates 

LATS, which further directly inhibits YAP and TAZ by phosphorylation. 

Phosphorylated YAP and TAZ will either go to degradation or interact with 14-3-3 

protein to be anchored in cytoplasm. Adapted from Appendix III.  
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       Figure 1.3 Various upstream regulators of the Hippo pathway. 

  
The activators of the Hippo pathway include AMOT, LIFR, Scribble, Merlin, Kibra, 

RASSF1A, TAO1, PKA, PDK1, LKB1, Gs of GPCR. The inhibitors of the Hippo 

pathway are Itch, Ajuba, Akt, CD44, GPER, G
12/13

 of GPCR. The core components of the 

Hippo pathway are highlighted in a red rectangle. Kinases are in rounded rectangles; 

uncertain regulation mechanisms were indicated as dashed lines. The arrow indicates 

activation.  
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(170–172). A conserved association of Merlin and Kibra exists in human cells to trigger the 

activation of the Hippo pathway through activating MST (172). However, unlike Ex in  

Drosophila, human Expanded (hEx), which is also named FRDM6 and Willin, functions as a 

TSG in both a Hippo pathway-dependent and -independent manner (173, 174). Currently, no 

evidence confirms that hEx forms protein complexes with Merlin and Kibra to activate the Hippo 

pathway. Nevertheless, in addition to forming a complex with Kibra, Merlin, also recruits MST 

and LATS to the plasma membrane to activate the pathway (175).  In addition, AMOTL2, which 

is a member of the angiomotin (AMOT) family, functions as an adapter protein to interact with 

MST, LATS2 and YAP to promote the activation of LATS2 by MST (176). Besides, the 

apicobasal polarity of epithelial cells also play a role in the activation of the Hippo pathway 

through basolateral membrane located protein Scribble, which is required for recruiting MST to 

LATS-TAZ/YAP complex (177). Furthermore, Leukemia inhibitory factor receptor (LIFR) 

inhibits YAP promoted metastasis through Scribble involved Hippo pathway activation (178). In 

addition, as a TS, Ras-association domain family member1A (RASSF1A) interacts with MST1 

to induce apoptosis (179). Further studies suggest this protein can protect activated MST from 

dephosphorylation/inactivation to trigger the Hippo pathway (180, 181). Furthermore, STE-20 

family kinase TAO1, protein kinase A (PKA) and Liver kinase B1 (LKB1) can activate the 

Hippo pathway through phosphorylations on MST and/or LATS (182–186).   

In addition to the positive regulators above, kinase Akt [also known as protein kinase B 

(PKB)] inhibits the Hippo pathway through phosphorylations on MST (187, 188). As well, the 

proteins of Ajuba Lim family can interact with and inhibit LATS activity to block the Hippo 

pathway (159, 189, 190). Moreover, LATS can be specifically targeted by Itch ubiquitin ligase to 
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be degraded through ubiquitin proteasome system (UPS) (191), which also suppresses the 

activity of the Hippo pathway.  

A cell surface glycoprotein and a marker for CSCs, CD44, attenuates the activity of the 

Hippo pathway through an association with Merlin in glioblastoma cells (192–194). CD44 can 

also directly activate YAP independent of the Hippo pathway (195). In addition to CD44, recent 

several studies propose that some extracellular ligands can regulate the Hippo pathway through 

different G protein coupled receptors (GPCRs) (142, 196–198).  

1.3.1.3 The Hippo pathway in tumorigenesis and chemoresistance 

The Hippo pathway is a TS pathway. Dysregulation of the Hippo pathway is involved in 

tumorigenesis and metastasis (141, 142, 178). The evidence of Hippo pathway in tumorigenesis 

comes from the mouse models with gene knockout of upstream components in the Hippo 

pathway. These mice demonstrate variable types of tumors. For example, LATS1 knockout mice 

develop soft tissue sarcoma and ovarian carcinoma (199), whereas MST1/2 knockout mice 

exhibit several types of tumors including hepatocellular carcinoma (HCC) (200), which is similar 

to the mice with YAP overexpression in livers (201). Moreover, the core components in the 

Hippo pathway are clinically involved in diverse human cancers. For example, YAP and TAZ 

overexpressions are identified in tumor tissues from patients with BC (15, 202, 203), NSCLC 

(204, 205), HCC (206) and colorectal cancer (207, 208), whereas down-regulation of LATS1/2 is 

detected in BC (209) and NSCLC (210, 211). In addition, abnormal expression levels and 

dysfunctions of the components in the Hippo pathway are identified in the resistance of cells to 

different chemotherapeutic drugs (Table 2). For instance, knockdown of RASSF1A can cause  

resistances of cancer cells to Taxol treatment (110, 212), whereas Merlin sensitizes U87MG  
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Table 2. Dysregulation of components of the Hippo pathway in various drug resistance 

(Zhao and Yang, 2015) (Appendix III). 

 

Components in  

the Hippo 

pathway 

Abnormal 

regulation Related drug resistance Reference 

MST down-regulation Cisplatin  (213) 

LATS1 down-regulation Taxol (214, 215) 

LATS2 
down-regulation 

Doxorubicin, Etoposide; 

Tamoxifen, ER antagonists (216, 217) 

up-regulation epirubicin, cyclophophamide (218) 

YAP up-regulation 

Cisplatin, Taxol, Doxorubicin, 

5-FU; erlortinib, cetuximab (219–222) 

TAZ up-regulation Paclitaxel, doxorubicin (177, 202, 223) 

RASSF1A down-regulation Taxol (212, 224) 

Merlin down-regulation 5-FU (225) 

Ex down-regulation Taxol (173) 
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glioma cells to 5-FU (225). Similarly, down-regulation of MST causes resistance of prostate 

cancer cells to DNA-damaging reagent Cisplatin (213). In addition, knockdown of LATS1 

dramatically decreases the sensitivity of HeLa cervical cancer cells to Taxol (214). Similarly, 

silencing of LATS2 by siRNA results in resistance of Tamoxifen and other ER antagonists  of 

ER+ BC patients (217). Although increasing studies demonstrate involvement of dysregulated 

components of the Hippo pathway in chemoresistance, the molecular mechanisms elucidating 

these resistance are largely unknown.   

1.3.2 YAP (Yes-associated protein) 

1.3.2.1 Identification, structure and regulation of YAP 

YAP is one of the core components of the Hippo pathway. Further studies showed that 

YAP is located on 11q 22 of the human chromosome and featured as a WW (W, tryptophan) 

domain containing gene (219, 226, 227). In addition to the WW domain, YAP contains a TEAD 

binding domain (TBD) at the N-terminus (228) and a Post-synaptic density, Discs large, Zonula 

occludens-1 (PDZ)-binding motif at the C-terminus (229) (Fig 1.4). All these domains assist the 

interactions of YAP with different proteins. Through WW domains, YAP interacts with proteins 

containing the PPxY (x, any amino acid; Y, tyrosine) motif (230), whereas the PDZ-binding 

motif of YAP regulates its nucleus location through interacting with zonula occludens-2 (ZO-2) 

(231). In addition, YAP functions as a transcriptional co-activator with a transactivating domain 

at the C-terminus (232). Through the TBD, YAP interacts with the TEAD family TF (228) to 

help initiate transcriptions of downstream genes.  In 2005, through a yeast two-hybrid screen in 

Drosophila, the Drosophila homolog of YAP, Yorkie, was identified as an interaction protein of 

Warts (LATS in human). Besides, the transactivating function of Yorkie is negatively regulated 

by Warts through phosphorylations, verifying that Yorkie is the downstream component of the  
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   Figure 1.4 Structures of YAP and TAZ. 

  TBD, TEAD binding domain; WW, WW domain; TAD, transactivating domain; PDZ, PDZ 

binding motif; The phosphodegrons are highlighted in blue rectangles. The phosphorylation 

sites of YAP and TAZ recognized by LATS are highlighted in the figure.  
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Hippo pathway (233). Thereafter, two independent studies from Yang and Guan Labs revealed 

that mammalian YAP is phosphorylated and negatively regulated by LATS kinase (164, 165). 

Through the PPxY motif, LATS kinase interacts with WW domains and phosphorylates five sites 

(S61, S109, S127, S164, and S381) of YAP, which share the consensus motif, Hx (R/H/K) xx 

(S/T) (H, histidine; x, any amino acid; R, arginine; K, lysine; ) (164, 165). Further studies 

indicate among the five sites, the phosphorylation of YAP S127 stimulates the interaction 

between YAP and 14-3-3 protein, which anchors YAP in the cytoplasm (164). In addition, 

phosphorylation of YAP S381 by LATS recruits Casein kinase 1 (CK1) to further phosphorylate 

S384 and S387, which trigger the interaction between β-TRCP and YAP, resulting in YAP 

degradation through SCFβ-TRCP involved UPS (168). Through these mechanisms, YAP is no 

longer able to translocate into the nucleus to activate transcriptions of downstream genes. As a 

result, the activated Hippo pathway inhibits YAP transactivating functions through the direct 

phosphorylations of YAP by LATS.  

1.3.2.2 Hippo pathway-independent regulators of YAP 

In addition to the regulation by LATS, YAP can be modulated by some other proteins as 

well (Fig 1.5). In response to DNA damage,  YAP can be phosphorylated by tyrosine kinase c-

Abl, which enhances the interaction of YAP with P73 to initiate a transcription of pro-apoptotic 

gene Bcl-2 associated X (Bax) (234). As the opposite function of phosphorylation, there is a 

dephosphorylation of YAP by phosphatases protein phosphatase 2A and 1A (PP2A and PP1A)  

(235). In addition, YAP can also be deacetylated by SIRT1, which increases the interaction 

between YAP and TEAD (222).  

Furthermore, some proteins can negatively regulate YAP through an interaction between 

the WW domain and the PPxY domain. For example, mammalian apical protein crumb (CRB) 
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Figure 1.5 Direct regulation of YAP/TAZ as well as their downstream targets. 

 

  

  

The activators of YAP and TAZ are listed in pink rounded rectangle and the 

suppressors of TAZ and YAP are in blue rectangle. The common regulators/targets 

of both YAP and TAZ are labeled in blue, kinases are highlighted in red. 
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can directly interact with YAP to inhibit  nuclear translocation (163). Similarly, AMOT family 

proteins can mediate a tight junction localization of YAP (236). Moreover, through 14-3-3 

protein, LATS phosphorylated YAP can interact with -catenin in adhesion junction, which 

blocks YAP transactivating functions in response to cell contact inhibition (237). Furthermore, 

protein tyrosine phosphatase 14 (PTPN14) can interact with YAP to stop YAP from 

translocating into the nucleus (238).  

At the same time, some proteins can activate YAP through interaction. WW domain 

binding protein 2 (WBP2) and multiple Ankyrin repeats single KH domain containing protein 

(MASK) can interact with YAP to enhance YAP transactivating functions (239–241).  In 

addition, when ERBB4 is activated by its ligand neuregulin1 (NRG1), the intracellular domain 

(ICD) of receptor tyrosine kinase ERBB4 can be proteolytically released and interact with YAP 

to activate its transactivating function (242).  

Among the currently identified regulators of YAP mentioned above, only a few kinases 

(e.g. c-Abl and LATS) were identified. In fact, there are many potential phosphorylation sites in 

YAP in addition to the ones already identified. Therefore, more studies are needed to elucidate 

the functions of these phosphorylation sites as well as identify the related kinases targeting these 

sites.          

1.3.2.3 Functions of YAP 

YAP is involved in stem cell self-renewal through interactions with TEAD (243–245). 

YAP is activated in induced pluripotent stem cells (IPS) but inhibited during stem cell 

differentiation (243). Further studies indicate that YAP together with TEAD2 can activate 

promoters of Nanog and Oct4, which are well known TFs involved in stem cell induction (244). 
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In addition, YAP can further interact with OCT4 through the WW domain to induce the 

transcription of Sox2, another stem cell related TF (246).  

In addition, YAP is a well-known oncogene that enhances cell growth and survival by 

upregulating a variety of genes such as connective tissue growth factor (CTGF) (164), 

amphiregulin (AREG) (161) or AXL (247) through TEAD (Fig 1.5). All of these contribute to 

YAP-induced tumorigenesis, transformation, EMT and metastasis. Moreover, YAP is involved 

in maintaining CSC property through upregulating expression of SOX9 (248, 249). 

Overexpression of YAP is identified in various cancers, including HCC, ovarian cancer, NSCLC, 

BC, etc (144, 204, 222, 247, 250, 251). Besides, high expression of YAP also results in the  

resistance of cancer cells to different drug treatments (252). For example, upregulation of YAP 

causes resistance of mammary and ovarian cancer cells to Taxol and Cisplatin (219, 220, 253, 

254), whereas HCCs with overexpression of YAP results in Doxorubicin resistance (255). 

Additionally, a high nuclear localization of YAP is found in colon cancer cells that are resistant 

to anti-metabolite 5-FU as well as castration-resistant prostate tumor samples (221, 256). 

However, the molecular mechanisms elucidating YAP-induced resistances as well as the 

regulations of YAP in response to different drugs remain large unknown.   

1.3.3. TAZ (Transcriptional coactivator with PDZ binding motif) 

1.3.3.1 Identification, structure and regulation of TAZ  

TAZ was first identified in the year 2000 as a 14-3-3 interacting protein (257). In this 

study, TAZ was also found as the paralog of YAP and contains one WW domain and a PDZ 

motif (Fig 1.4). The PDZ motif is necessary for TAZ transactivating function and nuclear 

localization which can be inhibited through the interaction between TAZ and 14-3-3 induced by 

the phosphorylation of TAZ on S89 (257). In 2008, Lei et al. first identified LATS as the kinase 
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phosphorylating S89 of TAZ, further linking TAZ into the Hippo pathway (166). In addition to 

S89, there are another three LATS regulating sites in TAZ (S66, S117, S311) that share 

conserved sequences with those of YAP.  Similar to YAP, TAZ is negatively regulated by the 

Hippo pathway (Fig 1.2) (166) and TAZ functions as an oncogene through interactions with 

TEAD family members (258). Moreover, the phosphorylation on TAZ S311 (S318 on YAP), 

another site phosphorylated by LATS, primes CK1 phosphorylation on S314 to recruit ubiquitin 

ligase SCFβ-TRCP to induce TAZ ubiquitinization and degradation (167).  

1.3.3.2 Hippo-independent regulation of TAZ 

As the paralog of YAP, TAZ shares several Hippo independent regulators with YAP (Fig 

1.5). For example, WBP2 can interact with TAZ and enhance transactivating activity as well as 

transforming ability of TAZ (259), whereas the WW domain-mediated interaction with AMOT 

family members inhibits the translocation of TAZ into nucleus to function as a transcriptional 

coactivator (260). In addition, similar results were obtained for the regulation of TAZ by ZO-1/2, 

Smad2/3, PP1A, CRB, and β-catenin (Fig 1.5) (163, 261–263). 

However, although TAZ and YAP share about 50% sequence identity (257), TAZ 

behaves more unstable. Further study suggests, in addition to the phosphodegron of β-TRCP in 

the C-terminus of TAZ, there is another phosphodegron in the N-terminal TAZ (Fig 1.4), which 

can induce TAZ degradation in response to Glycogen synthase kinase 3 (GSK3) phosphorylation 

(264).  

1.3.3.3 Functions of TAZ 

TAZ was originally identified as a gene that plays a role in mesenchymal stem cell 

(MSC) differentiation. Through interactions with TFs, TAZ can activate osteoblast related genes 

of Runx2 while inhibiting the transcription of peroxisome proliferator-activated receptor γ 
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(PPAR-γ)-dependent genes that induce adipocytes. In this way, MSCs are differentiated into 

osteoblasts rather than adipocytes (265, 266). Moreover, TAZ is involved in the development of 

lung, thyroid, cardiac, limb and neural crest through interactions and activation of TFs thyroid 

transcription factor (TTF1) (267, 268), PAX8 (267), T-box transcription factor (TBX5) (269) 

and PAX3 (270) respectively.  Moreover, TAZ can form a complex with β-TRCP to target and 

degrade polycystin 2 (PC2), which induces the polycystic kidney disease (PKD) (271).  

Later on, overexpression of TAZ was found to induce transformation, cell migration and 

EMT of MCF10A cells, suggesting TAZ is an oncogene (15). Overexpression of TAZ is also 

involved in tumorigenesis and invasion of BC cells (15). And this oncogenic function of TAZ is 

mainly mediated by TEAD family TFs (258). The upregulations of downstream genes including 

CTGF, Cyr61), AREG and Axl, result in increased cell proliferation and migration, anchorage-

independent cell growth and EMT (160, 208, 223, 258). In addition, a recent study by Sama-

Valencia and myself showed that TAZ can also function as a transcription co-suppressor and 

TAZ-induced increased cell migration of MCF10A cells also depends on its direct suppression of 

ΔNp63 (272) (Appendix IV), suggesting a dual transcriptional regulation activity of TAZ.  

Most significantly, increasing studies indicate that TAZ is overexpressed in a variety of 

cancers, especially BC (205, 208, 273–275). About 20-39% of BC patients have an 

overexpression of TAZ (15, 160). Moreover, studies in our lab as well as others showed that 

TAZ is highly expressed in BLBCs, which are more aggressive and poor in prognosis (15, 223), 

suggesting a potential role of TAZ as a biomarker or target for the prediction and treatment of 

BLBCs. Besides, TAZ level correlates with the sensitivity of cancer cells to chemotherapies. 

TAZ overexpression results in the resistance of BC cells to Taxol through its two downstream 

genes Cyr61 and CTGF (223). Moreover, overexpression of TAZ in Ras-transformed MCF10A-
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T1K cells increases multi-drug resistance (MDR) protein levels and results in cell resistance to 

Taxol and Doxorubicin (177). In addition, TAZ is required for maintaining properties of breast 

CSCs and causing resistance of these cells to Taxol and Doxorubicin (177, 202). However, 

similar to YAP, the signaling pathways regulating TAZ in drug resistance are largely unknown.  

1.4 Rationale, hypothesis and objectives 

Previous studies indicate that overexpression of either TAZ or YAP induces resistance of 

BC cells to Taxol. YAP and TAZ are two core components negatively regulated in the Hippo 

pathway, which is a newly discovered TS pathway involved in the regulations of cell proliferation 

and apoptosis. However, whether TAZ and YAP are involved in antitubulin drug resistance 

through the canonical Hippo pathway or other pathways is largely unknown. In addition, although 

kinases play important roles in cancer and are major therapeutic targets, there are few systematic 

screens for kinases involved in tumorigenesis. Moreover, how kinases interact with the Hippo 

pathway in tumorigenesis and drug response is largely unknown.  

Therefore, I hypothesize that TAZ and YAP are involved in mammary tumorigenesis or/and 

antitubulin drug resistance through interactions with its upstream regulators or kinases in a Hippo-

dependent or Hippo-independent way. To test our hypothesis, I have the following objectives: 

    1. Explore the regulation of YAP in response to antitubulin drug treatment 

    2. Elucidate the regulation of TAZ in response to antitubulin drug treatment 

    3. Identify novel kinases involved in mammary tumorigenesis through gain-of-function   

         screening 
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Chapter 2  

Identification of a Hippo-independent modulation of YAP in the antitubulin 

drug response 

 

2.1 Abstract 

 Although antitubulin drugs are widely used to treat human cancers, many patients 

display intrinsic or acquired drug resistances that impose major obstacles to successful therapy. 

Mounting evidence argues that cancer cell apoptosis triggered by antitubulin drugs relies upon 

activation of the cell cycle kinase Cdk1, however, mechanistic connections of this event to 

apoptosis remain obscure. In this study, we identified the anti-apoptotic protein YAP, a core 

component of the Hippo signaling pathway implicated in tumorigenesis, as a critical linker 

coupling Cdk1 activation to apoptosis in the antitubulin drug response. Antitubulin drugs 

activated Cdk1, which directly phosphorylated YAP on 5 sites independent of the Hippo 

pathway. Mutations in these phosphorylation sites on YAP relieved its ability to block 

antitubulin drug-induced apoptosis, further suggesting that YAP was inactivated by Cdk1 

phosphorylation. Notably, we found that YAP was not phosphorylated but inactivated after 

antitubulin drug treatment in Taxol-resistant cancer cells. Our findings suggest YAP and its 

phosphorylation status as candidate prognostic markers in predicting antitubulin drug response in 

patients.  

 



 

30 

 

2.2 Introduction 

Antitubulin drugs including paclitaxel (Taxol), docetaxel, vinblastine, etc have widely 

been used for the treatment of a variety of human cancers such as breast and ovarian cancers, 

NSCLC, as well as head and neck cancer (59, 61, 107). These drugs can directly bind to -

tubulin to either promote or reduce -tubulin polymerization, which changes the stability of MTs 

(276). The change in MT stability can subsequently exert a mitotic block by altering kinetochore 

tension which can activate the SAC, resulting in mitotic delay and subsequent apoptosis (277). 

While antitubulin drugs kill cancer cells and can sometimes effectively suppress tumor growth in 

cancer patients, a significant proportion of tumors is either intrinsically resistant to antitubulin 

drugs or later develops resistance after primary therapy, leading to disease relapse and patient 

mortality, which is a major obstacle to successful cancer treatments (107, 278). Therefore, 

identification and characterization of cellular genes or signaling pathways responsible for 

antitubulin drug resistance is critical for successful treatment of cancers. In addition, although 

tremendous progress has been made toward identifying the genes involved in the antitubulin 

drug response, surprisingly, the signaling pathways by which antitubulin drugs cause mitotic 

arrest and cell death are poorly defined.  

YAP activates many transcriptional factors important for the development of various 

tissues in mammals (279). Moreover, YAP is an oncogene and a major component of an 

emerging Hippo signaling pathway that plays important roles in regulating organ size, cell 

proliferation, apoptosis, tumorigenesis, stem cell renewal and differentiation, neuronal growth, 

and mechanotransduction in both Drosophila and mammals (142, 147, 279). In this novel 

pathway, mammalian homologs of Drosophila Hippo, MST1 and MST2, phosphorylate and 

activate TSs and kinases LATS1 and LATS2, which in turn inactivate YAP  by phosphorylating 
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five sites with consensus sequence of HxH/R/KxxS/T (MST1/2LATS1/2YAP) (164, 165). 

These core components also interact with many upstream (e.g. Merlin, RASFF1A, Kibra, etc) 

and downstream (CTGF, AREG, etc) cellular genes, forming a complex Hippo signaling 

pathway. Recently, YAP was identified  as an important player in response of BC cells to 

apoptosis induced by the antitubulin drug Taxol (219). It has been shown that an overexpression 

of YAP  in MCF10A mammary cells causes transformation, EMT and resistance to Taxol (219). 

However, whether YAP overexpression causes resistance of cancer cells to other antitubulin 

drugs is unclear. In addition, the upstream signaling pathways or genes modulating YAP in 

response to Taxol remain to be identified. In this study, we have discovered that YAP is 

specifically phosphorylated by Cdk1/Cyclin B kinase after antitubulin drug treatment 

independent of the upstream Hippo signaling pathway. We have provided strong evidence that 

phosphorylation of YAP by Cdk1/Cyclin B inhibits YAP-induced resistance of cancer cells to 

antitubulin drug treatment. 

2.3 Materials and Methods 

2.3.1 Cell culture  

HEK293T (human kidney cells), HeLa (cervical cancer), A549 (lung cancer), MDA-

MB468 and MCF7 (human BC) cells were cultured in Dulbecco’s Modified Eagle complete 

medium (DMEM) (Sigma-Aldrich) supplemented with 10 % heat-inactivated fetal bovine serum 

(FBS) (Sigma-Aldrich) and 1% penicillin/streptomycin (P/S); SK-BR3, SK-BR3-Taxol 

resistance (TR) (human BC), HCT116 (Colon cancer) were maintained in McCoy’s 5A Modified 

Media (Sigma-Aldrich) with 10% FBS and 1% P/S added.  MCF10A (human immortalized 

mammary epithelial cells) were cultured in DMEM/Nutrient Mixture F12 Ham (Sigma-Aldrich) 

supplemented with 5% horse serum (HS) (Invitrogen), 200 µg/mL human epidermal growth 
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factor (hEGF), 5 mg/mL hydrocortisone, 2 mg/mL insulin, 200 mM L-Glutamine, 1mg/mL 

cholera toxin, and 1% P/S. Cells were maintained in a 37 0C incubator with 5% CO2.  

2.3.2 Treatments of cells by chemotherapeutic drugs and kinase inhibitors 

HeLa cells were treated with antitubulin drugs (Table A1 of the Appendix I) for various 

times, followed by protein extraction and western blot (WB). For dose-dependent YAP 

phosphorylation, HeLa cells were treated with increasing concentration (0, 0.1, 0.5, 1, 5, 10, 50, 

100, and 500 nM) of Taxol for 24 hours (h), followed by protein extraction and WB analysis. For 

kinase inhibitor treatments, HeLa cells were pre-treated with inhibitors for Cdk, c-Jun N terminal 

kinase (JNK), p38, GSK, MEK, DYRK, and mTOR (see Table A1 for details) for 2 h, followed 

by a treatment with these inhibitors for 22 h in the presence of 100 nM Taxol.  

2.3.3 Anoikis assay 

To test whether YAP phosphorylation is due to loss of anchorage of cells after antitubulin 

drug treatment, HeLa cells were plated onto a 60 mm plate coated with 

Polyhydroxyethylmethacrylate (poly-HEMA) (20 mg/mL, Sigma) and incubated at 37 0C for 24 

h. The floating cells were then collected for protein extraction and WB analysis. 

 2.3.4 Plasmids construction, site-directed mutagenesis and transfection 

Different deletions of YAP were amplified with related primers (Appendix I, Table A2) 

and YAP/pcDNA3-HA as the template before being cloned into BamHI/NotI sites of pcDNA3-

HA. YAP  site mutants were generated through overlapping PCR with related primers (Table A2 

of Appendix I) and cloned into BamHI/NotI sites of pcDNA3-HA. YAP, YAP5SA-Tx, 

YAP5SD-Tx were amplified from YAP-HA, YAP5SA-Tx-HA, YAP5SD-Tx-HA respectively, 
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and cloned into PmeI sites of an HA-tagged WPI lentiviral vector. YAP was also cloned into 

pGEX4T1 to generate GST-tagged YAP.  

Plasmids were transfected into cell lines with polyjetTM (SignaGen) as described by the 

manufacturer.  

2.3.5 Short interference RNA (siRNA)-mediated gene expression knockdown  

siRNA duplexes targeting different regions of human LATS1, LATS2, MST1, MST2 and 

Cdk1 were purchased from IDT (Coralville, IA, USA). Smartpool siRNAs targeting 4 different 

regions of Cyclin B mRNA (siCyclin B) were purchased from Dharmacon (Table A3 of the 

Appendix I; Thermo Fisher). An siRNA with scrambled sequence (siControl) was used as a 

negative control. HeLa cells were transfected with 50 nM of siRNAs using RNAiMax 

(Invitrogen) according to manufacturer’s instructions. Two days post-transfection, cells were 

treated with 100 nM Taxol for 24 h, followed by protein extraction and WB analysis. 

2.3.6 Lentivirus production, infection, and establishment of stable cell lines  

overexpressing or knocking down cellular genes 

Lentiviral production: HEK293T cells were plated at 30% cell density on 0.1 mg/mL 

poly-L-lysine (PLL, Sigma) coated 150-mm plates. The next day, cells reached around 60% 

coverage and were transfected with plasmids (WPI, YAP-WPI, YAP5SA-Tx-WPI or YAP5SD-

Tx-WPI) or short hairpin RNA (shRNA) constructs, along with PAX packing plasmid and 

MD2G envelope plasmid using polyjetTM according to the manufacture’s protocol. The following 

day, the cells were refreshed with complete culture media containing 10 mM sodium butyrate. 

The lentivirus containing medium was subsequently collected on the following two days, 
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centrifuged at 5000×g for 10 mins to remove debris. Viruses were concentrated with Lenti-XTM 

concentrator (Takara-Clontech) according to the manufacturer’s protocol. 

Infection and establishing stable overexpression cell lines: MCF10A cells were plated 

at 3×104 cells/well of a 24 well plate. Increasing amounts of virus (0 µL-100µL) were used along 

with 8 µg/mL polybrene per well. Cell lines containing 100% green fluorescent protein (GFP) 

were selected for cell line expansion and functional studies.  

Establishing knockdown cell lines: To establish JNK1 and JNK2 shRNA 

(shJNK1/shJNK2) knockdown cell lines in HeLa cells, a set of shJNK1 or shJNK2 in pTRIPZ 

lentiviral vector targeting different sequences of JNK1 or JNK2 mRNA (Open Biosystems) were 

screened and the cells infected with lentivirus expressing shJNK1/JNK2 (Appendix I, Table A3) 

with the best knockdown were used for functional studies. To establish inducible Cdk1 

knockdown cell lines in HeLa cells, shCdk1 (Appendix I, Table A3) was subcloned from pGIPZ 

into pTRIPZ lentiviral vector before infecting into HeLa cells. 

2.3.7 RNA extraction and quantitative reverse transcriptase PCR (qRT-PCR) 

RNA was extracted with RNAzol®RT (Molecular Research Center, MRC). 107 Cells 

were lysed by 1 mL RNAzol®RT. The lysates were added with 0.4 mL dH2O and shook 

vigorously before an incubation at room temperature (RT) for 15 min. Centrifugation was 

performed at 12,000 g for 15 min at 4 0C. The supernatant was collected into fresh 1.5 mL 

Eppendorf tubes, and mixed with 0.4 mL 75% ethanol and stored at RT for 10 min. After further 

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

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

RNAase-free gel electrophoresis. qRT-PCR analyses were performed in triplicate using 0.2 

μg/μL of RNA sample per reaction and 10 μM gene-specific forward and reverse primers 
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(Appendix I, Table A2). Triplicate qRT-PCR reactions were started using the SuperScript III 

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

ViiA 7 Real-Time PCR System. 18S ribosomal RNA (rRNA) expression was used as an internal 

control of RNA amounts in each sample. mRNA expression levels of related cells were 

normalized to control cell lines. Results are represented as fold change. 

2.3.8 Antibodies, protein extraction and Western blot  

The antibodies used were purchased and used as listed in Table A4 of the Appedix I. Rabbit 

anti-phospho-YAP-S367 polyclonal antibody was produced by injection of conjugated phospho-

peptide (KQNPVSpSPGMSQ) into rabbit (Cocalico). An antibody was purified from antiserum using 

protein A beads. 

Protein extraction: For protein extraction of attached cells, dishes of cells were placed on ice 

and washed twice with ice-cold 1x phosphate buffered saline (PBS). Each well/dish was added 100 μL 

to 1 mL of RIPA lysis buffer (50 mM Tris HCl, 150 mM NaCl, 0.02% sodiumm azide, NP-40, 0.1% 

SDS, 0.5% sodium deoxycholate) containing 1x complete EDTA-free protease inhibitor (PI) cocktail 

(Roche). Cells were detached with a cell scraper, collected with P1000 pipette, transferred into a 1.5 

mL Eppendorf tube, and left on ice for 30 min. For extracting protein of drug treated floating cells, 

media containing these cells were collected in tubes and spun down at 1,000 g, 4 0C. The cell pellets 

were washed with PBS twice before being resuspended with RIPA lysis buffer containing PI and 

phophatase inhibitor (Roche) and transferred into 1.5 mL tubes following with a 30 min incubation on 

ice. Lysates were then centrifuged at 12,000 g at 4 0C for 10 min. Supernatant was collected and 

transferred into fresh tubes. Protein lysates were quantified using the DC protein assay kit (Bio-Rad) 

using bovine serum albumin (BSA, New England Biolabs) as standards. 
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WB: protein loading samples were made with 5-10 μg protein lysates mixed with 5x protein 

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

bromophenol blue), following with 5 min of boiling. Samples were resolved by 8-10% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose 

membranes (Bio-Rad) at 4°C. The membranes were incubated in either 5% non-fat milk or 5% BSA 

dissolved in Tris-Buffered Saline Tween-20 (TBS-T) for 1 h at RT to block the non-specific binding 

sites. Then the membranes were probed with related primary antibodies (1:100-1:1,000) overnight at 

4°C, followed by incubation with respective horseradish peroxidase (HRP)-conjugated IgG 

secondary antibody (1:10,000) in TBST for 1 h at RT. Last, the membranes were incubated with 

enhanced chemiluminescence (ECL) reagents and exposed to Kodak BioMax x-ray films.  

2.3.9 Co-Immunoprecipitation (Co-IP) 

Cells were grown to 85% confluency and were lysed in NP40 lysis buffer (50 mM Tris-

HCl (pH 8.0), 150 mM NaCl, 1% NP40, 10% glycerol, dH2O) with PI added. Lysates were 

incubated overnight with protein A or G agarose beads (Roche). Immunoprecipitates were 

subsequently analyzed by WB as described above.  

 2.3.10 Identification of YAP phosphorylation sites by mass spectrometry (MS) 

HeLa cells were treated with 100 nM Taxol for 24 h. Floating cells were collected and 

extracted for protein with 1% NP40 lysis buffer. About 30 mg of protein lysate were 

immunoprecipitated with anti-YAP (Santa Cruz) polyclonal antibody. The immunoprecipitated 

YAP was subjected to 10% SDS-PAGE and stained with commassie blue. The phosphorylated 

YAP (pYAP) band was cut and sent for MS detection.  

2.3.11 GST Fusion protein production 
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Related GST fusion protein expression plasmids were transformed into BL21 cells (Stratagene) 

and spread onto LB plus ampicillin (LBA) plates. Single colonies of BL21 carrying the plasmid 

of interest were inoculated into 20 mL 2xYTA medium and cultured at 250 rpm at 37 0C for 16 

h. Then, 5 mL of cultured media was added to 250 mL fresh 2xYTA medium and cultured at 37 

0C at 250 rpm until the OD600 reach 0.5-1.0. Isopropyl β-D-1-thiogalactopyranoside (IPTG) to 

induce GST protein expression was added with a final concentration to 0.4 mM and the media 

was cultured at RT at 125 rpm for another 16 h. Then, bacteria cells were spun down at 4 0C, and 

cell pellets were incubated at -80 0C for at least 1 h. Cells were then resuspended with 12.5 mL 

cold PBS and sonicated before centrifugation to get rid of the cell debris. Supernatant was added 

with GSB beads and incubated for 16 h to pull down the GST fusion protein. After the beads 

were collected and washed with PBS, GST-fusion proteins were eluted with glutathione elution 

buffer and concentration was estimated through running on SDS-PAGE gel with BSA standards. 

GST fusion proteins were stored at -80 0C for future use. 

2.3.12 In vitro kinase assay   

 Cdk1/Cyclin B active kinase was purchased from New England Biolabs. The wild-type 

(WT) peptide containing S128 (PQHVRAHS128SP) and its mutant (S128V; PQHVRAHS128 VP) 

were purchased from GL Biochem (Shanghai, China).  

2.3.13 Immunofluorescence 

Cells were seeded onto fibronectin and PLL coated coverslips and fixed in 4% 

paraformaldehyde (PFA, Bioshop), permeabilized with 0.2% TritonX-100 (Fisher Scientific) 

before being blocked in blocking and hybridization solution (BHS; 10% BSA, 5% normal goat 

serum). Cells were then stained with the indicated primary antibodies and appropriate Alex Fluor 
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488 or 555 secondary antibodies before being visualized by fluorescent microscope (Nikon 

Eclipse TE 2000-U Inverted Fluorescent Microscope).  

2.3.14 Analysis of apoptosis by trypan blue exclusion analysis 

  Cells were counted and plated at cell density of 40-50% for 2 days of different drug 

treatments. After drug treatment, both floating and attached cells were collected either directly or 

after trypsinization. Then cells were mixed with 4% Trypan blue (Sigma-Aldrich) at a ratio of 

1:1 and directly subjected to hemocytometer for counting the stained cells (dead cells) and total 

cell numbers. The ratio of dead cells was calculated based on the counted cell numbers. The 

experiments were repeated at least three times. The mean and standard errors were calculated. 

The statistical analysis was performed with unpaired student’s t-test. A P value less than 0.05 is 

considered as significant. “*” indicates P value is <0.05. 

2.4 Results 

2.4.1 YAP is phosphorylated after antitubulin drug treatment  

 To understand how YAP is involved in the antitubulin drug response, the YAP 

expression status after antitubulin drug Taxol treatment was examined. We collected both 

floating (F) and adherent (A) cells after Taxol drug treatment for 6, 12, and 24 h. Interestingly, 

band-shifts of YAP were detected in floating (F) cells, which are mitotic arrested [decreased 

phosphorylated Y15-Cdk1 (pCdk1)] and apoptotic [increased cleaved PARP (cPARP)] cells, 

rather than adherent (A) live cells (high pCdk1 and low cPARP) (Fig 2.1 A-B). The band-shifts 

of YAP can be abolished after treatments of protein lysates from Taxol-treated HeLa cells with 

calf intestine phosphatase (CIP) (Fig 2.1C), suggesting that the band-shifts of YAP are due to 

phosphorylation. To further examine whether YAP changes are specific for Taxol drug, the  
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Figure 2.1 Phosphorylation of YAP after antitubulin drug treatment. 

A-B. WB analysis of pY15-Cdk1 (pCdk1), cPARP and YAP in adherent (A) and floating 

(F) HeLa cells after Taxol treatments for different times. -actin was used as an internal 

positive control. C. CIP abolishes 6-hour’s Taxol treatment induced YAP phosphorylation. 
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status of YAP after treatments of HeLa cells with a wide variety of chemotherapeutic drugs was 

checked. Interestingly, YAP phosphorylation is only detected in cells treated with antitubulin 

drugs, which specifically caused reduced pCdk1 (Fig 2.2). These results clearly demonstrated 

that YAP is specifically phosphorylated during mitotic arrest and apoptosis induced by 

antitubulin drugs in HeLa cells.  

 To further explore whether YAP phosphorylation is dependent of drug dose, HeLa cells 

with increasing concentrations of Taxol was performed. As expected, increasing YAP 

phosphorylation was detected with the increase of Taxol drug concentration, which is correlated 

with increasing levels of cPARP and decreasing levels of pCdk1 (Fig 2.3), especially when 

Taxol concentration is higher than 10 nM. Since antitubulin drugs can disrupt MT to cause loss 

of cell adhesion on the cell culture plate and previous studies have shown that the Hippo pathway 

plays important roles in anoikis (280), whether the phosphorylation of YAP is due to loss of 

anchorage of cells during antitubulin drug treatment is further tested. Interestingly, although both 

Taxol treatment and the incubation of cells on HEMA-coated plate to mimic loss of anchorage 

condition induce apoptosis/anoikis indicated by increased cPARP, the YAP band-

shift/phosphorylation is only detected after Taxol treatment (Fig 2.4), suggesting that YAP 

phosphorylation is not due to loss-of-anchorage of cells after antitubulin drug treatment. 

Moreover, this phosphorylation of YAP is not the result of apoptosis. 

Next, the phosphorylation of YAP was identified in a wide variety of human cancer cells 

after Taxol treatment (Fig 2.5), suggesting that YAP phosphorylation after antitubulin drug 

treatments occurs in various tissues. Finally, YAP is only phosphorylated after Taxol treatment 

in Taxol-sensitive (SK-BR3) cells rather than its Taxol-resistant counterpart (SK-BR3-TR) (Fig 

2.6). Together, these findings strongly suggest that YAP can be specifically phosphorylated in  
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     Figure 2.2 YAP is phosphorylated specifically in response to antitubulin drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HeLa cells were treated with different drugs, including five antitubulin drugs and 

two DNA damaging drugs as well as an anti-metabolite (5-FU) for 24 h before 

cells were lysed and subjected to WB to check expressions of YAP, Cdk1, pCdk1 

and cPARP. -actin was used as an internal positive control.  
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                 Figure 2.3 Dose-dependent phosphorylation of YAP. 

 

 

 

 

 

 

                             

                 

                Figure 2.4 YAP phosphorylation is due to Taxol rather than cell floating. 

 

 

  

HeLa cells were treated with Taxol at different concentrations for 24 h before 

both floating and attached cells were lysed for WB with related antibodies.  

HeLa cells were grown in floating conditions on poly-HEMA-coated plate 

with or without Taxol (100 nM) treatment for 24 h before being lysed for 

WB analysis.  
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   Figure 2.5 Taxol-induced YAP phosphorylation is not cell line dependent. 

 

 

 

 

 

 

 
 

 

                    

          Figure 2.6 Taxol-induced YAP phosphorylation correlates with cell sensitivity. 

 

 

 

 

Six different cancer cell lines were treated with Taxol at 100 nM for 24 h. 

Floating cells were lysed for WB analysis of YAP.  

Breast cancer cell line SK-BR3 and the related Taxol resistant SK-BR3-TR cells 

were treated with Taxol for different times. At each time point, cells were lysed for 

WB analysis of YAP.  
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apoptotic cells in a wide variety of cells after treatment with antitubulin drugs such as Taxol and 

vinblastine other than other drugs such as Doxorubicin and Cisplatin. 

2.4.2 Phosphorylation of YAP is Hippo-independent  

 To check if the phosphorylation of YAP during Taxol treatment is through the Hippo 

pathway, the expression of other Hippo core components and kinases MST1, MST2, LATS1 and 

LATS2 was examined in cells treated with Taxol. Except for LATS2, phosphorylations of 

MST1/2 and LATS1 (pLATS1), which normally activate their kinase activities, are significantly 

increased (Fig 2.7).  Since previous studies showed that LATS1 inactivates YAP by 

phosphorylating 5 sites (165), whether Taxol induced YAP phosphorylation through LATS1 or 

not was further  tested by examining the levels of phosphorylated S127 (pS127) of YAP using 

anti-phospho-YAP-S127 antibody. Surprisingly, after Taxol treatment, the levels of YAP-p127 

gradually decreased after Taxol treatment (Fig 2.8A). Since LATS can phosphorylate YAP at 5 

sites, it is possible that LATS1 may phosphorylate YAP on other sites rather than S127. To test 

this possibility, we transfected WT YAP (YAP-HA) or YAP mutant with 5 LATS 

phosphorylation site mutations (YAP-5SA-HA) into HeLa cells. Unexpectedly, both YAP-HA 

and YAP-5SA-HA mutant are phosphorylated after Taxol treatment (Fig 2.8B). To exclude the 

possibility that LATS1 may phosphorylate other sites besides the Hippo-dependent 5 

phosphorylation sites on YAP after Taxol treatment, we treated LATS1-/- mouse embryonic 

fibroblast (MEF) with Taxol. WB analysis clearly showed that YAP was still phosphorylated 

after Taxol treatment (Fig 2.9A). In addition, transient knockdown of LATS1 alone in HeLa 

cells by two different siLATS1 (siLATS1-A and siLATS1-B) or knockdown of both LATS1 and 

LATS2 by siRNAs also fail to block Taxol-induced YAP phosphorylation (Fig 2.9 B-C). 

Furthermore, YAP is still phosphorylated after Taxol treatment even when both MST1  
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              Figure 2.7 WB analysis of MST1/2, pMST, LATS1/2 and pLATS1 (S909)   

              after Taxol treatment. 

  HeLa cells were treated with Taxol (100 nM) for different times before floating cells 

were lysed for WB analysis of different components in the Hippo pathway.  
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Figure 2.8 Taxol-induced YAP phosphorylation is independent of five LATS 

phosphorylation sites of YAP. 

A. HeLa cells were treated with Taxol (100 nM) for different times. Proteins were 

extracted from floating cells before being subjected into WB analysis. B. HeLa 

cells were transfected with HA tagged YAP or YAP5SA (LATS phosphorylation 

sites mutant) before a 24 h of Taxol treatment. Floating cells were lysed for WB 

analysis.   
 



 

48 

 

 

 

 

 

                                  
 

 

 

 

 

 

                             
 

 

 

 

 

 

 

 

 

 

 



 

49 

 

 

  

Figure 2.9 Taxol-induced YAP phosphorylation is independent of the Hippo 

pathway. 

A. Mouse embryonic fibroblast from LATS1 knock out (LATS1
-/- 

MEF) were treated 

with Taxol at 1 µM for 24 h before a WB analysis of YAP. B-C. HeLa cells were 

transfected with siRNAs either target single LATS1 or LATS2 kinase or LATS1/2 

together before being treated with Taxol for 24 h. Cells were lysed for WB for 

detecting expressions of YAP and  LATS. D. MST and YAP were detected through 

WB with cell lysates of MST1/2 knocked down by siRNAs in HeLa cells. Two 

different pairs of siRNAs targeting MST1 and MST2 were used.  
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and MST2, two major upstream kinases of LATS, were simultaneously knocked down (Fig 

2.9D).  

 Together, our data convincingly demonstrate that antitubulin drugs induce YAP 

phosphorylation independent of the upstream Hippo signaling pathway and suggest that other 

kinase (s) may be responsible for YAP phosphorylation during antitubulin drug treatment. 

2.4.3 Identification of novel YAP phosphorylation sites 

  To identify the kinase (s) phosphorylating YAP, the YAP phosphorylation sites were first 

mapped. Immunoprecipitated YAP from protein lysates extracted from Taxol-treated HeLa cells 

were subjected to mass-spectrometric identification of phospho-peptides. Four phosphorylation 

sites of YAP including S128, S138, S289, and S367 were identified and all of these sites contain 

a “SP” motif (Fig 2.10 A-B). To confirm these potential phosphorylation sites, plasmids 

expressing various deletions and mutations of YAP were constructed and transfected them into 

HeLa cells. Mutations of both S128 and S138 into alanine (A, S128A/S138A) rather than a 

single mutation alone (S128A or S138A) abolished Taxol-induced YAP1-150-HA 

phosphorylation (Fig 2.11 A-B). While mutation of S289 or S367 alone (S289A or S367A) only 

had minor effects, mutation of both sites (S289A/S367A) dramatically decreased YAP 203-400-

HA phosphorylation (Fig 2.11C). Since S289A/S367A double mutants were unable to 

completely abolish YAP203-400-HA phosphorylation, it is possible that another phosphorylation 

site not identified by mass-spectrometry may exist. By scanning the YAP sequence, we 

identified another potential phosphorylation site, S217, which also contains “SP” motif within 

the YAP203-400 sequence (Fig 2.11A). Triple mutation S217A/S289A/S367A completely 

abolished YAP203-400 phosphorylation (Fig 2.11C). Consistent with mass-spectrometry  
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Figure 2.10 Mapping Taxol-induced YAP phosphorylation sites by MS. 

A. Phospho-peptide sequences identified through MS, the “SP” motifs are underlined 

and labeled in red. B. One representable MS spectrums for mapping the 

phosphorylation sites of YAP is shown. 
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Figure 2.11 Mapping and confirmation of Taxol-induced YAP phosphorylation sites. 

A. YAP structure, deletion constructs and potential phosphorylation sites. TBD, TEAD-

binding domain; TA, transactivating domain. B-D. Deletion/mutation mapping YAP 

phosphorylation sites. Different HA tagged deletions and mutations were generated and 

transfected into HeLa cells following with a Taxol treatment for 24 h before cells were 

lysed for WB analysis. E. HeLa cells were transfected with full-length YAP containing 

either single mapped phosphorylation site mutations or all the 5  mutation sites (5SA-TX). 

Cells were further treated with Taxol for 24 h and lysed for WB analysis.   
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analysis, mutation of S367 (S367A) rather than T412 (T412A), which also contains a “TP” 

motif, completely abolishes the phosphorylation of YAP300-504-HA (Fig 2.11D). Together, 

through YAP deletion/mutation analysis, we have identified 5 novel YAP sites (YAP2L, a longer 

isoform of YAP, is used in the present study) that are significantly phosphorylated after Taxol 

treatment. We have further tested these 5 phosphorylation sites individually or in combination 

using full-length YAP. Mutation of only S367 rather than other 4 phosphorylation sites 

significantly but not completely reverses YAP-HA phosphorylation and band-shift, whereas 

mutation of all of 5 phosphorylation sites (5SA-TX) completely abolishes YAP phosphorylation 

after Taxol treatment (Fig 2.11E).  

To further confirm this result in vivo, a homemade antibody against the major YAP 

phosphorylation site, S367 was produced. The purified anti-pS367-YAP antibody specifically 

recognizes phosphorylated WT YAP rather than YAP-S367A with the S367 mutation (Fig 

2.12A). YAP phosphorylation on S367 (pS367) is significantly increased in floating apoptotic 

rather than adherent live HeLa cells after Taxol treatment (Fig 2.12B). In addition, YAP-pS367 

is significantly increased in SK-BR3 cells rather than Taxol-resistant SK-BR3-TR cells after 

Taxol treatment (Fig 2.12C). In summary, 5 “SP” motif-containing phosphorylation sites are 

responsible for YAP phosphorylation/band-shift during Taxol treatment.  

2.4.4 Identification of Cdk1 as a novel upstream kinase phosphorylating YAP 

after Taxol treatment 

Since all of the 5 YAP phosphorylation sites contain a “SP” motif, a PhosphoNet Kinase 

Predictor program (http://www.phosphonet.ca) was used to predict potential kinase(s) 

phosphorylating these motifs. Seven potential kinases with high prediction score were selected as 

candidate kinases. By using inhibitors for each specific kinase, we found that inhibition of JNK  
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Figure 2.12 YAP phosphorylation on S367 correlates with cell sensitivity to Taxol. 

A-B. An antibody specifically targeting phosphorylation on S367 of YAP was produced 

and examined in HeLa cells treated with Taxol.  

C.  No phosphorylation of YAP on S367 in Taxol resistant SK-BR3 (SK-BR3-TR) cells.  
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or Cdk kinase completely abolishes YAP phosphorylation after Taxol treatment (Fig 2.13A). 

Since inhibitors sometimes have non-specific activities, in vivo knocking down of both JNK1 

and JNK2, two major JNK family members, was performed by using Doxycycline (Dox)-

inducible shJNK1 and shJNK2. As shown in Fig 2.13 B and C, YAP was still phosphorylated 

after knockdown of both JNK1 and JNK2 (both JNK1 and JNK2 have two isoforms/bands), 

suggesting that JNK is not the kinase responsible for YAP phosphorylation.  

According to previous studies, the widely used “JNK” inhibitor used in our study, 

SP600125, can in fact inhibit Cdk kinase non-specifically (281). Since the Cdk inhibitor also 

abolishes YAP phosphorylation (Fig 2.13A), it is possible that Cdk kinase, specifically 

Cdk1/Cyclin B, a kinase complex well-known to be involved in Taxol-induced mitotic arrest and 

apoptosis (94, 282), may be essential for YAP phosphorylation. Firstly, several general Cdk 

inhibitors (Ros, Pur A, Olo II) and a Cdk1-specific inhibitor (RO-3366) were used to test 

whether they can block Taxol-induced phosphorylation. Significantly, treatment of HeLa cells 

with all of these inhibitors completely abolishes Taxol-induced YAP phosphorylation (Fig 

2.14A). Second, to eliminate the possibility of non-specific effects caused by Cdk1 inhibitors, 

transiently knockdown of Cdk1 by siCdk1 or Dox-inducible shCdk1 alone or in combination 

were carried out. Surprisingly, although Cdk1 was knocked down significantly by siCdk1 or 

shCdk1, YAP was still partially phosphorylated, suggesting that residual Cdk1 may still be able 

to phosphorylate YAP. However, Cdk1 knockdown by combined effect of siCdk1 and shCdk1 

plus Dox can completely abolish Taxol-induced YAP phosphorylation (Fig 2.14B). Similarly, 

inactivation of Cdk1/Cyclin B kinase complex by knocking down Cyclin B with siCyclin B also 

abolishes Taxol-induced YAP phosphorylation (Fig 2.14C). In addition, in vitro kinase assays  
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Figure 2.13 JNK is not the kinase phosphorylating YAP in response to Taxol 

treatment. 

A. HeLa cells were pretreated with related kinase inhibitors at desired concentrations 

for 2 h before another 20 h of Taxol treatment. Cells were then lysed for WB analysis 

of YAP. B. Specific knocking down of JNK1/2 by infecting HeLa cells with inducible 

shRNAs targeting JNK1/2; C. HeLa cells with inducible JNK1/2 knocked down were 

treated with Taxol for 24 h before proteins were extracted for WB.  
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Figure 2.14 Taxol-induced YAP phosphorylation depends on Cdk1. 

A. HeLa cells were pretreated with four different Cdk inhibitors for 2 h before 

Taxol treatment for another 20 h. Cells were then lysed for WB analysis of YAP. 

B. YAP was checked in Taxol treated HeLa cells with Cdk1 knocking down 

through either single siRNA, shRNA or the combination of both siRNA and 

shRNA. Bcl-2 and Cdk1 were checked as controls for Cdk1 knocking down. C. 

HeLa cells were transfected with siRNA targeting Cyclin B before a 24-hour of 

Taxol treatment. Cells were lysed for WB analysis of YAP and Cyclin B.  
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also showed that purified Cdk1/Cyclin B kinase can directly phosphorylate purified YAP-GST 

rather than GST control in vitro (Fig 2.15A). This result was further confirmed by WB  

analysis of the same blot using anti-phospho-YAP-S367 antibody (Fig 2.15A) and in vitro 

peptide kinase assay in which WT containing S128 site rather than its mutant S128V peptide was 

significantly phosphorylated by Cdk1/Cyclin B in vitro (Fig 2.15B). Altogether, Cdk1 is indeed 

the critical kinase phosphorylating YAP during antitubulin drug response. 

2.4.5 Taxol-induced YAP phosphorylation blocks its transactivating function 

TF of the TEAD family is essential for oncogenic function of YAP in mammary cells 

(169). To examine the effect of YAP phosphorylation on its function, co-IP analysis of YAP and 

TEAD4 in the absence and presence of Taxol treatment was performed (Fig 2.16A). In the 

absence of Taxol treatment, HA-tagged YAP strongly interacts with FLAG-tagged TEAD4 in 

vivo in HeLa cells. Although Taxol treatment of HeLa cells has no effect on the levels of both 

YAP-HA and TEAD4-FLAG (for better quantification, high percentage of SDS-PAGE was run 

for WB to eliminate YAP-HA band-shift in Taxol-treated protein lysate), Taxol treatment 

significantly reduced the interaction of YAP-HA with TEAD4-FLAG (Fig 2.16A). However, 

this disruption of YAP-TEAD4 interaction was rescued after inactivation of Cdk1 by Cyclin B 

knockdown (Fig 2.16B). In addition, Taxol treatment was unable to disrupt the interaction 

between phosphorylation-deficient YAP-5SA-TX [YAP-5SA-TX is used to distinguish it from 

the LATS phosphorylation mutant YAP-5SA (Fig 2.8B)] and TEAD4 (Fig 2.16C), suggesting 

that the phosphorylation of YAP after Taxol treatment is essential for its reduced interaction with 

TEAD. To directly confirm YAP phosphorylation reduces its interaction with TEAD4, YAP 

mutants that change all 5 S phosphorylation sites to either “A”s (YAP-5SA-TX, inactivating 

mutation) or aspartic acid (YAP-5SD-TX, mimicking phosphorylation) were used for co-IP  
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 Figure 2.15 YAP is phosphorylated by Cdk1 in vitro. 

A. GST or YAP-GST fusion protein was incubated with Cdk1/Cyclin B for an in vitro 

kinase assay. The membrane was stained with 0.1% Ponceau S (left panel) and exposed to 

film (middle panel). The same membrane was later subjected to WB analysis using anti-

pS367-YAP antibody (right panel). B. Peptide kinase assay. In vitro kinase assays were 

carried out using Cdk1/Cyclin B and peptides with/without S128 mutation (S128V). CPM, 

counts per minute. 
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Figure 2.16 Cdk1 phosphorylation of YAP decreases interactions between YAP 

and TEAD4. 

A. YAP and TEAD4 interaction was decreased in response to Taxol treatment. YAP and 

TEAD4 were co-transfected into HeLa cells with/without Taxol treatment for 24 h. Cell 

lysates were subjected to IP with Flag antibody. B. YAP and TEAD4 were co-

transfected into HeLa cells with Cyclin B knocked down or Taxol treatment. Cells were 

lysed for IP with Flag antibody. C. YAP5SA-TX and TEAD4 were co-transfected into 

HeLa cells with/without Taxol treatment for 24 h. Cell lysates were subjected to IP with 

a Flag antibody. D. TEAD4 and YAP5SA-TX or 5SD-TX or YAP were co-transfected 

into HeLa cells followed by IP.  
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analysis with TEAD4. Consistent with Taxol treatment experiment, although similar levels of 

WT (YAP-HA) and mutant YAP were detected in cells, interaction of TEAD4-FLAG with YAP- 

5SD-TX-HA is significantly weaker than that with YAP-HA or YAP-5SA-TX-HA (Fig 2.16D), 

suggesting that Taxol-induced YAP phosphorylation may reduce its ability to interact with and 

activate the TF of TEAD.  

To confirm that reduced interaction of YAP with TEAD after phosphorylation causes its 

decreased co-transactivating activity, MCF10A mammary cells stably expressing a WPI 

lentiviral vector, WT or mutant YAP were established. Previous studies have shown that over-

expression of YAP in MCF10A cells causes increased expression of CTGF and Cyr61 mRNA 

through the interaction with and transactivation of TEAD (169). As expected, compared with 

WPI control, over-expression of YAP-WT or YAP-5SA significantly activates mRNA levels of 

its downstream transcriptional targets CTGF and Cyr61 in MCF10A cells (Fig 2.17B). Although 

a similar level of YAP and its mutants were expressed (Fig 2.17A), significantly reduced levels 

of CTGF or Cyr61 mRNA were detected in YAP-5SD-TX-MCF10A (Fig 2.17B). 

Together, these experiments clearly demonstrate that phosphorylation of YAP by Cdk1 

after Taxol treatment reduces its ability to interact with TF of TEAD and transactivates its 

downstream genes important for the Taxol response. 

2.4.6 Taxol-induced YAP phosphorylation inhibits YAP-induced antitubulin 

drug resistance 

Previous studies have shown that overexpression of YAP inhibits Taxol-induced 

apoptosis in MCF10A cells (219). To test whether YAP phosphorylation has any effect on its 

ability to reduce Taxol-induced apoptosis, MCF10A cells stably expressing WPI vector, YAP-

WT, YAP-5SA-TX, or YAP-5SD-TX were established (Fig 2.17A). Most interestingly, although  
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Figure 2.17 Cdk1 phosphorylation of YAP decreases the transactivating function of 

YAP. 

A. MCF10A cells stably overexpressing YAP, YAP5SA-TX or YAP5SD-TX were 

established and the expressions of YAP in these cell lines were assessed by WB. B. 

mRNAs were extracted from the stable cell lines mentioned in A., CTGF and Cyr61 were 

assessed by qRT-PCR using these mRNAs. “*” represents the difference between YAP-

5SD-TX and YAP-WT is significant (p < 0.05). 
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both YAP-WT and YAP-5SA-TX cause morphological changes from epithelial (normal cell-cell 

contact, high epithelial marker E-cadherin, and low mesenchymal marker Vimentin) to  

mesenchymal phenotype (loss of cell-cell contact, reduced E-cadherin, and increased Vimentin) 

as previously observed (219), YAP-5SD-TX mutant fails to cause significant morphological 

changes (Fig 2.18 A-C).  

Most significantly, consistent with morphological changes, analysis of apoptosis by WB 

analysis of cPARP as well as trypan blue exclusion assays showed that compared to WT and 

YAP-5SA-TX, YAP-5SD-TX has significant decreased ability to inhibit apoptosis induced by 

both Taxol and vinblastine (Fig 2.19 A-C), two commonly used antitubulin drugs for cancer 

treatments. On the other hand, YAP-WT and YAP-5SD-TX have similar anti-apoptotic effect in 

response to the non-antitubulin drug Cisplatin (Fig 2.19 D), suggesting that YAP is only 

phosphorylated and inactivated by Cdk1 during antitubulin drug treatments. 

2.5 Discussion 

In this study, we have shown for the first time that Cdk1 is a novel kinase responsible for 

the inactivation of YAP during antitubulin drug-induced apoptosis. We found that YAP is 

specifically phosphorylated in floating apoptotic cells rather than adherent surviving cells after 

antitubulin drug treatment (Fig 2.1 A-B). Significantly, we have shown that activated Cdk1 can 

directly phosphorylate YAP both in vitro and in vivo, which subsequently causes reduced co-

transactivating and anti-apoptotic activities of YAP. 

Even though many genes affect the sensitivity of cancer cells to antitubulin 

chemotherapeutics and it is well known that aberrant activation of Cdk1/Cyclin B is critical for  
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Figure 2.18 Cdk1 phosphorylation of YAP reverses YAP-induced EMT. 

A. Morphological alterations of MCF10A cells stably overexpressing YAP, YAP5SA-TX 

or YAP5SD-TX. B. WB analysis of E-cadherin and Vimentin as EMT markers in the 

established stable cell lines. C. Immunofluorescence staining of E-cadherin in these stable 

cell lines.  
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Figure 2.19 Cdk1 phosphorylation of YAP sensitizes cells to antitubulin drugs. 

A. MCF10A cells stably overexpressing YAP, YAP5SA-TX or YAP5SD-TX were 

treated with either Taxol or vinblastine for 24 h before cells were lysed for WB analysis 

of apoptosis (cPARP). B-D. The stable cell lines were treated with 

Taxol/vinblastine/Cisplatin at different concentrations for 48 h. For each treatment, both 

floating and attached cells were collected for trypan blue staining. Dead cells can be 

stained with trypan blue and percentage of dead cells was calculated based on 

stained/dead cell numbers and total cell numbers. Each drug treatment was repeated 

three times and the curve graph was made based on the average data of three 

independent experiments. * shows a significant difference between YAP-WT and YAP-

5SD-TX (p < 0.05).  
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antitubulin drug-induced apoptosis (94), only a few genes are identified to be directly 

phosphorylated and regulated by Cdk1/Cyclin B (282, 283). Therefore, our studies provide the  

first biological evidence that the Hippo core component YAP is a sensor for Cdk1 kinase activity 

and a critical link coupling Cdk1 activation to antitubulin drug-induced apoptosis.  

Despite YAP is well studied as being regulated in the Hippo pathway (MST1/2-

LATS1/2-YAP), mounting evidence suggested that different stimuli may induce various 

biological changes by regulating YAP through multiple signaling pathways. In this study, we 

have identified another pathway regulating YAP in response to drug treatments. Antitubulin 

drugs induce MT tension by causing increased MT polymerization or depolymerization (62, 74), 

which subsequently causes increased Cyclin B levels (Fig 2.14C) and activation of Cdk1 kinase 

(Fig 2.2). Activated Cdk1 in turn phosphorylates YAP on 5 sites (S128, S138, S217, S289, and 

S367), which inactivate YAP function as a transcriptional co-activator and an anti-apoptotic 

protein, leading to apoptotic cell death.  

In this study, we have established YAP as an anti-apoptotic protein important for 

antitubulin drug resistance. We have shown that overexpression of YAP-WT and its 

phosphorylation mutant YAP-5SA-TX rather than its phosphomimic mutant YAP-5SD-TX 

cause resistance of MCF10A mammary cells to both Taxol and vinblastine (Fig 2.19 A-C). 

Compared to YAP-WT, similar resistance to antitubulin drugs was found for YAP-5SA-TX in 

MCF10A cells. Since high levels of both YAP-WT and YAP-5SA-TX are expressed in MCF10A 

cells, most of the over-expressed YAP-WT and YAP-5SA-TX proteins may not be 

phosphorylated and inactivated by endogenous Cdk1, which protects MCF10A cells from 

undergoing apoptosis. On the other hand, most phosphorylation mimicking YAP-5SD-TX 
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proteins are already inactivated and have compromised anti-apoptotic activity, which results in 

reduced protection from antitubulin drug-induced apoptosis. 

These findings have important clinical implications. Further examination of the 

relationship between the levels and phosphorylation status of YAP and the survival of clinical 

cancer patients before and after antitubulin drug treatments using tissues derived from cancer 

patients may establish YAP and pYAP as prognostic biomarkers for predicting the sensitivity of 

cancer patients to antitubulin drugs and potential therapeutic targets for the treatment of drug 

resistant cancer patients in the future. 
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Chapter 3 

 

Regulation of the sensitivity of tumor cells to antitubulin drugs 

by Cdk1-TAZ signaling 

 

 

3.1 Abstract 

Antitubulin drugs are commonly used for the treatment of numerous cancers. However, 

either the intrinsic or acquired resistance of patients to these drugs result in the failure of the 

treatment and high mortality of cancers. Therefore, identifying genes or signaling pathways 

involved in antitubulin drug resistance is critical for future successful treatment of cancers.  

TAZ, which is a core component of the Hippo pathway, is overexpressed in various cancers. We 

have recently shown that high levels of TAZ in cancer cells result in Taxol resistance through 

up-regulation of downstream targets Cyr61 and CTGF. However, how TAZ is regulated in 

response to Taxol is largely unknown. In this study, we found that Cdk1 directly phosphorylates 

TAZ on six novel sites independent of the Hippo pathway, which further results in TAZ 

degradation through proteasome system. Phosphorylation-mimicking TAZ mutant is unstable, 

and therefore abolishes TAZ-induced antitubulin drug resistances. This study provides the first 

evidence that Cdk1 is a novel kinase phosphorylating and regulating TAZ stability and suggests 

that Cdk1-TAZ signaling is a critical regulator of antitubulin drug response in cancer cells and 

may be a potential target for the treatment of antitubulin-drug resistant cancer patients. 
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3.2 Introduction 

  Antitubulin drugs including paclitaxel (Taxol) and vinblastine are the chemotherapeutic 

drugs widely used for clinical cancer treatment of several types of cancers such as BC, NSCLC, 

ovarian cancer (284–287). However, cancer patients either have intrinsic resistance to these 

drugs or gradually develop acquired resistance during chemotherapy, which results in the failure 

of chemotherapy and high mortality (107, 278). Normally the resistance of certain drugs depends 

on the molecular alterations of cancer cells. Therefore, studying the molecular mechanisms 

underlying the responses of cancer cells to chemotherapeutic drugs may provide useful 

information in dealing with chemoresistance.  

TAZ, also named as WWTR1 (WW domain containing transcription regulator 1), is one 

of the core components (MST-LATS-YAP/TAZ) in the Hippo pathway that plays important 

roles in tumorigenesis, organ size control, stem cell differentiation and renewal (141, 144, 146, 

274). It is well-known that TAZ can be phosphorylated by LATS through four S sites, which can 

cause TAZ either to bind to the 14-3-3 protein to be anchored in cytoplasm or to be degraded 

through UPS by interacting with E3 ubiquitin ligase -TRCP (166, 167). High expression of 

TAZ is found in several types of cancers and several studies suggest that TAZ is related to the 

malignancy of BC and lung cancer as well as CSC property maintenance and chemoresistance 

(15, 177, 202, 223, 252, 273). Our lab previously identified that TAZ upregulates its downstream 

targets, Cyr61 and CTGF, through interacting with TEAD TF, which further leads to the 

resistance of BC cells to antitubulin drug Taxol (223). However, the upstream genes regulating 

TAZ-induced sensitivity to antitubulin drugs are largely unknown. Here in this study, we found 

that TAZ was phosphorylated and degraded in Taxol sensitive cells during Taxol treatment. The 

phosphorylation of TAZ was due to activated Cdk1 on six novel sites of TAZ, which 
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subsequently led to TAZ degradation and therefore hindered the involvement of TAZ in drug 

resistance. This study discovers an essential role of Cdk1-TAZ signaling in determining the 

tumor cell sensitivity to antitubulin drugs and suggests a novel signaling target for the treatment 

of antitubulin drug-resistant cancers. 

3.3 Materials and Methods 

3.3.1 Cell culture, treatments of cells with chemotherapeutic drugs and 

cycloheximide (CHX) 

Cell culture and treatments of cells with chemotherapeutic drugs were as described in 

“Materials and Methods” in Chapter 2 section 2.3.1.  

HeLa cells were cultured to 40% confluency before treating with CHX (Sigma) at a 

concentration of 60 g/mL alone or together with Taxol (100 nM) for different times (0h, 4h, 8h, 

12h). At each time point, both attached (alive) and floating (dead) cells were lysed with RIPA 

buffer containing PI (Roche) and subjected to WB analysis. 

To test if TAZ phosphorylation and degradation is due to loss of anchorage of cells after 

antitubulin drug treatment, HeLa cells were plated onto a 60 mm plate coated with poly-HEMA 

(20 mg/mL, Sigma) and incubated at 37 0C for 24 h with or without adding Taxol (100 nM). 

Floating cells were collected for protein extraction and WB analysis. Besides, attached HeLa 

cells were detached by trypsinization at either 40% or 90% confluency before being lysed for 

protein extraction and WB analysis.  

3.3.2 Plasmids construction and transfection 

TAZ4SA (LS) was amplified from TAZ4SA (LS)-pBABE-GFP (a gift generously 

provided by Dr. Jianmin Zhang from Roswell Park Cancer Institute, USA) and cloned into HA-
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tagged pcDNA3. TAZ different site mutations were achieved through overlapping PCR with 

related primers (Appendix I, Table A2). TAZ, TAZ mutants and TAZ truncations were cloned 

into HA-tagged pcDNA3, pGEX4T1 or HA-tagged WPI lentiviral vector. -TRCP was 

subcloned into 3FLAG-tagged pcDNA3.1-hygro vector.  Plasmids were transfected into cells 

using PolyJet as described by the manufacturer.  

3.3.3 siRNA-mediated gene expression knockdown  

These experiments were performed as described in Chapter 2 section 2.3.5 and please 

refer to the Table A3 of Appendix I for the sequences of siRNAs.  

3.3.4 GST fusion protein production, in vitro kinase assay 

For GST fusion protein production, TAZ and TAZ6A cloned in pGET4T1 were 

transformed into BL21 bacteria. Production and purification of GST fusion proteins were as 

described in Chapter 2 section 2.3.11. The in vitro kinase assay was performed by mixing fusion 

proteins with or without Cdk1 kinase (Signalchem) in a kinase buffer [1 PBS (pH 7.4), 20% 

glycerol, 4 mM MgCl2, 10 mM DTT, PI] containing 1 mM of ATP-γ-S (Sigma-Aldrich). Mixed 

samples were incubated at 30 0C for 30 min. Then p-Nitrobenzyl mesylate (PNBM, Santa Cruz) 

was added at a final concentration of 2.5 mM and the mixed samples were incubated for 1 h at 

RT. The samples were mixed with equal amount of 2×SDS loading buffer (0.29M Tris HCl, 

8.57% SDS, 30% glycerol, 4.2% β-mercaptoethanol, 0.2mg bromophenol blue) and subjected to 

WB analysis. The phosphorylated substrates were detected with anti-thiophosphate ester 

antibody (1:1000, Abcam).  

3.3.5 Phos-tag analysis of TAZ phosphorylation 
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For detection of phosphorylated TAZ protein by phos-tag gel, cells transfected with 

different TAZ constructs and under different culture conditions (e.g., treat with drugs) were 

washed with TBS buffer [10 mM Tris-HCl (pH 7.5), 100 mM NaCl] before being lysed with 

RIPA buffer. Protein lysates were mixed with 5× protein loading buffer and boiled for 5 min. 

The SDS-PAGE gels with 10 mM MnCl2 and 5 mM phos-tagTM Acrylamide ALL-107 (NARD) 

added in the resolving gel were used for running the protein lysates. The gels were soaked in 

transfer buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, 20% methanol) with 1 mM EDTA 

added for 10 minutes at RT and washed twice with transfer buffer before being transferred to 

polyvinyl difluoride (PVDF) membranes (Bio-Rad) at 4 0C. The phosphorylated TAZ and its 

mutants were detected using anti-HA antibody (1:1000, Abcam). 

3.3.6 Lentiviral production, infection and establishment of stable cell lines 

HEK293T cells were cultured in 60 mm tissue culture dishes pre-coated with 0.1 mg/mL 

PLL for transfection with packaging plasmid (psPAX), envelop plasmid (pMD2G) and related 

plasmids (e.g. WPI-TAZ-HA, WPI-TAZ3A-HA, WPI-TAZ3D-HA, WPI-TAZ6A-HA, WPI-

TAZ6D-HA) using PolyJet reagent according to manufacturer’s protocol. Cells were incubated 

in an incubator with 5% CO2 at 37 0C overnight before the media were refreshed with DMEM 

containing 10 mM sodium butyrate and incubated for extra 24 h. The medium containing 

lentivirus was directly collected and used to infect MCF10A cells together with polybrene at 8 

g/ml.   

3.3.7 RNA extraction and qRT-PCR 

MCF10A cells stably expressing TAZ and its mutants [TAZ, TAZ3A (Tx), TAZ3D (Tx), 

TAZ6A, TAZ6D] were cultured until 70-80% confluency before RNA extractions through 
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RNAzol®RT (MRC) according to the manual. qRT-PCR analysis was performed as described in 

Chapter 2, section 2.3.7. 

3.3.8 Antibodies, WB and co-IP 

Protein extraction, WB and co-IP were performed as described in Chapter 2. Antibodies 

used in this study were listed in Table A4 of Appendix I.  

3.4 Results 

3.4.1 TAZ is phosphorylated and degraded during Taxol treatment 

To examine how TAZ responds to Taxol treatment, TAZ levels were examined in HeLa 

cells treated with Taxol at different dosage for 24 h. TAZ is phosphorylated and degraded with 

the increase of Taxol dosage and apoptosis indicated by cPARP, an apoptotic marker (Fig 3.1A).  

To test whether reduced levels of TAZ are due to increased TAZ turnover after Taxol treatment, 

Hela cells were treated with CHX to inhibit protein synthesis in the absence or presence of 

Taxol. Significantly, compared to cells treated only with CHX, Taxol treatment together with 

CHX results in increased TAZ degradation (Fig 3.1B), suggesting that Taxol reduces TAZ levels 

by causing TAZ protein degradation. Besides, TAZ is phosphorylated and degraded in different 

types of cancer cells with Taxol treatment (Fig 3.2A), suggesting this Taxol-induced TAZ 

degradation is not cell line specific. Moreover, TAZ is degraded in WT rather than Taxol-

resistant (TR) SK-BR3 BC cells (Fig 3.2B). Together, these findings strongly suggest that 

degradation of TAZ is correlated with the sensitivity of cancer cells to Taxol. 

3.4.2 TAZ degradation after Taxol treatment is not due to the Taxol-induced 

cell detachment  
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 A. HeLa cells were treated with Taxol at different concentrations for 24 h before 

cells were lysed for WB to detect cPARP and TAZ. -actin was used as an internal 

loading control. B. WB analysis of TAZ turnover time after Taxol treatment. HeLa 

cells were treated with CHX to block TAZ protein synthesis in the absence (-) or 

presence (+) of Taxol. Cells were lysed at 0, 4, 8, or 12h after drug treatments and 

subjected to WB analysis of TAZ.  

Fig 3.1 Taxol causes TAZ phosphorylation and degradation. 
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Fig 3.2 Taxol-induced TAZ degradation is not cell line dependent and correlates 

with cell sensitivity to Taxol. 

A. BC cell lines MDA-MB468 and MCF7 as well as colon cancer cells HCT116 were 

treated with Taxol at 100 nM for 24 h and floating cells were collected and lysed for 

WB to detect TAZ phosphorylation and degradation. B. Cells were treated as 

described above. Wild-type SK-BR3 (SK-BR3-WT) as well as Taxol-resistant SK-

BR3 cells (SK-BR3-TR) were cultured in the absence (-) or presence (+) of Taxol for 

24 h and TAZ levels were examined by WB. 
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Cells are usually detached from the cell culture plate and remain in floating condition 

after Taxol treatment. To exclude the possibility that TAZ degradation is due to the detachment 

of cells instead of Taxol related regulations, HeLa cells were trypsinized at both low cell density 

(40%) and high cell density (90%). However, TAZ is neither degraded nor phosphorylated after 

detachment (Fig 3.3A). To test if the floating condition plays a role in Taxol-induced TAZ 

alterations, HeLa cells were cultured in poly-HEMA-coated plates to mimic the floating 

condition. Cells were collected after 24 h culture with or without Taxol (100 nM) added. The 

expression level of TAZ is only significantly decreased in floating cells treated with Taxol (Fig 

3.3B). Together these experiments indicate that the alterations of TAZ alteration are directly 

through Taxol treatment rather than Taxol-induced cell detachment or floating.  

3.4.3 Taxol-induced TAZ degradation is independent of the activation of the 

Hippo pathway 

It is well known that TAZ is directly regulated by LATS kinase in the Hippo pathway 

(MST-LATS-TAZ). LATS phosphorylates four “S” sites (S66, S89, S117, S311) in TAZ, 

among which, S311 phosphorylation induces TAZ degradation, while S89 phosphorylation can 

anchor TAZ in the cytoplasm through an interaction with 14-3-3 protein (166, 167). To detect if 

Taxol induces TAZ phosphorylation and degradation through LATS, first WT TAZ-HA or TAZ 

mutant, which has all the four LATS (LS) phosphorylation sites mutated from “S” to “A” 

[TAZ4SA (LS)] were transfected into HeLa cells, followed by Taxol treatment for 0, 6, and 24 h. 

Surprisingly, both TAZ-HA and TAZ4SA (LS)-HA are degraded after Taxol treatment for 24 h 

(Fig 3.4A), suggesting that phosphorylation of TAZ by LATS is not essential for Taxol-induced 

TAZ degradation. Interestingly, TAZ levels were enhanced after 6 h Taxol treatment. Since 

Taxol induces mitotic arrest during an early stage of treatment, it is possible that TAZ is 

activated to  
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Fig 3.3 Taxol-induced TAZ degradation is independent of cell detachment or 

floating.  

A.  HeLa cells were trypsinized and lysed or directly lysed at either 40% or 90% 

confluency to mimic cell detachment (D) and attachment (A) respectively. Then cell 

lysates were subjected to WB to detect TAZ expression. B. Cells either cultured in 

floating condition (poly-HEMA) alone or together with Taxol were collected 24 h later 

and lysed for WB to detect TAZ expression with attached cells as a control. 
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counteract Taxol-induced mitotic cell cycle arrest. To exclude the possibility that Taxol may 

activate LATS to phosphorylate TAZ on sites other than the known four LATS phosphorylation 

sites (4S) to cause degradation, LATS1/2 (LATS) were knocked down by siRNAs in HeLa cells, 

followed by Taxol treatment. However, TAZ is still phosphorylated and degraded after LATS 

knockdown (Fig 3.4B). Similar results were obtained when the LATS upstream kinases MST1/2, 

were knocked down by siRNAs, followed by Taxol treatment (Fig 3.4C). Together, these results 

highly suggest Taxol-induced degradation of TAZ is independent of the Hippo pathway.  

3.4.4 Taxol induces TAZ phosphorylation and degradation through Cdk1 

In our previous work, YAP was phosphorylated by Cdk1 on five phosphorylation sites 

during Taxol treatment (288). Since TAZ is the paralog of YAP, it is possible Taxol-induced 

TAZ alteration is Cdk1 dependent. Cdk1 specifically recognizes “S” or “T” in a “SP/TP” motif 

(289). By examining potential Cdk1 phosphorylation sites in TAZ, 6 S/T sites (S90, S105, T175, 

T285, T326, and T346) with S/TP motifs were identified (Fig 3.6A). To check if TAZ can be 

phosphorylated by Cdk1, an in vitro kinase assay with Cdk1 kinase was performed using TAZ-

GST or TAZ6A-GST (all 6 potential S/T Cdk1 phosphorylation sites were mutated into A, Fig 

3.6A) fusion proteins as the substrate and YAP-GST protein as a positive control. TAZ rather 

than TAZ6A was phosphorylated when Cdk1 was added (Fig 3.5A), suggesting Cdk1 can 

directly phosphorylate TAZ. Furthermore, siRNA targeting Cyclin B, the functional partner of 

Cdk1, was used together with Taxol treatment. Taxol-induced TAZ degradation is blocked after 

knocking down Cyclin B (Fig 3.5B). Moreover, siRNA/shRNAs targeting Cdk1 were introduced 

into HeLa cells, followed by Taxol treatment. Like Bcl-2 positive control, TAZ is no longer 

phosphorylated or degraded in cells with Cdk1 completely knocked down through the  
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Fig 3.4 Taxol-induced TAZ degradation is independent of the Hippo pathway 

A. HA-tagged wild-type TAZ or TAZ4SA (LS) was transfected into HeLa cells and 

subsequently treated with Taxol for either 6 h or 24 h. Floating cells were collected 

and lysed for WB analysis of TAZ expression using anti-HA antibody.  B-C. siRNAs 

targeting the Hippo pathway core components LATS1/2 (siLATS) (B) or MST1/2 

(siMST-A/B) (C) were introduced into HeLa cells, followed by a treatment of Taxol 

or no treatment for 24 h. Cells were lysed for WB to detect TAZ expression as well as 

MST1/2 and LATS1/2 expressions as controls for checking the knock down 

efficiency of siRNAs. siCtrl, control of siRNAs.  
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combination of siCdk1 and shCdk1 (Fig 3.5C), further confirming that Cdk1 is the kinase 

regulating TAZ during Taxol treatment. 

3.4.5 The elucidation of the phosphorylation sites of TAZ during Taxol 

treatment  

To narrow down the actual Cdk1 phosphorylation sites, two TAZ deletions (TAZ1-114 

and TAZ1-340) containing part of the potential phosphorylation sites mutated into A (SA or TA) 

were constructed and transfected into HeLa cells, followed by a treatment with Taxol for 6 h at 

which time point TAZ is significantly phosphorylated but less degraded (Fig 3.6B). WB analysis 

shows that three phosphorylation sites (S90, S105, and T285) contribute to the band-shift 

(phosphorylation) of TAZ protein after Taxol treatment (Fig 3.6B). To further confirm these 

three sites are the only major sites for Taxol-induced TAZ phosphorylation, a phos-tag gel was 

used to identify any phosphorylation site that does not cause band-shift on regular SDS-PAGE 

gel. Since phosphorylation of TAZ by endogenous LATS also causes multiple bands of wild type 

TAZ on phos-tag gel even without Taxol treatment (Fig 3.6C), TAZ4SA (LS), which mutates all 

four LATS “S” phosphorylation sites into “A”, was used as a template to further have the Taxol-

induced three Cdk1 phosphorylation sites (S90, S105, and T285) mutated into “A” [TAZ4SA 

(LS) +3A (Tx)]. WT TAZ4SA (LS) has a band-shift after 6 h of Taxol treatment (Fig 3.6C), 

indicating that Taxol-induced phosphorylation of TAZ is independent of the four LATS 

phosphorylation sites. However, the band-shift of TAZ4SA (LS) is abolished by mutating the 

three potential Taxol-induced Cdk1 phosphorylation sites [TAZ4SA (LS) +3A (Tx)], verifying 

that these three sites are fully responsible for Taxol-induced TAZ phosphorylation by Cdk1 (Fig 

3.6C). To examine if this TAZ regulation is specific to Taxol, both TAZ4SA (LS) and TAZ4SA 

(LS) +3A (Tx) were treated with three different antitubulin drugs (Taxol, vinblastine, or  
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A. TAZ-GST or TAZ6A-GST was incubated with Cdk1 kinase, followed by in 

vitro kinase assay. YAP-GST was used as a positive control for Cdk1 kinase 

activity. Upper panel: Ponceau S staining of fusion proteins on the membrane; 

Lower panel: WB analysis of phosphorylated TAZ using SDS-PAGE gel and anti-

thiophosphate antibody. B.  Cyclin B was knocked down by siRNA in HeLa cells 

in the absence (-) or presence (+) of Taxol for 24 h. Cells were lysed for WB to 

detect TAZ expression. C. Cdk1 was targeted with siCdk1, shCdk1 [inducible 

system with Dox to induce shCdk1] as well as the combination of siCdk1 and 

shCdk1 in HeLa cells, together with a treatment of Taxol for 24 h. Cells were 

collected and lysed for WB to detect TAZ expression. Since Bcl-2 is a known 

substrate of Cdk1, Bcl-2 was used as a control to check the efficiency of Cdk1 

knocking down.  

Fig. 3.5 Taxol-induced TAZ phosphorylation and degradation is due to Cdk1. 
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A. TB, TEAD binding domain; WW, WW domain; TA, transactivating domain. S90, 

S105 and T285 are highlighted to indicate they are the phosphorylation sites causing 

band-shift after Taxol treatment for 6 h. B. Deletion and mutation analysis of TAZ 

phosphorylation. TAZ 1-114 and TAZ 1-340 deletions were used as templates to 

mutate the potential “S/T” phosphorylation sites into “A” singly or in combination. 

And these constructs were transfected into HeLa cells with Taxol treatment for 6 h to 

detect the sites responsible for Taxol-induced TAZ phosphorylation (band-shift on 

the gel) through running the floating (dead) cell lysates on WB. C. The three 

phosphorylation sites (S90, S105, and T285) identified with TAZ deletions (A, B) 

were further mutated into “A” (3A) on full length TAZ4SA (LS) (all 4 LATS 

phosphorylation sites are mutated). And this mutant [TAZ4SA (LS) +TAZ3A (Tx)], 

TAZ4SA (LS) (WT) or wild-type TAZ was transfected into HeLa cells and treated 

with Taxol for 6 h. Then the lysates of floating cells were subjected to phos-tag gel 

to detect the potential extra phosphorylation sites, which only shift on phos-tag gels. 

Please note that phos-tag gel detects phosphorylations/multiple bands of LATS-

phosphorylated TAZ even without Taxol treatment. D. TAZ phosphorylation is 

specifically induced by antitubulin drugs. TAZ4SA (LS) (LATS phosphorylation site 

mutant) or TAZ4SA (LS) +3A (Tx) (LATS phosphorylation site mutants plus 3A) 

were transfected into HeLa cells and treated with antitubulin drugs [Taxol, 

vinblastine (Vin) and nocodazole (Noc)] as well as DNA damage reagents [Cisplatin 

(Cis), Doxorubicin (Doxo)] for 6 h. Phosphorylation of TAZ was detected with 

phos-tag gel, and Cdk1 activity was detected by checking phosphorylation on Y15 of 

Cdk1 (pCdk1-Y15). Apoptosis was determined by detecting cPARP expression. 

Fig 3.6 Mapping the Taxol-induced TAZ phosphorylation sites. 
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nocodazole), as well as two DNA damage drugs (Cisplatin or Doxorubicin) for 6 h. Then 

phosphorylations of TAZ with different drug treatments were detected through running the cell 

lysates on phos-tag gel (Fig 3.6D). Interestingly, TAZ4SA (LS) (WT) is phosphorylated 

specifically after antitubulin drug treatments and this phosphorylation is abolished on TAZ4SA 

(LS) +3A (Tx) (Fig 3.6D), suggesting that this Cdk1-induced phosphorylation of TAZ is 

antitubulin drug specific. 

Unlike YAP during antitubulin drug treatments (288), TAZ is not only phosphorylated 

but also degraded (Fig 3.1A). But when Cdk1 was knocked down, TAZ was no longer a 

degraded (Fig 3.5C), suggesting Cdk1 is also responsible for Taxol-induced TAZ degradation. 

Therefore, we started to examine if the three Cdk1 phosphorylation sites identified were 

responsible for TAZ degradation as well. Therefore, a TAZ3A construct [TAZ3A (Tx)], which 

has three identified Taxol-induced phosphorylation sites mutated, was transfected into HeLa 

cells and treated with Taxol for 24 h, followed by WB analysis of TAZ levels. To our surprise, 

both TAZ3A (Tx) (S90, S105 and T285 are mutated into “A”) and TAZ3A’ [T175, T326 and 

T346 mutated into “A” (Fig 3.6A)] are still degraded after Taxol treatment (Fig 3.7A). 

Interestingly, when all 6 potential Cdk1 phosphorylation sites were mutated from “S” into “A” 

(TAZ6A), TAZ degradation is completely abolished (Fig 3.7A), indicating that all the six 

phosphorylation sites are indispensable for Cdk1-regulated TAZ stability. To exclude the 

possibility that the resistance to Taxol-induced degradation in TAZ6A is due to protein 

conformation alterations caused by mutations themselves rather than the blockage of Cdk1 

phosphorylation, expressions of TAZ6A and TAZ were examined after transfections of these 

constructs into HeLa cells with various drug treatments for 24 h. TAZ6A is only stable after  
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Fig. 3.7 TAZ degradation during antitubulin drug treatment depends on six 

phosphorylation sites.  

A. TAZ, TAZ3A (Tx) (S90A+ S105A+ T285A), TAZ3A’ (T175A+T326A+T346A) 

and TAZ6A [3A (Tx)+3A’] were cloned into an HA-tagged vector and transfected in 

HeLa cells with Taxol (100 nM) treatment for 24 h. The degradation of these constructs 

were detected by WB. B-C. TAZ-HA and TAZ6A-HA were overexpressed in HeLa 

cells and treated with antitubulin drugs [Taxol, vinblastine (Vin), nocodazole (Noc)] as 

well as Cisplatin (Cis) and Doxorubicin (Doxo). The stability of TAZ and TAZ6A were 

detected in different drug treated cells and Cdk1 activity (pCdk1-Y15) as well as the 

apoptosis marker (cPARP) were checked as well. D. TAZ4SA (LS) and TAZ4SA 

(LS)+3A (Tx) were treated with Taxol (100 nM) for 0, 8, 12, 18 h. Floating cells were 

collected and lysed for Phos-tag gel detecting phosphorylation of the constructs.  
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treatments of antitubulin drugs but not DNA-damage related drugs (Fig 3.7 B-C), which 

confirms that these six phosphorylation sites in TAZ are Cdk1-specific and are responsible for 

antitubulin drug-induced TAZ degradation. However, only three sites are identified after 6 h of 

Taxol treatment (Fig 3.6 B-C), and this three site mutant [TAZ3A (Tx)] can not block TAZ 

degradation after 24 h of Taxol treatment (Fig 3.7A). Since TAZ is dramatically degraded with 

Taxol treatment for 24 h instead of 6 h (Fig 3.4A), it is possible that the rest of three sites were 

phosphorylated with longer Taxol treatment. To explore this possibility, TAZ4SA (LS) and 

TAZ4SA (LS)+3A (Tx) were treated with Taxol for 8 h, 12 h and 18 h, followed by a phos-tag 

gel analysis. As expected, extra phosphorylation (shifted band) of TAZ4SA (LS) +3A (Tx) is 

identified with longer (12h or 18h) Taxol treatment (Fig 3.7D). It is possible that with longer 

drug treatments, Cdk1 will get more activated and as a result, more sites on TAZ will be 

phosphorylated, which finally induce TAZ degradation. In conclusion, these studies strongly 

suggest that Taxol induces TAZ phosphorylation and degradation through phosphorylations of 

six S/T sites by Cdk1.  

3.4.6 Taxol induces TAZ degradation through UPS 

In present study, we found that TAZ is degraded through Cdk1 in antitubulin drug 

sensitive cells. Most intracellular proteins are targeted for degradation through UPS (290). Thus, 

we next examined whether TAZ degradation was through the proteasome. By co-treating HeLa 

cells with Taxol together with MG132, a proteasome inhibitor, Taxol-induced TAZ degradation 

is inhibited (Fig 3.8A), revealing TAZ degradation is through the proteasome system. In 

addition, Taxol-sensitive MCF10A (immortalized mammary epithelial cells) cell lines stably 

overexpressing different TAZ mutants [phosphorylation site inactivating mutants, TAZ3A (Tx) 

and TAZ6A; phosphorylation mimicking mutants, TAZ3D (Tx) and TAZ6D (D, aspartic acid)] 



 

110 

 

were established through a lentiviral infection system. Each stable cell line with equal mRNA 

levels of TAZ was selected according to qRT-PCR analysis (Fig 3.8B). Both TAZ3A (Tx) and 

TAZ6A are as stable as WT TAZ (Fig 3.8C). However, the phosphorylation mimicking mutants, 

TAZ3D (Tx) and TAZ6D, have dramatically decreased protein expressions (Fig 3.8C). The 

decreased expression of TAZ3D (Tx) and TAZ6D is inhibited with MG132 treatments (Fig 

3.8D), confirming that phosphorylations of TAZ by Cdk1 indeed causes TAZ instability through 

proteasome system.  

Interestingly, while mutations of all the six sites (TAZ6A) are required to block Taxol-

induced TAZ degradation, TAZ3D (Tx), which mimics phosphorylation of three sites 

(S90/S105/T285) in TAZ in the early stage of antitubulin drug treatments, is sufficient to cause 

TAZ instability (Fig 3.7A, 3.8C). To elucidate the roles of the other three Cdk1 phosphorylation 

sites (T175/T326/T346, Fig 3.6A) in Taxol-induced TAZ degradation, we also made another two 

constructs: TAZ3A (Tx)+3D’, which further mimics the phosphorylations of the remaining three 

sites on TAZ3A (Tx), and TAZ3D (Tx)+3A’, which abolishes the phosphorylations of the 

remaining three sites on phosphorylation mimicking TAZ3D (Tx) (Fig 3.9 A-B). WB analysis of 

TAZ shows that TAZ3A (Tx)+3D’ is stable whereas TAZ3D (Tx)+3A’ inhibits TAZ 

degradation (Fig 3.9B), suggesting that phosphorylations of the other three sites 

(T175/T326/T346) are required but not sufficient for Taxol-induced TAZ degradation.  

3.4.7 Taxol induced TAZ degradation is -TRCP independent 

 In general, protein targeted to be degraded by proteasome needs to be tagged by ubiquitin 

first (291, 292).  This specific targeting process depends on the interactions between the protein 

and the E3 ubiquitin ligases. Several studies indicate that, the F-box family protein, -TRCP, can 

interact with and cause ubiquitinization and degradation of TAZ (154, 167, 264, 271). Besides,  
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 A. HeLa cells treated with MG132 (20 µM) singly or together with Taxol for 24 h 

before TAZ was detected by WB. B. MCF10A cells stably overexpressing different 

TAZ mutants [TAZ, TAZ3A (Tx), TAZ3D (Tx), TAZ6A, and TAZ6D] were 

established through lentiviral infection. RNA was extracted from each infected cell 

line for qRT-PCR to detect TAZ mRNA levels in each cell line. C. Each stable cell 

line with similar TAZ mRNA expressions was lysed for WB to detect the protein 

levels of TAZ. D. MG132 was used to treat MCF10A stably overexpressing the 

phosphorylation-mimicking mutants TAZ3D (Tx) and TAZ6D at four different 

concentrations for 8 h before cells were lysed for WB. 

Fig 3.8 TAZ degradation is through the proteasome system. 
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Fig. 3.9 The remaining three Cdk1 phosphorylation sites on TAZ play a role in 

TAZ degradation. 

A. Site differences between TAZ3A (Tx)+3D’, TAZ3D (Tx)+3A’, TAZ3A (Tx) and 

TAZ3D (Tx). B. MCF10A cells were infected with lentiviruses of the four TAZ 

mutants indicated in A. respectively before being lysed for WB detection of 

expressions of these mutants.   
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-TRCP is also involved in Cdk1-regulated Wee1 degradation (293), suggesting a potential role 

of -TRCP in Cdk1-regulated TAZ degradation. To check if -TRCP is involved in Taxol-

induced TAZ degradation, we examined the interaction of -TRCP with TAZ-WT and its 

mutants [TAZ4SA (LS), TAZ3A (Tx), TAZ3D (Tx), TAZ6A, or TAZ6D] through co-IP. 

TAZ4SA (LS) was used as a negative control since it is well known that LATS phosphorylation 

on TAZ promotes the interaction between -TRCP and TAZ, resulting in TAZ degradation 

(167). As expected, although TAZ-WT interacts with β-TRCP strongly, TAZ4SA (LS) 

significantly reduces its binding to -TRCP (Fig 3.10). However, no increased interactions 

between -TRCP and the two phosphorylation-mimicking mutants [TAZ3D (Tx) and TAZ6D] 

were identified (Fig 3.10), indicating that Taxol-induced TAZ degradation is independent of -

TRCP. 

3.4.8 Taxol-induced TAZ degradation results in apoptosis  

Since TAZ degradation is correlated with Taxol-induced apoptosis (Fig 3.1A), we 

investigated the relation between TAZ degradation and apoptosis. It is well-known that apoptosis 

results from activation of caspases (294). Therefore, a pan-caspase/apoptosis inhibitor (Z-VAD) 

was used at different concentrations to treat cells together with Taxol. Interestingly, TAZ is still 

degraded when apoptosis was inhibited (Fig 3.11), indicating that TAZ degradation is the cause 

(upstream mediator) rather than the result of Taxol-induced apoptosis.  

3.4.9 TAZ phosphorylation by Cdk1 sensitizes cells to antitubulin drugs 

Since TAZ overexpression in MCF10A cells can result in their resistance to Taxol (223), 

we next examined the roles of TAZ phosphorylation by Cdk1 through treating MCF10A cells 

stably overexpressing TAZ or different TAZ phosphorylation mutants [TAZ, TAZ3A (Tx), 

TAZ3D (Tx), TAZ6A, or TAZ6D] with antitubulin drugs, Taxol and vinblastine for 48 h.  
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Fig. 3.10 Cdk1 regulated TAZ degradation is independent of -TRCP. 

Co-IP was performed by transfecting HA-tagged TAZ or its mutant alone (-) or together 

with -TRCP-Flag (+) into HeLa cells. Two days after co-transfection, cells were 

treated with MG132 for 8 h prior to protein extractions. IP was performed with Flag 

(M2) antibody to pull down -TRCP-Flag protein and different TAZ mutants were 

detected in the pulled down complexes by HA antibody.   
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Fig. 3.11 Taxol-induced TAZ degradation is not the result of apoptosis. 

HeLa cells were treated with pan-caspase inhibitor (ZVAD) at different 

concentrations in the absence (-) or presence of Taxol for 24 h, followed by protein 

extraction and WB analysis. cPARP was used as the marker for apoptosis. 
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Similar to WT TAZ, overexpression of TAZ3A (Tx) or TAZ6A in MCF10A cells results 

resistance to both Taxol and vinblastine (Fig 3.12). On the other hand, overexpression of TAZ 

with phosphorylation mimicking mutations [TAZ3D (Tx) and TAZ6D] has only minimal effects 

on the sensitivity of MCF10A cells to antitubulin drugs (Fig 3.12), further confirming that 

phosphorylation of TAZ by Cdk1 abolishes its anti-apoptotic function in drug resistance.  

3.5 Discussion 

TAZ is one of the core components of the Hippo pathway that is involved in various 

physiological and pathological activities (141, 143–145, 149, 150, 295). We and others have 

recently shown  that dysregulations of the core Hippo pathway components such as LATS, YAP, 

and TAZ result in resistance of tumors to various chemotherapeutic drugs (252). However, how 

the Hippo pathway is involved in chemotherapeutic drug responses is still not fully understood. 

In this chapter, TAZ is identified to be regulated through Cdk1 rather than the canonical Hippo 

pathway. Phosphorylation of TAZ by Cdk1 further induces TAZ degradation through UPS, 

which therefore eliminates TAZ’s functions in anti-apoptosis and cell resistance to antitubulin 

drugs.  

In our previous study, Cdk1 was identified to contribute to antitubulin drug-induced 

apoptosis by phosphorylating YAP, a paralog of TAZ, to inhibit its transactivating function 

(288). We showed that Cdk1 phosphorylation on YAP decreases the interaction between YAP 

and the TF of TEAD, which therefore blocks the expressions of downstream target genes (e.g., 

Cyr61 and CTGF) involved in Taxol resistance (288). In this study, we found Cdk1 can 

inactivate TAZ by a different mechanism. We have provided convincing evidence that after  
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A-B. MCF10A-stable cell lines (MCF10A-WPI, TAZ, TAZ3A (Tx), TAZ3D (Tx), 

TAZ6A, TAZ6D) were cultured in triplicate 12-well plate at 40% confluency before 

adding Taxol (A) or vinblastine (B) at concentration of 100 nM with the media without 

EGF added. Cells were cultured for 48 h with drugs added before subjecting to trypan 

blue exclusion assay. Dead cells were stained and counted together with the total cell 

numbers. The ratio of trypan blue positive cells was calculated. The experiments were 

repeated for three times and the average data was calculated . “*” indicates the 

differences between TAZ, TAZ3A (Tx) or TAZ6A and WPI control respectively are 

significant (p< 0.05).  

Fig 3.12 TAZ phosphorylation by Cdk1 sensitizes cells to antitubulin drugs.  
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Taxol treatment, Cdk1 can first phosphorylate TAZ on three sites (S90A/S105/T285), which 

causes further phosphorylations on other three sites (T175/T326/T346) and subsequently leads to 

proteasome-mediated degradation. Although TAZ3A (S90A/S105A/T285A) was degraded at 

similar rate to TAZ-WT and TAZ3A’ (T175A/T326A/T346A) was still partially degraded, 

TAZ6A was stable after Taxol treatment, suggesting that phosphorylation of all 6 sites is 

essential for Taxol-induced TAZ degradation. However, the molecular mechanism underlying 

this differential regulation of YAP and TAZ by Cdk1 is unknown. Interestingly, by comparing 

the Cdk1 phosphorylation sites in YAP (S128, S138, S217, S289, and S367) and TAZ (S90, 

S105, T175, T285, T326, and T346), we found that there are only two Cdk1 phosphorylation 

sites (TAZ: S90, T326; YAP: S128 and T412) that are conserved. Since phosphorylations of six 

sites of TAZ by Cdk1 are required for Taxol-induced TAZ degradation (Fig 3.7A, 3.8C), it is 

possible that YAP contains only two conserved phosphorylation sites, which are not sufficient to 

cause proteasome-induced degradation. Besides, compare to YAP, TAZ has one extra degron, 

which can interact with -TRCP to be targeted for protein degradation (154, 167, 264). However, 

the mutations of the two degrons of TAZ fail to block Taxol induced TAZ degradation (Fig 

3.13A). Furthermore, the interactions between -TRCP and Cdk1 phosphorylation mimicking 

TAZ mutants [TAZ3D (Tx) and TAZ6D] are not increased  (Fig 3.10), strongly suggesting that 

the major E3 ubiquitin ligase binding to and causing TAZ degradation during Cdk1 

phosphorylation of TAZ may not be -TRCP. Moreover, we have also knocked down -TRCP 

or other potential ubiquitin ligases such as FBW7, which have been shown to be involved in 

antitubulin-induced protein degradation (296). However, no significant suppression of Taxol-

induced TAZ degradation is found after -TRCP or FBW7 knockdown (Fig 3.13B-C). 

Therefore, further screening for E3 ubiquitin ligases using a pool of E3 ligase siRNA libraries  
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A. TAZ WT and two degron mutant 2DGA (D57A/G59A+D313A/G315A) were 

cloned into HA tagged vector and transfected into HeLa cells followed with Taxol 

treatment for 24 h. Floating cells were collected and lysed for WB detection. B-C. 

HeLa cells were transfected with siRNAs targeting β-TRCP and FBW7 before being 

treated with Taxol for 24 h. Floating cells were lysed for WB detection of TAZ 

expression.  

Fig 3.13 Taxol-induced TAZ degradation is independent of β-TRCP and FBW7. 
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may be required to identify the critical E3 ligase(s) responsible for Taxol-induced TAZ 

degradation.  

In this study, we found that within a short time of antitubulin drug treatment (<=6h), only 

three sites (S90,S105, and T285) of TAZ are phosphorylated by Cdk1, and the remaining three 

sites  (T175,T326, and T346) are subsequently phosphorylated with the extension of treatment  

(6h-24h) (Fig 3.7D). There are two possibilities that may cause this phenotype. First, Cdk1 

activity within 6 h of drug treatment is not high enough to phosphorylate all the 6 sites on TAZ. 

With the extension of treatment time, the activity of Cdk1 may increase to fully phosphorylate all 

the sites on TAZ. The second possibility is that the first three sites of TAZ may be located on the 

surface of TAZ and are easy to be targeted. With the phosphorylation of these three sites, the 

conformation of TAZ changes, which may expose the rest three sites for Cdk1 phosphorylation 

and subsequent E3 ligase binding and proteasome degradation. However, in our study, we found 

that only TAZ6A instead of TAZ3A, can block Cdk1-induced TAZ degradation, highly 

supporting the first possibility that the phosphorylations of TAZ depend on the activity of Cdk1.  

Although in our studies TAZ is found degraded in response to antitubulin drugs through 

Cdk1 activation, it is also degraded when cells were treated with other DNA damage reagents 

such as Cisplatin even when all of the Cdk1 phosphorylation sites are mutated (TAZ6A) (Fig 

3.7C). This suggests that TAZ can be degraded through a Cdk1-independent pathway when cells 

are exposed to other apoptotic stimuli. Since overexpression of TAZ can also cause resistance of 

tumor cells to other chemotherapeutic drugs such as Doxorubicin (177, 252), it is possible that 

loss of TAZ may be also critical for cell death induced by other chemotherapeutics.  It will be 
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very interesting to identify the kinase(s) phosphorylating and inactivating TAZ in response to 

other chemotherapeutic drugs. 

In conclusion, our studies unveil a novel aspect of TAZ stability regulation by Cdk1 in 

response to antitubulin drug treatments. The phosphorylation status of TAZ determines its 

function in antitubulin drug resistance and Cdk1-TAZ signaling may be potential biomarkers for 

predicting the sensitivity of cancer patients to antitubulin drugs. Modulating Cdk1 levels and its 

activity to cause TAZ degradation may be a potential target for the treatment of TAZ-induced 

drug resistance in cancers. 
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Chapter 4 

 

Functional screening identifies PIK3CB as a positive regulator of YAP and 

TAZ in mammary tumorigenesis and EMT 

 

4.1 Abstract 

BC is a leading disease causing deaths of women worldwide. In addition to the non-

selective treatments with chemotherapy such as antitubulin drugs, identifying more novel 

molecules involved in mammary tumorigenesis may provide potential targets for targeted 

therapies. Kinases are normally in the upstream of different signal pathways and easy to be 

targeted. Therefore, kinases are good targets for drug developments. 

TAZ and YAP are negatively regulated by the Hippo pathway and are identified as 

involved in BC development and progression. However, knowledge of the positive regulators of 

YAP and TAZ are limited. Through a kinase cDNA library screening for kinases causing 

transformation of MCF10A mammary cells, we identified PIK3CB, which is a catalytic subunit 

of PI3K, as a kinase inducing both transformation and EMT. Further studies revealed that 

PIK3CB positively regulates TAZ and YAP by inhibiting LATS activity. This study provides the 

first evidence that PIK3CB can upregulate TAZ and YAP activities and links PIK3CB to the 

Hippo pathway. Since activations of PI3K are frequently detected in BC, TAZ and YAP may be 

potential targets for treating PIK3CB-involved mammary tumorigenesis and BC progressions.  
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4.2 Introduction 

BC is one of the most frequently diagnosed cancers in women worldwide, accounting for 

25% of all cancer cases and 15% of cancer mortalities in female (1). The malignancy of BC 

highly associates with the mortality. Malignant BCs were able to invade and spread into other 

part of bodies, which is called metastasis. Generally, metastasis is a multi-step process, in which 

cancer cells in their primary sites transit from epithelial-like into migratory mesenchymal cells 

(EMT), invade through the extra cellular matrix (ECM) as well as basal membrane and finally 

into vascular vessels to spread into multi-sites of bodies. Several studies have shown that EMT is 

a hallmark of BC malignancy and greatly associates with aggressiveness and metastasis of BCs 

(297, 298).  

 About 5-10% of all BC cases correlate with heritably mutated BRCA1/2 genes (9), 

suggesting BC is a genetic disease. However, there is still a large amount of BC cases without 

definitive causes, which requires more studies. The identification of HER2 protein 

overexpression, which is a transmembrane tyrosine kinase belonging to the epidermal growth 

factor receptor (EGFR) family, greatly improves the prognosis and therapies of BC. Hyperactive 

HER2 functions through the PI3K-Akt pathway and accounts for around 20% of BC with more 

aggressive and poorer clinical outcomes (299, 300). However, for TNBCs that lack biomarkers 

or targets (HER2, ER and PR) for clinical treatments, the therapeutic strategies are very limited. 

Besides, TNBC occurs more frequently in young females with bad clinical outcomes. Therefore, 

identifying additional novel oncogenes that are involved in the development and progression of 

TNBC is crucially needed for improving the diagnosis, prognosis and therapeutic management of 

these patients.  
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YAP and TAZ, two well-known transcriptional coactivators negatively regulated by the 

Hippo pathway, are involved in tumorigenesis of BC (15, 202, 203, 223). Through interacting 

with TFs of the TEAD family, TAZ and YAP can induce transformation and EMT of human 

immortalized mammary epithelial MCF10A cells (166, 219) as well as cell resistances to 

chemotherapeutic drugs such as Taxol and Doxorubicin (177, 202, 219, 223). However, in 

addition to the Hippo pathway, limited positive regulators especially kinases of YAP and TAZ 

have been identified. Kinases are group of molecules playing essential roles in multiple 

biological processes of cells through phosphorylating related substrates. These molecules 

normally locate in the upstream to regulate the activity of pathways and function through 

functional kinase domains with specific structures (301, 302). Based on these properties, 

different drugs can be developed to disturb the structures of the functional domains of kinases to 

alter their activities. Therefore, kinases are widely chosen as targets for drug developments for 

different diseases (303).  

In this chapter, a systematic gain-of-function screening of kinases involved in mammary 

tumorigenesis were carried out. A catalytic subunit of PI3K, PIK3CB was identified to be 

involved in mammary tumorigenesis as well as EMT induction. Furthermore, we found PIK3CB 

functions through activating YAP and TAZ by suppressing LATS. Overall, this study provides 

first evidence that PIK3CB functions as a novel regulator of the Hippo pathway and suggests 

potential roles of YAP and TAZ as targets for PIK3CB-regulated BC development and 

progression.  

4.3 Materials and Methods 

4.3.1 Cell culture 

       MCF10A, HEK293 and SK-BR3 cells were cultured as described in Chapter 2 section 2.3.1.  
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4.3.2 Plasmids construction, site-direct mutagenesis 

PIK3CB cDNA was amplified from a kinase open reading frame (ORF) library (KOL) 

with a Flag tag in the forward primer and cloned into BamHI/MluI site of the WPI vector or 

BamHI/NotI site of the pcDNA3 vector. PIK3CB-D937A was generated through overlapping 

PCR. Primers used are listed in Appendix I, Table A2.  

4.3.3 Modification and production of KOL (Fig 4.1) 

The human kinome ORF library was purchased from Addgene (Kit #1000000014), which 

contains 558 distinct human kinase ORFs in the pDONR-223 Gateway® Entry vector in six 96-

well plates with each well containing one kinase in bacteria. To further modify the library, 1 µL 

of each well of kinase was mixed together to make a pool of whole human kinase ORFs before 

being spread on 10×150 mm LB plates containing spectinomycin (50 µg/mL, Sigma). Bacterial 

colonies were directly scraped off the LB plates (to avoid over-representation of certain kinases 

during liquid culture) and subjected to Midiprep (Qiagen) for plasmid extraction. The kinase 

cDNAs in ORF library were subsequently transferred from entry vector (pDONR-223) into V5-

tagged expression vector pLX304 through Gateway LR ligations (Invitrogen) according to the 

manufacturer’s protocol before being electronically transformed into Stbl3 (Invitrogen) 

competent cells and grown on 10×150 mm LB plates with Ampicillin (100 µg/mL). Last, these 

bacteria were collected directly for Midiprep extraction of KOL plasmids. The newly established 

KOL was further validated by amplifications of several kinase ORFs in the library by PCR (data 

not shown).  

4.3.4 Lentiviral production, infection and establishment of MCF10A stable cell lines 

overexpressing or knocking down cellular genes 
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Fig 4.1 Modification and construction of Kinase ORF library (KOL). 

1 µL of bacteria containing different kinase was picked from each well of 96-well plates and 

mixed together in a 1.5 mL tube before growing on 10×150 mm LB plates. The pool of kinase 

cDNAs were extracted through Midi-prep (Qiagen) and transferred from donor vector 

(pDONR223) into expression vector (pLX304, blasticidin resistant, V5 tag) through gateway 

LR reactions. Next, these kinases in expression vectors were further transformed into Stbl3 

and grew on 10×150 mm plates before being extracted with Midi-prep kits.  
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Lentiviral production and infection are as described in Chapter 2, section 2.3.6. For the 

establishment of MCF10A cells stably expressing KOL, MCF10A cells were infected with KOL 

lentivirus at a multiplicity of infection (MOI) of 0.3 (<1 virus/cell) with a coverage of 100 fold 

(100 cells infected with virus expressing each kinase). Infected cells were selected with 

blasticidin (10 µg/mL) for 5 days. For MCF10A stably expressing Flag-PIK3CB or PIK3CB-

D937A, cells were infected with related lentivirus and subjected to hygromycin B (300 µg/mL) 

selection.  

4.3.5 Soft agar assay  

MCF10A cells stably overexpressing KOL (1×105 cells / 100 mm plate) or PIK3CB-V5-

pLX304 (2×104 cells/well of 6-well plate) were plated along with the control cells in complete 

media containing 0.4% agarose overtop of a 0.8% agarose layer. Medium was refreshed every 3 

days. Around 20-30 days, colonies were visible. Therefore, for screening purposes, single 

colonies were picked with a P-10 tip and transferred into single wells of 96-well plate for further 

cell growth. These cells were passed to bigger plates when they were confluent. For confirmation 

purposes, colonies were stained with crystal violet (0.005% crystal violet in 20% methanol). 

Pictures of these stained colonies were further captured under white light using the Bio-Rad Gel 

Doc System (Bio-Rad) and quantified using Quantity one software.  

4.3.6 Luciferase assay 

Triplicates of either HEK293 (5×105 cells/well of 12-well plate) or SK-BR3 (6×104 

cells/well of 12-well plate) were transfected with Cyr61-luc (0.1 µg), super TEAD binding site 

(STBS)-luc (0.1 µg) or the split luciferase of LATS biosensor containing N-luc-YAP-15 (N-

terminus of luciferase fused with 15 amino acid of YAP with S127 site in the middle) (0.05 µg) 

and C-luc-14-3-3 ( C-terminus of luciferase fused with 14-3-3 protein) (0.05 µg) alone or 
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together with PIK3CB (0.4 µg) or PIK3CB-D937A (0.4 µg) using Polyjet (SignaGen). In 

addition, 10 ng of Renilla luciferase vector (pRL-TK) was co-transfected in each sample as an 

internal transfection control. Approximately 40 hours post transfection, luciferase activity was 

measured with the Dual Luciferase Reporter Assay System (Promega) and Turner Biosystems 

20/20 luminometer. The raw data were calculated for the fold change by normalizing to cells 

transfected with reporter plasmids alone. The results were shown as the fold change in promoter 

activity or biosensor activity. 

4.3.7 Protein extraction and WB 

Protein extraction and WB were as described in Chapter 2 section 2.3.8. For the detail 

information of antibodies, please refer to Appendix I, Table A4.  

4.4 Results 

4.4.1 PIK3CB was identified through a kinase gain-of-function screening in mammary 

tumorigenesis 

To start the screening, non-tumorigenic MCF10A mammary cells were infected with 

KOL lentivirus at MOI of 0.3 with 100-fold coverage. After a selection with blasticidin at 10 

µg/mL for 5 days, survival cells containing KOL were subjected to soft agar assay with culture 

media refreshed every three days. Thirty days after culture, colonies were visible. Single colonies 

were picked and transferred to 96-well plates and passed to bigger plates when they were 

confluent. Further these cells were lysed for WB as well as IP with V5 antibody. V5-tagged 

proteins were cut from SDS-PAGE gels and sent for MS detection (Fig 4.2).  

Among the kinases detected by MS, PIK3CB was identified from two different colonies. 

PIK3CB is a catalytic subunit belonging to PI3K family class IA (304). The most studied  
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Fig 4.2 Workflow of kinase ORF library infection and soft agar assay. 

MCF10A cells were infected with the lentivirus of KOL at MOI =0.3 and coverage of 100 fold. 

After selection with blasticidin (10 µg/ml), MCF10A cells containing KOL were subjected to soft 

agar assay. After culturing for around 1 month, the colonies were picked and grew separately in 

96-well plates and passed to bigger plates to grow enough cells for IP as well as WB with the 

antibody against V5. Pulled down V5-tagged proteins were sent for MS detection and potential 

kinases were identified through MS detection and data analysis.  
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isoform of PI3K family is PIK3CA, the mutations of which have been identified to be involved 

in several types of cancers (305). In contrast to PIK3CA, less mutations of PIK3CB are 

identified in tumorigenesis. Instead, amplification of PIK3CB plays a critical role in 

tumorigenesis. To further confirm that PIK3CB overexpression increases the anchorage-

independent growth of MCF10A cells, the isolated cells from the two colonies with PIK3CB 

overexpressed were further subjected to soft agar assay with a control cell line. At around 20 

days of culture, colonies of the PIK3CB-overexpressing cells were visible. Further counting and 

calculation of the colonies confirm that compared with those of the control cell lines, PIK3CB 

overexpression dramatically increases cell ability to grow anchorage independently (Fig 4.3 A-

B).  

4.4.2 PIK3CB induces EMT of MCF10A cells through its kinase activity 

 Isolated MCF10A with PIK3CB-overexpressed colonies from the soft agar screening also 

present a dramatic fibroblast-like morphology (Fig 4.4A), suggesting that PIK3CB can induce 

EMT in MCF10A cells, which is not reported previously. This conclusion was further confirmed 

by checking EMT markers (E-cadherin and Vimentin) in this stable cell line through WB (Fig 

4.4B). To further exclude the possibility that the induction of EMT of these isolated cells may 

result from the anchorage-independent growth of a single colony from soft agar rather than the 

overexpression of PIK3CB, a direct establishment of a mixed population of MCF10A cells 

overexpressing PIK3CB (Flag-PIK3CB-WPI-MCF10A) was carried out. PIK3CB was amplified 

from the KOL cDNA library and tagged with Flag before being cloned into WPI lentiviral 

vector. MCF10A cells stably overexpressing PIK3CB (MCF10A-PIK3CB) were established by 

infecting cells with lentivirus expressing Flag-PIK3CB-WPI. Then, cell morphology of this 

stable cell line was examined and a consistent EMT alteration was observed (Fig 4.5). Besides,  
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Fig 4.3 Soft agar assay of two MCF10A-PIK3CB-V5 clone cell lines isolated 

through KOL screening.  

A. Soft agar assay with two clone cell lines (C1, C2) together with wild type MCF10A 

(MCF10A-WT). Triplicates of each cell lines were assayed using a soft agar assay and 

one of each triplicate is shown in the figure. B. Quantitative analysis of colony 

formation. WT, wild type.  
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Fig 4.4 PIK3CB overexpression induces EMT. 

A. Cell morphology alterations of two MCF10A-PIK3CB-V5 cell lines isolated from 

KOL screening. B. E-cadherin (epithelial marker) and Vimentin (Mesenchymal marker) 

were examined with cell lysates of MCF10A-WT and MCF10A-PIK3CB-V5 through 

WB. Cells with EMT have low level of E-cadherin and high level of Vimentin 

expressions.  
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according to previous studies, the function of PIK3CB is both dependent and independent of its 

kinase activity (306). Therefore, to examine if PIK3CB-induced EMT depends on its kinase 

activity, a kinase-dead (KD) construct of PIK3CB was generated through mutating D937 into A 

(PIK3CB-D937A) according to previous studies (307). MCF10A cells stably overexpressing 

Flag-tagged PIK3CB-D937A (MCF10A-PIK3CB-D937A) were established and cell morphology 

was examined (Fig 4.5). According to the result, PIK3CB-D937A can not induce the EMT 

phenotype, suggesting that PIK3CB-induced EMT depends on its kinase activity. In addition, the 

morphological changes are also supported by WB result checking EMT markers in both 

MCF10A-PIK3CB and MCF10A-PIK3CB-D937A (Fig 4.6).  

4.4.3 PIK3CB activates YAP/TAZ  

 Next, we wished to elucidate the mechanism underlying the PIK3CB induced EMT 

phenotype. Previous studies from our group and others showed that overexpression of YAP and 

TAZ is able to induce EMT in MCF10A cells (165, 166, 219, 223). Therefore, it is possible that 

PIK3CB may induce EMT by activation of YAP and TAZ. Therefore, a WB was performed with 

cell lysates from MCF10A-PIK3CB and MCF10A-PIK3CB-D937A cells. A decreased 

phosphorylation of YAP on S127 (pYAP-S127), which is the site phosphorylated by LATS in 

the Hippo pathway, was identified in MCF10A-PIK3CB cells, compared to those in MCF10A-

WPI or MCF10A-D937A cells (Fig 4.7). Since the Hippo pathway inhibits YAP/TAZ function 

by causing increased pYAP-S127, the dephosphorylation of YAP in MCF10A-PIK3CB cells 

suggests an activation of YAP. Since there is no antibody specifically recognizing the 

phosphorylation sites of TAZ by the Hippo pathway, the phosphorylation status of TAZ was not 

checked. However, it is highly possible that TAZ is also activated in the PIK3CB cell line, since 

TAZ is the paralog of YAP that shares lots of common properties. To confirm that PIK3CB  
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Fig 4.5 PIK3CB kinase-dead mutation (PIK3CB-D937A) abolishes PIK3CB induced 

EMT of MCF10A cells.  

MCF10A cells were infected with lentivirus expressing WPI (control vector), PIK3CB or 

kinase-dead PIK3CB-D937A. Pictures of cell morphologies of these cell lines were 

captured with a Nikon Eclipse TE 2000-U Inverted Microscope.  
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Fig 4.6 PIK3CB overexpression induces EMT through its kinase activity. 

Epithelial marker (E-cadherin) and mesenchymal marker (Vimentin) expression 

levels were detected through WB with cell lysates of PIK3CB and PIK3CB-

D937A overexpressing MCF10A cell lines. 
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Fig 4.7 PIK3CB overexpression activates YAP.  

WB of cell lysates from PIK3CB/PIK3CB-D937A overexpressing MCF10A 

cells was performed with antibodies against S127pYAP as well as Cyr61 and 

P63.  
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indeed can activate YAP/TAZ, the expression of Cyr61 which is a well-known downstream 

target of YAP/TAZ, was examined in PIK3CB/PIK3CB-D937A cells through WB. Consistently, 

a high level of Cyr61 was identified in MCF10A-PIK3CB rather than MCF10A-PIK3CB-

D937Acells (Fig 4.7). Moreover, previous studies from both our lab and others indicate that 

TAZ and YAP can suppress ΔNP63 directly and indirectly to induce EMT of cells (272, 308) 

(Appendix IV). Therefore, we further examined P63 expression in PIK3CB overexpressed 

MCF10A cells. As expected, while P63 expression is high in MCF10A-WPI and MCF10A-

PIK3CB-D937A cells, it is significantly reduced in MCF10A-PIK3CB cells (Fig 4.7). Together, 

these protein expression data indicate PIK3CB activates YAP/TAZ in a kinase-dependent 

manner.  

To further functionally validate this conclusion, a dual luciferase assay (DLA) using 

transcriptional reporters for YAP/TAZ transcriptional coactivators were performed. By checking 

the transcription activities of specific targeted genes, the activity of YAP and TAZ can be 

predicted. To start, a reporter with Cyr61 promoter-driven luciferase (Cyr61-luc) was used. To 

perform the DLA, Cyr61-luc plasmid was transfected alone or together with PIK3CB or 

PIK3CB-D937A into HEK293 cells, followed by DLAs. Consist with Cyr61 protein expressions 

(Fig 4.7), PIK3CB activates the transcription of Cyr61 while PIK3CB-D937A fails to activate 

Cyr61 promoter (Fig 4.8A). A similar result was obtained using the BC cell line, SK-BR3 (Fig 

4.8B), confirming that PIK3CB activates YAP/TAZ through its kinase function.  

Furthermore, we used another transcriptional reporter containing 14 copies of the TEAD 

DNA-binding sequence (STBS) fused with luciferase (STBS-luc) to confirm the above 

conclusion. Previous studies showed that YAP/TAZ can interact with TFs of TEAD before being 

recruited to the STBS of related downstream genes to activate the transcription of these genes.  
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Fig 4.8 PIK3CB activates Cyr61 transcription. 

HEK293 (A.) and SK-BR3 (B.) cells were transfected with a luciferase reporter 

plasmid expressing the Cyr61 promoter (Cyr61-luc) alone or together with PIK3CB or 

PIK3CB-D937A. Luciferase assays were carried out using a DLA kit and measured by 

normalizing cells transfected with Cyr61-luc together with PIK3CB or PIK3CB-

D937A to those transfected with Cyr61-luc alone. “*” represents statistically 

significant data (p < 0.05). 
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Therefore, activated YAP/TAZ can increase the activity of STBS-luc. To check functions of 

PIK3CB on STBS-luc, co-transfections of either PIK3CB or PIK3CB-D937A together with 

STBS-luc into HEK293 cells were carried out. Forty hours later, the luciferase activity was 

examined. Consistently, PIK3CB increased STBS-luc luciferase activity while kinase-dead 

mutant has no effect (Fig 4.9), further validating that PIK3CB activates YAP/TAZ function. 

4.4.4 PIK3CB activates TAZ and YAP by inhibiting the kinase activity of 

LATS 

It is well established that YAP and TAZ are directly phosphorylated and inactivated by 

LATS in the activated Hippo pathway (164–166). The decreasing phosphorylation of YAP in 

PIK3CB overexpressed cells (Fig 4.7) highly suggests a dysregulation of LATS. To confirm this, 

a biosensor of LATS activity, which makes use of a split luciferase technique, was employed 

(Yang Lab, unpublished). This LATS biosensor can faithfully monitor LATS kinase activity by a 

DLA. Co-transfections of biosensors with an equal expression amount of PIK3CB or PIK3CB-

D937A as well as MST+LATS as a positive control into HEK293 cells were performed, 

followed by DLAs 40 h after transfection. MST and LATS co-transfection dramatically increases 

luciferase activity (Fig 4.10), indicating the biosensor works well. Consistently, PIK3CB 

decreases biosensor activity, whereas PIK3CB-D937A has no effect. This result suggests that 

PIK3CB may activate YAP/TAZ by inhibiting LATS activity.  

It is well known LATS is positively regulated by MST through the phosphorylation on 

the T1079 site of LATS in the Hippo pathway. Unfortunately, there is no biosensor available for 

examining the activity of MST directly. Since MST is normally activated through 

phosphorylation, we examined MST phosphorylation in MCF10A-WPI and MCF10A-PIK3CB 

cells. Surprisingly, compared to MCF10A-WPI cells, there is no dramatic alteration on the  
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Fig 4.9 PIK3CB activates TEAD transcription factor. 

HEK293 cells were transfected with luciferase reporter plasmid expressing super 

TEAD binding DNA sites (STBS-luc), together with PIK3CB or PIK3CB-D937A. 

Luciferase assays were carried out using a DLA kit and measured by normalizing 

cells transfected with STBS-luc together with PIK3CB or PIK3CB-D937A to those 

transfected with STBS-luc alone.  “*” represents  statistically significant data (p < 

0.05). 
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Fig 4.10 PIK3CB inhibits LATS activity. 

HEK293 cells were transfected with the biosensor of LATS activity together with 

MST and LATS as positive control, PIK3CB or PIK3CB-D937A. Luciferase assays 

were carried out using a DLA kit and measured by normalizing cells transfected 

with biosensor together with MST+LATS, PIK3CB or PIK3CB-D937A to those 

transfected with biosensor (N-luc+C-luc) alone. “*” represents  statistically 

significant data (p < 0.05). 
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activation/phosphorylation of MST in MCF10A-PIK3CB cells (Fig 4.11A), suggesting PIK3CB 

does not regulate MST. Consistently, no alterations were identified on T1079 of LATS (Fig 

4.11B), further suggesting that inactivation of LATS by PIK3CB is independent of MST. 

4.5 Discussion 

YAP and TAZ are well-known to be negatively regulated by LATS in the Hippo pathway 

(164–166). Increasing studies suggest TAZ and YAP can be also negatively regulated by other 

proteins such as AMOT (260), α-catenin (237), Scribble (177), etc. However, limited positive 

regulators especially kinases regulating YAP and TAZ have been identified. Our study identifies 

a novel positive regulation of YAP and TAZ by the kinase PIK3CB. In this study, PIK3CB, a 

catalytic subunit of PI3K family, inhibited LATS activity to activate TAZ and YAP, which 

induced EMT of MCF10A cells through regulating their downstream genes (Fig 4.12).  

However, although the phosphorylation of YAP (Fig 4.7) as well as the DLA results (Fig 4.8) 

together with the expressions of downstream targets P63 and Cyr61 (Fig 4.7) lead to the 

conclusion that PIK3CB activates YAP/TAZ, a knockdown of YAP/TAZ in PIK3CB 

overexpressed cells is still necessary to further confirm YAP/TAZ is essential for PIK3CB-

induced EMT and tumorigenesis. Besides, even though our study indicates PIK3CB may 

dysregulate LATS to activate YAP/TAZ, it is also possible that, PIK3CB can directly target 

YAP/TAZ to regulate their activities. Therefore, more studies (e.g., in vitro kinase assay, protein 

interaction assays, etc) are required in future to examine this possibility as well.  

PIK3CB is a catalytic subunit of class IA PI3Ks, which are heterodimeric lipid kinases 

including p110 catalytic subunits complexed to one of regulatory subunits generally called p85 

(304, 306). Upon activation, catalytic subunits of PI3Ks phosphorylate phosphatidylinositol 4,5-

bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at cell membrane,  
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                                Fig 4.11 PIK3CB does not regulate MST. 

A-B. Cell lysates of both wild type MCF10A and MCF10A overexpressing 

PIK3CB were probed with antibodies of MST1, pMST, pLATS1 (T1079), LATS1. 

Ctrl, control lysate from HEK293 cells cotransfected with LATS1 and MST1. 

Total protein amount of control lysate is 1/5 of other loading samples.  
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which further activates Akt through 3-phosphoinositide-dependent protein kinase 1 (PDK1) 

kinase. Activated Akt is identified involved in several functions including cell proliferation and 

growth, anti-apoptosis, etc (309, 310).   

In our study, PIK3CB can inhibit LATS activity. However, the mechanism of the 

inhibition of LATS by PIK3CB need to be clarified in the future. One study indicates, Akt can 

phosphorylate and inactivate MST2 in PTEN deficient cells (187), in which the major functional 

isoform of PI3Ks is PIK3CB (307). MST is the upstream positive regulator kinase of LATS in 

the Hippo pathway (311). Therefore, the inactivation of MST leads to inactivated LATS, 

resulting in the activations of YAP and TAZ. However, according to the WB result shown above 

(Fig 4.11), there are no alterations on the phosphorylation/activation of MST as well as the 

T1079 site of LATS between MCF10A-WPI and MCF10A-PIK3CB cells, indicating that the 

regulation of LATS by PIK3CB may be independent of an Akt-MST signal. Besides, it has also 

been shown that PIK3CA inactivates LATS through activations of PDK1 in response to 

mitogenic growth factors such as EGF (312). Since PIK3CA and PIK3CB are homologs and 

share lots of common properties, it is highly possible that PIK3CB may inhibit LATS through a 

similar mechanism (Fig 4.12). Therefore in the future, an overexpression of PIK3CB in PDK1 

deleted cells should be established for checking the activation of the Hippo pathway to validate 

this hypothesis.  

A recent study indicates that YAP induces cardiomyocyte proliferation and survival by 

inducing the expression of PIK3CB, rather than PIK3CA, to activate the PI3K/Akt pathway 

(313), indicating YAP can positively regulate PIK3CB. Interestingly in our study, we found that 

PIK3CB can positively regulate YAP/TAZ activity to contribute to EMT of cells. Several studies 

point out that YAP is involved in various positive feedbacks in organ size control  
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Fig 4.12 Potential signal pathways mediating PIK3CB-induced activation of YAP 

and TAZ.   

PIK3CB may suppress LATS activity through activating PDK1. In addition, PIK3CB may 

suppress LATS through some other mechanisms. The suppression of LATS releases YAP 

and TAZ from the inhibition by the Hippo pathway. Activated YAP and TAZ can assist the 

transcription of Cyr61 while inhibiting the expression of P63, which together result in 

EMT and tumorigenesis. 



 

154 

 

and tumorigenesis (314, 315). Therefore, we propose that YAP and PIK3CB may form a positive 

feedback loop to regulate each other in tumorigenesis and cancer development.  

Although PI3K is well studied in cell proliferation and anti-apoptosis (309, 310), no clear 

mechanism of PIK3CB-induced EMT of cells is identified. In this study, we suggested a possible 

mechanism of PIK3CB induced EMT of cells through activations of YAP and TAZ. Moreover, 

we found the expressions of P63 and Cyr61 correlate with PIK3CB/PIK3CB-D937A regulated 

EMT (Fig 4.6 & 4.7). Studies in our lab and others indicate the suppression of P63 by TAZ and 

YAP is involved in EMT induction (272, 308) (Appendix IV). Besides, the high level of Cyr61 is 

involved in cell proliferation, migration and drug resistance (223, 316). Therefore, it is possible 

that both Cyr61 and P63 are involved in PIK3CB-TAZ/YAP induced EMT and tumorigenesis 

regulations. However, more studies are required to confirm this hypothesis in future. Moreover, 

it will also be interesting to check if the two alterations of Cyr61 and P63 weigh equally in 

PIK3CB regulated tumorigenesis and EMT. Since normally more than one gene is involved in 

tumorigenesis due to its complexity, it will also be interesting to check if there are some other 

genes collaborate with LATS-YAP/TAZ in mediating PIK3CB- induced EMT and tumorigenesis 

in the future as well.  

 As PI3K catalytic subunits, PIK3CA and PIK3CB share common properties and play 

essential roles in PI3K activation. The PI3K-Akt signaling is a major pathway downstream of the 

activated HER2, which is involved in 20% of BC (300). Moreover, both PIK3CA and PIK3CB 

are involved in BC development and progressions. About 30% of BC have active mutations of 

PIK3CA whereas an amplification of PIK3CB is identified in around 5% of BC patients and is 

correlated with Luminal B subtype of BC (317). Both active mutation and amplification of PI3K 

isoforms result in highly active functions of the kinase. Therefore, it is possible that activated 
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PI3K, either through an overexpression of PIK3CB or an active mutation of PIK3CA, can 

positively regulate YAP and TAZ to result in tumorigenesis and EMT. Therefore, in addition to 

developing specific inhibitors targeting PIK3CB or PI3K signaling, our study also suggests that 

TAZ and YAP may function as potential targets for efficaciously treating PI3K involved BCs as 

well as HER2 positive BCs. Moreover, the activation status of TAZ and YAP may be good 

biomarkers for clinical prognosis of these types of BCs.  

In summary, our study identified a novel PIK3CB-LATS-YAP/TAZ signaling pathway 

regulating EMT and tumorigenesis. More significantly, since PI3K plays important roles in the 

development of various cancers including BC, our study suggests TAZ and YAP as potential 

biomarkers and therapeutic targets for the prognoses and treatments of PI3K-involved BC in the 

future.  
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Chapter 5 

 

Discussions and future directions 

 

High levels of YAP and/or TAZ are identified in various types of clinical cancer tissues, 

including BC, NSCLC, ovarian cancer, colon cancer, etc (15, 203, 204, 208, 250, 273). 

Moreover, overexpression of YAP and TAZ result in resistance of cancer cells to a wide variety 

of chemotherapeutic drugs (Appendix III). However, the regulation of YAP and TAZ in response 

to these drugs is largely unknown. 

 One of the major findings of my PhD work is the discovery of a Hippo-independent 

pathway regulating YAP/TAZ of cancer cells in response to antitubulin drugs. Although many 

regulators of TAZ/YAP are reported, few kinases besides LATS are identified to directly target 

YAP and TAZ through phosphorylation. Our studies for the first time showed that in response to 

antitubulin drug treatments, Cdk1 kinase is highly activated and directly phosphorylates both 

YAP and TAZ on novel multiple sites (5 sites on YAP and 6 sites on TAZ) to inhibit the 

interaction between YAP and TEAD as well as induce a proteasome-mediated degradation of 

TAZ, respectively (Fig 5.1) (288, 318). Therefore, the phosphorylation of YAP and TAZ by 

Cdk1 inhibits their transactivating functions through different mechanisms. In addition, we found 

that this regulation of YAP and TAZ by Cdk1 is specific to antitubulin drugs instead of DNA-

damaging drugs or anti-metabolites, both of which are commonly used for clinical cancer 

therapies as well. However, according to other studies, the high levels of TAZ and YAP are not 

only involved in resistance of cancer cells to antitubulin drugs, but also to other chemical drugs 

commonly used for clinical cancer therapies (Appendix III). Moreover, we found TAZ is also  
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Fig 5.1 Summary of Cdk1-TAZ/YAP signaling in response to antitubulin drug 

treatments.   

Antitubulin drugs can activate the kinase Cdk1, which can phosphorylate six and five novel 

sites of TAZ and YAP respectively. The phosphorylation of TAZ results in proteasome 

mediated degradation, whereas phosphorylated YAP abolishes its interaction with TEAD 

transcription factors. As a result, the transactivating functions of YAP and TAZ are inhibited, 

which contributes to apoptosis by inhibiting the expressions of downstream anti-apoptotic 

genes. In this way, the sensitivities of cells to antitubulin drugs are increased. 
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degraded after treatments with DNA-damaging drugs (318), suggesting that the stability of TAZ 

may be regulated through some other mechanisms during these drug treatments. Therefore, it 

will be very interesting to elucidate the molecular mechanisms mediating TAZ degradation in 

response to these DNA-damaging drugs, which will have significant implication for the 

treatment of TAZ-induced resistance of cancer cells to other cancer chemotherapies.    

The Cdk1 phosphorylation sites of YAP and TAZ share SP motifs, which are targets for 

several kinases, including JNK. Two studies point out that JNK1/2 can phosphorylate YAP in 

vitro (319, 320). However, our studies indicate Cdk1 is the kinase phosphorylating these motifs 

rather JNK1/2, suggesting that different kinases may function on the same motifs in different 

conditions. Therefore, it is highly possible that some other kinases target these sites identified in 

our studies to result in different functions of YAP/TAZ in various drug treatments, which 

requires more studies in the future. At the same time, during our studies, a high level of JNK3, 

which is specifically expressed in brain and heart, is detected in HeLa cells (Appendix II, Fig 

A1-2). Moreover, there is a constant extra band (~46KD) below full length of JNK3 (53KD) in 

cells treated with Taxol (Appendix II, Fig A1-2). This band disappears in both HeLa cells 

without drug treatment and cells pretreated with JNK inhibitor (Appendix II, Fig A2), 

suggesting that this extra band is not non-specific. Instead, this extra band may come from a 

protein sharing sequences with JNK3. Since this band is abolished after JNK inhibitor treatment 

(Appendix II, Fig A2), we propose that the lower band may represent the cleaved JNK3 

produced upon the apoptosis induced by Taxol (Appendix II, Fig A3). Therefore, it will be 

really interesting to figure out the mechanism and function of this cleavage of JNK3 during 

Taxol-induced apoptosis in the future.  
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In addition to YAP and TAZ, down or up regulations of other components of the Hippo 

pathway are identified to be involved in various drug resistances (Appendix III). Therefore, I 

also checked the expressions of these components in cells treated with Taxol. No dramatic 

alterations of phosphorylations or expression levels of these components were identified through 

WB (Fig A4 of Appendix II). However, the core components MST and LATS1 are 

phosphorylated and activated in response to Taxol treatment (Fig 2.7). These phosphorylations 

also occur specifically with other antitubulin drugs (Fig A5 of Appendix II). Interestingly, the 

phosphorylation of LATS1 is independent of T1079, a site phosphorylated by MST (Fig A6 of 

Appendix II), suggesting that antitubulin drugs induce phosphorylation of LATS independent 

ofMST. Therefore, there must be other downstream targets instead of LATS to be regulated by 

activated MST during antitubulin drug treatments. As well, there must be other novel regulating 

mechanisms of LATS. Besides, neither YAP nor TAZ was confirmed to be the downstream 

targets of LATS during antitubulin drug treatments (288, 318), suggesting some other targets of 

LATS exist instead. Therefore, identification of the downstream targets of MST and LATS 

during antitubulin drug treatments will help broaden the complete molecular network alterations 

in response to these drug treatments.  

  Our study identifies Cdk1 as an upstream kinase that can induce apoptosis during 

antitubulin drug treatments through regulations of TAZ and YAP. However, it is well-known 

that Cdk1 is an essential kinase during cell cycle progression, suggesting that Cdk1 may also 

regulate TAZ/YAP during mitosis. As what we prospected, another study indicates Cdk1 can 

phosphorylate YAP on 3 sites to increase YAP transactivation in cell migration during mitosis 

(321). However, the majority of the phosphorylation sites on YAP identified in this study are not 

the same as what we found, suggesting that different phosphorylation sites may play different 
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roles in YAP functions. Moreover, through MS detection as well as software prediction of 

potential phosphorylation sites of YAP/TAZ, there are many more phosphorylation sites as well 

as potential kinases targeting these sites that need to be identified and confirmed. At the same 

time, we propose that the activation status of Cdk1 may be different in different conditions, 

which may result in different outcomes. During the physiological mitosis, the activation of Cdk1 

is not as strong as it is in antitubulin drug treatments. Therefore, only 3 sites are phosphorylated 

in YAP during mitosis (321), whereas 5 sites are phosphorylated in response to antitubulin drug 

treatments. The regulations of Cdk1 activity during mitosis is well studied. However, if the same 

Cdk1 regulators also exist during antitubulin drug-induced apoptosis is unknown. Besides, 

although Cdk1 was shown to be activated to induce apoptosis during antitubulin drug treatment, 

the upstream kinases and signaling pathway mediating activation of Cdk1 are still unknown. 

Therefore, it will be interesting to elucidate the molecular signaling pathways regulating Cdk1 

activation during antitubulin drug treatments. Together, all of these studies will provide useful 

information for clinical treatments of antitubulin drug resistant cancers in the future.  

Besides, our studies point out that mimicking phosphorylations of either YAP or TAZ by 

Cdk1 increases cell sensitivity to antitubulin drugs, suggesting the phosphorylation status of 

YAP and TAZ by Cdk1 can be used as biomarkers for prognosis of clinical chemotherapies with 

antitubulin drugs of specific cancer patients. Moreover, we have produced an antibody 

specifically recognizing one of the Cdk1 phosphorylation sites of YAP (pS367). Further studies 

using this YAP-pS367 antibody showed that YAP-pS367 is high in SK-BR3 BC cells but is 

undetectable in Taxol-resistant SK-BR3 (SK-BR3-TR) cells. Future examination of YAP-pS367 

status in clinical cancer patients treated with antitubulin drugs will further validate whether 

YAP-pS367 can be used for predicting the sensitivities of cancer patients to antitubulin drug 
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treatments. As well, in this study we confirmed that overexpression of YAP and TAZ in human 

immortalized mammary epithelial cells (MCF10A) results in antitubulin drug resistances. 

However, the abolishment of YAP and TEAD TFs through mimicking Cdk1 phosphorylation of 

YAP (YAP5SD-TX) increases the cell sensitivity to the drugs, suggesting a good strategy for 

drug development by targeting the interactions between YAP/TAZ and TEAD.  

According to our studies as well as others, YAP and TAZ overexpression induces both 

EMT and resistances to Taxol (166, 219, 288, 318). EMT plays an essential role in tumor 

progression and cancer dissemination. Moreover, there is a dramatic correlation between EMT, 

CSC and drug resistances (322). Several studies indicate that YAP and TAZ overexpression is 

involved in CSC properties as well as chemoresistance (177, 202). In our studies, Cdk1 can 

negatively regulate YAP and TAZ to sensitize cells to antitubulin drugs. Moreover, mimicking 

phosphorylation of YAP (YAP5SD-TX) can reverse YAP induced EMT of MCF10A cells (Fig 

2.18 A-C). Therefore, it will be interesting to examine if Cdk1 is a negative regulator of TAZ 

and YAP functions in CSC regulation as well.    

In addition to Cdk1, we also find another kinase through a kinome-wide gain-of-function 

screen. The kinase PIK3CB, a catalytic subunit of PI3Ks, is identified to regulate the Hippo 

pathway to induce mammary tumorigenesis as well as EMT. Through DLA with some 

transcription reporters for checking the activation of YAP and TAZ as well as a biosensor for 

indicating LATS activity, we found that PIK3CB activates YAP and TAZ but inhibits LATS. 

Since YAP and TAZ activation induces EMT and tumorigenesis, it is possible that they mediate 

similar functions of PIK3CB. Therefore, we propose a model in which PIK3CB induces 

tumorigenesis and EMT through the LATS- YAP/TAZ- Cyr61/ ΔNP63 signaling axis (Fig 4.12). 

However, more studies are still required to confirm this novel signaling pathway. Moreover, 
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although the biosensor of LATS indicates that PIK3CB inhibits LATS activity, the detailed 

molecular mechanism of this inhibition still requires clarification. In general, this study put 

forward a potential model of PIK3CB in the regulation of the Hippo pathway, suggesting the 

existence of more crosstalks between the Hippo pathway and other pathways.  

Although many regulators of the Hippo pathway have been identified these years, only a 

few kinases are included. Our studies provide the first evidences that two kinases, Cdk1 and 

PIK3CB can negatively and positively regulate YAP/TAZ respectively, in a direct and indirect 

way. These regulations are involved in YAP- and TAZ-regulated antitubulin drug resistance as 

well as EMT and tumorigenesis, suggesting that TAZ/YAP and their upstream regulators may 

serve as potential targets for the treatments of BC progressions and antitubulin drug resistance. 

Moreover, these molecules may be potential biomarkers for the prognosis of BC progressions 

and antitubulin drug sensitivities. In addition, the identifications of these kinases extend the 

regulation networks of the Hippo pathway, suggesting that there are more potential correlations 

and interactions between the Hippo pathway and other molecules and pathways in different 

conditions. Mapping the complete molecular network of the Hippo pathway in different 

conditions may provide the most efficient way to identify potential targets or biomarkers for 

future clinical diagnosis and treatment of BC in the future. 
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Appendix I. Tables 
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Paclitaxel 100 nM Sigma 

Docetaxel 100 nM 
LC 

laboratories 

M
T

 

d
ep

o
ly

m
er

iz
a

ti
o
n

 

Colchicine 100 nM Sigma 

nocodazole 100 nM Sigma 

vinblastine  100 nM Sigma 

DNA intercalating Doxorubicin  1 µM 
LC 

laboratories 

Anti-metabolites 

5-

Fluorouracil 

(5-FU) 

100 µM Sigma 

DNA damage Cisplatin 20 µM Sigma 

K
in

a
se

 I
n

h
ib

it
o
rs

 

Cdk1 inhibitor RO-3366 10 µM Calbiochem 

Cdk inhibitor 

Olomoucine 

ll (Olo II) 
10 µM Santa Cruz 

Purvalanol A 

(Pur A) 
10 µM Santa Cruz 

Cdk1,2,5 inhibitor 
Roscovitine 

(Ros) 
10 µM 

LC 

laboratories 

JNK inhibitor SP600125 10 µM Selleckchem 

P38 inhibitor SB202190 10 µM Selleckchem 

mTOR inhibitor Rapamycin 200 nM 
LC 

laboratories 

DYRK inhibitor Harmine 1 µM Abcam 

MEK inhibitor PD325901 1 µM 
LC 

laboratories 

GSK3 inhibitor CHIR99021 10 µM 
LC 

laboratories 

Table A1. Drugs and protein kinase inhibitors used in the study. 
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Name  Sequence 

YAP 
F 5'-GATCCCGGGCAGCAGCCG-3' 

R 5'-GCTATAACCATGTAAGAAAGC-3' 

YAP-150 R 5'-TCAGCCAGAGACTACTCCAGTGGG-3' 

YAP-203 F 5'-ATGAGGAAGGCCATGCTGTCC-3' 

YAP-400 R 5'-TCAACTGTCTGTACTCTCATCTCG-3' 

YAP-300 F 5'-ATGTCCAACCAGCAGCAACAGATG-3' 

YAPS128A 
F 5'-GTTCGAGCTCATTCCGCTCCAGCTTCTCTGCAG-3' 

R 5'-CTGCAGAGAAGCTGGAGCGGAATGAGCTCGAAC-3' 

YAPS138A 
F 5'-CAGTTGGGAGCTGTTGCTCCTGGGACACTGACC-3' 

R 5'-GGTCAGTGTCCCAGGAGCAACAGCTCCCAACTG-3' 

YAPS289A 
F 5'-CCACCCCTGGCTCCCCAGGCCCCACAGGGAGGCGTCATG-3' 

R 5'-CATGACGCCTCCCTGTGGGGCCTGGGGAGCCAGGGGTGG-3' 

YAPS367A 
F 5'-CAAAATCCAGTGTCTGCTCCCGGGATGTCTCAG-3' 

R 5'-CTGAGACATCCCGGGAGCAGACACTGGATTTTG-3' 

YAPT412A 
F 5'-CTACAGTGTCCCTCGAGCCCCAGATGACTTCCTG-3' 

R 5'-CAGGAACTCATCTGGGGCTCGAGGGACACTGTAG-3' 

YAPS217A 
F 5'-AACGTCACAGCCCCCACCGCTCCACCAGTGCAGCAGAAT-3' 

R 5'-ATTCTGCTGCACTGGTGGAGCGGTGGGGGCTGTGACGTT-3' 

YAPS217D 
F 5'-AACGTCACAGCCCCCACCGATCCACCAGTGCAGCAGAAT-3' 

R 5'-ATTCTGCTGCACTGGTGGATCGGTGGGGGCTGTGACGTT-3' 

YAPS367D 
F 5'-CAAAATCCAGTGTCTGATCCCGGGATGTCTCAG-3' 

R 5'-CTGAGACATCCCGGGATCAGACACTGGATTTTG-3' 

YAPS289D 
F CCACCCCTGGCTCCCCAGGACCCACAGGGAGGCGTCATG-3' 

R 5'-CATGACGCCTCCCTGTGGGTCCTGGGGAGCCAGGGGTGG-3' 

YAPS138D 
F 5'-CAGTTGGGAGCTGTTGATCCTGGGACACTGACC-3' 

R 5'-GGTCAGTGTCCCAGGATCAACAGCTCCCAACTG-3' 

YAPS128D 
F 5'-GTTCGAGCTCATTCCGATCCAGCTTCTCTGCAG-3' 

R 5'-CTGCAGAGAAGCTGGATCGGAATGAGCTCGAAC-3' 

TAZ 
F 5'-ATGAATCCGGCCTCGGCG-3' 

R 5'-TTTACAGCCAGGTTAGAAAGG-3' 

TAZ-114 R 5'-TTAGAGGTGCGCGTGCTGCTGC-3' 

TAZT326A 
F 5'-TACAGTGTCCCCACAGCTCCGGAGGACTTCCTCAGC-3' 

R 5'-GCTGAGGAAGTCCTCCGGAGCTGTGGGGACACTGTA-3' 

TAZT346A 
F 5'-AACGCAGGACAAGCACCCATGAACATCAAT-3' 

R 5'-ATTGATGTTCATGGGTGCTTGTCCTGCGTT-3' 

TAZT285A F 5'-CCACCCACGATGGCCCCAGACATGAGATCC-3' 

Table A2. Sequences of the primers for PCR and qRT-PCR in the study. 

Primers for qRT-PCR are labeled with “q” in the beginning of the targeted genes. 



199 
 

R 5'-GGATCTCATGTCTGGGGCCATCGTGGGTGG-3' 

TAZT175A 
F 5'-GCCGTCAGTTCCGCACCAGTGCCTCAGAGG-3' 

R 5'-CCTCTGAGGCACTGGTGCGGATCGGACGGC-3' 

TAZS105A 
F 5'-GGTGCTGCGGGTGCCCCCGCGCAGCAGCAC-3' 

R 5'-GTGCTGCTGCGCGGGGGCACCCGCAGCACC-3' 

TAZS90A 
F 5'-GTCCGCTCGCACTCGGCGCCCGCGTCCCTGC-3' 

R 5'-GCAGGGACGCGGGCGCCGAGTGCGAGCGGAC-3' 

TAZT326D 
F 5'-TACAGTGTCCCCACAGATCCGGAGGACTTCCTCAGC-3' 

R 5'-GCTGAGGAAGTCCTCCGGATCTGTGGGGACACTGTA-3' 

TAZT346D 
F 5'-AACGCAGGACAAGACCCCATGAACATCAAT-3' 

R 5'-ATTGATGTTCATGGGGTCTTGTCCTGCGTT-3' 

TAZT285D 
F 5'-CCACCCACGATGGACCCAGACATGAGATCC-3' 

R 5'-GGATCTCATGTCTGGGTCCATCGTGGGTGG-3' 

TAZT175D 
F 5'-GCCGTCAGTTCCGACCCAGTGCCTCAGAGG-3' 

R 5'-CCTCTGAGGCACTGGGTCGGAACTGACGGC-3' 

TAZS105D 
F 5'-GGTGCTGCGGGTGACCCCGCGCAGCAGCAC-3' 

R 5'-GTGCTGCTGCGCGGGGTCACCCGCAGCACC-3' 

TAZS90D 
F 5'-GTCCGCTCGGACCCCGCGTCCCTGCAG-3' 

R 5'-CTGCAGGGACGCGGGGTCCGAGTGCGAGCGCGAGCGGAC-3' 

PIK3CB 
F 5'-ATGTGCTTCAGTTTCATAATG-3' 

R 5'-AGATCTGTAGTCTTTCCGAAC-3' 

PIK3CB-

D937A 

F 5'-CAGCTCTTCCACATTGCCTTTGGACATATTCTT-3' 

R 5'-AAGAATATGTCCAAAGGCAATGTGGAAGAGCTG-3' 

q-Cyr61 
F 5'-AATGGAGCCTCGCATCCTATA-3' 

R 5'-TTCTTTCACAAGGCGGCA-4' 

q-CTGF 
F 5'-CCCTCGCGGCTTACCGACTGG-3' 

R 5'-CACAGGTCTTGGAACAGGCGC-3' 

q-TAZ 
F 5'-GAACATCAATCCCCAACAGACCCG-3' 

R 5'-TTACAGCCAGGTTAGAAAGGG-3' 

q-rRNA 
F 5'-TCCCCATGAACGAGGAATTCC-3' 

R 5'-AACCATCCAATCGGTAGTAGC-3' 
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siRNA/ 

shRNA 

Target 

Gene 

name 

No. Sequence 
 

Company 

siRNA 

LATS1 
1 5'-CCCAUAUAAUUAUCCGAAGCC-3' 

IDT 

2 5'-AGUAGAUACUAAGGCUUUGUAUGCA-3' 

LATS2   5'-CUUUAACCUGUUGUAAUUAGACUCUUU-3' 

MST1   5'-GGAUGUAAGUAAUCAAUUGAGGUCA-3' 

MST2 
1 5'-GGAACAGCAACGAGAAUUGGAAGAG-3' 

2 5'-GCAUUGUACAGCACUGAAGGGCUTT-3' 

Control   5'-CUUCCUCUCUUUCUCUCCCUUGGA-3' 

Cyclin B   Smartpool siRNAs 
Thermo 

Fisher 

Cdk1   5'-GACUAACUAUGGAAGAUU-3' IDT 

shRNA 

Cdk1   5'-CAAAGATGAGATATAACCT-3' 
Thermo 

Fisher 
JNK1   5‘-TGACATTGAAGACACATCA-3' 

JNK2   5'-TTGATTCCAGGATACTTTG-3' 

Table A3. Sequences of siRNA/shRNAs targeting specific genes. 



201 
 

                  

 

 

 

 

      

 

  

Name Company Dilution 

Flag (M2)     

             Sigma 

1:1000 

-actin 1:10,000 

JNK2 R&D System 1:5000 

Cdk1 Transduction Labs 1:2500 

YAP Santa Cruz 1:500 

E-cadherin  

 BD Pharmingen 

1:1000 

TAZ(560235) 1:2000 

LATS2 Bethyl Laboratories 1:2500 

Vimentin  

 

 

 

 

 

 

 

Cell Signaling 

Technology 

1:1000 

JNK1 1:1000 

phospho-Y15-Cdk1 1:1000 

Cyclin B 1:1000 

Mst1 1:1000 

Mst2 1:1000 

phospho-Th183/Th180-

Mst 

  

 1:1000 

LATS1 1:1000 

phospho- 

S909-LATS1 

 

1:1000 

phospho-T1079-LATS1  

1:1000 

Cleaved-PARP (cPARP)  

1:1000 

phospho-S127-YAP 1:1000 

Bcl-2 1:1000 

phospho-S367-YAP Cocalico Biologicals 1:500 

       Thiophosphate  

Abcam 

1:1000 

JNK3 1:1000 

HA 1:1000 

Table A4. Information of antibodies used in the study. 
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Appendix II. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                   
                                        HeLa 
Taxol/Hours    0           6         12        24 
  

Full length JNK3 (53KD) 

β-actin 

Truncated JNK3 (~ 46KD) 

50KD- 

37KD- 

Fig A1. JNK3 is cleaved in response to Taxol treatment.  

JNK3 was detected with lysates extracted from HeLa cells treated with Taxol (100nM) for 

different time (0, 6, 12, 24 h). The expression of JNK3 was detected. An extra band (about 

46 KD pointed out by an arrow; potential truncated JNK3) exists specifically after Taxol 

treatment, suggesting a cleavage of JNK3.  
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shJNK1/2-HeLa 

                                              
               Inhibitors   -      -       
                     Taxol    -      +      +       +      +      +      +      +      +     

 
JNK3 

β-actin 

Truncated  
 JNK3 

Kinase domain 
JNK3  

64aa 

359aa 

464aa 

Truncation 

  (~60aa) 

Fig A2. JNK3 is cleaved during Taxol treatment. 

JNK3 expressed in JNK1/2 knocked down HeLa cells. The truncated JNK3 was inhibited 

by JNK inhibitor.  

Fig A3. Structure and potential cleavage of JNK3.  

Full length of JNK3 contains 464 amino acids (aa), of which the kinase domain is from 64aa 

to 359aa; Potential truncation of JNK3 (indicated in red arrow) locates in N-terminus of JNK3.  
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Kibra 

LATS2 

RASSF1A 

Merlin 

                                   
      Taxol/Hours         0            6         12         24 

  

β-actin 

Fig A4.  No alterations of upstream components of the Hippo pathway 

during Taxol treatment. 
Kibra, LATS2, RASSF1A and Merlin were detected by western blot with the 

lysates extracted from cells treated with Taxol for different hours. No significant 

alterations of these proteins were identified before or after Taxol treatment. 
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Drug     - 

LATS1 

β-actin 

      Antitubulin drugs 

pMST 

Fig A5. LATS1 and MST are phosphorylated specifically in antitubulin 

drugs. 

Lysates were extracted from HeLa cells treated with different drugs for 24 h. Western 

blot with these lysates were performed with antibodies against LATS1 and pMST.  
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pLATS1 (T1079) 

                                       
Taxol/Hours       0       6      12      24     ctrl 
  

β-actin 

Fig A6. Taxol induced LATS1 phosphorylation is independent of MST.  

 About 10 µg of protein lysates were used for western blotting detections with the 

antibody against pLATS1 (T1097). Ctrl: The protein lysate (1µg) extracted from 

LATS1 over-expressing cells treated with LATS1 activating reagent Okaidic Acid.  
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The Hippo pathway in chemotherapeutic drug resistance

Yulei Zhao and Xiaolong Yang

Department of Pathology and Molecular Medicine, Queen’s University, Kingston, Ontario, Canada

Chemotherapy is one of the major treatments for cancer patients. Although chemotherapeutic drugs can sometimes effectively

suppress tumor growth in cancer patients, a significant proportion of patients are either intrinsically resistant or later develop

resistance to primary chemotherapy, leading to disease relapse and patient mortality. The best way to conquer the resistance

is the better understanding of the molecular network in cancer cells in response to drugs. Therefore, identification of signaling

pathways and molecules involved in drug resistance is essential for successful treatment of cancers. The Hippo pathway is an

emerging signaling pathway that plays important roles in tumorigenesis, stem cell self-renewal and differentiation, organ size

control as well as many other biological processes. Therefore, exploring novel roles of the Hippo pathway in various biological

functions has become one of the cutting-edge research areas in cancer and other biomedical research. Recently, we and

others have provided new evidence that the Hippo pathway is involved in the resistance of different types of cancer cells to

various chemotherapeutic drugs. In this review, we will discuss the specific roles of the Hippo pathway in chemotherapy,

potential applications for studying this network in response to drugs as well as the future direction in identification of thera-

peutic targets.

Since it emerged in the 1940s, chemotherapy has become one
of the major approaches for clinical cancer treatment.1,2

However, intrinsic or acquired resistance to chemotherapies
(called chemoresistance) is a major obstacle for effective can-
cer treatment. Furthermore, patients who develop acquired
resistance to a single drug are also insensitive to other types
of drugs, which causes the failure of chemotherapies and
mortalities of patients.3 Although many molecules and genes
have been identified as being involved in drug resistance, the
molecular mechanism underlying drug resistance has not
been fully understood. Therefore, identification of signaling
pathways rather than single molecules involved in chemore-
sistance would be very helpful to elucidate the entire network
inside cells responding to drug treatments and would be of
great significance for future more effective clinical cancer
therapy.

The Hippo pathway, which was first identified in Drosoph-
ila and later in mammals,4 is a recently discovered signaling
pathway that plays essential roles in both physiological and
pathological processes, such as organ size control, tissue

regeneration, stem cell renewal and differentiation as well as
tumorigenesis.4–12 In the mammalian Hippo pathway, there
are four core components: kinases MST1/2 (mammalian Ste-
20 like kinase 1/2; homolog of Drosophila Hippo) and
LATS1/2 (large tumor suppressor 1/2; homolog of Drosophila
Warts/lats), as well as the transcriptional co-activators YAP
(Yes-associated protein; homolog of Drosophila Yorkie) and
its paralog TAZ (transcriptional co-activator with PDZ-
binding motif). Additionally, increasing numbers of upstream
regulators of the Hippo pathway, such as Merlin, RASSF1A
(Ras-association domain containing protein 1 isoform A),
Kibra (kidney and brain protein) and Ex (Expanded), have
been identified. When the Hippo pathway is activated in cer-
tain conditions such as increased cell–cell contact caused by
high cell density, the upstream core component MST1/2 will
be activated, which further phosphorylates and activates
downstream kinase LATS1/2.4,9 The phosphorylated LATS
can inhibit the transactivating functions of YAP and TAZ
transcriptional co-activators through phosphorylations on
specific sites of YAP and TAZ. As a result, TAZ and YAP
are anchored in cytoplasm and degraded, which blocks their
roles in assisting the transcriptions of genes involved in cell
cycle progression, cell proliferation and anti-apoptosis13–17

(Fig. 1). Therefore, dysregulation of the Hippo pathway is
found to be involved in tumorigenesis and metastasis,18–21

which mainly depend on cell proliferation and cell survival.
The evidence that Hippo pathway is involved in tumorigene-
sis also comes from the mouse models with gene knockout of
upstream components in the Hippo pathway. These mice
demonstrate variable types of tumors. For example, LATS1
knockout mice develop soft tissue sarcoma and ovarian carci-
noma,22 whereas MST1/2 knockout mice exhibit several types
of tumors, including hepatocellular carcinoma,23 which is the
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same as that in mice with YAP overexpression in livers.24

Currently, the core components in the Hippo pathway have
been found to be clinically involved in diverse human can-
cers. For example, YAP and TAZ overexpression has been
found in tumor tissues from patients with breast can-
cer,21,25,26 non-small cell lung cancer,27,28 hepatocellular car-
cinoma,29 colorectal cancer,30,31 whereas down-regulation of
LATS1/2 is detected in breast cancer32 and non-small cell
lung cancer.33,34

In addition to those cancer-related functions of the Hippo
pathway, mounting evidence strongly suggests that the Hippo
pathway may play important roles in chemotherapeutic drug
resistance as well. In this review, we will mainly discuss how
each component of the core Hippo pathway and its upstream
genes are involved in chemoresistance during cancer
treatment.

MST1/2
MST1 and its homolog MST2 are core components of the
Hippo pathway and therefore control the signaling activity of
this pathway. Once MST1/2 is activated by autophosphoryla-
tion on two threonine residues (T180/183), it subsequently
phosphorylates downstream LATS kinases, which can further
phosphorylate and inhibit downstream YAP and TAZ onco-
genic functions.4,35 Down-regulation of MST has been found
in hepatocarcinoma and other types of cancers.23,36 Consis-
tently, down-regulation of MST causes resistance of prostate
cancer cells to DNA-damaging reagent cisplatin, whereas
increasing level of MST sensitizes these cells to cisplatin.37

However, how reduced MST contributes to cisplatin resist-

ance is not clear. One possibility is that decreased MST may
cause drug resistance by inactivating the Hippo pathway,
which subsequently activates its downstream targets YAP
and/or TAZ (see later).

LATS1/2
As the core kinases in the Hippo pathway, LATS1 and its
homolog LATS2 are well-known tumor suppressor genes, and
loss of their functions is found in various human cancers.38

Moreover, knockdown of LATS1 by small interference RNAs
(siRNA) can markedly decrease the sensitivity of HeLa cervi-
cal cancer cells to Taxol, an anti-microtubule drug commonly
used for treatment of breast and lung cancers.39 LATS1 has
been identified as a gene causing Taxol resistance in a func-
tional genomic screen using short-hairpin RNA library tar-
geting tumor suppressor genes in the lung cancer cell line
A549.40 In addition, it was found out in our laboratory that
ITCH E3 ubiquitin ligase can target and cause LATS1 degra-
dation.41 Knockdown of ITCH by siRNA increases cell sensi-
tivity to doxorubicin.42 These two studies suggest that ITCH
may play a role in the chemosensitivity of cells through regu-
lation of LATS1. However, the molecular mechanism of how
LATS1 is involved in chemoresistance remains unknown.
Similar to LATS1, LATS2 is found to be down-regulated in
leukemia, and decreased LATS2 level contributes to resistance
of leukemic cells to DNA damage reagents doxorubicin and
etoposide (standard drugs for leukemia treatment). This
resistance seems to be due to LATS2-regulated YAP and P73
stabilities. When LATS2 is down-regulated, YAP will no lon-
ger be phosphorylated and instead can bind to and inhibit
the transcriptional activation function of proapoptotic protein
P73.43 In addition, silencing of LATS2 by siRNA can up-
regulate the transcription of estrogen receptor alpha (ERa)-
regulated genes, which may render patients with ER1 breast
cancer resistant to tamoxifen and other ER antagonists.44 In
contrast to the above studies, by examination of LATS2
mRNA levels in tissues from patients after chemotherapy,
one study found that breast cancer patients with low level of
LATS2 mRNA are more sensitive to epirubicin plus cyclo-
phosphamide (EC) treatment. A potential explanation for
these conflicting findings is that EC treatment functions most
effectively in cancer cells that are in S phase of replication.
LATS2 can inhibit CDK2 function, indirectly preventing cells
from entering S phase and being targeted by EC efficiently.45

These results suggest that a gene may function differently in
cells responding to different drugs. Therefore, it is necessary
to consider the mechanisms of action for different drug treat-
ments when discussing the role of LATS2 in chemotherapeu-
tic drug resistance.

YAP
YAP is a transcriptional co-activator and can function as an
oncoprotein by interacting with many transcription fac-
tors.18,46 There is ample evidence that YAP expression posi-
tively correlates with chemotherapeutic drug resistance.

Figure 1. Regulation of the core components of mammalian Hippo

pathway.

M
in
i
R
ev
ie
w

2768 Hippo pathway and drug resistance

Int. J. Cancer: 137, 2767–2773 (2015) VC 2014 UICC



Recently, it has been shown that up-regulation of YAP can
cause resistance of mammary and ovarian cancer cells to che-
motherapeutic drugs Taxol and cisplatin.20,47–49 Further,
hepatocellular carcinoma cells (HCC) with high level of YAP
expressions result in doxorubicin resistance.50 Additionally, a
high level of YAP localized to the nucleus has been found in
colon cancer cells that are resistant to anti-metabolite 5-flur-
ouracil as well as castration-resistant prostate tumor sam-
ples.51,52 Activation of YAP may play critical roles in the
resistance of cancer cells to various therapeutic drugs, and
identification of the upstream regulators and downstream
mediators of YAP during chemotherapeutic drug response
may be critical to understand how activation of YAP causes
resistance to different drug treatments. It is well established
that YAP functions downstream of the Hippo pathway and is
negatively regulated by its upstream kinase LATS through
phosphorylation.13,53 However, mounting evidence strongly
suggests that other proteins or pathways independent of the
Hippo pathway can also directly affect YAP function. For
example, we have recently demonstrated that in response to
anti-tubulin drug treatments, activated CDK1 can negatively
regulate YAP by directly phosphorylating YAP on five sites
with SP (S, Serine; P, Proline) motif. This phosphorylation
can markedly decrease the interaction between YAP and
TEAD transcription factor and sensitize cancer cells to anti-
microtubule drug treatments.54 Because disruption of YAP-
TEAD interaction by a small molecule drug abolishes YAP-
induced tumorigenesis,55 interfering this YAP-TEAD interac-
tion may be also sufficient to inhibit YAP-induced drug
resistance.

Moreover, zona occludens (ZO1/2), angiomotin and a-
catenin have been shown to inhibit YAP function by anchor-
ing YAP to the cell-cell junctions.56–59 In addition, YAP is
also found to interact with and be negatively regulated by
protein tyrosine phosphatase 14.60 Therefore, over-expression
of these YAP negative regulators may inactivate YAP func-
tion and reverse YAP-induced drug resistance. Consistent
with this notion, it has been shown that reduced levels of
YAP in various cancer cells sensitize these cells to cisplatin,
the epidermal growth factor receptor (EGFR) inhibitor erloti-
nib and the anti-EGFR drug cetuximab.48,60 However, the
signal transduction linking the down-regulation of YAP and
increased EGFR-targeting efficiency is not clear. It is well
known that YAP controls the transcription of amphiregulin,
an EGFR ligand.61 Therefore, it is possible that down-
regulation of YAP reduces its induction of amphiregulin,
resulting in reduced EGFR activity and an enhanced effect of
EGFR inhibitors on EGFR. Moreover, YAP is found to be
deacetylated by SIRT1 and translocated into the nucleus in
HCC during cisplatin treatment, which leads to cisplatin
resistance in HCC.62

TAZ
TAZ is a paralog of YAP in mammals. Therefore, TAZ
shares many functions with YAP. TAZ has been identified as

an oncogene and is involved in the development and metas-
tasis of various types of cancers.15,63 High levels of TAZ are
detected in basal-like breast cancer cells and patient tis-
sues.21,25,64 Similar to YAP, TAZ also interacts with angiomo-
tin, ZO, a-catenin and Smads in transforming growth factor-
b pathway65–67 in addition to being regulated by LATS in the
Hippo pathway. Recently, we provided the first evidence that
overexpression of TAZ causes resistance of mammary cells to
Taxol, whereas knockdown of TAZ by short-hairpin RNA in
breast cancer cells sensitizes these cells to Taxol.64 Moreover,
overexpression of TAZ in Ras-transformed MCF10A-T1K
cells increases multi-drug resistance protein (MRP) level and
results in cell resistance to paclitaxel and doxorubicin.68 TAZ
is required for maintaining properties of breast cancer stem
cells and causes resistance of these cells to Taxol and
doxorubicin.21,68

To identify the genes mediating TAZ-induced drug resist-
ance, we have performed a gene expression profile analysis of
TAZ downstream genes. Our results indicate that overexpres-
sion of TAZ causes resistance of mammary cells to Taxol
treatment by up-regulating its downstream target genes,
CTGF and Cyr61, through activation of transcription factor
TEAD.64 It has previously been shown that Cyr61 reduces
chemosensitivity to Taxol by activating an integrin–mitogen-
activated protein kinase (MAPK) pathway.69 Therefore, it is
possible that TAZ induces Taxol resistance through a novel
TEAD–Cyr61/CTGF–integrin–MAPK pathway. However, it
remains to be explored whether this pathway is also impor-
tant in mediating TAZ-induced resistance to other drugs.

Other Components in the Hippo Pathway
RASSF1A

RASSF1A is a tumor suppressor and an upstream regulator
of the Hippo pathway.70 Inactivation of RASSF1 by methyla-
tion is found in about 50% solid human tumors.71,72 Knock-
down of RASSF1A can cause cancer cells resistance to Taxol
treatment.73,74 However, more studies are needed to figure
out whether knocking down of RASSF1A induced Taxol
resistance through inactivation of the Hippo pathway.

Merlin

Merlin is a FERM domain-containing protein, and is encoded
by Nf2 (Neurofibromatosis 2) gene.75 Merlin is a tumor sup-
pressor that interacts with and inhibits CD44, a cell surface
hyaluronan receptor and cancer stem cell (CSC) marker76

that can also inhibit cell proliferation and cause apoptosis
through regulation of the Hippo pathway.77–81 Recently, it
was discovered that Merlin sensitizes U87MG glioma cells to
5-flurouracil.82 Further CD44 is found to be involved in can-
cer cells resistance to different stresses through inactivating
Merlin and the Hippo pathway.83 In addition to Merlin, Ex,
which is also a FERM domain-containing protein, functions
as a tumor suppressor protein by either directly interacting
with Yki, the Drosophila homolog of YAP,84 or interacting
with Merlin and Kibra to activate the Hippo pathway
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through upstream Hpo (homolog of MST in Drosophila).79

The human homolog of tumor suppressor Ex (hEx) can sen-
sitize breast cancer cell lines to Taxol treatment. However,
instead of signaling through the Hippo pathway, overexpres-
sion of hEx causes up-regulation of cyclin-dependent kinase
inhibitor P21 and down-regulation of cyclin A, which may
further enhance response of cells to anti-tubulin drug treat-
ment.85 More studies will be required to fully understand
how hEx exerts its tumor-suppression function and regulates
drug sensitivity of cells.

Conclusion and Future Directions
Although many components of the Hippo pathway have
been shown to play important roles in drug resistance (Table
1), it is unclear whether they regulate drug responses through
the canonical Hippo pathway. Based on previous studies
described above, we have proposed a model in which the
components of the Hippo pathway and its interacting path-
ways function together in regulating drug response and
resistance in cancer cells (Fig. 2). In the future, more work
will be needed to fully validate this model.

Table 1. Components in the Hippo pathway and related drug resistance

Components in the Hippo pathway Abnormal regulations Related drug resistance Reference

MST Down-regulation Cisplatin 37

LATS1 Down-regulation Taxol 39,40

LATS2 Down-regulation Doxorubicin, etoposide, tamoxifen, ER antagonists 43,44

Up-regulation Epirubicin, cyclophosphamide 45

YAP Up-regulation Cisplatin, Taxol, doxorubicin, 5-FU, erlotinib, cetuximab 20,47–52,60,62

TAZ Up-regulation Paclitaxel, doxorubicin 21,64,68

RASSF1A Down-regulation Taxol 73,74

Merlin Down-regulation 5-FU 82

Ex Down-regulation Taxol 85

Figure 2. Model of the Hippo pathway in regulating drug resistance.
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Studies on the mechanisms of chemoresistance suggest a
close relationship of drug resistance with CSC properties and
epithelial-mesenchymal transition (EMT).86–88 More interest-
ingly, it has previously been shown that the Hippo pathway
components such as TAZ and YAP can cause EMT when over-
expressed in MCF10A mammary immortalized epithelial
cells.15,20,25,64 TAZ is found to contribute to breast cancer stem
cell self-renewal and related drug resistance21,68; likewise, YAP
is also found to be involved in acquisition of CSCs by up-
regulating stem cell inducer SOX9.89 Therefore, it would be very
interesting to further examine whether YAP and TAZ cause
chemoresistance through their functions in CSC and EMT regu-
lation. In addition, CSC and EMT related pathways, such as
transforming growth factor-b, Notch and Wnt pathways, have
been shown to contribute to chemoresistance.88 And recent
studies suggest that crosstalks exist between these pathways and
the Hippo pathway.66,90–94 Therefore, it is likely that the Hippo
pathway interacts with these pathways in chemoresistance.

Many studies have found links between the Hippo path-
way and other proteins such as Src tyrosine kinase95,96 and
pathways such as MAPK and PI3K pathways.97–100 These
proteins and pathways have already been shown to be
involved in drug resistance.69,101–105 Therefore, further
exploring the interactions between the Hippo pathway and
these proteins and pathways may help us to understand the
roles of the Hippo pathway in different drug resistances and
may provide a more comprehensive insight into the cellular
and molecular network of chemoresistance, through which
more targets can be suggested for better and efficient
chemotherapies.
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Background: TAZ functions as a co-activator by 
upregulating downstream transcriptional targets as 
a co-activator 
Results: TAZ can negatively regulate transcription 
of many genes such as ΔNp63 through TEAD 
transcription factor 
Conclusion: TAZ can also function as a 
transcriptional co-repressor 
Significance: Open a new avenue for TAZ 
function in cancer 
 
ABSTRACT 

TAZ is a WW domain-containing 
transcriptional co-activator and a core 
component of an emerging Hippo signaling 
pathway that regulates organ size, 
tumorigenesis, metastasis, and drug resistance. 
TAZ regulates these biological functions by up-
regulating downstream cellular genes through 
trans-activation of transcription factors such as 
TEAD and TTF-1. To understand the molecular 
mechanism underlying TAZ-induced 
tumorigenesis, we have recently performed a 
gene expression profile analysis by 
overexpressing TAZ in mammary cells. In 
addition to the TAZ-upregulated genes that 
were confirmed in our previous studies, we 
identified a large number of cellular genes that 
were downregulated by TAZ. In this study, we 
have confirmed these down-regulated genes 
(including cytokines, chemokines and p53 gene 
family members) as bona fide downstream 
transcriptional targets of TAZ. By using human 

breast and lung epithelial cells, we have further 
characterized ΔNp63, a p53 gene family 
member, and shown that TAZ suppresses 
ΔNp63 mRNA, protein expression and 
promoter activity through interaction with the 
transcription factor TEAD. We also show that 
TEAD can inhibit ΔNp63 promoter activity and 
TAZ can directly interact with ΔNp63 
promoter-containing TEAD binding sites. 
Finally, we provide functional evidence that 
downregulation of ΔNp63 by TAZ may play a 
role in regulating cell migration. Together, this 
study provides novel evidence that the Hippo 
component TAZ can function as a co-repressor 
and regulate biological functions by negatively 
regulating downstream cellular genes. 
  

The Hippo pathway was originally 
discovered in Drosophila as an evolutionarily 
conserved tumor suppressor pathway that acts as a 
key regulator of organ size control (1, 2). This 
signaling pathway has been shown to control many 
biological functions such as cell proliferation, 
apoptosis, cell-cell contact inhibition, stem cell 
self-renewal, and tissue regeneration (2-10). In 
mammals, cell-cell contact or increased actin 
polymerization can activate MST1/2 (mammalian 
sterile-20 like kinase 1/2), which subsequently 
activates adaptor proteins Mob1A/1B and scaffold 
protein Sav1 (salvador) to promote the 
phosphorylation and activation of LATS1/2 (large 
tumor suppressor 1/2) kinases. In turn, LATS1/2 
phosphorylates downstream transcriptional co- 
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activators TAZ (transcriptional co- activator with a 
PDZ-binding domain) and its paralog YAP (yes-
associated protein) to promote their cytoplasmic 
retention   and subsequent degradation (11-14). 
Conversely, dephosphorylated YAP and TAZ are 
able to enter the nucleus where they interact with 
multiple transcription factors and exert high 
transactivation activity. 

TAZ is a widely characterized oncogene 
that is overexpressed or dysregulated in several 
cancer types including breast (15, 16), lung  (17, 
18), colorectal  (19), and thyroid (20). It is 
proposed as a major regulator of cell proliferation, 
cell migration and invasion, epithelial-
mesenchymal transition (EMT), human embryonic 
stem cell (ESC) renewal, and drug resistance  (21-
27). Within the N-terminus of TAZ lies a TEAD 
binding domain (TBD) responsible for the 
interaction with the TEAD family of transcription 
factors. Mounting evidence over the years has 
supported TEAD family members as one of the 
most common binding partners of TAZ, which 
play crucial roles in mediating many TAZ 
functions, including cellular growth, proliferation 
and oncogenic transformation (28-31). The 
mechanisms underlying TAZ-mediated 
transcriptional activation of downstream genes 
through its interaction with transcription factors 
has been often studied and observed by many 
research groups. However, there has been little 
interest in elucidating novel targets negatively 
regulated by TAZ, as well as addressing their 
molecular mechanisms and functional implications 
in tumorigenesis. 

In this study, we have identified ΔNp63, a 
member of the p53 tumor suppressor family, as a 
significant downregulated target in TAZ 
overexpressing breast and lung epithelial cells. 
Moreover, we show that TAZ-induced repression 
of ΔNp63 transcription is mediated by the TEAD 
family of transcription factors, and re-introduction 
of ΔNp63 into TAZ overexpressing cells partially 
rescues TAZ- induced cell migration. Together, 
our findings provide the first evidence that TAZ 
can directly negatively regulate cellular gene 
transcription by interacting with TEAD 
transcription factor.   
  
EXPERIMENTAL PROCEDURES 
Plasmid construction and Site-directed 
Mutagenesis  

The promoter region of ΔNp63 [nucleotide (nt.) 
position -1500 to +40] was amplified by PCR from 
genomic DNA extracted from MCF10A human 
immortalized mammary cells using the following 
primers: ΔNp63-pr sense primer: 5’- 
ATGGTACCTATGTGTGAAGAAATGAATGT 
TTTGTCTG-3’ (Kpn I site is underlined) and 
ΔNp63-pr antisense primer: 5’-
AATCTCGAGAAGATAACAGAACTCAAGTC 
CCTCTCTCTC-3’ (Xho I is underlined). The PCR 
products were digested with KpnI/XhoI and 
subsequently cloned into the KpnI/XhoI sites of 
the pGL3 basic luciferase reporter vector 
(Promega). Human ΔNp63 cDNA (Addgene) was 
cloned into the XhoI/MluI sites of the doxycycline 
(Dox)-inducible pTRIPZ lentiviral vector (Open 
Biosystems). Mutation of TAZ-F52/53A (F, 
phenylalanine; A, alanine) was performed by 
overlapping PCR using TAZ-mutagenic primers. 
TAZ-S89A-F52/53A mutant was created using 
overlapping PCR and subsequently cloned into the 
XhoI/MluI sites of the pTRIPZ lentiviral vector. 
 
Cell culture  

MCF10A (human immortalized epithelial 
breast) cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM)/Nutrient Mixture F12 
Ham (Sigma-Aldrich) supplemented with 5% 
horse serum (HS), 1% penicillin-streptomycin, 2.5 
mM L-glutamine, 10 µg/mL insulin, 0.5 µg/mL 
hydrocortisone, 100 ng/mL cholera toxin, and 20 
ng/mL hEGF. SK-BR-3 (human breast cancer) 
cells were cultured in McCoy’s 5A Modified 
Medium (Sigma-Aldrich) supplemented with 2.2 
g/L sodium bicarbonate, 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin. SK-Luci-6 
(human anaplastic lung cancer), HEK293T (human 
embryonic kidney), COS7 (monkey fibroblast-like 
kidney), A549 (lung adenocarcinoma), and HCC38 
(human ductal breast carcinoma) cells were 
cultured in RPMI-1640 (Sigma-Aldrich) medium 
supplemented with 10% FBS and 1% penicillin-
streptomycin. Cells were maintained at 37°C with 
5% CO2.   
 
Lentiviral production, infection and 
establishment of cell lines with stable 
overexpression of cellular genes 

Lentiviral production, purification, 
titration and infection of overexpressing constructs 
were performed as described (11). Generation of 
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ΔNp63-overexpressing stable cell lines was 
performed by infecting TAZ-overexpressing 
MCF10A cells with lentivirus expressing Dox-
inducible ΔNp63 (pTRIPZ vector) at a multiplicity 
of infection (MOI) of 2. Generation of stable cell 
lines with overexpression of TEAD-binding 
mutants of TAZ was performed by infecting TAZ-
low MCF10A cells with lentivirus expressing 
TAZ-F52/53A-HA (WPI vector) or Dox-inducible 
TAZS89A-F52/53A-HA at a MOI of 2. Cells were 
selected 48 hours post-infection using 1µg/mL 
puromycin. 
 
Microarray and data analysis 
Gene expression profile analysis by microarray and 
data analysis were as described (32). 
 
Transient knockdown of gene expression by 
small interfering RNA (siRNA)  

To knock down TEAD1/3/4, 5×104 SK-
BR-3 cells were transfected with 50nM of 
TEAD1/3/4 siRNA [5’-CACAAGACGU 
CAAGCCUUU-3’ (sense)/5’-UUGUGGAUGA 
AGUUGAUCAUU-3’ (anti-sense)] (GE 
Healthcare) using Lipofectamine RNAiMAX 
Transfection Reagent (Life Technologies) 
according to the manufacturer’s protocol. 
Efficiency of knockdown was assessed by western 
blot 48 hours post-transfection.   
 
Reagents, antibodies, western blot, and Co-
immunoprecipitation (Co-IP) 
Trichostatin A (TSA) and UNC0631 were 
purchased from Sigma. The mouse monoclonal 
antibodies used in this study were obtained from 
the following companies: anti-TAZ from BD 
Pharmingen, anti-p63 (4A4), anti-VGLL4, and 
anti-FLAG (M2) mouse monoclonal antibodies 
from Sigma-Aldrich, anti-TEAD (TEF-1) from 
Abcam, and anti-HA (F7) from Santa Cruz 
Biotechnology. Anti-histone acetylation 
component antibodies were obtained from Cell 
Signaling. Protein extraction, western blot analyses, 
and Co-IP were performed as described  (11). 
 
RNA isolation and quantitative reverse 
transcriptase PCR (qRT-PCR) 

Cells were grown to about 70-90% 
confluency. RNA was extracted using TRIzol 
reagent (Invitrogen) according to the 
manufacturer’s protocol. RNA quantitation and 

quality was assessed by spectrophotometry and 
RNAase-free gel electrophoresis. qRT-PCR 
analyses were performed in duplicates of 200 
ng/µL of RNA per sample per reaction, 200 nM 
gene-specific forward and reverse primers (Table 
1), the SuperScript III Platinum SYBR Green One-
Step qRT-PCR Kit (Invitrogen), and ran on the 
Applied Biosystems ViiA 7 Real-Time PCR 
System. 18S ribosomal RNA (rRNA) expression 
was used as an internal control. mRNA expression 
levels were calculated as described (11) and shown 
as fold change.  
 
Dual luciferase assay 

Triplicate of 5x104 cells/well of SK-BR-3 
or SK-LuCi-6 cells were seeded in 12-well plates 
and transfected with ΔNp63-luc or its mutants (0.1 
µg) alone or in combination with TAZ (0.2 µg), 
TAZ (0.2 µg) plus TEAD (0.1 µg), or their 
respective mutants using PolyJet reagent 
(SignaGen). 10 ng/well of renilla luciferase vector 
(pRL-TK) was used as an internal transfection 
control. Luciferase activity was assessed 48 hours 
post-transfection using the Turner Biosystem 20/20 
luminometer and the Dual Luciferase Reporter 
Assay System (Promega) according to the 
manufacturer’s protocol.   
 
Chromatin immunoprecipitation (ChIP) assay  

A ChIP-IT Express Enzymatic kit (Active 
Motif) was used for ChIP analysis of TAZ-S89A 
and ΔNp63 promoter interaction. MCF10A cells 
expressing WPI or TAZ-S89A were grown to 70-
80% confluency on 150mm dishes. Cells were 
treated with 1% formaldehyde, lysed, harvested 
and homogenized using a dounce homogenizer 
according to the manufacturer’s protocol. DNA 
was enzymatically sheared and the fragmented 
chromatin was incubated with 2µg of mouse anti-
HA (F7) monoclonal antibody. Chromatin was 
eluted, reverse cross-linked and treated with 
Proteinase K. Amplification of the ΔNp63 
promoter was performed by PCR using the 
following primers: [5’-ATGGTACCGTCTGTCT 
CCTGGGTTTG-3' (sense) and 5’-GTGCACT 
TTCTTATGAAAGAGAC-3’(anti-sense)]. The 
PCR products were ran on a 3% ethidium bromide 
agarose gel and visualized under UV light using 
the Gel Doc system.  
 
Wound healing cell migration assay 
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MCF10A-WPI, MCF10A-TAZ and 
MCF10A-TAZ-ΔNp63 cells were grown to 80% 
confluence, serum-starved overnight in 2% horse 
serum (HS), and scratch-wounded 24 hours later 
using a P20 pipette tip. Cell migration was 
monitored and pictures were taken at 0, 20 or 40 
hours under white light at 10× magnification using 
the Nikon Eclipse TE-2000U Inverted Microscope 
and Nikon Coolpix 990 camera. Distance migrated 
(pixels) was measured with Adobe Photoshop 
software. MCF10A-TAZ-S89A, MCF10A-TAZ-
S89A-F52/F53A, MCF10A-TAZ-S89A-WWm, 
and HBE135-TAZ-S89A cells were untreated (-) 
or treated (+) with Dox (1 µg/ml), and A549 and 
HCC38 cells infected with siTAZ, and 
subsequently plated and scratched-wounded as 
previously above. Pictures were taken at 24 or 48 h. 
 
Statistic analysis 

Significant differences were analyzed by 
student t-test, and difference on mRNA levels 
between MCF10A-TAZ and its mutants, as well as 
promoter activities were calculated using ANOVA 
tests. P-value <0.05 was regarded as statistically 
significant.  
 
RESULTS 
Identification and validation of target genes 
negatively regulated by TAZ 

To identify downstream genes mediating 
TAZ function, we performed a 44K whole human 
genome microarray profiling (32) using RNAs 
from MCF10A stably expressing WPI empty 
vector control (MCF10A-WPI) or wild-type TAZ 
(MCF10A-TAZ). Enhanced TAZ mRNA and 
protein expression levels were confirmed by qRT-
PCR and western blot (Fig. 1A and 1B). Although 
390 genes were upregulated by TAZ (32), 
surprisingly, about 328 cellular genes were also 
found to be downregulated by TAZ (Fig. 1C; Table 
S1). Based on their functional relevance in 
tumorigenesis, we confirmed several target genes 
from our DNA microarray results using real-time 
qRT-PCR. Interestingly, we identified several pro-
inflammatory cytokines and chemokines, including 
IL-1α/β, IL-6, IL8, CXCL1/2/3 and BMP2, as well 
as p63 isoforms ΔNp63 and TAp63 as significantly 
downregulated（1.5-10±0-0.05 fold)  targets in 
MCF10A-TAZ cells (Fig. 1D). Amongst these, 
pro-inflammatory cytokines IL-1α and IL-1β 

showed the most significant decrease in their 
relative mRNA expression, suggesting a possible 
involvement of TAZ in immune and inflammatory 
responses. Surprisingly as well, the p53 family 
members TAp63 and its N-terminal truncated form 
ΔNp63 showed an important TAZ-induced 
suppression in mRNA expression levels. Since p63 
has been previously suggested as a marker of 
epithelial breast carcinoma and plays important 
roles in tumorigenesis and metastasis  (33, 34), we 
sought to elucidate the molecular mechanisms and 
functional implications of TAZ-mediated 
repression of p63. 
 
ΔNp63 is a novel downregulated target of TAZ 

To further confirm TAZ-mediated 
suppression of p63 in MCF10A cells, we 
performed protein analysis using western blotting. 
Protein lysates from MCF10A-WPI and MCF10-
TAZ cells were analyzed together with MCF-7 p63 
negative control and Cos7 cells transfected with 
TAp63-Flag and ΔNp63-Flag plasmids. We 
identified ΔNp63 rather than TAp63 as the p63 
protein isoform predominantly suppressed by TAZ 
in MCF10A-TAZ cells (Fig. 2A). Similarly, 
ΔNp63 protein expression was highly decreased in 
MCF10A cells after transient induction of wild-
type TAZ (TAZ-WT) or constitutively active TAZ 
[TAZ-S89A, serine 89 (S89) is mutated into 
alanine (A)] by Dox (Fig. 2B), suggesting that 
suppression of ΔNp63 by TAZ is not caused by 
viral infection or puromycin selection during 
establishment of stable lines. As expected, 
inducible expression of TAZ-S89A displayed a 
stronger effect on ΔNp63 repression compared to 
TAZ-WT. To characterize p63 as a bona fide 
downregulated target gene of TAZ in other cell 
type, we analyzed ΔNp63 protein expression levels 
in HBE135 human bronchial epithelial lung cells 
containing inducible expression of TAZ-S89A (Fig. 
2C). Interestingly, ΔNp63 expression was also 
repressed in HBE135 cells after TAZ induction, 
similar to the effect observed in MCF10A cells. 
Furthermore, we performed transient TAZ 
knockdown using siRNAs (siTAZ) in HCC38 
human epithelial breast cancer cells and A549 
human lung adenocarcinoma cells that expressed 
high levels of TAZ (35)(Yang, unpublished). 
ΔNp63 protein levels were significantly increased 
after TAZ was knocked down in both cell lines 
(Fig. 2D). Finally, we sought to elucidate the 
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effects of TAZ overexpression on ΔNp63 promoter 
activity using dual luciferase assay. The promoter 
region of ΔNp63 was cloned from MCF10A 
genomic DNA into a luciferase reporter vector 
(ΔNp63-luc), which was transiently transfected 
into TAZ-low SK-BR-3 breast cancer cells alone 
or in combination with increasing dosages of TAZ 
(Fig. 2E). Concordant with our previous results, 
TAZ showed a dosage-dependent suppression of 
ΔNp63-luc activity, suggesting that TAZ causes 
reduced ΔNp63 expression by suppressing its 
promoter activity. Together, these results strongly 
suggest ΔNp63 as a bona fide downstream target 
negatively regulated by TAZ in several breast and 
lung cell lines.  
 
TEAD binding domain (TBD) is necessary for 
TAZ-induced negative regulation of ΔNp63  

TAZ was originally identified as a 
transcriptional co-activator that lacks a DNA-
binding domain. Thus, in order to modulate 
transcription of downstream cellular genes, TAZ 
requires interactions with transcription factors 
through its TBD or WW (W, tryptophan) domain. 
Previous studies have shown that TAZ interacts 
with members of the TEAD family of transcription 
factors (TEAD1-4) through 7 conserved residues in 
the TBD of TAZ  (23, 28). Among these, two 
phenylalanine (F) residues located at positions 52 
and 53 (F52/53) were shown to be critical for 
TAZ-TEAD binding. Therefore, we examined 
whether the effect of TAZ on ΔNp63 repression 
could be abolished in TBD mutants of TAZ. We 
generated a missense mutation in TAZ F52 and 
F53 residues (TAZ-F52/53A) to abolish TEAD 
interaction with TAZ. We then established 
MCF10A cells stably expressing TAZ-F52/53A 
and examined the effect of this TAZ mutant on 
mRNA and protein expression of ΔNp63. qRT-
PCR and western blot analysis showed that loss of 
interaction with TEAD in TAZ-F52/53A mutant 
completely abolished TAZ-induced suppression of 
both protein and mRNA of ΔNp63 (Fig. 3A and 
3B). The TAZ-F52/F53A mutant also showed 
inability to suppress ΔNp63 promoter activity (Fig. 
3C). Interestingly, loss of interaction with TEAD 
in TAZ-F52/F53A had a dominant-negative effect 
and activates transcription (1-28±0-1 fold) of many 
downregulated genes including ΔNp63, BMP2, 
CXCL2, CXCL3, IL1α, and IL-1β (Fig. 3B and 
3D). On the other hand, overexpression of TAZ-

F52/53A can still suppress TAp63 mRNA, 
suggesting that TAZ regulates TAp63 and ΔNp63 
differently and that TAZ may down-regulate 
TAp63 independently of TEAD. Next, we sought 
to explore whether TAZ’s TBD was the only 
domain responsible for p63 suppression. Since 
TAZ WW domain has been shown critical for gene 
transcription regulation through interaction with 
L/PPxY (L, lysine; P, proline; x, any amino acid; Y, 
tyrosine) motif-containing transcription factors 
such as TTF1 and Pax8  (36-38). We tested 
whether a WW domain TAZ mutant (TAZ-WWm) 
containing two residue mutations, W152A and 
P155A, had any effect on TAZ-induced 
suppression of ΔNp63. MCF10A cells stably 
expressing TAZ-S89A-WWm were established by 
infecting MCF10A cells with lentivirus expressing 
inducible TAZ-S89A-WWm (MCF10A-TAZ-
S89A-WWm). Similarly to the effect observed in 
MCF10A-TAZ-S89A, in the presence of Dox, the 
WW domain mutant TAZ-WWm, effectively 
suppressed ΔNp63 expression (Fig. 3A). Together, 
these findings suggest that the TBD, but not the 
WW domain, of TAZ, is essential for TAZ-
induced repression of ΔNp63.  
 
TEAD is essential for TAZ-induced suppression 
of ΔNp63 

To directly confirm whether TAZ 
suppresses ΔNp63 through TEAD, we performed 
transient knockdown of TEAD using a previously 
used siRNA simultaneously targeting TEAD1, 
TEAD3, and TEAD4 (siTEAD) in MCF10A cells 
with inducible expression of constitutively active 
TAZ-S89A. While ΔNp63 protein and mRNA was 
significantly repressed by TAZ-S89A in the 
presence of Dox in cells expressing a siRNA 
negative control (siCtrl), TAZ-S89A-mediated 
repression of ΔNp63 seemed to be abolished in 
MCF10A cells with TEAD knockdown (Fig. 4A 
and 4B).  In addition, TEAD knockdown also 
diminished TAZ-induced suppression of ΔNp63 
promoter (Fig. 4C). Moreover, while TAZ can 
suppress ΔNp63-luc activity in TEAD-positive 
SK-BR3 cells, its suppression on ΔNp63 promoter 
is abolished in a TEAD-negative SK-Luci-6 lung 
cancer cells (Fig. 4D and 4E). Together, these 
studies strongly suggest that TEAD is essential for 
TAZ-induced suppression of ΔNp63.   
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TAZ suppresses ΔNp63 by directly binding to 
the ΔNp63 promoter through TEAD 

Next, we tested whether TAZ suppresses 
ΔNp63 transcription by directly interacting with 
ΔNp63 promoter through TEAD. Since TEAD is 
required for TAZ-induced suppression of ΔNp63 
transcription, we first tested whether TEAD can 
directly suppress ΔNp63 promoter activity by 
transfecting ΔNp63-luc reporter alone or together 
with TEAD1, TEAD2, TEAD3, or TEAD4 into 
SK-BR-3 cells. Significantly, all TEADs showed 
ΔNp63 promoter repression (Fig. 5A), although 
TEAD1/3/4 exerted a more dramatic effect than 
TEAD2 in ΔNp63 repression with over 3.5±1.2 
fold decrease in the promoter activity, suggesting 
that TEADs are involved in ΔNp63 repression. To 
confirm that TAZ-TEAD indeed directly binds to 
ΔNp63 promoter, we performed a ChIP assay in 
MCF10A cells expressing WPI vector or TAZ-
S89A-HA using anti-HA antibody and primers 
flanking a TEAD response element (TRE; Fig. 5C, 
TRE1). Interestingly, our ChIP assay showed that 
TAZ-S89A could indeed be co-
immunoprecipitated with the ΔNp63 promoter 
DNA in vivo (Fig. 5B). After further examination 
of ΔNp63 promoter sequences, we identified 3 
potential TREs (TRE1, TRE2, and TRE3) in the 
ΔNp63 promoter and mutated them individually 
(TRE1M, TRE2M or TRE3M) or in combination 
(TRE1/2; Fig. 5C). While mutation of TRE1 or 
TRE2 rather than TRE3 partially blocked, 
combined mutations of both TRE1 and TRE2 
(TRE1/2M) completely abolished TAZ-induced 
suppression of ΔNp63 promoter (Fig. 5C), thus 
suggesting that TAZ/TEAD complex binds to 
TRE1 and TRE2 to suppress ΔNp63 transcription.  
 
Modulation of deacetylation is critical for TAZ-
TEAD-induced suppression of ΔNp63 
Two recent studies suggest that TEAD or its 
Drosophila homolog Scallop can suppress cellular 
gene transcription through interaction with 
transcription cofactor vestigial-like protein 4 
(VGLL4) or Tgi, respectively (39, 40). However, 
VGLL4 knockdown in MCF10A cells could not 
block TAZ-induced suppression of ΔNp63 (Fig. 6A 
and 6B), suggesting that VGLL4 is not involved in 
TAZ-TEAD-induced transcriptional repression of 
ΔNp63.  

Previous studies also suggest that 
transcriptional suppression of some genes may 

depend on DNA methylation or histone 
deacetylation of chromatin of their promoter 
regions (41-43). To explore whether TAZ-TEAD-
induced ΔNp63 transcriptional repression is due to 
chromosome methylation/acetylation, we treated 
breast cancer cells with inhibitors of histone 
modification. Significantly, treatment of cells with 
HDAC (histone deacetylase) inhibitor TSA rather 
than HMT (histone methyltransferase) inhibitor 
UNC0631, partially rescued TAZ-induced 
suppression of ΔNp63 transcription (Fig. 6C). 
Moreover, we have further shown that TAZ 
directly interacts in vivo with some components 
(CHD4, MTA1, and RBP46) of the HDAC 
complex (Fig. 6D). 

 
Functional implications of TAZ/TEAD 
interactions and ΔNp63 suppression 

Our results have strongly elucidated the 
role of TEAD and its co-activator TAZ in p63 
transcriptional repression, particularly ΔNp63, in 
breast and lung epithelial cells. Since TAZ 
overexpression has been previously correlated with 
enhanced cell migration and invasion  (14, 15, 44), 
and ΔNp63 knockdown causes EMT, increased 
cell migration and metastasis in MCF10A cells or 
breast cancer (45-47), we sought to elucidate the 
functional consequences of TAZ/TEAD-mediated 
repression of ΔNp63 in breast cell migration. 
Firstly, we reintroduced ΔNp63 expression in 
MCF10A-TAZ cells by using lentiviral infection. 
Assessment of similar TAZ and ΔNp63 protein 
expression levels was performed by western blot 
(Fig. 7A). Next, we sought to examine the 
functional implications of ΔNp63 suppression on 
cell migration by performing a wound-healing 
assay in MCF10A cells expressing WPI vector 
control, TAZ or TAZ plus ΔNp63. Cell migration 
was compared at different time points after wound 
induction. Compared to the WPI control 
(MCF10A-WPI), TAZ overexpressing cells 
(MCF10A-TAZ) increased cell migration 9.0±1.5 
and 8.8±3.5 fold at 20 and 40 h, respectively. 
However, this effect was partially abolished in 
TAZ-ΔNp63 expressing cells (MCF10A-TAZ- 
ΔNp63)(Fig. 7B and 7C). 

Interestingly, further examination of TAZ 
and its two domain mutants showed that while 
Dox-induction of TAZ-S89A (+Dox) caused 
increased cell migration, TBD mutant TAZ-
F52/53A completely abolished TAZ-induced 
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increased cell migration in MCF10A cells (Fig. 3A, 
7D). On the other hand, WW domain mutant TAZ-
WWm can still cause increased cell migration (Fig. 
7D), suggesting that TEAD-binding domain, rather 
than WW domain, is essential for TAZ-induced 
increased cell migration. Furthermore, enhanced 
cell migration is also observed when TAZ-S89A is 
overexpressed in the presence of Dox (Dox+) in 
HBE135 cells  (Fig. 2C, Fig. 7E). Moreover, 
down-regulation of TAZ in A549 and HCC38 cells 
inhibits cell migration (Fig. 7F).  Finally, we have 
further shown that overexpression of TAZ-S89A in 
both breast MCF10A and lung HBE135 cells 
causes epithelial-mesenchymal transition (EMT), 
thus suggesting that this TAZ-induced increased 
cell migration is due to loss of cell-cell adhesion 
(Fig. 7G and 7H). In summary, our results suggest 
that TAZ interacts with TEAD to promote ΔNp63 
suppression and reduced cell-cell adhesion, thus 
increasing the migratory capacity of cells, which 
can further lead to metastatic progression in breast 
and lung cancer cells.  
 
DISCUSSION 
TAZ is a dual regulator of gene transcription  

Studies have widely characterized TAZ as 
a transcriptional co-activator of gene expression. 
Its ability to interact with a wide range of 
transcription factors accounts for TAZ’s multi-
functional effects in tumor development and 
progression. Moreover, TAZ-induced activation of 
pro-tumorigenic genes, such as Cyr61, CTGF, 
BMP4  (32, 44) and many others, has been often 
reported in the literature. However, our DNA 
microarray data have uncovered a whole new 
perspective on TAZ transcriptional regulation. 
Besides its well-studied role as a transcriptional 
co-activator, our results have suggested a novel 
function of TAZ in transcriptional repression. This 
transcriptional duality of TAZ has been previously 
questioned after observing that TAZ-induced 
activation of RUNX2 and repression of PPAR-γ’s 
transcriptional activity was critical for 
mesenchymal stem cell differentiation  (48). 
Recently, phosphorylation of Y316 of TAZ has 
been shown to promote TAZ interaction and 
repression of NFAT5’s transcriptional activity in 
response to hyperosmotic stress (49). Although 
these studies have shed light on the transcriptional 
repressing potential of TAZ, they have failed to 
elucidate the molecular mechanisms and oncogenic 

functions underlying TAZ-induced suppression. 
The fact that our microarray results have shown 
that transcription of over 320 cellular genes can be 
suppressed by TAZ has uncovered a new layer of 
the signaling complexity of TAZ and the Hippo 
pathway. Furthermore, validation analysis of 
several target genes including p63 and pro-
inflammatory cytokines and chemokines, has 
indeed confirmed that TAZ expression is also 
critical for transcriptional inhibition. Moreover, the 
strong repression of IL-1α/β exerted by TAZ has 
suggested a novel role in modulating the 
inflammatory response and tumor 
microenvironment. In fact, TAZ was found to 
indeed repress IL-1β promoter in the same manner 
as shown for ΔNp63 (data not shown). 
Collectively, our results have elucidated an 
underrated role of TAZ as a negative regulator of 
transcription in breast and lung epithelial cells. 
Moreover, we have uncovered TAZ’s duality in 
gene transcription regulation, a trait that has been 
previously reported for other transcriptional co-
factors, such as CCAAT-enhancer binding protein 
(C/EBP) or CREB-binding protein (CBP) and its 
paralog p300 (50, 51).  

 
ΔNp63 is a novel downstream target negatively 
regulated by TAZ  

Despite the progress made towards 
elucidating the molecular mechanisms involved in 
breast cancer development and progression, 
metastatic cancer cells remain a major obstacle for 
successful breast cancer treatments. In this context, 
TAZ has been highly associated with cell 
acquisition of EMT phenotypes and subsequent 
metastatic dissemination of breast cells (14, 15, 32, 
52). By regulating gene expression, TAZ has 
shown to modulate oncogenic traits in cells. 
However, the transcriptional downstream targets 
mediating these TAZ-induced phenotypes remain 
mostly unexplored. By using a DNA microarray 
and real-time qRT-PCR, we identified p63 
isoforms TAp63 and ΔNp63 as transcriptional 
targets negatively regulated by TAZ in mammary 
tumorigenesis. Of these, ΔNp63 showed the most 
significant repression and was shown to be the 
predominant isoform expressed in MCF10A cells. 
Therefore, we characterized ΔNp63 as a bona fide 
negative transcriptional target of TAZ involved in 
cell migration. Firstly, we have shown that TAZ 
overexpression in MCF10A non-tumorigenic 
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breast cells causes a significant decrease in ΔNp63 
mRNA expression levels (Fig. 1D). Next, we have 
shown that overexpression of both wild-type TAZ 
and its constitutively active mutant TAZ-S89A 
suppresses ΔNp63 protein expression in MCF10A 
cells, whereas TAZ knockdown caused increased 
ΔNp63 in breast and lung cancer cells (Fig. 2A, 
2B, and 2D). Finally, we have confirmed that TAZ 
physically interacts with ΔNp63 promoter and 
causes ΔNp63 transcriptional repression through 
interaction with TEAD and TRE (Fig. 2E).  

After confirming that ΔNp63 is indeed a 
real downstream target negatively regulated by 
TAZ, we examined the functional implications of 
ΔNp63 down-regulation in mammary epithelial 
cells. After re-introducing ΔNp63 protein 
expression into TAZ-overexpressing MCF10A 
cells, we found that ΔNp63 could partially reverse 
TAZ-mediated cell migration (Fig. 7A-7C). 
Specifically, assessment of the migration distance 
of MCF10A cells expressing TAZ plus ΔNp63, 
showed a significantly slower wound closure rate 
that was more similar to the one displayed by 
MCF10A-WPI control than to MCF10A-TAZ 
cells. Since multiple genes may regulate breast 
cancer cell migration, ΔNp63 re-expression could 
not completely reverse this TAZ-mediated 
phenotype. Nonetheless, our studies strongly 
suggest that ΔNp63 is one of the genes involved in 
TAZ-induced cell migration. These results are 
consistent with studies showing ΔNp63 as an 
inhibitor of cell migration, invasion and metastatic 
progression in breast cells (45, 46). Moreover, p63 
and particularly ΔNp63 expression has been 
specifically observed in normal myoepithelial 
breast cells, has been proposed as a marker for cell 
differentiation and is shown to be down-regulated 
in non-metaplastic invasive breast carcinomas (33, 
53-55). Importantly, TAZ overexpression is highly 
correlated with breast cancer invasiveness and 
dissemination (32). Thus, it is likely that TAZ-
induced suppression of ΔNp63 enhances its 
metastatic potential by promoting EMT and breast 
cell migration. It will be interesting to further 
investigate the correlation between the levels of 
TAZ and ΔNp63, and whether these could be used 
as prognostic biomarkers for clinical metastatic 
breast cancer. Until then, our results have provided 
a better understanding of the molecular 
mechanisms of TAZ-induced metastatic 
dissemination that might be critical for future 

development of effective targeted therapies for 
breast and lung cancer patients.  
 
TEADs are critical binding partners of TAZ 
that suppresses ΔNp63 transcription  

Our results have identified the members of 
TEAD/TEF family as major transcription factors 
mediating TAZ-induced transcriptional repression 
of downstream genes particularly ΔNp63. We 
showed that TAZ could no longer suppress ΔNp63 
promoter activity in TEAD-null SK-luci-6 cells or 
MCF10A cells with TEAD knockdown (Fig. 4D 
and 4E). This TAZ-TEAD-mediated suppression 
seems to be direct since our results have shown 
that TEAD itself can suppress ΔNp63 promoter 
activity and that TAZ can suppresses ΔNp63 
promoter activity by directly interacting with two 
TREs on the ΔNp63 promoter (Fig. 5B and 5C). 
Consistent to our findings, through ChIP-
sequencing, a recent study also suggests that 
TEAD2 can regulate EMT-relevant genes by 
acting as a transcriptional activator or repressor, 
mainly by directly binding to the promoters 
containing TREs (56). It is still unclear why the 
same TAZ/TEAD complex activates transcription 
of some cellular genes such as CTGF and Cyr61 
but suppresses transcription of other genes such as 
ΔNp63. Most interestingly, several recent studies 
have identified components of the 
chromatin/chromatin-remodeling complexes 
(BRM, MED mediator complexes, and SWI/SNF 
complexes) and histone methyltransferase (Ncoa6) 
complexes as binding partners of TAZ or its 
Drosophila homolog Yki (57-60). Since these 
complexes control transcriptional status (activation 
or inactivation) of a specific gene, the methylation 
or acetylation status of chromatin on the promoter 
regions of a specific gene (soil) may determine the 
transcriptional activation or suppression functions 
of the TAZ-TEAD complex. Indeed, our data 
further showed that TAZ can directly interact with 
histone deacetylation complex (Fig. 6D) and 
inhibition of HDAC partially releases TAZ-
induced suppression of ΔNp63 transcription by 
directly interacting with histone deacetylation 
complex (Fig. 6C), suggesting that TAZ may 
suppresses gene transcription by activating histone 
deacetylation and HDAC-mediated chromatin 
tightening.        

Besides TEAD-dependent transcriptional 
suppression by TAZ, we also observed TEAD-
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independent suppression of some downstream 
genes such as TAp63 and GJA1 (Fig. 3D). In 
addition, a recent study reported a ZEB2-
dependent suppression of ΔNp63 promoter by YAP 
(TAZ paralog) during squamous 
transdifferentiation of lung epithelial cells (61). 
These studies suggest that TAZ, like YAP, may 
also suppress cellular gene transcription through 
interacting with other transcription factors. 
Nevertheless, our findings have shed light on the 

unanticipated complexity of the mechanisms 
underlying TAZ and TEAD interaction for gene 
transcriptional regulation, and provide convincing 
evidence that TAZ can exert its function by 
negatively regulating transcription of downstream 
cellular genes, such as ΔNp63, through interaction 
with TEAD transcription factor. 
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FIGURE LEGENDS 
Figure 1. Validation of target genes negatively regulated by TAZ using real-time qRT-PCR. A, 
Western blot analysis of TAZ expression in MCF10A cells. MCF10A cells were stably infected with 
lentivirus expressing WPI vector control or TAZ-HA. Western blot analysis was performed by using anti-
TAZ antibody. β-actin was used as an internal loading control.  B and D. qRT-PCR analysis of TAZ (B) 
and its down-regulated cellular gene mRNA expression (D). Total RNAs were extracted from MCF10A-
WPI and MCF10A-TAZ cells. mRNA levels were measured by real-time qRT-PCR using gene-specific 
primers (Table 1). Relative expression levels of mRNA in MCF10A-TAZ (black bars) were compared to 
MCF10A-WPI control cells (white bars). Data is represented as relative fold decrease. The experiment 
was performed in duplicate and error bars represent standard deviation from each set of duplicate. 
Statistic difference on mRNA levels between MCF10A-WPI and MCF10A-TAZ cells were analyzed by 
student t-test. *Statically significant difference (P<0.05). C. Heat map for down-regulated genes by TAZ.  
 
Figure 2. Validation of ΔNp63 as a downstream transcriptional target of TAZ. A, p63 protein 
expression levels were assessed in MCF10A cells overexpressing WPI control or TAZ using anti-p63 
antibody.  MCF-7 protein cell lysate was used as a negative control for p63 staining. Cos7 cells 
transfected with TAp63-Flag or ΔNp63-Flag expression were used as positive controls. β-actin was used 
as an internal loading control. B, ΔNp63 and TAZ protein levels were assessed in MCF10A cells in the 
presence (+) or absence (-) of doxycycline (Dox)-mediated inducible expression of wild-type (TAZ-WT) 
or constitutively active TAZ (TAZ-S89A). C, Expression of ΔNp63 in MCF10A mammary and HBE135 
lung epithelial cells. TAZ expression was induced with Dox (+) in MCF10A-TAZ or HBE135-TAZ-
S89A cells. D, Knockdown of TAZ in breast and lung cancer cells caused enhanced protein expression of 
ΔNp63. HCC38 breast and A549 lung cancer cells were transiently transfected with control siRNA (siCtrl) 
or siRNA against TAZ (siTAZ). Three days after transfection, cells were subjected to protein extraction 
and western blot analysis using anti-TAZ or anti-p63 antibody. E, TAZ suppresses ΔNp63 promoter 
activity. SK-BR3 cells grown in 12-well plate were transfected with ΔNp63-luc alone (0.1 µg) or in 
combination with increasing amount (0, 0.1, 0.4 µg) of TAZ, followed by dual luciferase assay. Fold 
changes were calculated by normalizing SK-BR3 cells transfected with ΔNp63-luc alone to those 
transfected with TAZ. The experiment was performed in triplicate. *Statistically significant difference 
(P<0.05). 
 
Figure 3. TEAD-binding domain is essential for TAZ-induced transcriptional repression of ΔNp63. 
A, TEAD binding domain is critical for ΔNp63 repression. Constitutively active TAZ-S89A with 
mutations on TEAD binding (S89A-F52/53A) or WW (S89A-WWm) domains were induced with Dox in 
MCF10A cells. ΔNp63 and TAZ protein expression was assessed and compared to MCF10A cells with 
inducible expression of TAZ-S89A (S89A). β-actin was used as an internal loading control.  B, qRT-PCR 
analysis of ΔNp63 mRNA in MCF10A cells expressing WPI, TAZ, or TAZ-F52/53A. C, TEAD-binding 
mutant of TAZ abolishes TAZ-mediated suppression of ΔNp63 promoter. SK-BR-3 cells were transfected 
with ΔNp63-luc alone or in combination with wild-type TAZ (TAZ) or its TEAD binding mutant (TAZ-
F52/53A). Promoter activity was measured as described in Fig. 2E. The experiment was performed in 
triplicate.  D, qRT-PCR analysis of TAZ-down-regulated genes in MCF10A-WPI, TAZ, or TAZ-
F52/F53A cells. Procedures and data analyses were performed as described in Fig. 1B. *Statistically 
significant difference (P<0.05). 
 
Figure 4. TEAD-dependent suppression of ΔNp63 by TAZ. A, TEAD knockdown diminishes TAZ-
induced repression of ΔNp63 protein. Transient siRNA knockdown of TEAD1/3/4 (siTEAD) was 
performed in MCF10A cells with inducible expression of TAZ-S89A. A siRNA targeting a non-specific 
sequence was used as a negative control (siCtrl). Twenty-four hours post-transfection, cells were induced 
(+) or not (-) with Dox. Protein was extracted 48 hours post-induction and ΔNp63 expression was 
assessed in cells with and without TAZ-S89A expression. β-actin was used as an internal loading control.  
B, Knockdown of TEAD abolishes TAZ-induced suppression of ΔNp63 mRNA. qRT-PCR analysis of 
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ΔNp63 mRNA. Cell lines and treatment conditions were as described in A. C, Knockdown of TEAD by 
siRNA partially blocks TAZ-induced suppression of ΔNp63 promoter activity. D, Expression of TEAD in 
MCF10A-WPI, MCF10A-TAZ, SK-Luci-6 and SK-BR-3 cells. E, TAZ fails to inhibit TAZ promoter in 
TEAD-negative SK-Luci6 cells. Luciferase analysis was performed as described in Fig. 2E. *Statistically 
significant difference (P<0.05). 
 
Figure 5. TAZ and TEAD are recruited on ΔNp63 promoter through TREs to directly suppress 
ΔNp63 transcription. A. TEADs repress ΔNp63 promoter activity. SK-BR-3 cells were transfected with 
ΔNp63-luc alone or in combination with TEAD1, TEAD2, TEAD3 or TEAD4, and luciferase assay was 
performed as described in Fig. 2E. B. ChIP analysis of TAZ interaction with the ΔNp63 promoter. DNA 
and protein were cross-linked after treating MCF10A-WPI and MCF10A-TAZ-S89A-HA cells with 1% 
formaldehyde. Chromatin and DNA-binding protein were subjected to immunoprecipitation using mouse 
monoclonal α-HA (F7) antibody, followed by PCR and electrophoresis on a 3% agarose gel. 0.2% input 
chromatin extracted from MCF10A-WPI or MCF10A-TAZ-S89A-HA cells were used as positive PCR 
controls. C. Mapping the TRE in the ΔNp63 promoter. Three potential TREs [TRE1 (GGAAT), TRE2 
(CATGCC), and TRE3 (GGTAT)] in the ΔNp63 promoter were mutated [TRE1M (AAAAA), TRE2M 
(AAAAAA), and TRE3M (AAAAA),] alone or in combination (TRE1/2M). ΔNp63-luc containing WT, 
TRE1M, TRE2M, TRE3M, or TRE1/2M were transfected alone (-TAZ control) or together with TAZ 
(+TAZ) into SK-BR3 cells, followed by dual luciferase assay. Promoter activity is shown as relative to 
control and calculated as the ratio of relative luciferase unit (RLU) of  +TAZ to –TAZ. The mean and SD 
of three experiments are shown. *Statistically significant difference (P<0.05) between RLU of +TAZ and 
-TAZ. 
 
Figure 6. Suppression of ΔNp63 transcription by TAZ through modulation of chromatin acetylation 
rather than VGLL4. A. Knockdown of VGLL4 by siRNA. MCF10A-TAZ-S89A cells were transfected 
with control siRNA (siCtrl) or siRNA against VGLL4 (siVGLL4), followed by incubation in the absence 
(-) or presence (+) of Dox for 1 d. Cells were subjected to protein extraction and western blot analysis 
using anti-p63 and anti-VGLL4 antibodies. B. qRT-PCR analysis of ΔNp63 mRNA. Experimental 
procedures were as described in A. C. Levels of ΔNp63 mRNA after treatment of cells with HDAC and 
HMT inhibitors. MCF10A-TAZ-S89A cells were untreated or treated with TSA (300 nM) or UNC0631 
(20 µM) in the absence (-) or presence (+) of Dox for 1 day, followed by qRT-PCR analysis. Data 
analysis were described in Fig. 1B. D. Interaction of TAZ with histone deacetylase complex. Co-IP 
analysis was performed by immunoprecipitation of TAZ-HA in 250 µg of protein lysates extracted from 
MCF10A-WPI and MCF10A-TAZ-S89A-HA cells using anti-HA antibody, followed by western blot 
using each specific antibody against each protein of the histone deacetylase complex. The membrane was 
stripped and re-probed with anti-HA antibody to see whether TAZ-S89A-HA was pulled down from 
MCF10A-TAZ-S89A-HA rather than WPI cells. About 1/100 of input protein lysate (2.5 µg) was also 
subjected to western blot. *Statistically significant difference (P<0.05). 
 
Figure 7. Reintroduction of ΔNp6 partially recues TAZ-mediated cell migration. A. Western blot 
analysis of ΔNp63 expression. MCF10A-TAZ cells were infected with lentivirus expressing ΔNp63 
(MCF10A-TAZ-ΔNp63). Protein was extracted from these cells and ΔNp63 expression was compared to 
MCF10A-WPI and MCF10A-TAZ cells. β-actin was used as an internal loading control. B. ΔNp63 
reintroduction in TAZ overexpressing cells partially rescues TAZ-induced increased cell migration. 
MCF10A-WPI, MCF10A-TAZ and MCF10A-TAZ-ΔNp63 were plated to confluency and starved in 2% 
HS overnight. Wound healing assay was performed and cell migration was analyzed between cells at 
different time points (0, 20, 40h). C. Quantification of cell migration. Cell migration distance (pixels) was 
quantified in all cells as described in B. *Statistically significant difference (P<0.05) between MCF10A-
TAZ and MCF10A-WPI or MCF10A-TAZ-ΔNp63. D. TEAD-dependent increased cell migration by 
TAZ. Cell migration analyses were performed using the established cell lines and conditions described in 
Fig. 3A. E. Overexpression of TAZ-S89A causes increased cell migration in HBE135 cells. Wound-
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	   16	  

healing analyses were performed in cell lines described in Fig. 2C. F. Knockdown of TAZ in HCC38 and 
A549 cells decreases cell migration. G. and H. Overexpression of TAZ-S89A induces EMT in both 
MCF10A (G) and HBE135 (H) cells. 
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Table	  1.	  Primers	  used	  for	  qRT-‐PCR
F GGACTGTATCCGCATGCA
R GACCTGGGCTGTGCGTAG
F GAGTTCTGTTATCTTCTTAAG
R TGTTCTGCGCGTGGTCTG
F TGCGCATGCTTCCACCATGAAG
R TCTGCTGSGGTGATAAACTCC
F AGTCATAGCCACACTCAAGAATGG
R GATGCAGGATTGAGGCAAGC
F CGCCCAAACCGAAGTCATAG
R AGACAAGCTTTCTGCCCATTCT
F TCCCCCATGGTTCAGAAAATC
R GGTGCTCCCCTTGTTCAGTAT
F TGTGACTGCCCAAGATGAAG
R CTTAGCGCCGTGAGTTTCCC
F GAAGCTGATGGCCCTAAACAG
R GAAGCCCTTTGCTGTAGTGGT
F TCCTCGACGGGCATCTCAGCC
R ATCTTTGGAAGGTTCAGGTTG
F CGGAAGGAACCATCTCACTG
R AGCACTCCTTGGCAAAACTG
F ACA	  CCT	  TCC	  CTC	  CAG	  CAG	  TT
R GGA	  GTT	  CAA	  TCA	  CTT	  GGC	  GT

TAP63

Np63

BMP2

CXL1

CXL2

CXL3

IL1A

IL1B

IL6

IL8

GJA1
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ΔNp63-luc + + + + + _ TEAD1 TEAD2 TEAD3 TEAD4 

0.2 

0 

0.4 

0.6 

0.8 

1.0 

1.2 

Fo
ld

 C
ha

ng
e 

A. 
B. 

0.
2%

In
pu

t 

αH
A 

αH
A 

0.
2%

In
pu

t 

WPI TAZ-S89A-HA 

+1 
-259 

	  	  
TRE1 TRE3 
	  	  

TRE2 
× 

+1 
-259 

	  	  
TRE1 TRE3 
	  	  

TRE2 
× 

ΔNp63-luc 

+1 
+40 -259 

	  	  
TRE1 TRE3 
	  	  

TRE1 
WT 

× 

+40 

+40 

TRE1M 

TRE1/2M 

Relative to Control 

0 0.2 0.4 0.6 0.8 1.0 1.2 

*	  

C. 

+1 
-259 

	  	  
TRE1 TRE3 
	  	  

TRE2 
× +40 

TRE3M *	  

+1 
-259 

	  	  
TRE1 TRE3 
	  	  

TRE2 
× +40 

TRE2M 

-TAZ 

+TAZ 

*	  

*	  

*	   *	  
 by guest on M

ay 21, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Figure 6 
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Figure 7 
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