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Abstract 

The Hippo pathway is a signaling cascade that plays essential roles in organisms such as 

development, organ size control, stem cell differentiation and renewal, as well as important processes 

necessary for cancer development and progression. Within the core cassette of the pathway are LATS1 and 

LATS2, serine/threonine kinases with a continually expanding repertoire of functions and effectors that 

relay upstream tumor suppressive signals. Despite the plethora of studies investigating Hippo pathway 

signaling, few LATS1/2 interacting proteins have been identified.  

In this thesis, the regulatory networks surrounding LATS1/2 are explored. By screening the Nedd4-

like family E3 ubiquitin ligases, WWP1 was identified as a novel negative regulator of LATS1 by 

ubiquitinating and promoting its degradation by the 26S proteasome pathway. Importantly, loss of LATS1 

stability was shown to be critical for WWP1-induced increases in cell proliferation and anchorage-

independent growth of breast cancer cells. Furthermore, a novel signaling axis involving Cdk1, LATS2 and 

Pin1 was identified. After anti-tubulin drug treatment, activated Cdk1 kinase can directly phosphorylate 

LATS2 at five sites which subsequently binds Pin1 and inactivates its anti-apoptotic function. Lastly using 

CRISPR/Cas9 functional genomics screening, novel genes that promoted LATS2-induced S-phase cell 

cycle accumulation in lung cancer cells were identified and validated.  

Collectively these findings uncover novel upstream regulators and downstream mediators of 

LATS1/2 in functions related to tumorigenesis and drug response. The novel interacting proteins identified 

in this work may serve as potential new biomarkers for breast and lung cancer progression as well as anti-

tubulin drug sensitivity. Thus mapping the molecular network of the Hippo pathway, with emphasis on the 

bona fide tumor suppressors LATS1/2, may have significant implications for the prognosis and treatment 

of breast and lung cancers.  
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Chapter 1 

Introduction 

Cancer is a large family of diseases involving uncontrolled cell growth, potentially 

invading and spreading to other parts of the body and disrupting their normal functions. It is one of 

the leading causes of death worldwide and places immense physical and emotional tolls on patients 

and society as a whole. Thus the search for a cure to improve overall human health is a research 

hotspot and requires fundamental understanding of the biology and mechanisms driving cancer 

development and progression. The work in this thesis will explore the contributions of the Hippo 

pathway to cancer and hopefully aide in the development of novel targeted therapeutics.   

1.1 Mammalian Hippo pathway in cancer progression and therapy 

The Hippo signaling pathway is an evolutionarily conserved master regulator of tissue 

growth and cell fate. It was initially discovered to be important for human cancers as mutations in 

different Hippo pathway genes caused abhorrent tissue overgrowth in Drosophila melanogaster 

tissues (1–5). Within the past few decades, an ever increasing number of mammalian studies have 

validated the hypothesis that perturbations in Hippo pathway genes can lead to human cancers (6–

9). However few somatic or germline mutations have been identified in Hippo pathway genes and 

cannot explain the etiology and progression of many human cancers. This suggests that frequent 

dysregulation of the Hippo pathway in cancer is caused by other mechanisms and warrants further 

exploration. Additionally, many of the Hippo pathway components are potentially druggable due 

to their unique interactions (10). Thus targeting the Hippo pathway is a potential anti-cancer 

therapeutic strategy and has been the subject of intense interest in recent years (10, 11).  

1.1.1 Hippo signaling pathway 

The Hippo pathway, originally identified in Drosophila melanogaster from genetic 

screens, consists of a large network of proteins that plays important roles in regulating cell 
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proliferation, apoptosis, tumorigenesis, organ size control, mechanotransduction, drug resistance, 

stem cell renewal and differentiation in mammals (6, 10, 12–16). The core cassette of this pathway 

is composed of Serine/Threonine (S/T) kinases MST1 and MST2 (mammalian homologs of 

Drosophila Hippo), LATS1 and LATS2 (also S/T kinases and homologs of each other), two 

adaptor/scaffold proteins hMOB1 and WW45, and two WW-domain containing transcriptional co-

activators YAP and its paralog TAZ (Figure 1.1). Upon activation by upstream stimuli such as 

increased cell-cell contact, MST1/2 kinases are activated which cause subsequent phosphorylation 

of hMOB1, WW45 and LATS1/2, resulting in full activation of LATS1/2 kinases (6–10, 14). 

Activated LATS1/2 will phosphorylate and inactivate YAP/TAZ by promoting either cytoplasmic 

retention or degradation, preventing them from transactivating downstream genes (e.g. CTGF, 

Cyr61, BMP4 etc.) in the nucleus through the TEAD or Smad transcription factors (17–19). 

Inactivation or activation of the Hippo pathway by cell-cell contact or specific stimuli (e.g. changes 

in extracellular matrix [ECM] stiffness or stimulation by serum factors lysophosphatidic acid 

[LPA] and sphingosine 1-phosphoreceptor [S1P]) will cause activation or inactivation of LATS1/2 

or YAP/TAZ and its downstream genes in a Hippo(Mst1/2)-dependent or –independent manner, 

leading to increased cell proliferation, survival and tumorigenesis (Figure 1.1) (20, 21).  

1.1.2 Roles of Hippo pathway in breast cancer 

1.1.2.1 Breast cancer overview 

Breast cancer is the leading type of cancer in women worldwide, accounting for 25% of all 

cases. According to statistics by the Canadian Cancer Society (2017), it is estimated that 1 in 8 

Canadian women will develop breast cancer during their lifetime and 1 in 31 will ultimately die 

from it (22). Men are also afflicted, although the incidence is less than 1% of all cases with the 

explanation that several breast cancer subtypes are greatly correlated with female hormones 

(estrogen and progesterone). By extension women who have early menarche, late menopause,   
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Figure 1.1 The core mammalian Hippo signaling pathway 

When the Hippo pathway is activated by external stimuli (e.g. cell-cell contact, ECM changes, 

serum factor stimulation etc.), MST1/2 is phosphorylated and activated. Subsequently MST1/2 

phosphorylates and activates LATS1/2, facilitated by scaffold proteins WW45/MOB1. Activated 

LATS1/2 can phosphorylate YAP/TAZ, leading to 14-3-3 mediated cytoplasmic retention and 

inactivation. YAP/TAZ normally can translocate to the nucleus to interact with TEAD transcription 

factors to upregulate genes important in cancer development/progression.  

(Drosophila homologs are in italics, Ub represents ubiquitin event, P represents phosphorylation 

event, green arrows indicate upregulation, red Xs indicate downregulation)  
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lack of childbearing or late pregnancy, and/or receive hormone replacement therapy are at higher 

risk of developing breast cancer during their lifetime (23, 24). This is because in all the 

aforementioned situations, the breast tissues of these women are exposed to longer periods of 

circulating estrogen. Other potential risk factors include genetics (e.g. carriers of BRCA1/2 

mutations), dietary (consumption of alcohol and high fat diet/obesity) or environment (secondary 

smoke exposure, carcinogens etc.) (22–25). 

 In the clinical setting, breast cancer is categorized based on expression of several markers 

such as Ki67, cytokeratins 5/6, the estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2) (26–29). Depending on the expression pattern of these 

markers, genetic subtypes of breast cancer are divided into luminal A and B, HER2 positive (+) 

and basal-like. Both luminal A and B subtypes are ER+, but luminal B has lower ER expression 

and shares similar gene expression patterns with HER2+/basal-like subtypes (e.g. high Ki67) and 

poorer outcomes. HER2+ and basal-like breast cancers differ in their HER2 status (and also other 

markers such as cytokeratins) but also have low ER/PR and are associated with aggressive 

metastatic disease and poor prognosis.  

 Generally, breast cancer is treated with surgical resection of the primary tumor (and 

sometimes surrounding tissues such as lymph nodes if metastatic disease is suspected) followed by 

radiation and/or adjuvant therapies (30). Radiation therapy is used to locally kill leftover cancer 

cells in the breast and neighboring tissues while adjuvant therapies such as hormone-blocking 

agents, chemotherapies and monoclonal antibodies are used to further extend patient survival. 

Depending on the expression of markers discussed previously, specific drugs are chosen for a given 

subtype. Approximately 70% of breast cancer patients are ER+ and their growth is dependent on 

estrogen (31); thus ER+ subtypes can be treated with ER-antagonists such as tamoxifen or 

aromatase inhibitors. Although ER+ breast cancers generally have good prognosis and 5-year 
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survival rates, up to half of these patients will later develop metastasis (32). Another 20% of cases 

are HER2+, which are considered more aggressive and have higher relapse/lower survival rates 

(33). HER2+ cancers are treated with Trastuzumab, a humanized mouse monoclonal antibody that 

specifically inactivates HER2 and can improve prognosis. Lastly the basal-like breast cancers 

constitute the remaining percentage and are highly aggressive with poor clinical outcomes. Since 

these tumors do not express the receptors, therefore called triple negative breast cancer (TNBC), 

which can be targeted by the aforementioned chemotherapies, treatment options are limited (27). 

In addition, initial therapy for ER+ and HER2 often leads to resistance, which is the major obstacle 

for breast cancer treatment (10, 17, 34). Therefore, the search for novel genes important for breast 

cancer development and progression is important for finding a cure for breast cancer.  

1.1.2.2 Roles of Hippo pathway components in breast cancer 

Accumulating evidence suggests that many of the Hippo pathway components are directly 

involved in breast tumorigenesis. For instance, YAP1 is located on the 11q22 amplicon that is 

frequently amplified in breast cancers and is also associated with E-cadherin-deficient invasive 

lobular breast cancers (35, 36). Importantly YAP expression is associated with shorter survival in 

HER2+ breast cancer patients. Indeed overexpression of YAP in breast cancer cells has been 

consistently shown to induce a proliferative advantage and promote cell migration, invasion and 

epithelial-to-mesenchymal transition (EMT) while inhibiting apoptosis (37, 38). This effect is 

predominantly through interaction with TEAD transcription factors (TEAD1-4) and Krueppel-like 

factor 5 (KLF5), which has been shown to promote breast cancer proliferation and survival. YAP 

interacts with KLF5 and prevents its degradation by WW domain containing protein 1 (WWP1, 

discussed in 1.4.3) (39). Furthermore many upstream regulators regulate the YAP oncogene in 

breast cancer such as integrin-linked kinase, angiomotin, LATS1/2, KIBRA, leukemia induced 

factor receptor and TGF-β signaling (40–43).  
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 Similarly TAZ, a paralog of YAP, promotes breast cancer cell proliferation, migration, 

EMT and metastasis. TAZ is overexpressed in breast cancers, especially in high-grade and 

metastatic TNBC and negatively correlates with disease-free survival of these patients (44). In 

contrast, depletion of TAZ in HCC1937 cells dramatically inhibits breast cancer tumor growth by 

inhibiting WWP1-mediated KLF5 degradation (45). Like YAP, TAZ operates mostly through 

TEAD transcription factors, inducing downstream genes such as AREG, Cyr61, and CTGF (17, 

41). The latter two genes are significant as our lab was the first to show TAZ can confer breast 

cancer drug resistance by inducing Cyr61 and CTGF (17). Also studies of TAZ upstream regulators 

such as nephronophthisis family members NPHP4/9, PTEN, extracellular matrix protein EMILIN2 

and RhoA, all confirm its oncogenic role in breast cancer (46–48). However, how other Hippo 

pathway components are regulated in mammary tumorigenesis remains largely unknown.  

1.1.3 Roles of Hippo pathway in lung cancer 

1.1.3.1 Lung cancer overview 

Lung cancer is the most common cause of cancer-related death in men and second most in 

women (behind breast cancer) (49). In Canada, 78 Canadians are diagnosed every day with lung 

cancer, with 58 eventually succumbing to the disease. Significantly survival of lung cancer patients 

is amongst the lowest of all cancers, with a 5-year survival rate of 10-15% (50). While the incidence 

rates of lung cancer in both genders have leveled off (likely due to the general decrease in smoking), 

the death rates have not decreased significantly (51). Thus lung cancer continues to be a major 

challenge today.  

 Most lung cancers that originate in the lung are carcinomas, which are composed of two 

main types: small-cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC).  These can 

be further classified according to histological type and is important for managing treatments and 

predicting outcomes of the disease (52). The three main subtypes of NSCLC are adenocarcinoma, 

squamous cell carcinoma and large-cell carcinoma and account for 40%, 30% and 9% of all NSCLC 
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cases respectively (50). Aside from the four types mentioned previously, other rare forms of lung 

cancer exist and can originate from tissues other than epithelial (e.g. glandular origin), or may 

contain combinations of different subtypes. 

 The vast majority (85%) of lung cancer cases are due to long-term smoking, since cigarette 

smoke is known to contain at least 70 known carcinogens (50). As such, passive/second-hand 

smoke inhalation in non-smokers dramatically increases the risk of developing the disease (over 

20%). Other environmental risk factors include exposure to radon gas, asbestos and air pollutants. 

Interestingly inherited genetic factors are rare (8%) suggesting that the majority of genetic changes, 

such as mutations to proto-oncogenes (e.g. KRAS, EGFR, HER2 etc.) and tumor suppressor genes 

(e.g. TP53, RB etc.) are acquired during the lifetime of the individual (50).  

 The primary method of prevention is avoidance of risk factors that were previously 

mentioned. In patients that develop malignant lung tumors, treatment and long-term outcomes 

depend mostly on the cancer type, staging (degree of invasiveness/spreading) and innate health of 

the individual (53). Treatment in most cases is surgical resection of the primary tumor, followed 

up with some combination of radiation, chemotherapy and percutaneous ablation (53, 54). 

Unfortunately, diagnosis of lung cancer is difficult and is often found in advanced stages; most of 

these patients are not curable are only given palliative/end-of-life care. Thus there is an urgent need 

to identify biomarkers (such as LATS1/2) for use in early detection/diagnosis, as the chances of 

successful treatment of lung cancer is markedly higher the sooner it is caught.  

1.1.3.2 Roles of Hippo pathway components in lung cancer 

Various lines of evidence suggest that many of the Hippo pathway components contribute 

to lung tumorigenesis. With regards to the core components, overexpression of MST1 inhibits cell 

proliferation and survival in NSCLC cells by inhibiting YAP, suggesting that MST1 may suppress 

lung cancer cell growth through Hippo signaling (55). Notably hMOB1 mRNA is significantly 

decreased in 63% of NSCLC patients, though its contribution to tumorigenesis is unclear (56). 
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Importantly, our lab provided primary evidence that LATS1 is a tumor suppressor in lung cancer. 

Overexpression of LATS1 suppresses NSCLC cell proliferation, anchorage-independent growth 

and tumor formation in nude mice (57). In contrast, knockdown of LATS1 by small interference 

RNA (siRNA) in NSCLC cells increases cell proliferation and migration (58). Moreover, LATS2 

is downregulated in NSCLC cell lines and its overexpression can suppress cell growth and 

migration; siRNA knockdown of LATS2 results in increased cell proliferation due to enhanced 

extracellular signal-regulated kinases (ERK) phosphorylation in epithelial growth factor receptor 

(EGFR) wild-type rather than EGFR mutant lung adenocarcinoma cell lines (59). Clinically, LATS1 

is downregulated in 60% of NSCLC cancers and its levels are correlated with tumor-node-

metastasis (TNM) staging, lymph node metastasis and patient survival (60). Similarly levels of 

LATS2 were found to be a significant independent predictor of survival status (61).  

 Recent studies from our lab also found that TAZ is an oncogene in lung cancer (62). TAZ 

was found to be overexpressed in 70% of NSCLC cell lines examined and overexpression of TAZ 

causes transformation of non-tumorigenic lung epithelial cells. On the other hand, knockdown of 

TAZ by short-hairpin RNA (shRNA) inhibits NSCLC cell growth, anchorage-independent growth 

and tumor formation in vivo (62).  Similar results have been observed for YAP, a paralog of TAZ 

(63). Significantly, constitutively active YAP-S127A (Serine to Alanine mutation) which cannot 

be phosphorylated and inhibited by LATS1/2, is sufficient to drive lung tumorigenesis in mice. 

Importantly both YAP and TAZ are considered driver genes for lung cancer metastasis. Both 

YAP/TAZ are enriched in metastatic tumor cells and knockdown of either decreases cell migration 

in vitro and metastasis in vivo. In lung cancer patients, YAP and TAZ have also been confirmed as 

potent oncogenes. YAP/TAZ are overexpressed in over 60% of NSCLC patients and are associated 

with lymph node metastasis, poor prognosis and shortened survival (64). In addition, YAP is found 

to be a direct target of the chromosome 11q22 amplicon and its amplification is detected in 23% of 
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all human cancers, including lung cancer (65). Together these studies strongly suggest that 

activation of YAP/TAZ oncogenes is an important step in lung cancer formation and metastasis.  

 Many Hippo pathway components outside of the core cassette have also been reported as 

having roles in lung tumorigenesis. LKB1, a S/T kinase and tumor suppressor that is frequently 

mutated/inactivated in NSCLC, was recently shown to suppress lung cancer cell growth by 

activating the Hippo core cassette via microtubule affinity-regulating kinase (MARK)-Scribble 

signaling and inactivation of YAP (66). In addition, RASSF1A was recently identified as an 

upstream regulator of the Hippo pathway and has reduced expression in 30-50% of NSCLC by 

epigenetic inactivation (67). Following DNA damage, RASSF1A can be activated by ATM and 

induce cell death by activating MST2 (68). Similarly while under replication stress, RASSF1A can 

be activated by ATR kinase and turn on LATS1-Cdk2-BRCA2 signaling; disruption in this 

ATM/ATR-RASSF1A-MST2-LATS1 signaling axis have been found to cause genomic instability 

and tumorigenesis in lung cancer cells (68). Also VGLL4, a novel negative regulator of the 

YAP/TEAD transcriptional complex, is frequently downregulated in lung cancer and its 

overexpression can significantly suppress lung cancer growth by inhibiting YAP/TEAD-induced 

genes (69). Other non-canonical Hippo pathway components such as thyroid transcription factor 1 

(TTF1), angiomotin (AMOT) and microRNAs have also been implicated in lung tumorigenesis 

(70–72). Despite the aforementioned studies, the mechanisms of Hippo pathway regulation, 

particularly LATS1/2, remain largely unclear.  

1.1.4 Roles of Hippo pathway in chemotherapeutic drug resistance 

In addition to the cancer-related functions of the Hippo pathway, recent studies have also 

shown many Hippo components playing important roles in chemotherapeutic drug resistance. For 

example, knockdown of RASSF1A causes Taxol resistance in ovarian cancer while downregulation 

of MST1/2 in prostate cancer cells can cause resistance to the DNA-damaging reagent cisplatin 

while consequent overexpression re-sensitizes these cells (73). The mechanisms of RASSF1A- and 
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MST-mediated drug resistances are unclear but presumably through Hippo signaling and 

inactivation of YAP/TAZ, which are proven to positively correlate with drug resistance. Studies in 

our lab and others found that upregulation of YAP can cause resistance to Taxol and cisplatin in 

mammary and ovarian cancer cell lines (17, 74). Also our lab showed that in response to anti-

tubulin drug treatment, CDK1 is activated and can negatively regulate YAP by phosphorylating it 

at five sites, causing decreased interaction with TEAD and re-sensitizing cells to these drugs (74).  

Also high levels of YAP result in doxorubicin resistance in hepatocellular carcinoma cells and 5-

fluorouracil (5-FU, an anti-metabolite) in colon cancer cells (75). For TAZ, we showed that its 

overexpression causes Taxol resistance in mammary cells and can be reversed by shRNA-mediated 

knockdown of TAZ (17). Moreover, TAZ overexpression in Ras-transformed MCF10A-T1K cells 

increases multidrug resistance-associated proteins (MRP) and leads to Taxol and doxorubicin 

resistance. Importantly using gene expression profile analysis, we identified CTGF and Cyr61 as 

downstream genes mediating TAZ-induced drug resistance (17). As the core kinases of the Hippo 

pathway, LATS1 and LATS2 also have integral roles in drug resistance and are discussed at length 

in 1.3.3.3. 

 

1.2 Anti-tubulin drugs and their use in cancer 

In contrast to other cancer chemotherapies such as anti-metabolites or DNA alkylating 

reagents, anti-tubulin drugs directly interfere with tubulin dynamics and affect the polymerization 

and function of microtubules. Microtubules are key components of the eukaryotic cytoskeleton and 

play critical roles in cell division, which contains several checkpoint mechanisms to halt cell cycle 

progression if unfavorable conditions are detected (76). Thus by impairing the normal 

formation/function of microtubules, anti-tubulin drugs can arrest cells during mitosis and 

potentially trigger cell death by apoptosis. These drugs have garnered significant interest in clinical 

oncology as they are often used as first or second-line chemotherapies in various cancers (77). 
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1.2.1 Microtubule structure and function 

Microtubules are composed of α- and β-tubulin, two globular proteins that combine to form 

a heterodimer which then assemble in a head-to-tail manner to form a hollow, cylindrical 

protofilament. Next, about 12-13 protofilaments arrange themselves in parallel to form a protein 

sheet, which then curls around itself to form a microtubule (78).  Due to the head/tail arrangement, 

microtubules have polarity with a negative charge (-) at the α-tubulin end and positive charge (+) 

at the β-tubulin end. Microtubules form and grow from intracellular assembly sites called 

microtubule organizing centers (MTOCs), which contain essential microtubule-associated proteins 

(MAPs). Additionally, guanosine triphosphate (GTP) is indispensable for microtubule structure as 

one GTP molecular is tightly bound by α-tubulin, while another GTP binds β-tubulin, maintaining 

overall microtubule stability and facilitating its lengthening. Lack of GTP binding or occupation 

by guanosine diphosphate (GDP) induces microtubule disassembly (78, 79).  

Since microtubules are key components of the cytoskeleton, they play important roles in 

various cellular functions such as cell shape maintenance, intracellular migration and transport, 

polarity, cell signaling and mitosis. Of particular importance is during mitosis, as microtubules 

form the mitotic spindle which assists in the movement, attachment and separation of chromosomes 

throughout the cell cycle. Therefore, cells that are rapidly dividing (have increased mitosis) have 

higher sensitivity to agents that disturb microtubule dynamics. 

1.2.2 Commonly used anti-tubulin drugs and their mechanisms of action 

Due to the sensitive nature of microtubule assembly and disassembly, agents that can 

disrupt the dynamics in any manner may be effective anti-tubulin drugs. As such, numerous anti-

tubulin drugs have been discovered, with many having been approved or undergone clinical 

evaluation. The two main classes of anti-tubulin drugs widely used are described below. 

1.2.2.1 Taxanes 
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Taxanes are a class of cyclic diterpenes that were originally discovered in yew plants 

(genus Taxus). Taxol (generic name paclitaxel), derived from the bark of the plant, along with 

docetaxel, a semi-synthetic version of paclitaxel, are commonly used for cancer treatments. 

Currently Taxol has been used in the treatment of ovarian, breast, and lung cancer as well as 

Kaposi’s sarcoma (54, 80–83). It is also used off label to treat cancers of the head, neck, prostate, 

cervix, endometrium and gastrointestinal tract as well as lymphoma and leukemia (80, 84–86).  

Taxanes stabilize the GDP-bound tubulin in the microtubule, thereby inhibiting 

depolarization and acting as stabilizing agents (85, 87). In essence, taxanes disrupt normal roles of 

microtubules and inhibit mitotic progression by activation of the spindle assembly checkpoint 

which prevents chromosome missegregation. Normally, the checkpoint functions to delay 

separation of paired chromosomes to ensure each sister chromatid has stable attachments to the 

mitotic spindle, thus ensuring each daughter cell contains one copy of every chromatid. Chromatids 

attach to spindle microtubules through their kinetochores, structures that assemble at the 

centromeres. Unattached kinetochores activate a signaling pathway that inhibits the anaphase-

promoting complex/cyclosome (APC/C), thereby arresting cells at metaphase on bipolar spindles.  

1.2.2.2 Vinca alkaloids 

Vinca alkaloids, such as vinblastine and vincristine, were originally derived from Vinca 

periwinkle plants and like taxanes, interfere with normal tubulin polymerization dynamics. 

However unlike taxanes, vinca alkaloids bind to β-tubulin to prevent their polymerization and 

acting as destabilizing agents (88). In any case, vinca alkaloids inhibit cancer cell division and have 

been successfully used to treat breast cancer, testicular carcinoma, germ cell tumors and both 

Hodgkin and non-Hodgkin lymphomas (76, 77).  

1.2.3 Mechanisms of anti-tubulin drug resistance 

A major problem that severely limits the effectiveness of cancer chemotherapy and 

adversely affects patient survival is the development of drug resistance. In fact, most cancer-related 
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deaths can be attributed to the failure of chemotherapies in killing cancer cells. For example in 

castration-resistance prostate cancers, about 50% of these patients do not respond to docetaxel 

treatment, suggesting innate resistance to taxane therapy (89). Of the 50% that do initially respond, 

acquired resistance develops causing disease progression after approximately 8 months of therapy. 

Both intrinsic and acquired resistances limit the efficacy of anti-tubulin drugs and have been the 

subject of intense study to understand what leads to treatment failure.  

So far, a few general mechanisms for resistance to anti-tubulin drugs have been identified. 

First, upregulated expression of ATP binding cassette (ABC) transmembrane transporters can 

enhance efflux and lead to reduced intracellular concentrations of drug, below the level necessary 

to cause an effect (76, 90, 91). For example, overexpression of multi-drug resistance 1 (MDR1 

gene) P-glycoproteins is associated with Taxol and vinblastine resistance both in vitro and in vivo 

(92, 93). Second, drug can be limited by mutations or altered expression of α- and β-tubulin as it 

impairs their direct interaction with the drugs, allowing microtubules to freely carry out mitotic 

programming. Third, microtubule associated proteins (MAPs), like MAP4, can modulate 

microtubule stability; MAP4 phosphorylation and disassociation from microtubules is correlated 

with Taxol resistance in taxane-resistant ovarian cells (94). Lastly, tumors can acquire resistance 

by deregulation of apoptotic signaling pathways. Many taxane-resistant tumors, such as docetaxel-

resistance prostate cancers mentioned earlier, express low levels of pro-apoptotic Bax and high 

levels of anti-apoptotic proteins Bcl-2 and Bcl-xL, thus inhibiting cancer cell death after treatment. 

Furthermore, recent studies by our lab and others suggest that cyclin-dependent kinase 1 

(Cdk1/Cdc2) plays an essential role in anti-tubulin drug-induced apoptosis (69, 74, 95, 96).  

Although many genes have been identified as being involved in anti-tubulin drug 

resistances, a limited number have been useful in predicting drug efficacy and patient treatment 

outcomes. Therefore an improved understanding of drug-resistant mechanisms will yield better 

insights into the development of novel, more potent, microtubule-binding agents.   
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1.3 LATS1/2: Large Tumor Suppressors 1/2 

1.3.1 Overview and history of LATS1/2 

Within the past few years, Large Tumor Suppressor 1 and 2 (LATS1 and LATS2) kinases 

have become the focus of intense research interest. Due to their broad range of activities in cell 

cycle regulation, differentiation, development and motility, dysregulation of LATS1/2 can lead to 

diverse pathological outcomes. LATS1/2, core kinases of the Hippo signaling pathway, are 

therefore essential for maintaining organism homeostasis, genomic stability and cancer prevention.  

 The existence of LATS tumor suppressors was first noted in 1995 by two groups seeking 

tumor suppressor genes using Drosophila melanogaster fly models (2, 97). Using a genetic mosaic 

screen or mitotic recombination, both independently identified dlats (or warts respectively). dlats 

was shown to encode a putative S/T kinase with homologs in yeast Dbf2, Dfb20 and Orb6 (57). 

Using it as a probe and screening a cDNA library, mouse and human (LATS1) genes were identified 

and found to be highly functionally conserved, as expression of human LATS1 rescued dlats mutant 

flies (57). Similarly, LATS2 was reported independently by two groups; the first group used a 

cDNA library extraction method to isolate mouse Lats2 from mouse testis and later human LATS2 

while the second group identified kpm (kinase phosphorylated during mitosis, later shown to be the 

same as LATS2) using degenerate PCR to identify novel protein kinases expressed in human 

hematopoietic progenitor cells (1, 98). Significantly mice deficient of LATS1 develop soft-tissue 

sarcomas, ovarian tumors and pituitary dysfunction while loss of LATS2 causes embryonic lethality 

(99, 100). Since its discovery, LATS1/2 have been shown to be genes conserved throughout 

evolution with homologs identified in both budding and fission yeast, C. elegans and mammals.  

1.3.2 Protein structure, expression and localization of LATS1/2 

Human LATS1 and LATS2 are S/T kinases of the AGC family and are most related to 

nuclear Dbf2-related kinases (NDR1/2). Although the kinase domains are similar to other AGC 

kinases, LATS1/2 have a unique insertion of 30-60 amino acids between the VII and VIII 



 

15 

 

subdomains (1), likely playing an auto-inhibitory function and additional layer of complexity. 

While LATS1/2 share extensive sequence similarity at the C-terminus (where the kinase domains 

are located), the N-terminal regions display significantly less but do contain common 

motifs/regions (Figure 1.2). Both LATS1 and LATS2 have two stretches of conserved domains 

(LCD1 and 2) that are necessary for proper LATS regulation and function (101). Also in the N 

terminus of both LATS1/2 are evolutionarily conserved ubiquitin-associated domains, which are 

known to bind ubiquitinated proteins and may activate LATS. Interestingly LATS1 and LATS2 

also possess unique features not present in the other that may influence protein-protein interactions. 

The N terminus of LATS1 contains a proline-rich domain (P-stretch) while LATS2 possesses seven 

repeats of alternating proline-alanine residues (PAPA repeat). Lastly, both encode different 

numbers (LATS1 has two, LATS2 has one) of PPxY motifs that are essential for interacting with 

WW-domain (described in detail in 1.4.3) containing proteins such as YAP, TAZ and other Hippo 

pathway components (102–104).  

 Since LATS1/2 play important homeostatic and development roles, both LATS1 and 

LATS2 are ubiquitously expressed (except in the spleen), although their expression levels differ 

across tissues(15, 16). For example, LATS1 is expressed highest in the adult ovary while LATS2 

expression is highest in the heart and muscle tissues. Expression patterns also differ during 

development as LATS1 is found in tissues of ectodermal origin (e.g. neural tube and 

neuroepithelium) whereas LATS2 is mostly in the cardiac outflow tract and heart, tissues of 

mesodermal origin (100). Additionally, multiple splicing variants have been identified in the retina 

and testis for LATS1 and LATS2 respectively although the functional significance of these 

transcripts is currently unknown. Taken together, LATS1/2 have similar but also distinct patterns 

of expression depending on the tissue, suggesting LATS may have different roles that complement 

each other in maintaining organism fitness. 
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 LATS localization is strongly influenced by its choice of binding partners and vice versa. 

Both kinases have been detected on centrosomes and mitotic spindles, presumably due to their roles 

in regulation of mitosis (105–109). Also both can be found tethered to the plasma membrane (via 

association with Mps one binder [MOB] proteins) or within the cytoplasm to phosphorylate and 

inactivate YAP/TAZ (Yes-associated protein 1 and transcriptional coactivator with PDZ-binding, 

respectively), the main downstream effectors of LATS1/2. This function has also been observed in 

the nucleus, where LATS1/2 can also interact with nuclear proteins such as p53, polycomb 

repressive complex 2 (PRC2), β-catenin and steroid, androgen and estrogen receptors to influence 

overall gene transcription (107, 110–113).  

1.3.3 Functions of LATS1/2 

LATS1/2 possess an ever-expanding repertoire of primarily overlapping functions, although 

individual regulators/effectors and contexts may be different between both kinases. LATS1/2 

carries out the majority of these functions through kinase activity, although the exact 

phosphorylation landscape influenced by LATS is yet to be fully elucidated. Studies from our lab 

and others have identified YAP/TAZ transcriptional co-activators as targets of LATS activity and 

a LATS consensus phosphorylation sequence Hx(R/H/K/)xx(S/T) [H, histidine; R, arginine; K, 

lysine; S, serine; T, threonine; x, any amino acid] has been devised; this may be useful for 

identifying of novel substrates and regulatory sites that relay LATS1/2 function (40). Nevertheless, 

some of the known LATS1/2 functions highly relevant to this thesis are discussed below.   

1.3.3.1 Cell proliferation and cell cycle regulation 

Since its discovery, the role of LATS1/2 in cell proliferation has been a subject of intense 

study. We and others have shown that overexpression of either gene dramatically inhibits cell 

proliferation and transformation, both in various cancer cell lines and mouse models. Conversely, 

knockdown or knockout of LATS1/2 can increase proliferation in MCF10A/HeLa cells and mouse 

embryonic fibroblasts (MEFs) respectively (114, 115). Given these phenotypes, it is expected that  
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Figure 1.2 Schematic of functional domains of LATS1/2 and phosphorylation sites.  

LCD1/2 represents the LATS conserved domains, UBA is the ubiquitin associated domain, and HY 

stands for hydrophobic tail motif. Known phosphorylation sites and respective kinases are 

displayed and can upregulate LATS activity (green arrow) or decrease its protein stability (red x).  
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LATS1/2 also regulates the internal cell cycle machinery to maintain an appropriate number of 

cells within an organism. Indeed both kinases have been shown to regulate different stages of the 

cell cycle. Both LATS1/2 have been shown to block the G2/M transition in several cell lines by 

inhibiting the activity of Cdk1/Cyclin A or B complexes without any effect on levels of other cell 

cycle regulators (e.g. Cyclin E, Cdk1, Cdk2, p21 and p27) (1, 101, 116). Similarly, both LATS1/2 

can inhibit Cdk1/Cyclin E activity and limit G1/S transition, under basal as well as genotoxic 

conditions (95, 101). Also LATS2 can phosphorylate DYRK1A and promote the assembly of the 

DREAM complex, which suppresses expression of E2F target genes involved in S phase, and 

leading to senescence (117).  

 LATS1/2 have also been linked to various phases of mitosis. Both LATS1/2 can bind to 

CDC25B and phosphorylate CDC26, a component of APC/C and master regulator of mitotic exit 

(106, 118). Their roles may also differ during mitotic transition; LATS2 is phosphorylated by 

Aurora A and moves towards the mitotic spindle, along with LATS1, to phosphorylate Aurora B 

and ensure proper cytokinesis (107, 119). Regardless both have been shown to be essential for 

ensuring complete cell division. LATS2-/- MEFs fail to undergo cytokinesis while LATS1 is shown 

to colocalize with LIMK1 and F-actin at the contractile ring; LATS1 negatively regulates LIMK1 

and prevents LIMK1-induced cytokinesis defects (108, 120).  

1.3.3.2 Apoptosis 

 Both LATS1 and LATS2 can regulate apoptosis through distinct subsets of apoptotic-

related proteins. After activation by Fas death receptor signaling, RASSF1A and MST2 can both 

activate LATS1 (68, 73). LATS1 itself has also been shown to increase pro-apoptotic protein BAX 

(116). LATS1 can also feedback to inhibit ERK-dependent cell proliferation by phosphorylating 

RAF1, promoting binding to MST2 and restricting MEK signaling (73). Furthermore, LATS1 binds 

and enhances the activity of Omi/HtrA2, a mitochondrial protease released into the cytoplasm 
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during apoptosis (121, 122). In contrast, LATS2 can downregulate the expression of anti-apoptotic 

proteins Bcl-2 and Bcl-xL as well as promote phosphorylation of pro-apoptotic protein ASPP1 

(123, 124). In addition to regulating p53 transcriptional target genes, UV irradiation activates the 

LATS2-p53 axis to phosphorylate p21 (125, 126). This induces its degradation, thereby bypassing 

cell cycle arrest and directing damaged cells to die. In summary, both LATS kinases can determine 

cell fate by regulating both cell cycle and apoptotic processes.  

1.3.3.3 Drug resistance 

Previous work in our lab found that knockdown of LATS1/2 by siRNA can significantly 

decrease the sensitivity of HeLa cells to Taxol (114). In A549 lung cancer cells, LATS1 was 

identified in a functional genomics screen looking for genes that cause Taxol resistance (127). Our 

group also showed that Itch, an E3 ubiquitin ligase (discussed in 1.4.3.1), can cause degradation of 

LATS1 while another study showed that knockdown of Itch by siRNA increases 

doxorubicin/cisplatin-induced cell death (128). Currently it is unclear the molecular mechanisms 

surrounding LATS1 and chemo-sensitivity.  

 For LATS2, lowered expression levels were found in leukemia and contributed to 

doxorubicin/etoposide resistance, two standard DNA-damaging drugs for treating leukemic cells 

(129, 130). This is due to loss of YAP phosphorylation (due to loss of LATS2), allowing YAP to 

bind and inhibit the transcriptional activation of pro-apoptotic protein p73 (130).  Also in breast 

cancer patients that are estrogen receptor α (ERα)-positive, knockdown of LATS2 induces 

transcription of ERα-regulated genes and causes resistance to tamoxifen and other ERα antagonists 

(111). Conflicting findings were reported in breast cancer patients with low LATS2 mRNA levels 

were more sensitive to epirubicin plus cyclophosphamide (EC) treatment (131). Further study is 

necessary to clarify the roles of LATS2 in drug resistance.   

1.3.3.4 Other 
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In addition to regulating cell cycle/proliferation and apoptosis, LATS1/2 have numerous 

other functions. Briefly, LATS (along with other Hippo signaling components) has been implicated 

in organ size control (heart and liver), modulating cytoskeletal dynamics and shape, inhibiting cell 

migration/EMT, cell-cell contact and inhibition of growth, as well as embryogenesis and stem cell 

differentiation (15, 16). A continually expanding body of evidence convincingly shows that 

LATS1/2 are major players in preventing cancer formation.  

1.3.4 Regulation of LATS1/2 

Due to the immense number of cellular genes and processes LATS1/2 can control, 

regulation of its activity is vital as its inappropriate activation or inhibition can often lead to cancer 

formation. Generally LATS can be regulated at the DNA or protein level; mechanisms at each level 

of regulation are discussed below.  

1.3.4.1 Regulation of LATS1/2 genes 

Like other tumor suppressor genes, LATS1/2 may undergo loss of function via genomic 

deletions/mutations or epigenetic silencing. Indeed loss of heterozygosity of LATS1 has been shown 

in ovarian, breast and cervical cancer (132–134). Similarly, LATS2 copy number losses are seen in 

ovarian, breast, hepatocellular and lung cancer as well as chronic lymphocytic leukemia (130, 131, 

135). Mutation rates in LATS genes are rare but have been reported in various cancers. In basal cell 

carcinoma of the skin, mutations of the LATS1 and LATS2 kinase domains were found, but rarely 

in both (136). In esophageal and non-small-cell lung cancer, only mutations for LATS2 have been 

reported while genetic variations of LATS1 were seen in urinary bladder and colon cancer (137).  

These studies further suggest that LATS1/2 may have distinct, non-redundant roles in different 

tumor types.  

The promoters of LATS1/2 genes may also be epigenetically regulated. Hypermethylation 

of both LATS promoters have been observed in various tumor types, leading to loss of LATS1/2 

(138–141). In the clinic, downregulation of LATS transcripts have been associated with highly 
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aggressive cancers. Long non-coding RNAs (lncRNAs), such as PVT1, AGAP2-AS1 and 

LINC00673, can recruit the polycomb repressive complexes and promote silencing of the LATS2 

promoter in non-small-cell lung and gastric cancers (142–144). Additionally as described in 1.3.3.2, 

p53 can promote LATS2 expression by directly binding to its promoter under basal or various stress 

conditions. Similar to p53, forkhead box p3 (FOXP3) can promote LATS2 expression by directly 

binding to its promoter (145). Importantly within the canonical Hippo pathway, YAP/TAZ can 

interact with TEAD transcription factors to transactivate LATS2 but not LATS1 expression (146). 

Furthermore, FOXP3 levels are also promoted by MST1/2, suggesting internal mechanisms within 

the Hippo pathway to regulate LATS1/2 levels.  

1.3.4.2 Post-translational modifications of LATS1/2  

Similar to other AGC family kinases, LATS1/2 are heavily regulated by post-translational 

modifications, particularly phosphorylation. Kinase activity of LATS is particularly sensitive to 

phosphorylation of key residues within these domains; upstream kinase MST1/2 can phosphorylate 

LATS1 T1079 or LATS2 T1041, increasing their kinase activity (147). MOB1 can then bind the 

LATS hydrophobic tail and its auto-inhibition site and facilitate auto-phosphorylation at LATS1 

S909 and LATS2 S835, thereby fully activating its kinase domain (15). As expected, phosphatases 

such as PP2A can quench LATS1 (unclear for LATS2) activation by directly opposing MST-

phosphorylated sites (148, 149). Importantly MST1/2 are not the only kinases that can positively 

regulate LATS. MAP4Ks can phosphorylate LATS1 and LATS2 at the hydrophobic motifs to cause 

activation and subsequent YAP inhibition (150). Also, Protein kinase A (PKA) can phosphorylate 

LATS2 to enhance its activity towards YAP (151). Additionally LATS2 can be activated by 

CHK1/2 and ATR under DNA damage or oncogenic stress conditions (125, 152, 153). Lastly as 

mentioned in 1.3.3.1, mitotic phosphorylation events can also regulate LATS activity and 

intracellular localization. LATS1 is phosphorylated on T490/S613 by Cdk1 whereas LATS2 is 

phosphorylated on S83/S380 by Aurora A (106, 107, 119).  
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 Phosphorylation events can also affect the protein stability of LATS1/2. Reduction of 

LATS1 levels can be facilitated by NUAK1, also known as AMPK-related protein kinase 5 

(ARK5), via phosphorylation at S464, while increased levels of LATS2 can result from augmenting 

its phosphorylation by KIBRA (41, 154). Furthermore, other mechanisms control the stability of 

LATS1/2 protein. Interestingly, MOB1 can also function as a LATS stabilizing protein by 

inhibiting binding to molecular chaperones heat shock protein 90 (HSP90) (155). Other LATS 

destabilizers include LIM domain-containing proteins Ajuba, Fat and Zyxin, thereby promoting 

cell proliferation (105, 156, 157).  

 Lastly LATS1/2 protein stability can be regulated by ubiquitination and a number of E3 

ligases (see section 1.5 for detailed description). NEDD4 has been shown to ubiquitinate and 

promote degradation of both kinases while previously in our lab, we found that Itch can specifically 

bind and destabilize LATS1 (128). Interestingly NEDD4/Itch both contains WW domains and bind 

LATS through PPxY motifs (as with YAP/TAZ), suggesting a dual role in upregulating YAP/TAZ 

activity by displacing LATS and targeting it for degradation. Also LATS2 is targeted for 

degradation by SIAH2, an E3 associated with hypoxia-induced senescence (158, 159). RING E3 

CRL4-DCAF1 was shown to inhibit LATS1/2 but through different mechanisms; LATS1 is 

polyubiquitinated and targeted for degradation while LATS2 is oligo-ubiquitinated at multiple sites 

resulting in its inactivation (160).  In summary, numerous post-translational modifications can 

affect LATS1/2 kinase activity, protein levels and localization thereby controlling its functions. 

 

1.4 E3 Ubiquitin ligases and roles in cancer 

1.4.1 Ubiquitin and ubiquitination 

Ubiquitination is a highly specific, post-translational modification in which ubiquitin, a 76 

amino acid protein containing 7 lysine residues, is attached to a substrate protein. Ubiquitinated 

proteins can be affected in many ways: either marked for degradation by the proteasome, altered 

cellular localization, modulated activity or promoted/prevented protein interactions (161). The 



 

23 

 

energy dependent process is carried out by three types of enzymes: ubiquitin-activating enzyme 

(E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3). The E1 enzymes (from human 

genes UBA1 and UBA6) catalyze the first step of ubiquitination where, as its name implies, a 

molecule of ubiquitin becomes activated to its intermediate form after ATP expenditure. 

Conjugation occurs as E2 (35 different enzymes in humans) facilitates transfer of the activated 

ubiquitin to itself via a trans-thioesterification reaction. E3 ubiquitin ligases catalyze the final step 

of the cascade by acting as substrate recognition modules and interact with both E2s and substrate 

proteins to mark them by ubiquitin (161, 162). The ubiquitin protein modification can be either 

single (mono-) or in a chain (polyubiquitination); each directs marked proteins for different fates. 

Monoubiquitination is thought to be involved in cellular processes such as membrane trafficking, 

endocytosis and viral budding. In contrast polyubiquitination, formed by Lysine-48 linked 

ubiquitin chains, target proteins for proteolysis by the 26S proteasome.   

 Due to the many cellular processes it can potentially control, the study of ubiquitination 

has garnered much research attention, particularly E3 ubiquitin ligases. To date, about 1000 E3 

enzymes have been identified in humans and are classified into four families: HECT (Homologous 

to E6-AP C-terminus), RING (really interesting new gene), U-box and PHD-finger. While the 

majority of E3s contain RING domains, 28 are HECT-type E3s and contain a catalytic cysteine that 

forms a covalent isopeptide bond with ubiquitin, facilitating its transfer to substrate proteins. 

Interestingly genetic alteration, abnormal expression or dysfunction of E3s occurs in various 

cancers and due to their substrate specificity, are potentially attractive targets for cancer 

therapeutics (163–165).  

1.4.2 HECT E3 ubiquitin ligases families and structure 

While many E3s belonging to the RING-finger subfamily have been classified as either 

tumor suppressors (e.g. FBW7) or oncogenes (MDM2), only recently have HECT E3s emerged as 

crucial regulators of cancer development and therapy (163). The key signature of this subfamily of 
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E3s is the HECT domain, a 350 amino acid C-terminal module, which was originally characterized 

in the founding member of the family, E6-associated protein (E6-AP). HECT E3s are unique in 

that they possess intrinsic catalytic activity, owing to a catalytic cysteine in the C-terminus of the 

domain; therefore HECT E3s can directly ubiquitinate substrate proteins. Substrate specificity 

amongst the HECT E3s is determined by other protein-protein interacting domains, which account 

for their further classification into three subfamilies: HERC E3s containing RCC1-like domains 

(RLDs), C2-WW-HECT E3s (NEDD4s) possessing tryptophan-tryptophan (WW) domains and 

SI(ngle)-HECT E3s which lack both domains (163).  

The C2-WW-HECT E3s have a common general structure of an N-terminal protein kinase 

C-related C2 domain, two to four WW domains and a C-terminal HECT domain. The C2 domain 

binds intracellular Ca2+ and phospholipids and targets HECT E3s to membranes, thus they can be 

found in several subcellular locations such as the plasma membrane, endosomal compartments and 

lysosomes (166). WW domains are one of the smallest protein modules, composed of only 40 

amino acids, are named after two conserved tryptophans (W) that are spaced 20-22 amino acids 

apart and form a triple-stranded beta sheet (102, 103). Several groups of WW domains exist: type 

I WW domains have high affinities for Proline-Proline-x-Tyrosine (PPxY, where x is any amino 

acid) motifs while type IV bind to phospho-Serine or –Threonine (pS/TP) motifs in a phospho-

dependent manner (102, 103, 167, 168). WW domains are known to mediate regulatory protein 

complexes in signaling networks; interestingly, many Hippo signaling pathway components 

contain WW domains (e.g. WW45, YAP/TAZ, Itch etc.) and its cognate proline-rich motif (e.g. 

MST1/2, LATS1/2, p73 etc.) (102, 103).  

1.4.2.1 Nedd4 E3 subfamily and roles in cancer 

Studies over the past few decades indicate that HECT E3s, particularly those of the Nedd4 

subfamily, can act as either tumor suppressors or oncoproteins. There are nine NEDD4 E3s in 

mammals: NEDD4 (NEDD4-1), NEDD4L (NEDD4-2), NEDL1 (HECW1), NEDL2 (HECW2), 
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Itch, WWP1, WWP2, Smurf1 and Smurf2 (164). Despite their similarities in structure (Figure 1.3), 

Nedd4 E3s have both overlapping and unique substrates, allowing them to be intimately involved 

in the development of human cancers. For example, NEDD4-1 has been shown to direct PTEN for 

proteasomal degradation while Itch/WWP1 target the p53 family members, suggesting a role of 

Nedd4 family members in the negative regulation of tumor suppressors (169–171). Notably 

previous work in our lab identified Itch promoting LATS1 degradation (128). Furthermore, 

NEDD4-2/Smurf1/2 can downregulate TGF-β/BMP signaling by inducing ubiquitination-mediated 

degradation of the TGF-R1 receptor and various Smads (172–174). Interestingly, Nedd4 family 

members have been found to be amplified in human cancers, promoting cell transformation and 

cancer cell invasion/metastasis (164). For example, NEDD4-1 is overexpressed in bladder and 

prostrate carcinomas while Smurf1 amplification promotes invasiveness in pancreatic cancer (175–

177). Taken together, these studies strongly suggest a role of Nedd4 family E3 ubiquitin ligases in 

tumorigenesis.  

1.4.3 WWP1 

WWP1 (WW domain-containing protein 1), also known as TIUL1 (TGIF-interacting 

ubiquitin ligase 1) or AIP5 (Atropin-1-interacting protein 5), is a C2-WW-HECT-type E3 ubiquitin 

ligase. Accumulating evidence indicates that WWP1 plays important roles in diverse human 

illnesses, such as infectious or neurological diseases, aging and cancer (178).  

1.4.3.1 Structure, expression and localization of WWP1 

Human WWP1 is 922 amino acids and contains the previously described C2 and HECT 

domains. In addition, WWP1 has four tandem WW domains in its central part; WW-1 and -3 are 

type 1 WW domains that bind to PPxY motifs with higher affinity than WW-2 and -4. Within the 

HECT domain is the catalytic C890 residue, which is responsible for ubiquitin transfer from WWP1 

to a substrate protein (178).  
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Figure 1.3 Schematic of structural domains of Nedd4-family E3 ligases and WWP1 

C2 represents the intracellular calcium binding domain; WW represents WW domain that 

specifically interacts with proline-rich motifs; HECT represents Homologous to AP-E6 C-terminal 

domain that carries out E3 ligase activity.  
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The WWP1 gene is highly conserved amongst different organisms including C. elegans, 

chicken, mice and humans and resides on the chromosome 8q21, a region frequently amplified in 

human cancers (179, 180) . WWP1 mRNA is ubiquitously expressed in multiple tissues, with high 

expression found in the liver, heart and testis and low in breast and prostate.  

Due to the C2 domain, WWP1 is predominantly localized in the early endosome and 

cytoplasm (though it has also been reported to be found in the nucleus) (181). Exogenous 

expression of WWP1 in various cell lines supports its cytoplasmic localization while nuclear 

localization, despite lack of a nuclear localization signal, is context dependent (as in 22Rv1 prostate 

cancer cells) (178, 180).  

1.4.3.2 WWP1 in cancer 

As with other Nedd4 family E3s, the function of WWP1 in human cancers is context 

dependent. Copy number increases of WWP1, leading to increased mRNA and protein levels, are 

observed in 40% of prostate and breast cancers (179, 180). Intriguingly in the breast, WWP1 

expression correlates with positive ERα and insulin-like growth factor 1 (IGF-1R) receptor statuses, 

which is generally a good prognosis in breast tumors (182). Likewise knockdown of WWP1 in 

MCF10A (ERα-negative) breast cells leads to more resistance to doxorubicin-induced apoptosis, 

suggesting a pro-apoptotic function; this can be explained by the targeted degradation of pro-

survival proteins such as Kruppel-like factor 5 (KLF5) and ∆Np63 (183, 184).  

In contrast, the oncogenic potential of WWP1 has been reported extensively. Depletion of 

WWP1 in ERα-positive breast cell lines MCF7 and HCC1500 suppressed cell proliferation and 

activated caspase-8, sensitizing these cells to TRAIL-induced apoptosis (185). Similar results were 

observed in other cell lines (MDCK, PC-3, and HCT116). Furthermore knockdown of WWP1 in 

T47D and MCF7 breast cell lines reduced anchorage-independent colony formation (186). On the 

other hand, WWP1 overexpression has yielded opposite results: high levels of WWP1 promotes 

breast epithelial cell growth and survival of tumor cells (179). Importantly, one report found WWP1 
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ubiquitinates p53, which promotes its nuclear export and decreases its transcriptional activity (170). 

In line with this, depletion of WWP1 in breast cancer cell lines harboring p53 mutations did not 

reduce cell growth (178). Despite these conflicting reports, ample evidence clearly supports a major 

role of WWP1 in cancer development and progression. 

 

1.5. Prolyl isomerases and their roles in cancer 

1.5.1 Proline peptide bond isomerization and prolyl isomerases 

Prolyl isomerases, or peptidylprolyl isomerases (PPIases), are highly conserved enzymes 

found in pro- and eukaryotes that interconvert the cis and trans isomers of proline peptide bonds. 

Proline is unique amongst the natural amino acids due to its cyclic structure, resulting in a 

conformationally restrained peptide. While other amino acids have a strong preference for the trans 

peptide bond conformation to reduce steric hindrance, proline’s unusual structure can form stable 

cis isomers under biologically relevant contexts (187, 188). The activation energy required for 

interconversion between both isomers is relatively high (~20kcal/mol) and does not occur 

spontaneously (189, 190). This is of particular importance for protein folding, where cis-trans 

isomerization affects the spatial arrangement of protein backbone segments and can be a rate-

limiting step. Therefore PPIases play a major role in the final protein structure as well as regulating 

existing proteins. Unsurprisingly, PPIases are ubiquitous and have a profound effect on widespread 

cellular functions.  

1.5.2 PPIase families  

To date, three structurally distinct classes of PPIases have been identified. Cyclophilins are 

characterized by an eight-stranded β-barrel that forms a pocket for Cyclosporin A to bind (191). 

FK506-binding proteins (FKBPs) contain an amphipathic, five-stranded β-sheet wrapped around a 

single, short α-helix (192). Lastly the parvulins have a PPIase domain consisting of a half β-barrel 

with its four anti-parallel strands surrounded by four α-helices. Members of the parvulin family are 
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limited and include the eponymous parvulin from E. coli, Drosophila dodo gene product, Pin1At 

in Arabidopsis and human proteins Par14 and Pin1.  

1.5.3 Pin1 

Protein interacting with never in mitosis A1 (Pin1) was originally identified as an essential 

mitotic regulator (193). Earlier studies found that Pin1 can only catalyze isomerization of 

phosphorylated targets (specifically phospho-Serine or Threonine preceding the Proline; pS/TP) 

(194). A proline positioned at the +1 position neighboring a phosphorylated serine or threonine is 

significantly more hindered than that of a S/TP bond, rendering pS/TP bonds inaccessible to 

conventional PPIases like cyclophilins or FKBPs. Also since phosphorylation is a widespread 

occurrence in cellular signaling, Pin1 has been demonstrated to play important roles in cell cycle 

regulation, gene expression, and signal transduction pathways (188). 

1.5.3.1 Pin1 structure 

Pin1 is 163 amino acids in length and consists of an N-terminal group IV WW domain and 

C-terminal PPIase domain (Figure 1.4). As described in 1.4.3.1, the Pin1 WW domain is 

responsible for its binding to pS/TP motifs (either cis or trans conformations with nearly the same 

affinities) in substrate proteins, thereby bringing the PPIase domain to catalyze the interconversion 

between conformations (187, 188). Worthy to note is that some Pin1 functions do not involve its 

catalytic activity, as mere binding of its WW domain to target pS/TP proteins allows it compete 

with other binding proteins . 

1.5.3.2 Pin1 expression in cancer 

 Pin1 expression is generally correlated with cell proliferative potential in normal human 

tissues and gradually decreases with aging (187, 195). Thus overexpression or activation of Pin1 

has been found in various human cancers including breast, lung, prostate, ovary, gastric, cervical 

and melanoma (196–198). High level of Pin1 expression is correlated with lymph node metastasis 

in NSCLC and poor clinical outcome in cancer patients (199). Pin1 overexpression also correlates   
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Figure 1.4 Schematic of Pin1 structure and known phosphorylation sites 

WW indicates the WW domain that binds proline-rich sequences. PPIase represents the 

peptidylprolylisomerase functional domain. In between the domains is a short linker region. 

Indicated kinases (in green) can phosphorylate Pin1 at various serines, which can negatively 

regulate (indicated by a red X) or stabilize its function (indicated by green arrow).  
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with known cancer markers such as cyclin D1, AKT (Ak strain transforming; PKB), NF-κB/p65 

and β-catenin (196, 200, 201). Though Pin1 is known to be upregulated in cancer, Pin1 

amplification has not been observed. In MCF10A breast cells, Pin1 overexpression greatly 

enhanced transformation by induction of oncogenes KRAS and HER2 (202). Additionally, Pin1 

overexpression disrupts tight coordination of DNA synthesis and centrosome duplication during 

mitosis, leading to centrosome amplification, genomic instability and tumorigenesis in cell line and 

mouse models (203). By contrast, knockdown of Pin1 suppresses breast cancer cell growth both in 

vitro and vivo (204). Pin1 knockout mice are resistant to form breast tumors driven by KRAS or 

HER2 under a mouse mammary tumor virus promoter (202, 204).  Pin1 is also essential for the 

development of other cancer types such as HBV-induced hepatocellular carcinoma, Burkitt 

lymphoma, T-cell acute lymphoblastic leukemia and non-small cell lung cancer (197, 205–207).  

1.5.3.3 Regulation of Pin1 in cancer 

Since Pin1 has been shown to regulate over 60 genes, either by activating 

oncogenes/growth-promoters or inactivating tumor suppressors/growth-inhibitors, many groups 

have extensively explored different levels of Pin1 regulation (187). At the transcriptional level, 

Pin1 mRNA is induced directly by E2F transcription factors (there is an E2F consensus sequence 

in the Pin1 promoter) upon upregulation by oncogenic signaling molecules such as Her2, H-Ras, 

PI3K and p38 (208). In direct opposition are transcriptional repressors AP4 and p53, which under 

endoplasmic reticulum stress in cells, can bind to response elements located in the Pin1 promoter 

(209–211). Overexpression of wildtype-p53 in HCT116 cells leads to a decrease in Pin1 levels and 

vice versa (211).  

Pin1 is also affected by post-translational modifications such as phosphorylation and 

sumolyation (187). A few phosphorylation sites have already been identified and characterized. 

Phosphorylation of S16 in the WW-domain by ribosomal protein S6 kinase (S6K) and PKA inhibits 

Pin1 binding to substrate proteins, thereby inhibiting its activity (212, 213). S71 phosphorylation 
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by death-associated protein kinase 1 (DAPK1) sequesters Pin1 to the cytoplasm and inhibits its 

cellular function (214). In contrast, PLK1 phosphorylation of Pin1 S65 increases its stability 

(prevents ubiquitination and proteasomal degradation) (215). Lastly S138 is phosphorylated by 

mixed-lineage kinase 3 (MLK3) and causes increased catalytic activity/nuclear localization (216).  

 

1.6 Rationale, Hypothesis, and Experimental Aims 

LATS1/2 are the central kinases of the Hippo signaling pathway. Due to the diverse 

activities of LATS1/2 in cellular processes such as cell cycle regulation, apoptosis and drug 

resistance, a myriad of upstream regulators and downstream mediators have been characterized. 

However a full understanding of the LATS1/2 functional interactome remains incomplete. Since 

LATS1/2 are bona fide tumor suppressor genes with indispensable roles, understanding the 

molecular mechanisms of their regulation and functions is essential for furthering our 

comprehension of human disease, especially cancer.  

Therefore, I hypothesize that the Hippo pathway core kinases LATS1 and LATS2 are involved 

in breast and lung cancer progression and therapeutic drug response by interacting with other 

upstream and downstream genes. To test this hypothesis, the following aims will be explored: 

1. Explore the negative regulation of LATS1/2 

2. Explore the chemotherapeutic drug responses of LATS1/2 

3. Identify novel genes mediating LATS tumorigenesis through loss-of-function 

screening  
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Chapter 2 

WWP1 E3 ligase targets LATS1 for ubiquitin-mediated degradation in 

breast cancer cells 

2.1 Abstract 

LATS1 is a serine/threonine kinase and tumor suppressor found down-regulated in various 

human cancers. LATS1 has recently been identified as a central player of the emerging Hippo 

signaling pathway, which plays important roles in organ size control, tumorigenesis, and stem cell 

differentiation and renewal, etc. Although mounting evidence supports a role of LATS1 in tumor 

suppression and tumorigenesis, how LATS1 is regulated at the molecular level is not fully 

understood. Recently several positive regulators of LATS1 (Mst1/2, MOB1, Kibra, etc.) have been 

identified but how LATS1 is negatively regulated is still largely unknown. We have recently 

identified Itch, a member of the NEDD4-like family E3 ubiquitin ligases, as a novel negative 

regulator of LATS1. However, whether other ubiquitin ligases modulate LATS1 stability and 

function is unclear. By screening many E3 ligases of the NEDD4-like family using over-expression 

and short-interference RNA knockdown approaches, we have identified WWP1 E3 ligase as 

another novel negative regulator of LATS1. We have provided in vitro and in vivo evidence that 

WWP1 is essential for LATS1 stability and negatively regulates LATS1 by promoting LATS1 

degradation through polyubiquitination and the 26S proteasome pathway. Importantly, we also 

showed that degradation of LATS1 is critical in mediating WWP1-induced increased cell 

proliferation in breast cancer cells. Since WWP1 is an oncogene and LATS1 is a tumor suppressor 

gene in breast cancer, our studies provide a promising therapeutic strategy in which developed 

drugs targeting WWP1 cause activation of LATS1 and suppression of breast cancer cell growth. 
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2.2 Introduction 

LATS1 is a S/T kinase of the AGC kinase family and a novel tumor suppressor gene that 

is mutated or down-regulated in a variety of human cancers (16). LATS1 is involved in repressing 

tumorigenesis by either inducing apoptosis or negatively regulating cell proliferation, genetic 

stability, cell migration and metastasis (16, 57, 120). Recently LATS1 has been identified as a 

central player of the emerging Hippo signaling pathway that was originally discovered in 

Drosophila and plays important roles in various biological processes such as tumorigenesis, organ 

size control, stem cell differentiation and renewal, drug resistance, and neuronal dendrite growth 

and tilling, etc. (17, 217–220). In this pathway, S/T kinases and tumor suppressors Mst1/2 

(mammalian homolog of Drosophila Hippo) and LATS1/2, and the transcriptional co-activator and 

oncoprotein YAP and its paralog TAZ are the core components. Mst1/2 phosphorylates and 

activates LATS1 and its homolog LATS2, which subsequently phosphorylates and inhibits YAP 

and TAZ by preventing them from translocating to the nucleus(40, 44, 63, 221). The core 

components Mst1/2-LATS1/2-YAP/TAZ also interact with upstream (e.g. Fat4, Mer, RASSF1A, 

Kibra, etc.) and downstream signaling molecules (e.g. CTGF, Cyr61, Axl, etc.) in regulating 

various biological functions (for review see (219, 222)).  

Despite the critical role of LATS1 in the Hippo pathway, how LATS1 is regulated at the 

protein level is largely unknown (for review see (16)). Recently several positive regulators of 

LATS1 such as MST1/2, hMOB1, and KIBRA have been identified (40, 41, 223). However, how 

LATS1 is negatively regulated is largely unknown. Importantly, we have identified the E3 ubiquitin 

ligase Itch, a member of the NEDD4-like ubiquitin ligase family, as the first negative regulator of 

LATS1 (128). However, the NEDD4-like family consists of nine members (i.e. Itch, NEDD4, 

NEDD4-2, WWP1, WWP2, Smurf1, Smurf2, NEDL1, and NEDL2). Whether other members of 

the same NEDD4-like family are also involved in the regulation of LATS1 under different cellular 

context is unknown.  
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WWP1 (WW domain containing E3 ubiquitin protein ligase 1) is a member of the NEDD4-

like family of HECT ubiquitin ligase and plays important roles in a diverse variety of biochemical 

and cellular processes, such as protein degradation, transcriptional regulation, cell proliferation and 

differentiation, apoptosis, and senescence (178, 224). WWP1 contains a C2 calcium binding 

domain, four WW domains, and a HECT domain for transferring ubiquitin to target proteins. 

WWP1 regulates various biological functions mostly by interacting with target proteins with its C2 

or WW domains and directing them for degradation by the 26S proteasome pathway via 

polyubiquitination. So far, several WWP1 substrates including p27, KLF2, Smad2-6, ErbB4, p63 

etc. have been identified (for review see (178)). It has been shown that WWP1 can regulate 

senescence, TGF-β signaling and bone differentiation and metastasis, and EGF signaling by 

causing degradation of p27, Smad7, and EGFR/ErbB2/ErbB4, respectively (225–228). Importantly 

WWP1 has been identified as an oncogene. Amplification and over-expression of WWP1 has been 

found in breast and prostate cancers (179, 180, 182, 186). 

Recently, mounting evidence suggests that degradation of tumor suppressors by E3 

ubiquitin ligases may play important roles in tumorigenesis. For example, degradation of tumor 

suppressors p53 by Mdm2 and Pirh2 ligases (229, 230), PTEN by NEDD4 (171), p73 and p63 by 

Itch (231, 232), is crucial for cancer development and progression. Therefore, targeting oncogenic 

E3 ubiquitin ligases to activate tumor suppressors (i.e. p53) to kill cancer cells has become one of 

the most important strategies for cancer therapy (233). Identification of ubiquitin ligases that 

regulate tumor suppressors will be very useful for developing novel therapeutic drugs for cancer 

treatment in the future. However, while many ubiquitin ligases have been identified for a limited 

number of tumor suppressors, the ubiquitin ligases regulating many other tumor suppressors remain 

largely unknown. In this study, we have shown that WWP1 E3 ubiquitin ligase regulates cell 

proliferation by targeting tumor suppressor LATS1 through ubiquitin-mediated protein 

degradation. 
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2.3 Materials and Methods 

2.3.1 Plasmid construction 

The LATS1-FLAG, LATS1-Y376A/Y559A-FLAG, LATS1-Y376A/Y559A-myc, 

WWP1-FLAG, and WWP1-myc plasmids were constructed as previously described (128).  KOD 

Hot Start DNA polymerase (Novagen) was used for all PCRs. For construction of NEDD4-myc, 

Smurf1-myc, Smurf2-myc, and WWP1-myc plasmids, open reading frames of each gene were 

amplified by PCR using EST plasmids purchased from Open Biosystems as templates using the 

following primers: 

1. BamHI-NEDD4-1F: 5’-CTAGGATCCATGGCAACTTGCGCGGTGG-3’ 

2. NotI-NEDD4-1R: 5’-GAATATTATGCGGCCGCTCTAATCAACTCCATCAAAG-3’ 

3. Bgl2-Smurf1-F: 5’-GA AGA TCT ATG TCG AAC CCC GGG ACC CG-3’  

4. NotI-Smurf1-R: 5’-G TAA TCA TGC GGC CGC TCA CTC CAC TGC AAA GCC AC-3’ 

5. EcoRI-Smurf2-F: 5’-AT GAA TTC ATG TCT AAC CCC GGA GGC C-3’ 

6. NotI-Smurf2-R: 5’-G TAA TCA TGC GGC CGC TCA TTC CAC AGC AAA TCC AC-3’ 

7. Bgl2-WWP1-F: 5’-GA AGA TCT ATG GCC ACT GCT TCA CCA AGG-3’ 

8. NotI-WWP1-R: 5’-G TAA TCA TGC GGC CGC TCA TTC TTG TCC AAA TCC CTC-3’ 

The PCR products were digested by BamHI/NotI, Bgl2/NotI, or EcoRI/NotI, and ligated 

into pcDNA3.1-hygro-myc vector digested with the same enzymes. 

For making WWP1-C890A, a site directed mutagenesis method was used as previously 

described (40). For making the WWP1 mutant lacking WW domains (WWP1-WW-myc), over-

lapping PCR was used. For the first round of PCR, two PCR reactions amplifying 5’ and 3’ ends 

surrounding the deletion region containing WW domains (aa. 350-530) were carried out using 

WWP1 EST cDNA plasmids as templates and the following primers: PCR#1: Bgl2-WWP1-F 

(forward): see sequence above; WWP1-349-R (reverse): 5'- TTC TGT GTT GGC ATT CCC AGA-

3'; PCR#2: WWP1-1-349BR530-F (forward): 5' - TCT GGG AAT GCC AAC ACA GAA GGG 
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AAG TCA TCT GTA ACT AAA - 3'; NotI-WWP1-R (reverse): see sequence above. For the 

second round of PCR, 50 ng each of PCR#1 and PCR#2 products from the first round PCR were 

mixed and run for the following program: 1 cycle at 94 0C for 2 min; 5 cycles at 94 0C for 15 

seconds, 60 0C for 30 seconds, 68 0C for 90 seconds. After adding Bgl2-WWP1-F and NotI-WWP1-

R1 primers, the following program was run: 25 cycles for 15 seconds, 60 0C for 30 seconds, 68 0C 

for 90 seconds, and 1 cycle at 70 0C for 2 min. The PCR product was digested with Bgl2/Not I and 

subcloned into BamHI/NotI sites of pcDNA3.1-hygro-myc vector. 

For lentiviral production, WWP1 or WWP1-C890A cDNA was first amplified by PCR 

using WWP1 or WWP1-C890A cDNA plasmids as templates, digested by Bgl2/Not I, and 

subsequently cloned into the BamHI/Not I site of pcDNA3.1-hygro-3FLAG (40). The FLAG-

tagged WWP1 or WWP1-C890A cDNA was subsequently cut out from the vector by PmeI and 

subcloned into the PmeI site of the WPI lentiviral vector.  

2.3.2 Cell culture and transfection 

MCF10A cells were maintained in Dulbecco's modified Eagle's medium and F12 (DMEM-

F12) medium supplemented 5% horse serum, 20 ng/ml hEGF, 0.5 μg/ml hydrocortisone, 10 μg/ml 

insulin, 100 ng/ml cholera toxin, 2.5mM L-glutamine, and 1% penicillin-streptomycin). All cells 

were cultured at 37°C in a 5% CO2 atmosphere. COS7, HEK293T, and MCF7 cells were 

maintained in DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

(P/S).  T47D cells were grown in RPMI-1640 media containing 10% FBS and 1% P/S. For transient 

transfection of COS7 and HEK293T cells, Lipofectamine 2000 (Invitrogen, Burlington, Canada) 

was used according to the manufacturer's instructions. 

2.3.3 Antibodies, western blotting and co-immunoprecipitation (Co-IP) 

Mouse monoclonal antibodies to Myc (Roche), FLAG (Sigma), WWP1 (Novus 

Biologicals), and Itch (BD Biosciences) were clones 9E10, M2, 1A7, and 32/Itch, respectively. 

Rabbit polyclonal antibody to Myc (A14) and Smurf1 was purchased from Santa Cruz and Cell 
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Signaling, respectively, whereas rabbit monoclonal antibodies to Myc (71D10) and Smurf2 were 

purchased from Cell Signaling and Epitomics, respectively. Rabbit -LATS1 (Y03) polyclonal 

antibody is as described (40). For interaction of LATS1-FLAG with WWP1-myc, transfected 

COS7 cell lysates were harvested and 1mg of each lysate sample was immunoprecipitated using 

2ug of mouse anti-Myc 9E10 monoclonal antibody (Roche). Immunoprecipitated proteins were 

then detected by western blotting using mouse anti-FLAG (M2) monoclonal antibody (Sigma). For 

interaction between endogenous LATS1 and WWP1, 1mg of HEK293T cell lysates were 

immunoprecipitated with either pre-immune serum or rabbit anti-LATS1 polyclonal antibody 

(Y03). Immunoprecipitated proteins were then detected by western blotting with a mouse anti-

WWP1 monoclonal antibody (Novus Biologicals). 

2.3.4 GST fusion protein production and pull-down assays  

GST and GST fusion proteins were produced and purified as previously described (40). 

For GST pull-down assays, about 100 g of protein lysate expressing FLAG tagged LATS1 or 

LATS1-Y376A/Y559A was mixed with 10 µg of GST (control), WWP1-GST, WWP1-WW-

GST, or WW domain GST fusion proteins on beads and incubated at 4°C with rotating for 2 h. The 

beads were then washed four times with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 

mM EDTA and 1.0% Nonidet P-40), resuspended in 2SDS sample buffer, boiled, and centrifuged. 

The resulting supernatants were subjected to SDS-PAGE and western blot analysis using mouse 

monoclonal anti-FLAG antibody (M2, Sigma). 

2.3.5 RNA extraction and qRT-PCR 

RNA extraction and qRT-PCR were performed as previously described (17, 40). The 

following primers were used for qPCR: 1. WWP1: Forward, 5’-GAG GAT GAT TCT CCA TTA 

ACA GTG-3’; Reverse, 5’-GAG GAT GAT TCT CCA TTA ACA GTG-3’. 2. LATS1: Forward, 

5’-CAG CTG CCA GAC CTA TTA ATG C-3’; Reverse, 5’-AAT GAT AGG CCA CAC TTT 

CTC C-3’.  
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2.3.6 Cycloheximide (CHX) chase measurements of LATS1 half-life 

COS7 cells were transiently transfected with either LATS1-FLAG alone or together with 

WWP1-myc using Lipofectamine 2000. At 16 hours post-transfection, culture medium was 

replaced by DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and CHX (20 

μg/ml). Cells were lysed at 0, 4, 8, 12 and 24 hours following CHX treatment and the resulting 

lysates were analyzed by western blotting using mouse anti-FLAG (M2, Sigma) and rabbit anti-

Myc (71D10, Cell Signaling) monoclonal antibodies. 

2.3.7 In vivo and in vitro ubiquitination assays 

For in vivo ubiquitination assays, HEK293T cells were transiently transfected with 

plasmids expressing ubiquitin-HA and LATS1-FLAG alone or together with WWP1-myc or 

WWP1-C890A-myc using Lipofectamine 2000. At 5h post-transfection, cells were treated with 

5μM MG132 for an additional 24 hours prior to being lysed by modified RIPA buffer (2mM Tris-

HCl pH 7.5, 5mM EDTA, 150mM NaCl, 1% NP40). 20μl of Protein A beads and 1mg of each 

lysate sample was precleared and immunoprecipitated by mouse anti-FLAG M2 monoclonal 

antibody. The ubiquitinated-LATS1 was detected by western blotting using rabbit anti-HA 

polyclonal antibody (Epitomics). 

For in vitro ubiquitination, 1 mg of protein lysate extracted from cells expressing LATS1-

myc was immunoprecipitated by rabbit monoclonal anti-Myc (71D10) antibody (Cell Signaling) 

bound on protein A beads (Roche), washed 4 times with modified RIPA buffer, followed by 

incubation in 30 l of ubiquitination conjugation reaction buffer [2mM ATP, 0.5 g Ubiquitin-

FLAG, 0.1 M ubiquitin activating enzyme (E1), and 0.5 M ubiquitin conjugating enzyme (E2, 

UbcH7, Boston Biochem) in the absence or presence of WWP1-GST (E3) or WWP1-C830A-GST 

(ligase-dead) at 30 0C for 90 min. As a negative control, WWP1-GST alone was also incubated 

with ubiquitin conjugation reaction buffer. The beads containing ubiquitinated LATS1 were spun 

down, washed 4 times with modified RIPA buffer, resuspended in 2SDS sample buffer (200mM 
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Tris-HCl, pH6.8, 200 mM DTT, 20% glycerol, 4%SDS, and 0.02% bromophenol blue), boiled at 

100 0C for 5 min, and subjected to western blot analysis using anti-FLAG (M2, Sigma) antibody. 

2.3.8 Knockdown of ubiquitin ligase by short interference (si)RNA 

The ON-TARGETplus siRNA duplex targeting Smurf 1, Smurf2, Itch, WWP1, or NEDD4 

mRNA and a negative control siRNA with scrambled sequence absent in the human genome were 

purchased from Dharmacon RNA Technologies. Pools of four double-stranded siRNA duplexes 

targeting different regions of each ubiquitin ligase mRNA were used. For cell transfection, 2 × 105 

MCF7 or T47D cells were seeded into each well of a 6-well plate and subsequently transfected 

with a concentration of 100nM siRNA using Lipofectamine 2000 (Invitrogen).  Two days post 

transfection, proteins were extracted, and the levels of each E3 ubiquitin ligase and LATS1 were 

examined by western blot using -actin as internal loading control.   

2.3.9 Lentiviral production and establishment of stable cell lines 

Lentiviral production and purification were performed as previously described (128). 

MCF10A cells stably expressing WPI (vector control) or WWP1 were established by infection of 

the cells with either the WPI or WWP1 lentivirus. For stable shRNA knockdown of WWP1, MCF7 

breast cancer cells were infected with lentivirus expressing pGIPZ (vector control), shWWP1-1, or 

shWWP1-2. Since pGIPZ vector expresses a puromycin-resistant gene, cells with shRNA 

expression were selected by incubation in 2 µg/ml of puromycin following infection. Expression 

of WWP1 was examined by western blot using mouse anti-WWP1 monoclonal antibody (Novus 

Biologicals). For shWWP1 rescue experiment, MCF7 expressing shWWP1-2, which targets 

untranslated region of WWP1 mRNA, were infected with lentivirus expressing WWP1 or WWP1-

C890A. For LATS1 rescue experiments, the MCF7 cells were simultaneously infected with both 

shWWP1-1 and shLATS1 lentiviruses, followed by puromycin selection. 

2.3.10 Cell proliferation analysis and colony forming assays 
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For cell proliferation analysis, triplicate of 2 104 cells were seeded into each well of 24-

well plate. Cell numbers were counted every day for 6 days. The mean and standard deviation (SD) 

of three samples are calculated for each day. All of the experiments were repeated at least three 

times. Colony forming assays were performed as described previously (128).  

 

2.4 Results 

2.4.1 Screen for E3 ubiquitin ligases regulating LATS1 stability 

To understand whether LATS1 stability is also regulated by other members of the NEDD4-

like family of E3 ligases, we selected 4 ubiquitin ligases including NEDD4, WWP1, Smurf1 and 

Smurf2 that have been shown to be involved in the development of human cancers (163, 164). We 

also used Itch as a positive control. Similar to Itch, over-expression of any of the E3 ligases 

including NEDD4, WWP1, Smurf1, and Smurf2 causes dose-dependent reduction of LATS1 

(Figure 2.1). However, only siRNA knockdown of WWP,1 like that of Itch, caused significant 

increases on endogenous LATS1 levels in breast cancer cells (Figure 2.2), suggesting that Itch and 

WWP1 are essential E3 ubiquitin ligases regulating stability of LATS1. As a negative control, over-

expression of TrCP1, which is not NEDD4-like family member, had no effect on LATS1 (Figure 

2.1). Since down-regulation of LATS1 and over-expression of WWP1 was shown to be involved 

in the development of breast cancer (140, 179), we further explored the physical and functional 

interaction of WWP1 and LATS1. 

2.4.2 WWP1 interacts with LATS1 in vivo and in vitro 

We first used Co-IP assays to examine whether WWP1 interacts with LATS1 in vivo. 

FLAG-tagged LATS1 was either transfected alone or together with myc-tagged WWP1 into COS7 

cells. When WWP1-myc was precipitated from protein lysate with anti-Myc antibody, 
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Figure 2.1 Dose-dependent degradation of LATS1 by Nedd4-like family E3 ubiquitin ligases.  

Figure 2.1 Dose-dependent degradation of LATS1 by Nedd4-like family E3 ubiquitin 

ligases.  

LATS1-FLAG plasmids were transfected alone (0.2 g) or together with increasing amounts [0.05, 

0.1, 0.2, 0.4 g] of WWP1 plasmids into COS7 cells. The levels of LATS1-FLAG and WWP1-

myc were detected by western blotting using anti-FLAG and anti-Myc antibodies, respectively. 

The figure above is representative of three independent replicates of the experiment.   
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Figure 2.2 Knockdown of Nedd4-like family E3 ubiquitin ligases affects LATS1 stability.  

About 100 nM of siRNA targeting scrambled RNA (negative control [-]) or each E3 ligase [+] was 

transfected into MCF7 or T47D cells in a 6-well plate. Two days after transfection, proteins were 

extracted and subjected to western blot analysis of each E3 ligase, LATS1, and -actin (internal 

loading control).  
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LATS1-FLAG was detected in the WWP1-myc immune complex only when both LATS1-FLAG 

and WWP1-myc were co-transfected into cells (Figure 2.3A). Vice versa, when WWP1-myc was 

transfected alone or together with LATS1-FLAG into COS7 cells, WWP1-myc was detected in the 

LATS1-FLAG immune complex only when both WWP1-myc and LATS1-FLAG were co-

transfected into cells (Figure 2.3B). To exclude the possibility that LATS1-WWP1 interaction is 

due to their high level of protein expression in the cells, we also examined the interaction of 

endogenous LATS1 with WWP1 in HEK293T cells. Significantly, endogenous WWP1 was 

detected only in the immune complex precipitated with anti-LATS1 polyclonal antibody rather than 

its pre-immune serum (Figure 2.3C).   

  We also used a GST-pull down assay to examine whether LATS1 directly interacts with 

WWP1 in vitro. LATS1-FLAG was able to bind strongly to WWP1-GST in vitro (Figure 2.4C). 

To understand the molecular mechanism of LATS1-WWP1 interaction, we further mapped the 

domains in both LATS1 and WWP1 responsible for their interactions. First, we performed a GST-

pull down assay using cell lysate expressing WWP1-FLAG and GST fusion proteins with a series 

of LATS1 deletions (Figure 2.4A). WWP1-FLAG was found to specifically bind to LATS1-301-

525-GST and LATS1-526-655-GST (Figure 2.4B). WWP1 belongs to Group I of the WW domain 

proteins that bind their partners through their WW domains to PPxY (P, proline; X, any amino acid, 

Y, tyrosine) or PPRXXP or PPPPP motifs in their binding substrate (234, 235). There are two 

PPXY motifs in LATS1, PPPY376 and PPPY559, which are located in the WWP1 binding regions 

aa. 301-525 and aa. 526-655 of LATS1 (Figure 2.4B), respectively (Figure 2.4A). Therefore, we 

tested whether these two PPXY motifs are responsible for the interaction of LATS1 with WWP1. 

Mutation of “Y” to “A” (alanine) for both motifs (LATS1-Y376A/Y559A) completely abolished 

its binding to WWP1-GST (Figure 2.4C), suggesting that both PPxY376 and PPxY559 motifs in 

LATS1 are responsible for its interaction with YAP.  
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Figure 2.3 Interaction of LATS1 and 

WWP1 in vivo. 

Figure 2.3 Interaction of LATS1 and WWP1 in vivo 

 

A-B. Co-IP of ectopically expressed LATS1 and WWP1 in vivo. COS7 cell lysates expressing 

either LATS1-FLAG (A) or WWP1-myc (B) alone or together with WWP1-myc (A) or LATS1-

FLAG (B) were immunoprecipitated with anti-Myc (A) or anti-FLAG (B) antibody, followed by 

western blotting with anti-FLAG antibody (A) or anti-Myc (B) antibody, respectively.  Expression 

of LATS1 levels in cell lysate was also examined by western blot (A, B). C. Co-IP of endogenous 

LATS1 and WWP1 in vivo. About 1 mg of cell lysates from HEK293T were immunoprecipitated 

with either control pre-immune serum or rabbit anti-LATS1 (Y03) polyclonal antibody, followed 

by western blotting with anti-WWP1 antibody. Expression of endogenous WWP1 and LATS1 is 

also shown. 
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Figure 2.4 Interaction of LATS1 and WWP1 in vitro 

A. Diagram of LATS1 deletion. B-E. GST pulldown analysis of functional domains responsible 

for the interaction of LATS1 and WWP1.  About 100 g of protein lysates from COS7 cells 

expressing FLAG-tagged LATS1 or its mutants (C-E), or WWP1 (B) was mixed with 10 g of 

GST (control) or GST fusion proteins (LATS1 deletions or WWP1 mutants) on beads. The beads 

were washed and the binding proteins were eluted and subjected to western blot using anti-FLAG 

antibody. 1/10 input (10 g) represents 1/10 of protein lysate (100 g) used for GST pulldown. 

Ponceau S was used to stain fusion proteins on the membrane. B. Functional domains of LATS1 

interacting with WWP1. Lysate: WWP1-FLAG; LATS1 deletion GST fusion proteins. C. 

Interaction of LATS1-PPxY mutants with WWP1 in vitro. Lysate: LATS1-FLAG (wild-type) or 

LATS1 with double PPxY mutation (LATS1-Y376A/Y559A-FLAG). D. Functional domains of 

WWP1 interacting with LATS1 in vitro. WW-GST: WWP1 lacking all of 4 WW domains. E. 

Interaction of LATS1 with each WW domain of WWP1 in vitro. WW1-4 GST: first to fourth WW 

domain GST fusion protein. 
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 Previous studies have shown that WWP1 usually interacts with PPxY motifs of its target 

protein using its WW domains (178). To determine whether the WW domains in WWP1 are 

responsible for its binding to LATS1, we created a WWP1 mutant with all 4 WW domains deleted 

(WWP1-WW-GST). As expected, deletion of WW domains in WWP1 completely abrogated its 

binding to LATS1 (Figure 2.4D).  To determine which WW domain in WWP1 is responsible for 

its binding to LATS1, we further made constructs expressing each of the 4 WW domains. Although 

similar amounts of GST fusion protein were used, WW domains 1-3 GST fusion proteins (WW1-

GST, WW2-GST, and WW3-GST) rather than WW4-GST or GST alone bound to LATS1-FLAG 

(Figure 2.4E). In conclusion, our results suggest that LATS1 binds to the 1-3 WW domains of 

WWP1 through its PPxY376 and PPxY559 motifs. 

 

2.4.3 WWP1 specifically targets LATS1 for ubiquitin-mediated degradation in breast cancer 

cells 

Previous studies have shown that WWP1 usually causes the degradation of its target 

proteins through the ubiquitin-mediated proteasome pathway (178). To further confirm whether 

WWP1 negatively regulates LATS1 through its ubiquitin ligase activity, we first constructed a 

plasmid expressing a ligase-dead WWP1 (WWP1-C890A-myc) and tested its ability to degrade 

LATS1. Importantly, WWP1-C890A was unable to degrade LATS1 even at the highest 

concentration (Figure 2.5A). In addition, transfection of increasing amounts of WWP1 plasmid 

into cells has no effect on Ndr1, a LATS1 homolog lacking PPxY motifs at the N-terminal domain 

of LATS1 (Figure 2.5B). Moreover, over-expression of WWP1 in MCF10A immortalized 

mammary cells caused reduced levels of endogenous LATS1 (Figure 2.6). Most importantly, the 

reduced level of LATS1 by WWP1 was observed at the protein level. When protein synthesis was 

blocked by CHX, over-expression of WWP1 causes increased protein degradation (Figure 2.7).  
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Figure 2.5 Degradation of LATS1 by WWP1 requires ligase-activity and binding  

 

A. Ligase-dependent degradation of LATS1 by WWP1. Increasing amounts of ligase-dead WWP1 

(WWP1-C890A-myc) was co-transfected into Cos7 cells with equal amounts of LATS1 plasmids. 

B. Inability of WWP1 to degrade LATS1 homolog Ndr1 lacking PPxY motifs.  
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Figure 2.6 Degradation of endogenous LATS1 by WWP1 in MCF10 mammary cells 

Degradation of endogenous LATS1 by WWP1 in MCF10A mammary cells. MCF10A cells were 

mock infected or infected with WPI (vector) or WWP1-WPI lentivirus. After establishment of 

stable lines, endogenous WWP1, LATS1, or -actin was detected by western blot.  

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Measurement of WWP1 half-life by CHX pulse chase assays 

LATS1-FLAG alone or together with WWP1-myc were transfected into COS7 cells, followed by 

treatment with CHX to inhibit protein synthesis. At the indicated time, cells were harvested and 

analyzed for LATS1 level using anti-FLAG antibody.  
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Figure 2.8 Expression of LATS1 mRNA after WWP1 over-expression 

About 0.1 g of RNAs was used for one-step qRT-PCR (Invitrogen) analysis using rRNA as 

controls. Values represent mean and standard deviation of fold increase of mRNA levels in WPI or 

WWP1-expressing MCF10A cells relative to those in mock-infected MCF10A cells. Samples were 

repeated in triplicate.   
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qRT-PCR analysis also showed that over-expression of even 18-fold WWP1 mRNA had no 

significant effect on the levels of LATS1 mRNA (Figure 2.8). Finally, we provide evidence that 

WWP1 rather than its ligase-dead (WWP1-C890A) or WW domain-lacking (WWP1-WW) 

mutant is able to degrade LATS1 through ubiquitination both in vivo and in vitro and that the 26S 

proteasome inhibitor MG132 inhibits WWP1-induced LATS1 degradation (Figures 2.9-2.11). In 

conclusion, our studies strongly suggest that WWP1 E3 ligase causes decreased LATS1 levels by 

causing protein degradation through ubiquitination and the proteasome-mediated pathway. 

2.4.4 WWP1 regulates breast cancer cell proliferation through down-regulation of LATS1 

In breast cancer, it has been shown that WWP1 is an oncogene and LATS1 is a tumor 

suppressor gene (2, 58, 140).  Therefore, WWP1 may induce tumorigenesis through down-

regulation of LATS1. One of the key functions for an oncogene is its ability to induce increased 

cell proliferation. Consistent with previous studies (186), over-expression of WWP1 caused 

enhanced cell proliferation in LATS1-positive MCF10A mammary epithelial cells (Figure 2.12-

2.13), whereas knockdown of WWP1 by short-hairpin (sh)RNA (shWWP1-1 and shWWP1-2) in 

MCF7 breast cancer cells expressing functional wild-type LATS1 (128) significantly inhibited cell 

proliferation (Figure 2.13). In addition, introduction of wild-type WWP1 rather than ligase-dead 

WWP1 (WWP1-C890A) cDNA into MCF7 cells expressing shWWP1-2 (targeting the non-coding 

region of WWP1) rescued decreased cell proliferation induced by shWWP1 (Figure 2.14), 

confirming that reduced cell proliferation is due to down-regulation of WWP1 by shWWP1. To 

elucidate whether LATS1 functions downstream of WWP1 in regulating cell proliferation, we 

examined whether activation of LATS1 is responsible for the reduced cell proliferation after 

WWP1 knockdown by shRNA. Significantly, knockdown of LATS1 in MCF7 cells expressing 

shWWP1 rescued the reduced cell proliferation phenotype induced by WWP1 knockdown (Figure 

2.15). Similar results were obtained when colony forming assays were performed (Figure 2.16). 
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Figure 2.9 WWP1 ubiquitinates LATS1 in vivo and in vitro 
Figure 2.9 WWP1 ubiquitinates LATS1 in vivo and in vitro. 

A. Ubiquitination of LATS1 by WWP1 in vivo. Ubiquitin-HA and different combination of 

WWP1-myc, WWP1-ligase-dead mutant (WWP1-C890A-myc) and LATS1-FLAG were 

transfected into HEK293T cells. Ubiquitinated LATS1 was detected by immunoprecipitation of 

LATS1 with anti-FLAG antibody, followed by detection of ubiquitin using anti-HA antibody. B. 

Ubiquitination of LATS1 by WWP1 in vitro. Immunoprecipitated LATS1-myc or LATS1-

Y376A/Y559A-myc on beads was used as a substrate in an ubiquitination assay with a ligase buffer 

containing E1, E2, Ubiquitin-FLAG, ATP, and WWP1-GST or WWP1-C890A-GST. After the 

reaction, beads containing LATS1-myc were washed extensively with modified RIPA buffer, 

followed by western blot analysis using anti-FLAG antibody. Cell lysate expressing FLAG-tagged 

LATS1 was used as positive control (lane 1).  
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Figure 2.10 Inhibition of WWP1-mediated LATS1 degradation by proteasome inhibitor 

MG132 

COS7 cells transfected with either LATS1-FLAG alone or together with WWP1-myc were treated 

with either DMSO (control) or proteasome inhibitor (100µM MG132) for 4 hours, followed by 

examination of LATS1 protein levels by western blot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 In vitro ubiquitination of LATS1 and its mutants 

In vitro ubiquitination of LATS1 and its mutants. About 500 g of protein lysate expressing 

LATS1-myc or LATS1-Y376A/Y559A-FLAG were immunoprecipitated with 2 g of anti-LATS1 

mAb (Cell Signaling). The precipitated proteins were used for in vitro ubiquitination assay. The 

experimental procedures were as described in legend of Figure 2.9.  
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Figure 2.12 Increased cell proliferation after WWP1 over-expression in MCF10A cells 

Triplicate of 2104 infected MCF10A cells (mock) or MCF10A cells expressing WPI (vector) or 

WWP1-WPI were plated into each well of 24-well plate, followed by cell count for 5 days. The 

mean and standard deviation (SD) of three samples for each day are shown.  
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Figure 2.13 Knockdown of WWP1 reduces breast cancer cell growth 

MCF7 cells were mock-infected or stably infected with lentivirus expressing pGIPZ (vector) or 

two shWWP1 shRNAs (shWWP1-1 and shWWP1-2). The levels of WWP1 and -actin were 

examined by western blot (A). Cell proliferation analysis for these lines was performed for 6 days. 

The mean and standard deviation of three samples for each day are shown (B).  
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Figure 2.14 Rescue of shWWP1 caused reduced cell proliferation by wild-type rather than 

ligase dead WWP1 

Cell proliferation assays were performed as in Figure 2.12 using cell lines generated from Figure 

2.13.   



 

59 

 

A. 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 Knockdown of LATS1 rescues shWWP1-induced suppression of cell 

proliferation.  

MCF7 cells were infected with lentivirus expressing pGIPZ (vector), shLATS1, shWWP1-1, and 

shWWP1-1/shLATS1. The levels of LATS1, WWP1, and -actin were examined by western blot 

(A). Cell proliferation analysis was carried out for 8 days. The mean and standard deviation of three 

samples for each day are shown (B). 
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Figure 2.16 Knockdown of LATS1 rescues shWWP1-induced reduction of colony formation. 

About 1000 cells of each cell line from 2.15 were plated in 100mm plates, followed by incubation 

the cells at 370C for 10 days. The mean and standard deviation of colony numbers from three plates 

for each cell line are shown. These results strongly suggest that increased level of LATS1 

contributes to reduced cell proliferation after WWP1 knockdown. 
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2.5 Discussion 

LATS1 is a S/T kinase and novel tumor suppressor down-regulated in various human 

cancers. Recently, LATS1 has been identified as a central player of a novel Hippo signaling 

pathway that plays essential roles such as organ size control, tumorigenesis, and stem cell 

differentiation/renewal. Although the function of LATS1 in tumorigenesis has been extensively 

studied, how the level of LATS1 is controlled at the molecular level remains largely unknown.  

Recently, we have identified Itch ubiquitin ligase as the first negative regulator of LATS1 (128). 

However, whether other ubiquitin ligases in the same family also have an effect on LATS1 is 

unknown. In addition, although LATS1 has been found down-regulated in breast cancer, how 

LATS1 interacts with other proteins in mammary tumorigenesis remains elusive. By screening 

members of the NEDD4-like family ubiquitin ligases that play important roles in cancer, we have 

identified WWP1 as a novel negative regulator of LATS1 tumor suppressor stability. We have also 

shown that WWP1 regulates breast cancer cell proliferation by down-regulating LATS1. WWP1 is 

an ubiquitin ligase responsible for regulating the protein stabilities of many proteins such as p63, 

Smad, and ErbB2, etc (178). However, none of them has been shown to be responsible for WWP1-

induced increased cell proliferation. In addition, our results suggest that in addition to mRNA 

down-regulation by promoter hypermethylation (140), down-regulation of LATS1 at the protein 

levels through WWP1-mediated ubiquitination and degradation may be a novel mechanism by 

which LATS1 is down-regulated in various cancers. Further examining the correlation between 

levels of LATS1 and WWP1 using clinical breast and prostate cancer may provide further in vivo 

data regarding how dysregulation of these two proteins are involved in the development of human 

cancers. 

Although all of the NEDD4-like family member ligases can induce dose-dependent 

degradation of LATS1 when over-expressed (Figure 2.1), only loss of endogenous Itch and WWP1 

causes increased LATS1 protein stability (Figure 2.2). This suggests that only Itch and WWP1 are 
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essential to maintain the steady-state stability of LATS1. Under normal physiological conditions, 

protein level is dynamically controlled by its synthesis and degradation. Ubiquitin-mediated protein 

degradation is the most commonly used system in cells to induce protein degradation. From our 

studies, WWP1 and Itch serve to balance LATS1 tumor suppressor activity through continuous 

ubiquitination and degradation of LATS1 under physiological (unstressed) condition. It is unclear 

why LATS1 needs two ubiquitin ligases to regulate its stability. However, previous studies have 

shown that several ubiquitin ligases can regulate the same substrate under different physiological 

conditions or cell types. For example, p53 is regulated by 15 ubiquitin ligases (236). The stability 

of p53 can be negatively regulated by both Mdm2 and Pirh2 kinases. However, Mdm2 can cause 

p53 degradation under unstressed conditions (237), whereas Pirh2 rather than Mdm2 can be 

activated to degrade p53 upon DNA damage (230). In addition, our data suggest that WWP1 and 

Itch may have overlapping functions in the regulation of LATS1 stability. Therefore, knockdown 

of either WWP1 or Itch alone will partially cause imbalance of LATS1 production and degradation, 

resulting in enhanced levels of LATS1. Similar results, in which knockdown of either WWP1 or 

Itch causes enhanced levels of ErbB4, were reported by others (228). Moreover, Pirh2 is up-

regulated in lung cancer and affects lung tumorigenesis by reducing p53 activity (238), whereas 

Mdm2 is amplified in sarcomas (239). Consistent with this notion, WWP1 rather than Itch is 

amplified and up-regulated in breast cancer (179). Therefore, it is possible WWP1 and Itch regulate 

LATS1 stability in different cancer types and physiological conditions.  

Previous studies have shown that WW domains 1 and 3 of WWP1 are type I WW domains 

that bind to PPxY motifs with higher affinities as compared to WW domains 2 and 4 (228, 240). 

However, our studies showed that LATS1 binds to the WW domains 1-3 of WWP1 through its two 

PPxY376 and PPxY559 motifs. The structural interaction between the 3 WW domains and 2 PPxY 

motifs is currently unknown. Interestingly, previous studies also showed that LATS1 suppresses 

tumor cell growth by interacting with two WW domains of its substrates YAP and TAZ using its 
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PPxY motifs (40, 63, 221, 235, 241). It is therefore possible that WWP1, with four WW domains, 

may compete with YAP and TAZ for LATS1 binding to control the levels of tumor suppressor 

LATS1. Since loss of WWP1 causes enhanced levels of LATS1 and decreased tumor cell growth, 

development of strategies that specifically target WWP1 or disrupt LATS1 and WWP1 interaction 

in breast cancers to activate LATS1 may be a useful approach for successful cancer therapy.  

In conclusion, our study has identified WWP1 E3 ligase as a novel negative regulator of 

LATS1 tumor suppressor stability. Further characterization of their functional interactions in mice 

and examination of their correlations in clinical breast cancer patients will provide useful 

information for future targeting of WWP1-LATS1 interaction in the treatment of breast cancer.  
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Chapter 3 

Identification of Cdk1-LATS-Pin1 as a novel signaling axis in anti-

tubulin drug response 

 

3.1 Abstract 

The Hippo pathway is a signaling cascade that plays important roles in organ size control, 

tumorigenesis, metastasis, stress response, stem cell differentiation and renewal during 

development and tissue homeostasis, and mechanotransduction. Recently, we and others have 

shown that loss of the Hippo pathway core component LATS or overexpression of its downstream 

targets YAP and its paralog TAZ causes resistance of cancer cells to anti-tubulin drugs. However, 

YAP and TAZ mediate anti-tubulin drug-induced apoptosis independent of their upstream regulator 

LATS and the Hippo pathway. Thus the underlying molecular mechanisms of how LATS is 

involved in anti-tubulin drug response remain unknown. By using SILAC and BioID proteomics, 

we have identified the Pin1 isomerase as a novel LATS interacting protein after anti-tubulin drug 

treatment. We found that treatment with anti-tubulin drugs activate Cdk1, which phosphorylates 

LATS2 at five S/T-P motifs that subsequently bind to the WW domain of Pin1 and inhibits its anti-

apoptotic function. Therefore, we have identified Cdk1 and Pin1 as a novel upstream regulator and 

downstream mediator, respectively, of LATS in the anti-tubulin drug response. Further studies on 

this novel Cdk1-LATS-Pin1 signaling axis may have significant implications in our understanding 

of the molecular mechanisms of drug resistance and may provide useful information for targeting 

of this pathway for the treatment of drug resistant cancers in the future. 
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3.2 Introduction 

Anti-tubulin drugs, which include taxanes and vinca alcaloids, have been a part of the 

cancer pharmacopoeia for decades and are one of the best classes of chemotherapeutics to date (76, 

77). By inhibiting the polymerization dynamics of microtubules, anti-tubulin drugs are potent 

mitotic poisons that impede normal function of the mitotic spindle, leading to extended mitotic 

arrest and cell death (242). Cancer cells promote proliferation and invasion by means of an 

overactive cell cycle and increased mitotic division, thus making them particularly susceptible to 

microtubule disruption. Although anti-tubulin drugs have proven to be clinically efficacious, 

predicting patient response is often difficult and the development of drug-resistant tumor cells 

leading to relapse/patient mortality continues to be a major challenge to successful treatment (76). 

Therefore, identifying novel signaling networks controlling drug response is of critical importance 

in advancing current cancer therapies.  

The Hippo pathway is an emerging signaling pathway that plays critical roles in organ size 

control, tumorigenesis, metastasis, stem cell differentiation and renewal, mechanotransduction (6, 

7, 14, 15). Recent studies have implicated the Hippo pathway in playing an important role in 

chemotherapeutic resistance (69, 74, 243) . Classic mammalian Hippo signaling consists of a core 

kinase cascade in which Mst1/2 (mammalian Ste20-like 1/2) serine/threonine (S/T) kinases 

phosphorylate and activate LATS1/2 (large tumor suppressor 1/2) kinases, which subsequently 

phosphorylate and inhibit transcriptional co-activator/co-repressors YAP (Yes-associated protein) 

and its paralog TAZ (transcriptional coactivator with PDZ-binding motif), preventing their 

translocation from cytoplasm to nucleus to bind TEAD family of transcription factors and induce 

expression of genes that promote cell proliferation, survival, differentiation and migration (10, 14). 

Importantly this protein cassette integrates numerous upstream signals and translates them to 

downstream effectors while simultaneously cross-talking with other signaling pathways to maintain 

homeostasis and prevents tumorigenesis (10, 14). Unsurprisingly, dysregulation of the Hippo 
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pathway, especially the well-established tumor suppressor genes LATS1/2, can lead to various 

human cancers (15, 16). Recently, we and others have found that many of the core components or 

upstream regulators of the Hippo pathway (e.g. RASSF1A, Expanded, MST, Ajuba, YAP/TAZ, 

and Vgll4) play pivotal roles in the resistance of cancer cells to chemotherapeutic drugs [e.g. Taxol 

(TX), Doxorubicin, Cisplatin, 5-FU, and EGFR and MEK inhibitors] (10, 17, 69, 95, 155, 244, 

245). 

Interestingly, studies by our lab and others showed that LATS plays a pivotal role in anti-

tubulin drug resistance. Loss of LATS1/2 by siRNA knockdown renders HeLa cervical cancer cells 

resistant to TX-induced cell death (114). In addition, LATS1 was identified in a functional genomic 

screen looking for genes involved in TX sensitivity of A549 lung cancer cells (127). However, 

although we and others found that YAP and TAZ are also important in anti-tubulin drug response, 

this was independent of LATS1/2 or Hippo pathway regulation, suggesting that YAP and TAZ are 

not the proteins mediating MST1/2 or LATS1/2 function in anti-tubulin drug response (74, 243, 

246). Moreover, there is no change on LATS1 phosphorylation status on MST phosphorylation site 

T1089 after TX treatment [(74) and data not shown], suggesting that MST1/2 is not the kinase 

regulating LATS in response to anti-tubulin drugs. Therefore, the upstream regulator(s) or 

downstream mediator(s) of LATS1/2 in anti-tubulin drug response remain unknown. 

In this study, we have identified Cdk1 and Peptidyl-prolyl isomerase (Pin1) as novel 

upstream regulator and downstream mediator of LATS1/2, respectively, in response to anti-tubulin 

drugs. This novel Cdk1-LATS-Pin1 signaling axis may play important roles in anti-tubulin drug 

resistance and represent a novel target for drug-resistant cancer therapy in the future. 

 

3.3 Materials and Methods 

3.3.1 Plasmid construction and site-directed mutagenesis 
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Plasmid construction and site-directed mutagenesis were performed as described in detail 

previously (40). Human PPIA, PPIB and Pin1 cDNAs (obtained from Addgene) were subcloned 

into pcDNA3.1-HA and pGEX4T1 vectors. Inducible TRIPZ-lentiviral shRNA vector 

(Dharmacon) was modified by cloning of human LATS2, Pin1 or BirA-R118G cDNAs (Addgene) 

into the AgeI and MluI sites of the TRIPZ vector.  

3.3.2 Cell culture, treatment of cells by drugs and transfection 

HeLa, H1299, SK-BR-3, HEK293, A549, and COS7 cells were purchased from the 

American Type Culture Collection (ATCC) and cultured as instructed by ATCC. HeLa and H1299 

cells were treated with anti-tubulin drugs and kinase inhibitors as previously described. Transient 

transfection of expression constructs was performed using PolyJetTM in vitro transfection reagent 

(SignaGen Laboratories) according to the manufacturer’s protocol. 

3.3.3 Lentivirus production and establishment of stable cell lines 

Lentivirus production and purification were performed as previously described (74). 

H1299 cells stably expressing TRIPZ-LATS2-WT, -LATS2-5xA or –BirA-LATS2-WT were 

established by infection with lentivirus and subsequent selection with 1µg/mL puromycin. For 

WPI-vector or –Pin1-WT overexpression, H1299 TRIPZ-LATS2-WT or -5xA cells were infected 

again and expression was examined by western blot using anti-LATS2 or –Pin1 antibodies.  

3.3.4 SILAC labeling, BioID purification and MS data analysis 

SILAC Protein Quantitation kit was used and purchased from Pierce. HeLa N-BirA-

LATS2-TRIPZ cells were cultured in light or heavy (containing 13C6-L-Lysine-2HCl) media with 

2µg/mL Dox for about 10 days, with media being changed every 2-3 days and passed onto larger 

plates. 1x106 cells were passed onto each 150mm plate (five for control and ten each for drug-

treated) and grown to ~40-50% confluence. Media was changed containing 50 uM biotin, 2µg/mL 

Dox and either DMSO, 100 nM Taxol or 1 ug/mL NOC and cultured for 24 hr. Adherent (control) 

or floating (drug-treated) cells were harvested and protein was extracted using modified RIPA 
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buffer containing proteinase inhibitors/benzonase and sonicated. Supernatants were checked for 

expression of LATS2 by western blot and protein concentration measured by Bio-Rad DC protein 

assay. 20 mg lysate was used for overnight pulldown at 40C using 30 µL of streptavidin-sepharose 

beads, which were then washed 2x with modified RIPA buffer, 2x with TAP lysis buffer (50mM 

Hepes-KOH, pH8.0, 100mM KCl, 10% glycerol, 2mM EDTA and 0.1% NP-40), and 3x with 

25mM ammonium bicarbonate (pH8.0) and prepared for mass spec analysis.  

Proteomics analysis was performed at the Ottawa Hospital Research Institute Proteomics 

Core Facility (Ottawa, Canada).  Proteins were digested in-gel using trypsin (Promega) according 

to the method of Shevchenko (247).  Peptide extracts were concentrated by Vacufuge 

(Eppendorf).  LC-MS/MS was performed using a Dionex Ultimate 3000 RLSC nano HPLC 

(Thermo Scientific) and Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).  Database 

searching (against the human Uniprot database) and quantitation were performed using MaxQuant 

software v1.2.7.4.14.  The following criteria were used: peptide tolerance = 10 ppm, trypsin as the 

enzyme (two missed cleavages allowed), and carboxyamidomethylation of cysteine as a fixed 

modification. Variable modifications were oxidation of methionine and N-terminal acetylation. The 

heavy SILAC label was Lys6 (K6). Minimum ratio count was 2, and quantitation was based on 

razor and unique peptides. Peptide and protein FDR was 0.01.  

3.3.5 siRNA-mediated gene expression knockdown 

On-Target SMARTpool siRNA for Cyclin B1 along with an siRNA with scrambled 

sequence (siControl) were purchased from Dharmacon. HeLa cells were transfected with 50 nmol/L 

of siRNAs using RNAiMax (Invitrogen) according to manufacturer's instructions. Two days post-

transfection, cells were treated with 1 µg/mL NOC or 100 nM Taxol for 24 hours, followed by 

protein extraction and western blot analysis. 

3.3.6 GST fusion protein production, pull-down and in vitro kinase assays 
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GST and GST fusion proteins were produced and purified as previously described (40). 

For GST-pulldown assays, about 100-200µg of each respective protein lysate was pre-cleared 

overnight at 4 0C with 20µL glutathione sepharose 4B beads [GSB] (GE Healthcare). Supernatants 

were transferred and mixed with 10µg of appropriate GST fusion protein and incubated at 4 0C for 

2hr. 20µL GSB was then added and further incubated for another 1hr. Beads were then washed 

four times with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA and 1.0% 

Nonidet P-40), resuspended in 2xSDS sample buffer, boiled for 10 mins and centrifuged. Resultant 

supernatants were subjected to SDS-PAGE and western blotting as described previously. For in 

vitro kinase assays, 20U of Cdk1-cyclin B kinase (New England Biolabs, P6020S) and 1µg of 

fusion protein were mixed and incubated at 30⁰C for 20mins. Phosphorylated proteins were 

alkylated by adding p-nitrobenzyl mesylate (final concentration 2.5mM) and incubated at room 

temperature for 2hrs. Samples were prepared for western blot as described previously; 

phosphorylated proteins were detected by anti-thiophosphate ester 51-8 antibody (Abcam).  

3.3.7 Antibodies, Phos-tag and western blot analysis, co-immunoprecipitation 

Anti-LATS2 antibody was from Bethyl Laboratories. LATS1, phosphor-Ser909 LATS1, 

phosphor-Ser127-YAP, phospho-Tyr15-Cdk1 antibodies were from Cell Signaling Technology. 

Anti-Pin1, HA F7 (for co-IP) and Cyclin B1 antibodies were from Santa Cruz Biotechnology. 

FLAG (M2) and β-actin antibodies were from Sigma. Cdk1 and TAZ antibodies were from BD 

Transduction Laboratories. Antibodies against phospho-Ser/Thr (MPM2) were from Millipore and 

thiophosphate ester (51-8) from Abcam. Phos-tagTM was obtained from Wako Pure Chemical 

Industries and used at 40µM along with 100µM MnCl2 in 6-8% SDS-acrylamide gels. Western blot 

analysis, co-immunoprecipitation and phosphatase treatment were done as previously described 

(74).  

3.3.8 Analysis of apoptosis by caspase 3-activity measurement and trypan blue exclusion 

assays 
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H1299 TRIPZ-LATS2-WT or -5xA cells were pre-treated with or without 2 ug/mL 

doxycycline for 2 days prior to be seeded in triplicate for treatment with 100 nM Taxol for 24hr. 

Caspase-3 activity was assayed using the Caspase-Glo 3/7 kit (Promega, G8090) and measured by 

luminometer (Turner Biosystems). Absolute RLU values were then normalized to protein 

concentration using Bio-Rad DC Protein Assay. Measurement of cell death/apoptosis by Trypan 

blue exclusion analysis was as described previously (17). Briefly, H1299 stable lines were pre-

treated with 2 ug/mL Dox for 2 days before being seeded into 12-well plates in triplicate (2x103 

cells/well). The next day, media was changed that contained DMSO or appropriate concentrations 

of Taxol and incubated for 24 hr. Alive and dead cells were collected and assayed as described 

before. The experiments were repeated 2-3 times and mean and standard deviation of each 

experiment were presented. 

 

3.4 Results 

3.4.1 LATS2 is phosphorylated after anti-tubulin drug treatment 

To further explore how LATS1/2 is involved in anti-tubulin drug responses, we treated 

HeLa cells with DMSO (vehicle control) or various anti-tubulin drugs for 24 hours and collected 

attached (DMSO) or floating (mitotic apoptotic) cells. Interestingly, treatment of HeLa cells with 

anti-tubulin drugs caused a mobility shift on LATS1 rather than LATS2 (Appendix II). Thus to 

test for the presence of differential migration of LATS2, we ran collected lysates on low percentage, 

Phos-tag gels, which can separate phosphorylated from un-phosphorylated proteins more 

effectively. Surprisingly, treatment with anti-tubulin drugs caused dramatic retardation of 

endogenous LATS2 as compared to control (Figure 3.1A). We also noted that there was no change 

in endogenous levels of YAP or its phosphorylation at S127 (a known LATS regulatory site) (40), 

further supporting the notion that LATS1/2 is involved in drug-response through YAP-independent 

means (Figure 3.1A). Due to the functional similarities of LATS1 and LATS2, we mainly focused 
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the following characterization study on LATS2 since its roles in anti-tubulin drug response are 

unclear. Similar to endogenous LATS2, we also found that FLAG-tagged LATS2 transfected into 

HeLa cells produced an up-shift upon treatment with various anti-tubulin drugs (Figure 3.1B), 

suggesting that the band-shift observed in HeLa cells is specific to LATS2. We further confirmed 

that the LATS2 mobility shift was due to phosphorylation since the band-shift can be reversed after 

treatment with lambda phosphatase (Figure 3.2). Since we and others previously found that Cdk1 

is a kinase that can complex with Cyclin B to phosphorylate other Hippo components under anti-

tubulin drug treatment (69, 74, 243, 246), we asked whether LATS2 was also under such control. 

Indeed, pre-treatment with Cdk1 inhibitor RO3306 or transient knockdown of Cyclin B by siRNA 

was sufficient to reverse LATS2 phosphorylation under various anti-tubulin drug conditions 

(Figure 3.3). Lastly, we tested whether LATS2 phosphorylation is specific for HeLa cells and 

found that LATS2 is phosphorylated in a wide variety of human cancer cells after NOC or TX 

treatment (Figure 3.4). Taken together, these data strongly suggest that LATS2 can be 

phosphorylated by Cdk1 in apoptotic cells in a wide variety of cell types after treatment with anti-

tubulin drugs.  

3.4.2 Identification of LATS2 phosphorylation sites 

In order to identify the phosphorylation site(s) on LATS2, we first performed in vitro 

kinase assays using purified Cdk1/Cyclin B as kinase and GST-fusion proteins expressing different 

regions of LATS2 as substrates. All of the LATS2 deletion fusion proteins, excluding the 601-800 

region, were significantly phosphorylated by Cdk1/Cyclin B, suggesting that there are at least three 

distinct Cdk1 phosphorylation sites in LATS2 (Figure 3.5). Since Cdk1 is a proline (P)-directed 

S/T kinase, we scanned the sequence of each phosphorylated LATS2 fragment (1-200, 201-400, 

401-600 and 801-1089) for SP or TP motifs and found fifteen potential Cdk1 sites (Figure 3.6). 

We constructed plasmids expressing various deletions containing either    
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Figure 3.1 Mobility shift of endo- or exogenous LATS2 after anti-tubulin drug treatment 

A. Western blot analysis of HeLa cells after 24hr treatment with Nocodazole (NOC, 1 µg/mL), 

Taxol (TX, 100nM), Docetaxol (DTX, 100nM), Vinblastine (VBL, 100nM) or Colchicine (CLC, 

100nM). Total cell lysates were probed with the indicated antibodies on 6% Phos-tag SDS-PAGE 

gels. B. HeLa cells were transfected with FLAG-tagged LATS2 and treated/blotted as indicated in 

panel A. 
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Figure 3.2 LATS2 mobility shift is due to phosphorylation 

Transfected lysates from panel Figure 3.1 were treated with or without λ-phosphatase (- or +PPase).  
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B. 

Figure 3.3 LATS2 phosphorylation during anti-tubulin drug treatment is controlled by 

Cdk1/Cyclin B 

A. HeLa cells were transfected with scramble or Cyclin B siRNA. 48hr post-transfection, cells were 

treated with TX or NOC as before and blotted with LATS2, and Cyclin B antibodies. B. HeLa cells 

were pre-treated with DMSO or 10µM Cdk1 inhibitor RO3306 for 2hr and subsequently treated by 

anti-tubulin drugs and blotted as in panel  
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Figure 3.4 LATS2 phosphorylation is not cell line specific 

SK-BR-3, HEK293 or A549 cells were treated with 1 g/ml nocodazole and 100 nM Taxol for 

24hr and probed as before.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Identification of at least three distinct Cdk1/Cyclin B phosphorylation sites in 

LATS2 

In vitro kinase assay using 100 ng of Cdk1-CyclinB kinase complex and 1 µg of each purified GST-

LATS2 fragment fusion proteins.  
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Figure 3.6 Schematic of S/T-P sites in each LATS2 region 

Identified Cdk1-phosphorylation sites are highlighted in red.   
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Figure 3.7 Mapping of LATS2 S/T-P sites phosphorylated by Cdk1 

Cdk1 phosphorylation sites were mapped by transfecting HeLa cells with different FLAG-LATS2 

fragments/mutations and subsequent treatment of 100 nM Taxol for 24hr. Collected lysates were 

then run on Phos-tag gels for each region: LATS2-1- 200, -201- 400, -401- 600, and -801- 1089 (in 

A-D respectively). 
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Figure 3.8 Mutation of five identified Cdk1-phosphorylations of LATS2 abolishes mobility 

shift 

The five Cdk1-phosphorylation sites in LATS2 were mutated (LATS2-5xA) and, along with 

LATS2-WT, transfected into HeLa cells and checked for mobility shift on Phos-tag gels after 24 

hr NOC (1 ug/ml) or Taxol (100 nM) treatment. 
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consecutive or point mutations of LATS2 (Figure 3.7A-D), transfected them into HeLa cells and 

treated with TX for 24 hours. Using Phos-tag gels, we identified five potential Cdk1-

phosphorylation sites that are necessary for TX-induced mobility shift: S157, S342, T349, S598 

and S1027 (Figure 3.7). Mutation of these five sites (termed LATS2-5xA) completely abolished 

the mobility shift of LATS2 after NOC or TX treatment (Figure 3.8). In summary, we identified 

five S/T-P motif phosphorylation sites that are responsible for LATS2 band-shift after anti-tubulin 

drug treatment. 

3.4.3 Identification of Pin1 as a novel LATS2-interacting protein after anti-tubulin drugs 

treatment using BioID-SILAC 

Previous studies by us and others found that under TX treatment, the main Hippo pathway 

effector YAP could no longer bind to LATS (74, 246), prompting us to seek novel LATS interacting 

proteins under these conditions. We employed an approach that combined proximity-dependent 

labelling (BioID) and a quantitative proteomics method called SILAC (stable isotope labeling by 

amino acids in cell culture), which has been applied successfully in studying a variety of proteins 

and processes (248–250). While BioID relies on the fusion of a protein of interest to a mutant form 

of biotin ligase BirA, which can promiscuously biotinylate proximal proteins irrespective of 

whether they interact indirectly or transiently, SILAC uses “heavy” and “light” amino acids to label 

proteins of two populations and quantify differential abundance of each peptides of digested 

proteins by mass spectrometry. By coupling Bio-ID with SILAC, we could then identify novel anti-

tubulin drug-induced LATS2 interacting proteins with high-confidence. The experimental 

workflow is briefly summarized in Figure 3.9.  Firstly, we generated stably expressing Dox-

inducible N-terminal BirA-LATS2 in HeLa cells using lentivirus (Figure 3.10A); C-terminal BirA-

LATS2 cells were also generated but was found to impair LATS2 activity (data not shown). Next 

we validated the system by a small-scale purification of known LATS2 interacting proteins. We 

treated HeLa-N-BirA-LATS2 cells with biotin alone or together with TX or NOC and subsequently 

performed pulldown with streptavidin agarose. Since BirA-LATS2 is able to biotinylate itself,  
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Figure 3.9 Experimental workflow for BioID-SILAC in HeLa-BirA-LATS2 cells  
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Figure 3.10 Generation of HeLa-N-BirA-LATS2 cells and small scale validation of BioID 

system 

A. Western blot analysis of LATS2 and β-actin in HeLa-BirA- LATS2 cells that were treated with 

(+) or without (-) 2 ug/mL doxycycline for 2 days. B. HeLa-BirA- LATS2 cells from panel A were 

treated 50 uM biotin and 100 nM Taxol or 1 ug/mL nocodazole for 24hr. After protein extraction, 

lysates were pre-cleared and streptavidin-agarose beads were added for pulldown of biotinylated 

proteins, then eluted for detection by Western blot with LATS2 or TAZ antibodies.  
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we could detect LATS2 on the beads only when biotin was present (Figure 3.10B). Furthermore, 

we probed for other known LATS2 interacting proteins (40, 251) and found that TAZ specifically 

binds to LATS2 when Hela-N-BirA-LATS2 cells were treated with Dox to induce LATS2 in the 

absence or presence of TX or NOC (Figure 3.10B and data not shown), suggesting that this BioID 

system worked for LATS2. We then proceeded to systematically profile LATS2 interacting 

proteins in large scale using the same procedure (Figure 3.9). 

After mass spectrometry analysis, we identified candidate proteins that have enhanced 

binding to LATS2 after TX or NOC treatment (Table 1). Most interestingly, we found various 

prolyl-isomerases (e.g. PPIB, PPIG and FKBP4) scattered in our identified list of proteins. Since 

Pin1 and PPIA are also members of the same cis-trans isomerase family, we also included them in 

our analysis. In order to validate our findings, we performed co-immunoprecipitation (Co-IP) 

assays with HeLa cells transfected with FLAG-tagged LATS2 and HA-tagged isomerases in the 

presence of DMSO or TX. Interestingly, LATS2-FLAG were only detected in the complex 

immunoprecipitated with PPIA-HA, PPIB-HA, or Pin1 (anti-HA) in the presence of Taxol (Figure 

3.11), verifying our BioID-SILAC screening data results. 

3.4.4 Interaction of LATS and Pin1 in vitro and in vivo 

To test whether the interaction between LATS and Pin1 was not cell type specific, we 

performed binding assays using other cell lines. In addition, since LATS1 and LATS2 have similar 

function, we also tested whether Pin1 also interact with LATS1. FLAG-tagged LATS1 or LATS2 

expression vectors were transfected into Cos7 cells and GST pull-down assays were used to assess 

direct interaction in vitro. As expected, both LATS1 and LATS2 proteins were able to bind Pin1-

GST (A, B). Next, we used Co-IP assays to examine whether either LATS proteins interacted with 

Pin1 in vivo. FLAG-tagged LATS1 or -LATS2 and HA-tagged Pin1 were transfected alone or  
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Table 1 List of genes identified from BioID-SILAC screening of HeLa-BirA-LATS2 cells 
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Figure 3.11 Co-immunoprecipitation of transfected LATS2 and isomerases under mitotic 

drug conditions 

HeLa cells were co-transfected with FLAG-LATS2 and HA-PPIA, -PPIB or Pin1 and treated with 

100 nM Taxol for 24 hrs 1-day post-transfection. Collected lysates were then immunoprecipitated 

with anti-HA antibody and agarose A beads. Pulldown proteins were eluted and subsequently 

detected by anti-FLAG antibody on western blot. 

A.                                                   B. 

 

 

 

 

 

 

 

Figure 3.12 Interaction of LATS1/2 and Pin1 in vitro 

A., B. GST-pulldown assays between Pin1 and LATS1 (A) or LATS2 (B). About 200 µg of protein 

lysates from COS7 cells expressing FLAG-tagged LATS1 or LATS2 was mixed with 10 µg of 

GST or Pin1-GST on beads. After washing and elution, binding proteins were subjected to western 

blotting by anti-FLAG antibody. 1/10 input (20µg) represents 1/10 of protein lysate used for 

pulldown. Ponceau S was used to stain for fusion proteins on the membrane. 
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Figure 3.13 Interaction of LATS1/2 and Pin1 in vivo 

A., B. co-immunoprecipitation assays between HA-Pin1 and FLAG-tagged LATS1 (A) or 

LATS2 (B). HEK293 cells were transfected alone or in combination with HA-Pin1, FLAG-LATS1 

or–LATS2 and immunoprecipitated with anti-HA antibody, followed by western blot analysis 

using anti-FLAG antibody to probe for binding. Expression levels of Pin1/LATS in cell lysates 

were also examined. 
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together into HEK293 cells. When cell lysates were immunoprecipitated with HA antibody, LATS1 

and LATS2 were found in the immune complex confirming their interaction with Pin1 (Figure 

3.13A, B). Since Pin1 binds to known substrates via its WW domain, we asked if this was also 

necessary for LATS1/2 interaction. In order to map the domains responsible for Pin1 binding, we 

made expression vectors containing either the Pin1-WW or PPIase domain. When GST pull-down 

assays were performed with cell lysates expressing FLAG-tagged LATS1 or LATS2 and Pin1 GST 

fusion proteins purified from bacteria, the WW rather than PPIase domain of Pin1 was  found to 

bind with LATS1/2 (Figure 3.14A, B). This was further verified with Co-IP assays using lysates 

that were transfected with FLAG-tagged LATS1 or -LATS2 and either HA-tagged Pin1-WT, WW 

or PPIase alone or together (Figure 3.15A, B). In summary, these experiments confirm that Pin1 

can bind to both LATS1 and LATS2 through its WW domain.  

3.4.5 Phosphorylation-dependent interaction of LATS2 and Pin1  

Since the WW domain of Pin1 specifically recognizes phospho-S/T-P motifs (187) and 

LATS2 is phosphorylated by Cdk1 after anti-tubulin drug treatment (Figures 3.1-3.8), we tested 

whether the binding between Pin1 and LATS is dependent on the phosphorylation status of LATS. 

Treatment of calf intestinal phosphatase (CIP) on HEK293 lysates transfected with FLAG-tagged 

LATS1 or LATS2 greatly reduced binding between LATS and GST-Pin1 according to GST 

pulldown assays (Figure 3.16). Binding was not completely abolished due to residual LATS2 

phosphorylation, as detected by anti-pS/T-P antibody (Figure 3.16). Next, we tested whether 

lysates from HeLa cells treated with various anti-tubulin drugs for 24 hr would increase interaction. 

In accordance, binding between FLAG-tagged LATS1 or LATS2 with GST-Pin1 was markedly 

higher in the anti-tubulin drug treated samples as compared to DMSO control (Figure 3.17). Most 

significantly, pre-treatment with RO3306 (Cdk1 inhibitor) completely prevented the detection of 

FLAG-LATS2 after GST-pulldown with Pin1 and was comparable to the DMSO-treated control, 

despite treatment with anti-tubulin drugs (Figure 3.18), suggesting that phosphorylation of LATS  
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Figure 3.14 Identification of functional domains of Pin1 interacting with LATS1 or LATS2 

in vitro 

GST-pulldown assays using GST or GST-Pin1- WT, -PPIase or –WW domain fusion proteins to 

FLAG-LATS1 (panel A) or FLAG-LATS2 (B) COS7 lysates.  
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Figure 3.15 Identification of functional domains of Pin1 interacting with LATS1 or LATS2 

in vivo 

Co-IP assays of HEK293 cells transfected with HA-Pin1- WT, -PPIase or –WW in combination 

with FLAG-tagged LATS1 (A) or LATS2 (B).  
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Figure 3.16 Phosphorylation-dependent interaction of LATS1/2 and Pin1 in vitro 

A., B. GST-pulldown assays between GST or GST-Pin1 mixed with HEK293 lysates expressing 

FLAG-LATS1 (A) or –LATS2 (B) with (+) or without (-) treatment of calf intestinal phosphatase 

(CIP). Ponceau S was used to stain for equal loading of fusion proteins. Input lysates (10 µg) 

were probed with phospho-S/T antibody to check for CIP treatment. 
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Figure 3.17 Anti-tubulin drug treatment increases binding between LATS1/2 and Pin1 in 

vitro 

A., B. HeLa cells expressing FLAG-LATS1 (A) or –LATS2 (B) were treated with DMSO or anti-

tubulin drugs as described in Fig. 3.1 and mixed with GST or GST-Pin1 for binding assay as in 

Fig. 3.12 . Expression levels of input were verified by western blot using FLAG-antibody and 

Ponceau S staining for fusion proteins. 
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Figure 3.18 Cdk1 inhibition abolishes LATS binding to Pin1 after anti-tubulin drug 

treatment in vitro 

GST-pulldown assays of HeLa lysates pre-treated with Cdk1-inhibitor RO3306 for 2hr and 

subsequently with anti-tubulin drugs (as in Fig 3.17), along with GST only or GST-Pin1. 
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Figure 3.19 Mutation of Cdk1-phosphorylation sites in LATS2 abolishes binding to Pin1 in 

vitro 

HeLa cells transfected with FLAG-LATS2- WT or -5xA were treated with DMSO or 100nM Taxol 

for 24 hr. After cell collection and protein extraction, lysates were mixed with Pin1-GST in 

pulldown assay. 
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by Cdk1 is essential for its interaction with Pin 1. Lastly we tested the effect of the identified Cdk1-

phosphorylation sites of LATS2 (Figure 3.8). Mutation of the five sites completely abolished 

LATS2 binding (FLAG-LATS2-WT vs. -5xA) to Pin1 by GST-pulldown assay (Figure 3.19). 

These results suggest that treatment with anti-tubulin drugs promotes Cdk1 phosphorylation of 

LATS2 and is necessary for priming it for recognition and binding to Pin1. 

3.4.6 Characterization of Cdk1-LATS-Pin1 signaling axis in anti-tubulin drug-induced 

apoptosis 

We next characterized the functional significance of Cdk1-LATS-Pin1 signaling axis. 

First, since LATS2 has roles in promoting apoptosis and drug sensitivity (10, 15, 114, 124), we 

examined the effects of Cdk1 phosphorylation site mutations of LATS2 (5xA) on its functions. We 

established H1299 lung cancer cell line (low endogenous LATS2) stably expressing doxycycline-

inducible LATS2-WT or -5xA (Figure 3.20) and tested the effects of 5xA on LATS function. Using 

a caspase-3 activity assay and TX-treated conditions, LATS2-WT overexpression greatly increased 

caspase-3 activity, as opposed to LATS2-5xA which saw approximately half the level of activation 

(Figure 3.20). In addition, we previously reported that siRNA knockdown of LATS1/2 can cause 

resistance to TX treatment in HeLa cells (114). Interestingly, overexpression of LATS2-WT in 

H1299 sensitized the cells through a range of TX treatment, an effect that was lost in LATS2-5xA 

overexpression cells (Figure 3.20). These results strongly suggest that mutation of the five Cdk1-

phosphorylation sites of LATS2 greatly impairs its anti-tumorigenic functions and TX sensitivity.  

Since Pin1 is known to regulate other tumor suppressor genes by binding to pS/P-T motifs 

(187, 188, 252), we examined the functional consequences of overexpression of both LATS2 and 

Pin1. From previously established H1299 TRIPZ-LATS2-WT cells, we stably expressed WPI 

vector control or Pin1-WT by infection with lentivirus (Figure 3.21). As expected, overexpression 

of LATS2-WT rather than LATS2-5xSA alone sensitized cells to TX treatment, whereas  
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Figure 3.20 LATS2-5xA attenuates caspase-3 activity and decreases Taxol-induced cell death 

in H1299 lung cancer cells 

A. Western blot analysis of doxycycline(Dox)-inducible overexpression of LATS2-WT and -5xA 

in H1299 cells with (+) or without (-) 2 days of 2 ug/mL Dox treatment. B. H1299 cell lines from 

A were treated with 100nM Taxol for 24hr. Collected lysates were measured for caspase-3 activity 

in triplicate using the luminometer and normalized to untreated control. C. Trypan blue exclusion 

analysis for cell death of H1299 cell lines from A after 24hr treatment with DMSO or 10-50 nM 

Taxol. Alive and dead cells were collected in triplicate and counted as described previously. *, 

p<0.05 (t test). 
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Figure 3.21 Overexpression of LATS2-WT rather than LATS2-5xA inhibits Pin1-induced 

Taxol resistance 

A. Western blot analysis of lysates from H1299 cells overexpressing WPI-vector or –Pin1-WT and 

Dox-inducible LATS2-WT or -5xA. B. Cells established from A were treated with 50 nM Taxol 

for 24 hr and subject to trypan blue dye exclusion assay as described in Figure 3.20C.   

*, p<0.05 (t test).  
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Figure 3.22 A model for the Cdk1-LATS2- Pin1 signaling axis in response to anti-tubulin 

drugs  
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overexpression of Pin1 caused resistance of cells to TX (Figure 3.21). Most significantly, 

overexpression of LATS2-WT rather than LATS2-5xSA inhibited Pin1-induced TX resistance 

(Figure 3.21). Collectively, these findings indicate that TX induces apoptosis through regulation 

of Cdk1-LATS-Pin1 signaling axis (Figure 3.22).   

3.5 Discussion 

LATS is a well-characterized tumor suppressor, whose dysregulation can lead to various 

types of human cancers.  Although tremendous progress has been made in our understanding of 

how LATS controls organism homeostasis and prevents cancer formation, its role in drug response, 

particularly to anti-tubulin drugs, is not well defined. Our studies provide the first evidence that 

LATS can be specifically phosphorylated by Cdk1 independent of the upstream Hippo (MST1/2) 

signaling pathway. Significantly, we identified five sites (S157, S342, T349, S598 and S1027) that 

are responsible for enhanced LATS2 phosphorylation by Cdk1 after anti-tubulin drug treatment in 

HeLa cells (Figure 3.8). Interestingly, out of the five Cdk1 phosphorylation sites we identified on 

LATS2, only one has previously been reported (253). Under known conditions that trigger the 

Hippo pathway, cAMP-dependent protein kinase (PKA) was found to phosphorylate LATS2 at 

S598 (along with three other different sites), an event that induces full activation of LATS2 activity 

(253). This could partially explain why enhanced phosphorylation of S598 on LATS2 by Cdk1 

activates LATS2 function, whereas mutation to alanine reduced LATS2 function, as revealed in 

our functional assays (Figure 3.20B, C), a mechanism similar to the Mst1/2 phosphorylation and 

autophosphorylation sites on LATS2 (15). Aside from S598, the other 4 sites are also 

phosphorylated by Cdk1 and the functional significance of these sites is unclear. Therefore, it will 

be very interesting to further study how each individual phosphorylation site affects both LATS2 

activity and function. Moreover, since reduced expression of LATS1/2 causes anti-tubulin drug 

resistance (114) and mutation of Cdk1 phosphorylation sites (5xSA) significantly reduces its 

activation of TX-induced cell death, it will be also interesting to further examine the status of 
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LATS2 phosphorylation in anti-tubulin drug resistant cells and tissues to see whether reduced 

LATS2 phosphorylation may be responsible for anti-tubulin drug resistance. 

 Previous studies suggest that phosphorylation of Hippo effectors YAP and its paralog TAZ 

by Cdk1 is important for both normal mitotic progression during cell division and apoptosis 

induced by anti-tubulin drugs (74, 96, 243, 246). While moderate activation of Cdk1 during mitosis 

induces YAP/TAZ phosphorylation/activation and subsequent mitosis progression, hyperactivation 

of Cdk1 by anti-tubulin drugs significantly inactivates their functions and causes apoptosis. 

Therefore, YAP/TAZ phosphorylation levels control the balance between cell proliferation and cell 

death (74, 96, 243, 246). Therefore, it is also possible that LATS can be phosphorylated on these 5 

S/T sites during mitosis and play important role in cell proliferation. Consistent with this statement, 

LATS1 has already been shown to be phosphorylated during mitosis (2, 254, 255) and low levels 

of endogenous LATS2 phosphorylation/shift is also detected without drug treatment (Figure 3.1). 

In addition, we also found that mutation of Cdk1 phosphorylation sites on LATS2 (LATS2-5xA) 

significantly reduced LATS2-induced suppression of transformation in H1299 lung cancer cells 

(Appendix II). Moreover, Pin1 was originally identified as a mitotic protein (187, 193). Therefore, 

further elucidation of the roles of Cdk1-LATS-Pin1 signaling axis in mitosis, cell proliferation, and 

transformation will be very significant in our understanding the molecular mechanism of mitosis 

and its roles in cancer. 

Since our previous studies indicate that YAP/TAZ is not involved in anti-tubulin drug 

response downstream of LATS (74, 243), identification of novel targets mediating LATS function 

is required to elucidate the molecular mechanism underlying LATS-involved drug response. By 

performing a SILAC-BioID proteomic screen, we have identified several proteins and validated 

several isomerases with enhanced interactions with LATS2 after anti-tubulin drug treatment. We 

have further characterized Pin1 as a critical binding partner and downstream target of LATS. Pin1 

is a peptidyl-prolyl cis/trans isomerase that interacts with numerous oncogenic or tumor 
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suppressive phosphorylated proteins, causes conformational changes in target proteins, and 

eventually regulates the activities of such proteins (187, 188, 252, 256). Pin1 binds to S/T-P motif 

of its interacting protein through its WW domain. Overexpression and/or activated forms of Pin1 

has been observed in a variety of cancers including breast, ovary, prostate, lung, gastric, cervical 

cancers and melanoma (187, 256). Moreover, Pin1 activates numerous oncogenes and also 

inactivates tumor suppressors (187, 188, 252, 256). Recently, overexpression of Pin1 has been 

shown to induce resistance of cancer cells to anti-tubulin drug TX (252). However, the upstream 

signaling pathway regulating Pin1 function in anti-tubulin drug response has not been elucidated. 

In this study, we have provided the first in vitro and in vivo evidence that Cdk1-LATS is a novel 

signaling axis negatively regulating Pin1. We have shown that both LATS1 and LATS2 can interact 

with WW domain of Pin1 in a phosphorylation-dependent manner (Figures 3.17-3.19). In addition, 

we have shown that phosphorylation of 5 sites on LATS2 by Cdk1 is essential for its interactions 

with Pin1 and mutation of these sites not only abolishes its interaction with Pin1 but also 

significantly reduces its activation of anti-tubulin drug-induced apoptosis (Figure 3.20). Most 

significantly, we found that LATS2-WT rather than LATS2-5xA mutant lacking interaction with 

Pin1 is able to inhibit Pin1-induced anti-tubulin drug resistance (Figure 3.21).  The molecular 

mechanism by which LATS inhibits Pin1 function is unknown. It has been previously shown that 

Pin1 is phosphorylated on several serine residues by a number of distinct kinases (e.g. S65 by Plk1, 

S138 by MLK3 and S71 by DAPK respectively) that regulate Pin1 stability, substrate binding 

capability or isomerase activity (94–96). Therefore, it is possible that LATS may inhibit Pin1 by 

phosphorylating Pin1. Intriguingly we found that purified LATS2 is able to phosphorylate Pin1 in 

vitro in the PPIase region (Appendix II) even though it does not contain a consensus LATS 

phosphorylation motif. Whether this occurs in vivo and the functional consequences needs to be 

examined. Moreover, it is also possible that Pin1 can inhibit LATS function as a negative feedback 

mechanism (Figure 3.22). Since Pin1 is a cis-trans isomerase and modulate proteins by changing 
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its conformation, it will be very interesting to further explore whether Pin1 regulates LATS in 

various biological functions. 

This study highlights a previously unrevealed mechanism through which LATS2 is 

phosphorylated and activated by Cdk1 in response to anti-tubulin drugs. Interestingly, we and 

others have previously shown that other core and regulatory Hippo pathway components (e.g. YAP, 

TAZ, Ajuba, Kibra, and Vgll4) are also phosphorylated by Cdk1 under various contexts. Since Pin1 

recognizes pS/T-P phosphoproteins and is ubiquitously expressed, it is likely that Pin1 could bind 

and modulate the activity of these Hippo components, potentially the pathway as a whole. Indeed, 

Pin1 has already been shown to be intricately involved in other phosphorylation-dependent 

networks such as mitosis, acting as an added layer of regulatory complexity (187, 188). Further 

investigation into how Pin1 may affect other Hippo pathway components will provide insights into 

the underlying mechanisms in cancer development and treatment.  

Taken together, we have discovered a novel Cdk1-LATS-Pin1 signaling axis mediating 

anti-tubulin drug response in cancer cells. Further exploration of this signaling in the development 

of cancer and drug resistance and targeting of this axis will have significant implication for 

successful cancer therapy in the future. 
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Chapter 4 

A functional genomics screen identifies novel LATS2 genes mediating S-

phase accumulation in non-small cell lung cancer 

 

4.1 Abstract  

Lung cancer is the leading cause of cancer-related deaths worldwide. Although many genes 

are known to be integral for lung tumorigenesis and prevention, targeted therapies against a few of 

these genes have been met with limited clinical success. Therefore, there is a huge need in 

identifying new biomarkers for the development of better lung cancer drugs and treatment options.   

LATS2 is a well-established tumor suppressor gene of the Hippo pathway and has been 

shown to have an important role in lung cancer tumorigenesis. We found that overexpression of 

LATS2 in non-small cell lung cancer lines caused S-phase accumulation, which was surprisingly 

independent of the known LATS2 effectors and oncogenes YAP/TAZ. Therefore we searched for 

novel functionally interacting LATS2 genes using a genome-wide CRISPR-Cas9 knockout screen 

in lung carcinoma H1299 LATS2-inducible cells. We identified a subset of genes that promote 

LATS2-induced suppression of cell proliferation and functionally validated two of these genes 

(GSDMD and FHL3). 

This study provides the first evidence that LATS2 promotes S-phase accumulation in 

NSCLC and links LATS2 to two predicted TSGs, GSDMD and FHL3, which have not yet been 

reported in lung cancer. Thus our data has uncovered potential biomarkers that may aid future drug 

design and improve lung cancer patient treatments.  
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4.2 Introduction  

Lung cancer is the leading cause of cancer-related death worldwide, occurring in 1.8 

million people and killing 1.6 million (49). The two main types of lung cancer are non-small-cell 

lung cancer (NSCLC which accounts for 85% of all lung cancer) and small-cell lung cancer (the 

remaining 15%). Despite advances in early detection and treatment options, NSCLC is often 

diagnosed at an advanced stage and has poor prognosis, as evidenced by a 5-year survival rate of 

less than 15% (49). Although many tumor suppressor genes (p53, Rb etc.) and oncogenes (KRAS, 

EGFR, HER2, etc.) have been identified to be integral for the development/progression of lung 

cancer, only a few have been successfully targeted by lung cancer therapies (257). Even still, many 

treated patients eventually develop chemotherapeutic resistance, either through intrinsic or 

acquired means. Thus there is an urgent need to identify novel biomarkers or targets in order to 

develop drugs to successfully treat lung cancer.  

 Emerging evidence suggests that LATS2, a well-established tumor suppressor gene, may 

play an important role in lung tumorigenesis. Although LATS2 mutations are rare in lung cancer, 

other mechanisms have been reported to cause downregulation of LATS2 expression such as 

promoter hypermethylation and miRNA attenuation (140). LATS2 mRNA levels were found to be 

a significant independent predictor for patient survival status (135). Furthermore, siRNA-mediated 

knockdown of LATS2 expression caused increased phosphorylated ERK or Akt in EGFR wild-

type or mutant lung adenocarcinoma cell lines, respectively (135). While these studies have clearly 

shown LATS2 is integral in lung cancer, it is still unclear what proteins can interact with LATS2 

to mediate its lung anti-tumorigenic functions. 

GSDMD, which encodes the Gasmerdin D protein, is part of the GSDM family of four 

genes which play a role in regulating epithelial proliferation (258). GSDMD was found to be the 

most potent cell-growth inhibitor amongst the Gasdermins in a gastric cancer cell line (259). Recent 

findings have also revealed that GSDMD acts as the final and direct executor of pyroptosis, a highly 
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inflammatory form of programmed cell death (260). FHL3, which encodes a highly conserved 

double zinc finger motif and contains a four-and-a-half LIM domain, has been shown to 

functionally interact with Smads2-4, suppressing tumor growth through TGF-β-like signaling 

(261). Also FHL3 is downregulated in liver and breast cancers and has an anti-proliferative role in 

the latter (262, 263). Both genes have been suggested to be potential tumor suppressors.  

 In this chapter, we examined the role of LATS2 in lung cancer and saw S-phase 

accumulation, a phenotype that required its kinase activity and was YAP/TAZ independent. We 

then carried out a whole genome loss of function screen using CRISPR/Cas9 looking for novel 

genes mediating LATS2 tumor suppressor function in lung cancer. We validated two genes, 

GSDMD and FHL3, whose loss rescued LATS2-induced suppression of cell proliferation. Overall, 

this study provides evidence of a novel LATS2 pathway in NSCLC.  

 

4.3 Materials and Methods 

4.3.1 Cell culture  

Lung cancer cell lines were purchased from American Type Culture Collection (ATCC) 

and cultured as follows: A549, SK-Luci-6, CALU-6, BH-E, SW-900, SK-LU-1 cells were cultured 

in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum (FBS) and 

1% Penicillin/Streptomycin (P/S). H460 and H1299 cells were cultured in RPMI-1640 media 

supplemented with 10% FBS and 1% P/S. Transient transfections were performed as previously 

outlined in 2.3.2 and 3.3.2.  

4.3.2 Plasmid construction, site-directed mutagenesis, single guide RNA lentiCRISPR cloning 

LATS2 cDNA was amplified with a FLAG tag sequence in the forward primer and cloned 

into AgeI/MluI site of pTRIPZ empty vector (Dharmacon). Mutants LATS2-K697A and –Y581A 

were generated through overlapping PCR as described previously. Single guide RNAs targeting 

individual genes as follows. LentiCRISPRv1 vector was digested with BsmB1 restriction enzyme 
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(Fermentas) for 30mins at 37°C. Digested plasmid was gel purified (only the higher base pair band) 

using QIAQuick Gel Extraction kit according to the manufacturer’s protocol; purified BsmB1-

LentiCRISPRv1 was eluted from the column with EB and quantitated/checked over TAE gel. 

Oligos (ordered from Integrated DNA Technologies and listed in Table 2) were phosphorylated 

and annealed using 1µL T4 PNK (NEB M0201S), 1µL T4 ligation buffer, 1µL of each oligo pair 

and 6.5µL ddH2O; thermocycler parameters were 37°C for 30mins followed by 95°C for 5mins, 

then ramp down to 25°C at 5°C/min. Annealed oligos were diluted 1:200 with EB then ligation was 

setup with 1µL diluted oligo, 50ng of BsmB1-LentiCRISPRv1, 5µL 2x Quick Ligase Buffer 

(NEB), 1µL Quick Ligase (NEB M2200S) and topped with ddH2O to final volume 10µL. Ligation 

mix was incubated at room temperature for 10min and transformed into homemade Stbl3 bacteria. 

Plasmids were verified for containing sgRNA by HindIII digest.   

4.3.3 Antibodies and western blotting 

Anti-LATS2 rabbit polyclonal antibody was from Bethyl Laboratories. FLAG (M2) and β-

actin antibodies were from Sigma. Western blot analysis was done as previously described in 2.3.3 

and 3.3.7.  

4.3.4 Lentivirus production and establishment of stable cell lines 

Lentivirus production and purification was performed as described in 2.3.9. NSCLC lines 

stably expressing TRIPZ-LATS2-WT-puro+ were established by infection with lentivirus and 

subsequent selection with 1µg/mL puromycin and maintained under selective pressure with 

0.1µg/mL. Similarly, H1299 TRIPZ-LATS2-WT-hygro+ cells were selected with 200µg/mL 

hygromycin B after lentiviral infection expressing the modified construct described in 4.3.2.  

4.3.5 Proliferation assays and FACS cell cycle analysis 

Cell proliferation analysis was performed as described in 2.3.10. H460/SK-Luci-6 stably 
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Table 2 List of oligos used for LentiCRISPRv1-sgRNA cloning 

Sequences in blue indicate the 5’ overhang while orange indicate the 5’ and 3’ overhangs flanking 

the sgRNA sequences needed for cloning into LentiCRISPRv1 after digestion by BsmB1 restriction 

enzyme.  
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expressing doxycycline-inducible LATS2-WT, -K697A or –Y581A or H460 LATS2-WT-

TRIPZ/sgYAP/TAZ were plated and pre-treated with 2ug/mL Dox for 48hrs. 2.5x106 cells were 

then trypsinized, re-suspended in growth media and spun down at 1000g for 5mins. Supernatant 

was aspirated and cells were washed twice with cold 1xPBS and ethanol-fixed by gradual addition 

of cold 95% ethanol and gentle resuspension. Pellets were centrifuged at 1000g for 5mins and 

fixative supernatant was aspirated. Fixed cells were re-suspended in 100µL RNase A (Sigma 

R4875) and incubated at 370C for 30mins. 200µL of propidium iodide (PI; Sigma R5264, 50ug/mL) 

was added 30mins prior to FACS analysis and kept at 40C in darkness. FACS analysis was 

performed at the Queen’s Flow Cytometry and Confocal Microscopy Facility by Matt Gordon.  

4.3.6 Amplification of GeCKO v1 pooled 64k library, lentivirus production and titering 

Human CRISPR knockout pooled library (GeCKOv1) containing 64,751 sgRNAs 

targeting 18,080 genes was purchased from Addgene (264). 1µg of lentiCRISPR-GeCKOv1 

plasmid was transformed into E. cloni 10G Elite (Lucigen) cells. Approximately 8.32x107 colonies 

across 10 150mm agar plates were collected and pelleted (over 1000-fold coverage of library size). 

Library plasmid was extracted from pellets using QIAGEN Plasmid Maxi kit following the 

manufacturer’s protocol and eluted in TE buffer. Purified library plasmid was checked by HindIII 

restriction enzyme digest. For lentivirus production, HEK293T cells were plated at 1.5x107 cells 

per 150mm poly-L-lysine coated plate (18 total) 24hrs prior to transfection. Transfection of 

lentiviral production plasmids and purification were done as previously described. Virus titering 

was performed in target cell line H1299 TRIPZ-LATS2-puro-/hygro+ and found to be ~3x104 

PFU/µL; 1:500 virus-to-media ratio was determined to be the ideal dilution yielding multiplicity of 

infection (MOI) ~0.3.  

4.3.7 CRISPR functional genomic screening procedures 

4x106 H1299 TRIPZ-LATS2-puro-/hygro+ cells were plated onto 20x 150mm plates. After 

24hrs, cells were infected with 8µg/mL polybrene and lentiCRISPR-GeCKOv1 virus at an MOI of 
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0.3. 1 day post-infection, cells were washed twice with 1xPBS and changed to fresh medium 

containing 1µg/mL puromycin. Following 1 week post selection (with media containing puromycin 

being replaced every 3 days), 2.5x107 cells were collected (T0) and frozen at -800C for later gDNA 

extraction; remaining cells were plated onto 16x 150mm plates. 1 day post-plating, 12x 150mm 

plates were replaced with fresh medium containing 2µg/mL doxycycline to induce LATS2 

expression. Fresh medium with or without dox was replaced every 3 days; cells were passed at 80% 

confluence when necessary. The above procedure was repeated at T5 and T10 to obtain different 

time points. 

4.3.8 Genomic DNA extraction 

gDNA was extracted using DNAzol Genomic DNA Isolation Reagent (ThermoFisher) 

according to the manufacturer’s protocol. DNA pellets were dissolved in 1mL EB, heated at 500C 

and 8mM NaOH added to dissolve total gDNA.  

4.3.9 sgRNA amplification 

4.3.9.1 Preparation of samples for sequencing  

Concentrations of gDNA for each sample were quantitated by QuantiFluor ssDNA 

Quantification Kit (Promega) according to the manufacturer’s protocol. Two rounds of PCR were 

used to prepare gDNA for next generation sequencing. The first round (PCR1) amplified the target 

region containing the sgRNA while the second round added Illumina sequencing adaptors and 

unique barcodes to each sample. Sequences of the PCR1, PCR2 and Illumina sequencing primers 

are listed in Table 3.  

4.3.9.2 PCR for target sequence amplification, addition of barcodes and sequencing adaptors 

Under the assumption that each contains 6.6pg of gDNA, PCR of 120µg of gDNA allows 

for 278-fold coverage of the GeCKOv1 library from each sample. LentiCRISPRv1-F1/R1 primers 

were used to amplify the target sgRNA-containing region at a concentration of 1µg gDNA per 

10µL PCR reaction; thus a total of 144 100µL PCR reactions were required to amplify all of the 
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samples/yield sufficient library coverage. PrimeSTAR GXL DNA Polymerase (ClonTech) was 

used and conditions were optimized extensively to minimize background noise, non-specific 

amplification and oversaturation; conditions are summarized in Table 4. 

For addition of barcodes and sequencing adaptor, lentiCRISPRv2-F2-1-12 primers contain 

the Illumina Index i7 adaptor sequence as well as a barcode unique to each primer/sample. 

LentiCRISPRv2-R2 primer contains the Illumina Index i5 adaptor sequence. PCR1 products were 

combined and 4µL PCR1 product per 60µL PCR reaction was performed in PCR2 with one of the 

forward primers and reverse primer using Platinum PCR SuperMix High Fidelity enzyme 

(Invitrogen); the number of cycles varied by sample (26 to 30).  As with PCR1, conditions were 

optimized extensively and listed in Table 4.   

4.3.10 Next generation sequencing (NGS) and data analysis 

4.3.10.1 NGS using Illumina HiSeq 2000 

Prior to sequencing, the quality of all samples was analyzed using the 2100 Expert 

Bioanalyzer (Agilent) and quantified using NEBNext Illumina Library qPCR kit. 40ng of each 

purified sample were mixed together (total 480ng) in total volume of 105µL (~20.3nM). Combined 

amplicons were sent to McGill University and Genome Quebec Innovation Center and next 

generation sequencing was performed using Illumina HiSeq 2000 Sequencing System. A total of 

8,018,489,200 bases were sequenced yielding 160,369,784 reads.  

4.3.10.2 sgRNA read alignment/mapping, quantitation and statistical analysis 

The Illumina HiSeq 2000 system produced a FASTQ file, which was processed using an 

in-house perl script. Briefly, the script determined if a read was valid based on the presence of 

LentiCRISPRv1 vector sequence immediately preceding the variable sgRNA sequence; valid reads 

were mapped to a file containing the sequence of each sgRNA. Mapped sgRNAs were quantified 

and normalized using Partek Flow software and was performed by Dr. Calvin Sjaarda at Queen’s 

Genomics Lab at Ongnawada under direction of Dr. Xudong Liu. 
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4.4 Results 

4.4.1 LATS2 overexpression suppresses cell proliferation in lung cancer cell lines 

Previous studies have shown that LATS2 is down-regulated in NSCLC and siRNA-

mediated suppression of LATS2 resulted in increased cell proliferation and EGFR signaling. To 

further delineate the role and signaling of LATS2 in lung cancer, we cloned LATS2 cDNA into a 

modified version of the doxycycline-inducible lentiviral vector TRIPZ (hygromycin resistant). 

After infection of various NSCLC cell lines and generating stable lines after hygromycin selection, 

we examined the effect of LATS2 overexpression on cell proliferation. In all chosen NSCLC cell 

lines (A549, H1299, H460 and SK-Luci-6), LATS2 overexpression caused signification 

suppression of cell proliferation (Figure 4.1A-D). This was similarly found in other lung cancer 

cell lines CALU-6, BH-E, SW-900 and SK-LU-1 (data not shown). Expression of LATS2, 

downstream effector YAP and pSer127-YAP (LATS phosphorylation site) was examined by 

western blot. Surprisingly, there was no change in YAP or pS127-YAP levels despite increased 

levels of LATS2 (Figure 4.1E). Taken together, these experiments confirm that LATS2 can 

suppress cell proliferation in NSCLC and suggest it may do so through a YAP/TAZ independent 

pathway.  

4.4.2 LATS2 overexpression in NSCLC cell lines causes S-phase accumulation 

Multiple studies have linked LATS2 kinase to mitosis and cell cycle regulation. We 

examined the effects of LATS2 overexpression on the cell cycle profiles of NSCLC cell lines. 

Interestingly while overexpression of LATS2 has no effect on cell cycle profile in H1299 cells 

(Figure 4.2A), it caused S-phase cell cycle accumulation in A549, H460 and SK-Luci-6 LATS2-

overexpressing cells (Figure 4.2B-D), a phenotype that has not yet been described. We next   
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Table 3 List of primers used for next generation sequencing 

Sequences underlined are from LentiCRISPRv1 vector, in BOLD are unique barcodes, lower case 

are sequencing primers and italicized are Illumina adaptors.  

 

 

 

 

Table 4 Optimized conditions for PCR1 and PCR2  
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Figure 4.1 LATS2 overexpression suppresses proliferation in NSCLC cell lines 

Decreased cell proliferation after LATS2 overexpression in various NSCLC cell lines. Triplicate 

of 2x104 H1299 (A), A549 (B), H460 (C) or SK-Luci-6 cells (D) infected with doxycycline-

inducible TRIPZ-LATS2-WT were plated into each well of 24-well plate, followed by cell counting 

over 5 days. Fresh media with or without 2µg/mL dox was replaced every 2 days. E. Levels of 

LATS2, YAP, YAP-pS127 and β-actin were examined by western blot.  
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Figure 4.2 LATS2 overexpression in NSCLC cell lines causes S-phase accumulation 

FACS analysis of cell cycle profile of H1299 (A), A549 (B), H460 (C), and SK-Luci-6 (D). H1299, 

A549, SK-Luci-6, and H460 cells were infected with doxycycline-inducible LATS2-WT. About 

2.5x106 cells were collected, treated with RNase A (200µg/mL), stained with propidium iodide 

(50µg/mL) and the percentage of each cell cycle phase (G1, S, G2/M) was analyzed with BD 

FACSAria III cell sorter.  
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asked what the effects of LATS2 mutations K697A (kinase-dead version) or Y581A (PPxY mutant 

with impaired ability to bind WW domain-containing proteins) had on its function. Proliferation 

assays in H460 and SK-Luci-6 cells overexpressing LATS2-WT, -K697A or Y581A revealed that 

while wildtype LATS2 strongly suppresses cell proliferation as in Figure 4.1, expression of PPxY-

mutant LATS2-Y581A or kinase-dead LATS2-K697A reverses this phenotype either partially or 

completely, respectively (Figure 4.3A,B). The observed difference in proliferation rates was not 

due to differential expression levels of LATS2 (Figure 4.3C). Next, we examined the cell cycle 

profiles of these cells and found that the S-phase accumulation seen in LATS2-WT cells (Figure 

4.2) was lost in H460 LATS2–K697A or Y581A cells (Figure 4.4). Together these results suggest 

that LATS2 can cause S-phase accumulation and requires working kinase activity and an intact 

PPxY motif.  

4.4.3 LATS2 function is independent of YAP/TAZ in NSCLC 

Previous reports have shown that LATS2 is able to bind WW-domain containing 

downstream effectors YAP and TAZ via its PPxY581 motif, thereby phosphorylating YAP/TAZ and 

promoting 14-3-3 binding, sequestering YAP/TAZ to the cytoplasm and inhibiting their function. 

In contrast, the collective results from 4.4.1 and 4.4.2 suggest that in NSCLC, LATS2 may be 

exerting its function through signaling mechanisms independent of YAP/TAZ. To further test this, 

we sequentially knocked out both YAP/TAZ using lentivirus expressing a construct with sgRNAs 

against both genes along with Cas9, followed by clonal selection (A). Using H460 LATS2-

inducible YAP/TAZ-double knockout cells, we assayed their proliferation rates with or without 

doxycycline. As shown in B, LATS2 overexpression still strongly suppressed H460 cell growth 

despite loss of YAP and TAZ, suggesting that LATS2 may be exerting its function independent of 

the Hippo pathway.  
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Figure 4.3 LATS2-induced suppression of cell proliferation in NSCLC cell lines is dependent 

on its kinase activity and PPxY motif 

Decreased cell proliferation after LATS2 overexpression is dependent on kinase activity and PPxY 

motif of LATS2 in NSCLC cell lines. Triplicate of 2x104 H460 (A) or SK-Luci-6 cells (B) infected 

with doxycycline-inducible TRIPZ-LATS2-WT, -K697A or –Y581A were plated into each well of 

24-well plate, followed by cell counting over 5 days. Fresh media with or without 2µg/mL dox was 

replaced every 2 days. C. Levels of LATS2, YAP, YAP-pS127 and β-actin were examined by 

western blot. 
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Figure 4.4 Overexpression of LATS2-K697A or –Y581A in NSCLC cell lines abolishes S-

phase accumulation 

FACS analysis of cell cycle profile of H460 (A) or SK-Luci-6 cells (B) infected with doxycycline-

inducible LATS2-K697A or –Y581A. About 2.5x106 cells were collected, treated with RNase A 

(200µg/mL), stained with propidium iodide (50µg/mL) and the percentage of each cell cycle phase 

(G1, S, G2/M) was analyzed with BD FACSAria III cell sorter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

119 

 

 

 

A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.  



 

120 

 

 

 

A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

B. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Knockout of YAP/TAZ cannot rescue LATS2-induced suppression of proliferation 

in H460 cells 

A. Expression of LATS2, YAP and TAZ in H460 LATS2-TRIPZ/sgYAP/TAZ double knockout 

stable lines by western blot. B. Decreased cell proliferation after LATS2 overexpression despite 

loss of YAP/TAZ in H460 cells. Triplicate of 2x104 H460 cells infected with doxycycline-inducible 

TRIPZ-LATS2-WT and lentiCRISPR-sgYAP+sgTAZ were plated into each well of 24-well plate, 

followed by cell counting over 5 days. 
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4.4.4 Identification of novel LATS2 functional interacting genes using CRISPR/Cas9 

screens 

Thus far our data suggests that in NSCLC, LATS2 may be operating through non-canonical 

Hippo pathway components, prompting us to seek novel LATS2 functionally interacting proteins 

using CRISPR/Cas9 whole genome screening methods. We chose this method of screening due to 

numerous advantages such as total DNA-level gene knockout, high on-target specificity, and 

constructed libraries readily available for use (264–268). To start the screen, 8x107 H1299 LATS2-

-puro/hygro+-TRIPZ cells (established in Figure 4.1) were infected with GeCKOv1 lentivirus at 

MOI of 0.3 with over 350-fold library coverage. After continuous selection of cells with puromycin 

(at 1µg/mL), surviving cells containing a single sgRNA from GeCKOv1 library were plated and 

subjected to a proliferation assay of 10 days, with culture media refreshed every 3 days with or 

without doxycycline (to induce LATS2-WT) and passed to larger/higher number plates when they 

were confluent. Throughout this time period, 2.5x107 of either No Dox (control) or Dox+ cells 

(LATS2 overexpressing) cells were collected at Days 0, 6 and 12. The subsequent experimental 

workflow is briefly outlined in Figure 4.6.   

In total, 12 samples were collected and subjected to sequencing using the Illumina HiSeq 

2000 system. Approximately 160M (160,369,784) raw reads were obtained. After the data was de-

multiplexed and mapped to the appropriate sgRNA with the exact sequence match, a total of about 

86M reads were considered usable, varying from 5.9 to 8.9M reads per sample (Table 5).  

Next, in order to determine which genes were enriched or lost over time after LATS2 

overexpression, we examined the read count for each sgRNA across each sample. Since the MOI 

was low (0.3), it is unlikely that a cell could contain more than one sgRNA; thus we assumed that 

each read corresponds directly to a cell containing that specific sgRNA and therefore the read 

counts directly correlated to proliferative potential. Using PartekTM software and hierarchical 

clustering, we verified that each dup-/triplicate set of samples were most similar to each other. In 

contrast, the most divergent samples were control cells collected at Day 0 versus LATS2- 
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Figure 4.6 Experimental workflow of sample preparation and Nexgen sequencing 

Samples of 2.5x107 H1299 LATS2-TRIPZ-GeCKOv1 cells were collected at T0, T5 and T10-12 time 

points for Dox- and Dox+ (LATS2 overexpressed) samples. Collected pellets were lysed and 

genomic DNA was extracted and quantitated. 2-step PCR was used to ensure full representation of 

all 64,751 sgRNAs in the library and to add unique barcodes/Illumina index adaptors. PCR products 

were gel-purified, quantitated and checked for quality control. Combined amplicons were sent for 

next generation sequencing using the Illumina HiSeq 2000 platform. Data was analyzed using in-

house perl scripts and Partek Flow software.  
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Table 5 List of mapped reads to each appropriate sample 
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Figure 4.7 Volcano plot of all GeCKOv1 sgRNAs after next generation sequencing 

Individual sgRNA enrichment (represented by fold change) was calculated by comparison of read 

counts between control (no LATS2; Day 0, 5, 10 timepoints) and dox-treated (LATS2 

overexpressed, Day 0, 6, 12 timepoints) and ANOVA analysis. The volcano plot displays fold 

changes for all sgRNAs in the GeCKOv1 library. Red dots represent sgRNAS that are significantly 

enriched by at least 2-fold with p-value <0.05. Modified from figures produced by Partek Flow 

software.  
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-overexpressing cells collected at Day 10, suggesting that LATS2 clearly causes modulation of a 

subset(s) of genes.  

Furthermore we calculated the fold change for each sgRNA in LATS2 overexpressed 

versus control populations using analysis of variance (ANOVA) normalized to sgControl. As 

visualized in Figure 4.7, the majority of sgRNAs either had no significant difference and fell within 

a two-fold change or was not statistically significant (p > 0.05). Interestingly, we noted a subset of 

sgRNAs that were enriched over time (highlighted in red and outlined in Figure 4.7); a total of 149 

sgRNAs were found to be up-regulated.  

In order to select appropriate candidate genes (from Figure 4.7), we examined each 

individual sgRNA and set the criteria as follows: 1. A minimum of 500 total reads across all 

samples, 2. A false discovery rate of less than 0.2, 3. Positive fold change (looking for genes whose 

loss rescues LATS2-induced suppression of cell proliferation) and 4. Evidence from previous 

studies that the gene has a role in proliferation. A list of candidate genes is summarized below 

(Table 6). Encouragingly, sgRNAs targeting known Hippo components that promote LATS2 

function were uncovered from the primary whole-genome screen (LATS2, NF2, and MST1), 

suggesting that the screening may be successful. Moreover, YAP/TAZ sgRNAs did not exhibit a 

significant difference, further suggesting a functional role of LATS2 independent of these 2 

downstream genes.  

4.4.5 Secondary validation of candidate genes identified from LATS2-CRISPR/Cas9 screen 

Further validation of the candidate genes identified in 4.4.4 was conducted by performing a 

secondary screen. Initially, all the sgRNAs for the candidate genes were synthesized, pooled 

together and cloned into lentiCRISPRv1 to form a second library. H1299-LATS2-TRIPZ cells were 

infected with lentivirus of the secondary library (refer to Figure 4.6). Using similar technical 

methods as described previously but smaller scale, samples were obtained at different time points 
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Table 6 Candidate genes involved in mediating LATS2-induced suppression of cell 

proliferation 
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(Day 0, 6 and 12) and with/without doxycycline treatment (causing LATS2 overexpression). We 

tried to sequence these samples using the smaller Illumina MiSeq and Ion Torrent platforms but 

the sequencing runs were unsuccessful. As an alternative validation strategy, the sgRNAs that 

caused the most significant fold change in our original screen were individually cloned into 

lentiCRISPRv1 and stable lines for each gene knockout were generated as before. Next, 

proliferation assays for each gene knockout cell line in the presence of LATS2 induction were 

performed (Figure 4.8A). Importantly, cells expressing sgControl could not rescue LATS2-

induced suppression of cell proliferation (Figure 4.8B). In contrast, positive-fold change controls 

sgLATS2 and sgNF2 completely rescued this phenotype (Figure 4.8B-C, Table 6), which 

validated the whole-genome primary screen findings.  

Moreover and most interestingly, knockout of GSDMD and FHL3, genes that were also 

found to have a positive-fold change (Table 6), exhibited similar rescue phenotypes as knockout 

of LATS2 and NF2 control genes (Figure 4.9). These results suggest that GSDMD and FHL3 are 

novel LATS2 functional interactors, either as upstream promoters of LATS2 activity (analogous to 

MST) or downstream effectors of LATS2 function.  

 

4.5 Discussion 

LATS2 is a well-known tumor suppressor gene of the Hippo pathway. While dysregulation 

of LATS2 has been shown in a variety of cancers, only recent evidence has been uncovered in the 

lung. Indeed, overexpressing LATS2 strongly suppressed NSCLC cancer cell proliferation (Figure 

4.1). Surprisingly, the cell cycle profiles in two of these cell lines suggested S-phase accumulation, 

which is an unreported function of LATS2 (Figure 4.2). Furthermore, LATS2 kinase activity was 

found to be essential (Figure 4.3), while knockout of both YAP and TAZ could not rescue the 

phenotype (Figure 4.5). Therefore, we looked for novel regulators and effectors of LATS2 using  
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Figure 4.8 Secondary validation of control sgRNAs from LATS2-GeCKOv1 screen 

H1299 LATS2-TRIPZ were infected individually with lentiCRISPRv1-sgControl (A), -sgLATS2 

(B) or –sgNF2 (C). After selection, cells were treated with dox for 2 days and expression of LATS2 

and β-actin were examined by western blot. D. Cell proliferation assays of these stable lines as 

described previously.  
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Figure 4.9 Secondary validation of 

positive fold- change candidate genes 

identified from LATS2-GeCKOv1 screen 

 

 

 

Figure 4.9 Secondary validation of positive fold-change candidate genes identified from 

LATS2-GeCKOv1 screen 

 

A. H1299 LATS2-TRIPZ were infected individually with lentiCRISPRv1-sgGSDMD or –

sgFHL3. After selection, cells were treated with dox for 2 days and expression of LATS2 and β-

actin were examined by western blot. Cell proliferation assays of these stable lines (B, -

sgGSDMD and C, -sgFHL3) as described previously.  
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CRISPR/Cas9 screening and successfully identified candidate genes that may facilitate the S-phase 

accumulation function of LATS2.   

The earliest studies of LATS2 discovered that its overexpression inhibited G1/S transition 

by downregulating Cdk2/Cyclin E kinase activity, thereby suppressing tumor development in mice 

and NIH3T3/v-ras cell growth (101). Since then, multiple studies have implicated LATS2 in 

controlling key aspects of the cell cycle, halting its progression and preventing cell growth (100, 

117, 118, 153). For example, a shRNA screen identified LATS2 as a kinase important for pRb 

(Retinoblastoma protein) function as LATS2 could regulate the DREAM complex, thereby 

promoting the silencing of E2F target genes (117). LATS2 also phosphorylates CDC26, a 

component of the anaphase promoting complex/cyclosome (APC/C) and master regulator of 

mitotic exit (118). Lastly, in response to UV irradiation, LATS2 can phosphorylate and activate 

p21, directing cells to die by apoptosis in a p53-dependent manner (125). From our screen, we did 

not observe any significant changes in CDKN1A (p21) levels. Interestingly p21 has also been shown 

to activate the intra-S phase checkpoint after DNA damage, suggesting a possible mechanism of 

LATS2-mediated S-phase accumulation (Fig. 4.10) (269). Further experiments examining the p21 

phosphorylation status and other cell cycle regulators will clarify the specific role of LATS2 cell 

cycle regulation in NSCLC. 

Although introduction of LATS2 sgRNA was sufficient to rescue LATS2-induced 

suppression of cell proliferation (Fig. 4.8), we observed residual LATS2 expression in doxycycline-

treated cells. One plausible explanation is that in order to generate the H1299 LATS2-TRIPZ stable 

line, we used lentivirus to randomly incorporate the LATS2 transgene into each individual cell, 

forming an overall heterogeneous population. A small number of cells did not have an adjacent 

NGG sequence (which is needed by CRISPR/Cas9 to locate and knockout LATS2 in each cell) to 

the LATS2 transgene, and therefore was able to express residual LATS2 as detected by the western 

blot (Fig. 4.8). Additionally we detected a large subset of negative fold-change genes (almost 600)  
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Figure 4.10 Potential pathways mediating LATS2-induced suppression of cell proliferation 

In NSCLC, LATS2 co-operates with GSDMD, FHL3 or other positive-fold change genes to 

directly or indirectly (potentially through p21) cause S-phase accumulation through unknown 

upstream or downstream mechanisms. (P) represents a phosphorylation event.  
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after LATS2 induction, a proportion actually greater than the opposite subset that was the focus of 

this chapter. This is a reasonable observation since there  are many genes in the genome that 

promote cell proliferation, and loss of these oncogenic drivers would slow overall growth 

regardless of LATS2 overexpression, thereby yielding a negative-fold change. A limitation inherent 

in the design of our positive selection screen is that true “oncogenes” may have been missed, as 

loss of these genes would cause only a subtle change in sgRNA counts that requires higher 

statistical power to be detected (266). However this is unlikely a problem since: 1) NUAK1, a 

LATS1 (and likely LATS2) destabilizing protein and gene promoting tumor malignancy and 

invasiveness, was detected and 2) We were more interested in identifying genes that facilitate 

LATS2 known functions, and not as a promoter of lung cancer cell proliferation which has so far 

been unreported. 

While many groups have reinforced canonical Hippo signaling (MST  LATS2  

YAP/TAZ) working in numerous functions and contexts, recent studies have also highlighted 

alternative Hippo-independent pathways of LATS2 (15, 69, 74, 243, 245, 257). In Chapter 3, 

LATS2 was found to be activated by Cdk1 after anti-tubulin drugs treatment, subsequently 

inhibiting prolyl isomerase Pin1 and sensitizing cancer cells to Taxol. Also LATS2 acts as a hub 

by working with other transcriptional regulators (e.g. p53, Snail1, ASPP1, AR, and PRC2) in 

tumor-suppressive signaling pathways such as the tetraploid & G1/S checkpoints and DNA-

damage response (110, 126, 153, 270, 271). Further supporting the notion of non-canonical LATS2 

signaling, we detected a large subset of genes that facilitated LATS2 function (Fig. 4.6). We were 

subsequently able to validate 2 of these genes, GSDMD and FHL3, and confirmed them as novel 

functional genes of LATS2.  

Currently we do not know the mechanism(s) of how these positive-fold change genes 

functionally interact with LATS2. Given the screen design, there are two possible interpretations: 

1. Genes in question function upstream and activate LATS2 (similar to MST) or 2. Genes in 
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question are downstream effectors of LATS2 and potentiate its function (Fig. 4.10). For Gasdermin 

D and FHL3, it is likely through the latter mechanism as both contain potential LATS 

phosphorylation sites. Interestingly LATS2-kinase independent activity has also been reported in 

nuclear repression of oncogenic Wnt signaling via disruption of the β-catenin/BCL9 complex 

(113). Future study is needed to clarify these phosphorylation sites as well as other genes identified 

from the screen. 

In summary, we uncovered a novel function of LATS2 (S-phase accumulation) in NSCLC 

and identified non-canonical Hippo pathway genes that may be facilitating this phenotype. More 

significantly, YAP/TAZ have been touted as good “druggable” targets in a variety of cancers, but 

our data suggests this may not hold true in the lung. Instead, further study into the up-/downstream 

mechanisms surrounding LATS2 may reveal biomarkers that are better therapeutic targets for lung 

cancer.   
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Chapter 5 

Discussion and future directions 

The Hippo pathway was originally identified in Drosophila melanogaster screens for tissue 

growth over two decades ago. Since then an explosion of studies have emerged and in recent years, 

has become the focus of intense research aimed in determining the regulatory machinery, biological 

functions/outcomes and its implications with respect to human disease. Arguably, the essential hubs 

within the Hippo signaling pathway are LATS1/2; regulatory upstream signals converge on 

LATS1/2, which are then relayed through downstream effectors to carry out functions that, in 

summation, protect cells and increase overall organism fitness. Unsurprisingly, dysregulation of 

the LATS1/2 interactome can lead to unfavorable outcomes that promote a myriad of human 

diseases, notably cancer (15, 16).  

 Importantly this thesis further explored a potential avenue of perturbing LATS functions 

by screening Nedd4 E3 ubiquitin ligases looking for potential novel negative regulators. Indeed, I 

was able to identify both WWP1 and Itch (discovered in our lab to be the first known E3 ligase that 

can destabilize LATS1 and thus validating the screen) (104, 128). Further study demonstrated that 

WWP1 enhances cell proliferation in breast cancer cells by targeting LATS1 for proteasomal-

mediated degradation, similar to Itch. It is unclear why two Nedd4 E3 ligases exist for 

downregulating LATS1 but we speculate that different E3s are used for targeting LATS1 in 

different cancer types and conditions. Indeed consistent with this notion, WWP1 rather than Itch is 

amplified and upregulated in breast cancer (179, 186). This phenomenon is also observed for other 

tumor suppressor genes where multiple ubiquitin ligases can regulate their expression and activity 

under different physiological contexts. For example PTEN, a lipid phosphatase and known tumor 

suppressor, was found to be downregulated by both NEDD4-1 and WWP2 in bladder cancer 

samples and prostate cell lines respectively (272, 272). Additionally as discussed in 2.5, p53 is also 
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regulated by multiple ligases, including Mdm2 (236, 237). Intriguingly under mitotic stress, LATS2 

has been shown to physically interact with Mdm2 to inhibit p53 ubiquitination and promote its 

activation (273). Currently it is unclear if LATS1 can also bind and attenuate Mdm2 activity, and 

similarly unknown if Nedd4 E3 family members such as WWP1 and Itch can negatively regulate 

LATS2.  

 Furthermore Nedd4 E3 family members have highly conserved and similar structures 

(Figure 1.3) so it would be intriguing to note any sequence variations encoded in the gene and 

promoters that could explain the different distribution of substrates (164, 224). An alternative 

explanation is that the differential expression of the E3 ligases themselves, each specifically 

controlled and regulated in varying conditions, is sufficient for a cell to finely tune protein levels. 

Although this may be true for LATS1, as WWP1 is only overexpressed in breast cancer while Itch 

is not, conflicting evidence exists as NEDD4-1, NEDD4-2 and WWP1 are all overexpressed in 

prostate cancer but have completely different sets of substrates (180, 228, 240, 274–280). 

Additionally, Nedd4 E3 ligases can be modified by post-translational modifications that control 

their levels and localization (281–285). Further study and characterization of E3 ligases, including 

RING family members, and their substrates (especially LATS1/2) is of key interest since mutations 

of LATS genes are rare. Therefore, ubiquitin-mediated degradation or inactivation of LATS could 

be the major mechanism by which they lose their activity/function and drive tumorigenesis. 

Importantly heclin, a inhibitor of HECT-domain ligases (which includes WWP1) and identified by 

bicyclic peptides isolated by phage display, was found to kill mammalian cells in vitro and could 

represent a way to rescue E3-mediated loss of LATS activity (286).   

 Another novel function explored in this thesis is the role of LATS in chemotherapeutic 

drug resistance. Taxol is a widely used chemotherapeutic for breast cancer treatment, however its 

success has been hampered by the development resistance through multiple mechanisms, such as 

altered expression of key signaling proteins (17, 74, 243, 287). As described in Chapter 3, treatment 
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by Taxol and other anti-tubulin drugs caused Cdk1 activation and phosphorylation of LATS2 at 

five S/TP sites, which are necessary in mediating LATS2 inhibition of Pin1 activities. Studies in 

our lab and others have shown that many core and associated components of the Hippo pathway 

are directly phosphorylated by Cdk1 (e.g. Ajuba, LATS1/2, YAP/TAZ, VGLL4 etc.), thereby 

acting as a master regulator of the Hippo pathway in mitosis, drug responses and apoptosis (Figure 

5.1) (17, 69, 74, 95, 243). While a large body of work investigating the Hippo pathway supports 

canonical signaling (i.e. upstream regulator  MST1/2  LATS1/2  YAP/TAZ  TEADs  

downstream effector genes), accumulating evidence from this thesis and recent studies point to the 

existence of numerous Hippo-independent interacting proteins and signaling pathways, suggesting 

the current outlook on Hippo signaling may be limited and warrants updating.  

Notably this thesis has added Cdk1, in addition to other kinases such as MST1/2, MAP4Ks 

and NUAKs, as an upstream regulator of LATS2 (and likely LATS1) specifically in anti-tubulin 

drug response (147, 150, 154). The Cdk1-LATS axis is unlikely to have a role in other drug 

resistances (such as DNA-damaging agents and anti-metabolites) as LATS2 was not found to be 

phosphorylated after treatment of these chemotherapeutics (Appendix III). This raises the question 

if LATS may be controlled by other kinases in other drug responses since LATS2 has been linked 

to etoposide and doxorubicin sensitivity in leukemia. Indeed PI3K/AKT signaling and protein 

kinase C are implicated in causing etoposide resistance while receptor tyrosine kinases (RTKs), 

such as ErbB4, MET and AXL, and MAPKs are known to cause resistance to other chemotherapies 

such as cisplatin and lapatinib (288–294). Therefore it is of highest priority to explore the kinase 

landscape that can regulate LATS1/2 and influence their activity in overall drug sensitivity and 

responses in cancer patients. Since there are 518 kinases in the human genome (295), employing 

new screening technologies such as CRISPR-Cas9 is an attractive starting point to answer this 

question.   
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Figure 5.1 Summary of identified novel proteins interacting with LATS1/2 during 

tumorigenesis and anti-tubulin drug response 

In Chapter 2, WWP1 can ubiquitinate and negatively regulate LATS1 by targeting it for 26S 

proteasomal degradation in breast cancer cells. In Chapter 3, treatment with anti-tubulin drugs 

causes Cdk1 activation, which subsequently phosphorylates LATS2 at five sites. Phospho-LATS2 

can inhibit the anti-apoptotic function of LATS2 in lung cancer cells. From Chapter 4, proteins 

positively regulating LATS2-induced suppression of cell proliferation, GSDMD and FHL3, were 

identified/validated.  
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While our study was able to show LATS1 is also phosphorylated by Cdk1 after mitotic 

drugs treatment, the phosphorylation site patterns compared to LATS2 are markedly different. 

Indeed, preliminary work has found that Cdk1 phosphorylates LATS1 on different fragments than 

LATS2 (Figure 5.1). This is significant as distinct phosphorylation patterns can signal and recruit 

entirely different subsets of protein machinery to regulate LATS and also relay downstream signals. 

For example, LATS1 is phosphorylated by NUAK1 at S464 which destabilizes and reduces its 

protein levels while LATS2 S83 is augmented by KIBRA and subsequently inhibits LATS2 

ubiquitination and degradation (41, 154). Additionally, different phosphorylation patterns between 

LATS exist during mitosis: LATS1 (but not LATS2) is phosphorylated by Cdk1 at T490 and S613 

while Aurora A phosphorylates LATS2 at S83 and S380 (106, 107). Presumably over the course 

of evolution LATS1 and LATS2 emerged from the duplication event of a single ancestor gene and 

has since diverged (as exemplified from the PTMs), of which the functional consequences require 

further inquiry (15).  

 One interesting finding that was observed in Appendix II is that LATS2 could 

phosphorylate Pin1 in vitro. The result is unlikely to be an artifact as only phosphorylation was 

detected in the Pin1 PPIase- (not WW-) domain. Presumably LATS2 is negatively regulating Pin1 

through this PTM, but the detailed mechanisms need to be explored. Alternatively Pin1 could also 

be negatively regulating LATS2 like other tumor suppressors. Under specific conditions some 

tumor suppressors, such as FBW7, RUNX3 and PML, are phosphorylated and targeted binding to 

Pin1 occurs, which can recruit the ubiquitination machinery to target these proteins for degradation 

and promoting tumorigenesis in breast and colorectal cells (296–298). Interestingly sumoylation of 

PML or SF-1 transcription factor protects them from Pin1-mediated degradation, but this PTM has 

not yet been reported for LATS (298, 299). In any case, it is likely that complex interplay exists 

between LATS2 and Pin1 and extracellular signals may tip the balance in favor of one or the other.  
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Intriguingly, analysis of the Pin1 sequence using the known LATS consensus motif, 

identified previously in our lab, revealed no obvious phosphorylation site, suggesting the current 

Hx(R/H/K)xx(S/T) motif may be incomplete (300). This is an exciting possibility as potential novel 

substrates mediating LATS functions, which may have been previously missed or excluded, remain 

to be discovered. As such we are currently employing chemical genetic screens using LATS1/2 

gatekeeper mutants to identify new phosphorylation targets and their respective sites, which will 

improve our overall understanding of the global LATS phosphorylation landscape (301–303). 

Furthermore, by overlapping this list of substrates with functional interacting partners identified in 

Table 6, downstream targets of LATS can be determined with high confidence.  

In conclusion, although a plethora of studies have discovered a myriad of molecules and 

pathways involved with the Hippo pathway, only a few regulators/effectors of LATS1 and LATS2 

have been identified. By using different genome-wide screening techniques such as BioID-SILAC 

and CRISPR-Cas9, this work extends the regulation and signaling networks beyond the canonical 

Hippo pathway. This thesis provides the first evidence that WWP1 E3 ubiquitin ligase and Cdk1 

kinase and other candidate genes GSDMD and FHL3 can negatively or positively regulate 

LATS1/2, either through direct or indirect mechanisms (Figure 5.1). Also these regulations can 

control LATS1/2 in mediating functions associated with inhibiting cancer formation and promoting 

sensitivity to chemotherapeutics, suggesting that LATS1/2 and these upstream/downstream 

signaling molecules may serve as potential new targets for drug development and patient 

treatments. Moreover these new Hippo signaling axes may be potential biomarkers for the 

prognosis of breast and lung cancer progressions as well as anti-tubulin drug sensitivities. Thus 

mapping the complete molecular network of the Hippo pathway, with particular emphasis on the 

bona fide tumor suppressors LATS1/2, may provide the most efficient route in furthering our 

comprehension of human cancers and other diseases. 
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Novelty and Impact Statement (87 words) 

The Hippo pathway is a novel pathway that plays important roles in organ size control, 

tumorigenesis as well as stem cell renewal. Recently, it has been reported that this pathway also 

plays important roles in lung development and tumorigenesis. This is the first review summarizing 

this emerging field in lung cancer research. Since lung cancer is the leading cause of cancer-related 

mortality, this review will provide useful information for our understanding of the molecular 

mechanism of lung tumorigenesis and potential novel therapeutic targets for successful treatment 

of lung cancer. 
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ABSTRACT 

Lung cancer is the most commonly diagnosed cancer and accounts for one fifth of all 

cancer deaths worldwide. Although significant progress has been made toward our understanding 

of the causes of lung cancer, the 5-year survival is still lower than 15%. Therefore, there is an urgent 

need for novel lung cancer biomarkers and drug targets. The Hippo signaling pathway is an 

emerging signaling pathway that regulates various biological processes. Recently, increasing 

evidence suggests that the Hippo pathway may play important roles in not only lung development 

but also lung tumorigenesis. In this review paper, we will summarize the most recent advances and 

predict future directions on this new cancer research field. 

 

Keywords: lung cancer, Hippo pathway, development, tumorigenesis, YAP, TAZ 

 

  

1. Introduction 

 According to the World Health Organization (2014), lung cancer is the most common 

cancer worldwide, killing 1.6 million people annually. Surprisingly despite the advancement of 

surgical, radio-, and chemo- therapies over the years, the 5-year survival rate of lung cancer remains 

<15% (1). While many tumor suppressor genes (p53, Rb, etc.), oncogenes (K-ras, EGFR, HER2, 

etc.) or signaling pathways (MAPK, PI3K, etc.) have been identified to be important for the 

development and progression of lung cancer, only a few genes (e.g. EGFR and HER2) have 

successfully been targeted for therapy of lung cancer (2, 3). Therefore, there is an urgent need to 

identify new therapeutic targets and drugs in order to successfully treat lung cancer. Recently, a 

novel signaling pathway called the Hippo pathway, which plays important roles in organ size 

control, tumorigenesis, and stem cell renewal (4-15), has been shown to play important roles in 
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both lung development and tumorigenesis. Therefore, we will summarize these new findings in this 

review. 

 

2. The Hippo pathway  

 The Hippo pathway, which was originally identified in Drosophila from genetic screen, is 

an emerging signaling pathway that plays important roles in regulating cell proliferation, apoptosis, 

tumorigenesis, organ size, mechanotransduction, drug resistance, stem cell renewal and 

differentiation in mammals (5, 16-26). The core components of this pathway are composed of two 

serine/threonine (S/T) kinases Mst1 and its homolog Mst2 (mammalian homolog of Drosophila 

Hippo) and LATS1 and its homolog LATS2, two adaptor/scaffold proteins hMOB1 and WW45, 

and two WW domain-containing transcriptional co-activators TAZ and its paralog YAP (Fig. 1). 

Upon activation by upstream stimuli such as increased cell-cell contact, the Mst1/2 kinases are 

activated which subsequently cause phosphorylation of hMOB1, WW45, and LATS1/2, resulting 

in full activation of LATS1/2 kinases (Fig. 1). Activated LATS1/2 will subsequently phosphorylate 

and inactivate WW-domain containing transcriptional co-activators TAZ and YAP by promoting 

either their cytoplasmic retention or degradation, preventing them from transactivating downstream 

genes (CTGF, Cy61, BMP4, etc.) in the nucleus through transcription factor TEAD or Smad (Fig. 

1; please note that AMOT can both increase and decrease Hippo signaling)(27-34). 

Inactivation/activation of the Hippo pathway by cell-cell contact or certain stimuli such as changes 

of extracellular matrix (ECM) stiffness or stimulation of serum factors [lysophosphatidic acid 

(LPA) and sphingosine 1-phosphoreceptor (S1P)] will cause activation or inactivation of LATS1/2 

or TAZ/YAP and its downstream genes in Hippo (Mst)-dependent or Hippo (Mst)-independent 

manners, leading to increased cell proliferation and survival and tumorigenesis (Fig. 1) (10, 35, 

36).  
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3. Hippo pathway in lung development 

The first evidence for the importance of the Hippo signaling pathway in lung development 

came from analysis of Taz knockout mice, which in addition to forming renal cysts, exhibited 

defects in alveolarization (37, 38). In the absence of TAZ, adult mice had severely enlarged air 

spaces in the alveolar, which resembles human pulmonary emphysema, a disease whose 

pathogenesis remains poorly understood (37, 38). While a previous study found TAZ to interact 

and activate TTF1/Nkx2.1, a transcription factor that plays a critical role in branching 

morphogenesis, expression levels of TTF1 did not differ in Taz-knockout lungs (38). Interestingly, 

Taz-heterozygous mice were found to be resistant to bleomycin-induced lung fibrosis, a major side 

effect in bleomycin-treated patients for Hodgkin’s lymphoma and germ cell cancers (38). Since the 

initial studies of TAZ, other labs have explored the pleotropic roles of other Hippo pathway 

components in lung development. Recent reports of YAP, a TAZ paralog, show that it plays crucial 

roles in regulating lung embryonic and adult stem cell differentiation (39-41). YAP was found to 

mark the boundary between progenitors that eventually generated airways (YAP phosphorylated 

and localized in the cytoplasm) and alveoli (nuclear YAP). It enables initiation of the progenitor 

program required for branching morphogenesis by controlling Sox2 mRNA expression and 

sensitizing cells to TGF-β signaling (40). Without YAP, adult basal stem cells were greatly reduced 

due to uncontrolled differentiation (39). In contrast, overexpression of YAP in the same cells 

promotes stem cell proliferation, resulting in epithelial hyperplasia and stratification (39). Loss of 

another two components of the Hippo pathway, Dchs1, or Fat4, in mice caused a reduction in lung 

size (42). This was not simply due overall decreased body size since other organs were not 

significantly smaller in Dchs1 and Fat4 mutants. Moreover, conditional knockout of Mst1/2 from 

the respiratory epithelium impaired peripheral lung differentiation and maturation, reduced 

surfactant proteins, and ultimately causes perinatal lethality (41, 43). Whether these phenotypes 

occur via the canonical Hippo pathway is unclear as one group reported decreased YAP/TAZ levels 
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upon loss of Mst1/2. Rather, these changes were attributed to Foxa2 transcription factor 

dysregulation (43). It is possible these discrepancies may be due to varying promoter-driven Cre as 

Sonic hedgehog (Shh) and TTF1 have differing roles in distal lung fate. Regardless, downstream 

YAP transcriptional targets Ctgf and Birc5/survivin were increased following Mst1/2 deletion, 

supporting the involvement of Hippo signaling to some degree (41). Taken together, it is clear that 

the Hippo pathway is intimately involved in numerous processes of lung morphogenesis. Further 

study is needed to elucidate the potential roles of other Hippo components in both developing and 

mature lung.  

 

4. Hippo pathway in lung tumorigenesis 

There are two types of lung cancer: non-small cell lung cancer (NSCLC) and small cell 

lung cancer (SCLC) (44, 45). The Hippo pathway has been reported to be involved in the 

development of NSCLC (see below for discussion), which accounts for over 80% of lung cancers.  

4.1. Core components  

4.1.1. LATS1/2 

Yang et al. provided primary biological evidence that the core component of the Hippo 

pathway, LATS1, is a tumor suppressor in lung cancer. We showed that over-expression of LATS1 

suppresses NSCLC cell proliferation, anchorage-independent growth, and tumor formation in nude 

mice (46). Later study also showed that knockdown of LATS1 by small interference RNA (siRNA) 

in NSCLC cells increases both cell proliferation and cell migration (47). Moreover, LATS1 

homolog LATS2 is down-regulated in NSCLC cell lines and over-expression of LATS2 also 

suppress lung cancer cell growth and migration, whereas siRNA-mediated suppression of LATS2 

expression resulted in increased cell proliferation due to augmentation of ERK phosphorylation in 

EGFR wild-type rather than EGFR mutant lung adenocarcinoma cell lines  (48). Clinically, LATS1 

is down-regulated in 60% of NSCLC cancer and its levels are significantly correlated with p-TNM 
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stage, lymph node metastasis and patient survival (47). On the other hand, LATS2 mRNA levels 

were found to be a significant independent predictor for survival status (48). LATS2 is down-

regulated in all NSCLC and mutated in less than 10% of NSCLC (49, 50). Interestingly, tumors 

with LATS2 mutation often harbor a p53 but not K-ras gene mutation and were mostly in an 

advanced stage of development, with regional lymph node involvement. 

 

4.1.2. Mst1 and hMOB1 

Beside LATS1/2, Mst1 has also been shown as a tumor suppressor in lung cancer and over-

expression of Mst1 inhibits cell proliferation and survival in NSCLC cells by inhibiting YAP  (51), 

suggesting that Mst1 may suppress lung cancer cell growth through the Hippo signaling pathway 

(Fig. 1 and Fig.2).  In addition, another Hippo core component hMOB1 mRNA was significantly 

decreased in 63% NSCLC patients (52). However, whether this down-regulation of hMOB1 

contributes to lung tumorigenesis is unknown. 

 

4.1.3. TAZ and YAP 

Our recent studies provide the first evidence that TAZ is an oncogene in lung cancer. We 

have shown that TAZ is over-expressed in 70% NSCLC cell lines examined and over-expression 

of TAZ causes transformation of non-tumorigenic lung epithelial cells, whereas knockdown of 

TAZ by short hairpin RNA (shRNA) inhibits NSCLC cell growth, anchorage-independent growth 

in vitro, and tumor formation in vivo  (53). Similar results were obtained for TAZ paralog YAP 

(54). Significantly, constitutively activated YAP, YAP-S127A (A, alanine), which lacks 

phosphorylation and inhibition by LATS1/2, was sufficient to drive lung tumor progression in mice 

in vivo (55). Moreover, YAP and TAZ are also identified as driver genes for lung cancer metastasis 

(55). It was shown that TAZ and YAP are enriched in metastatic tumor cells and knockdown of 

YAP or TAZ decreased cell migration in vitro and tumor metastasis in vivo. In conclusion, these 
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in vitro cell line and in vivo mice studies strongly suggest that activation of TAZ and YAP 

oncogenes is important for lung tumorigenesis and metastasis.  

Most significantly, clinical lung cancer patient studies also confirm TAZ and YAP as 

oncogenes in lung cancer. It has been reported that TAZ is overexpressed in over 60% of NSCLC 

and its expression is significantly associated with adenocarcinoma (ADC), poor differentiation, 

metastasis, and poor prognosis and survival  (56, 57). In addition, YAP is found to be a direct 

oncogenic target of the chromosome 11q22 amplicon and YAP amplification is detected in 23% of 

human cancers including lung cancer (58). Moreover, YAP is overexpressed in 60-70% of NSCLC 

patients and significantly correlated with p-TNM stage, lymph node metastasis, poor prognosis, 

and shorter survival (54, 59, 60). Interestingly, YAP levels were significantly higher in ADC than 

in squamous cell carcinoma (SCC) patients, supporting the experimental data that YAP is activated 

by LKB1 in lung ADC and YAP inhibits squamous transdifferentiation (Fig. 2) (61). Together, 

these studies strongly suggest that almost all of the core components of the Hippo pathway 

including LATS1/2, hMOB1, TAZ, and YAP function as tumor suppressors or oncogenes and play 

important roles in lung tumorigenesis. 

 

4.2. Downstream signaling 

4.2.1. LATS1/2 downstream targets 

  Conflicting results were reported regarding downstream targets mediating LATS1/2-

induced suppression of lung cancer cell proliferation. LATS1/LATS2 were shown to suppress lung 

cancer cell growth through inhibition of cell-cycle regulators Cdk1/Cyclin B and Cdk2/Cyclin E 

complex, respectively (Fig. 2) (46, 62). In contrast, while LATS2 was also shown to negatively 

inhibit cell proliferation through suppression of NF-  (63), overexpression of LATS1 

inhibits NSCLC cell growth by negatively regulating YAP (Fig. 2) (47). Therefore, it is still not 

completely understood how LATS1/2 inhibit cell proliferation in lung cancer cells. In addition, 
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LATS1/2 induce lung cancer cell apoptosis by either upregulation of tumor suppressor and pro-

apoptotic gene p53 or down-regulation of anti-apoptotic protein Bcl2 and Bcl-XL, respectively 

(Fig. 2) (46, 64). However, the mechanism of how LATS1/2 regulate p53, Bcl2 and Bcl-XL is still 

unknown. Moreover, it has recently been shown that LATS1 suppresses genomic instability by 

suppressing Cdk2-induced inhibition of BRCA2 (Fig. 2) (65). 

 

4.2.2. TAZ/YAP downstream targets 

4.2.2.1. TTF1 (Thyroid transcription factor 1)/NKX2-1  

TTF1, also known as NKX2-1, is a homeobox-containing transcriptional factor import for 

the development of lung and thyroid (66). Similar to TAZ and YAP, TTF1 also functions as an 

oncogene and is over-expressed in lung ADC (67, 68). Significantly, TAZ was shown to directly 

bind to TTF-1 and trans-activates TTF-1’s ability to activate downstream targets such as surfactant 

protein C (SP-C) in lung epithelial cells (Fig. 2) (69). These studies strongly suggest that TAZ/YAP 

may interact with transcription factor TTF1 in transcriptionally regulating downstream targets 

during lung tumorigenesis. 

4.2.2.2. Transcriptional targets  

Several TAZ/YAP transcriptional targets including AXL, Cyr61, amphiregulin (AREG), 

and epiregulin (EPR) have been identified to be involved in TAZ/YAP-induced lung tumorigenesis 

and metastasis (Fig. 2) (57, 70-72). However, no single downstream gene seems fully responsible 

for TAZ/YAP-induced tumorigenic phenotypes. In addition, TAZ/YAP may activate different 

downstream targets in different cell types (57, 70-73). 

 

4.3. Upstream regulators 

4.3.1. LKB1  
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LKB1 is a S/T kinase and tumor suppressor that is frequently mutated and inactivated in 

non-small cell lung (74, 75). Loss of LKB1 was shown to promote lung cancer progression and 

metastasis by regulating energy metabolism, cell polarity and cell growth via AMPK/mTOR 

signaling (75). Recently, LKB1 was shown to be a novel upstream regulator of the core Hippo 

component YAP (76). It has been shown that LKB1 suppresses lung cancer cell growth by 

activating the core Hippo pathway via MARK-Scrib signaling, which results in inactivation of YAP 

oncoprotein (Fig. 2) (76). Most significantly, knockdown of YAP by RNAi inhibits loss-of-LKB1-

induced tumorigenesis (76). Later studies showed that YAP is specifically activated by LKB1 loss 

to induce lung ADC and inhibits SCC (61). Since LKB1 is frequently inactivated in lung cancer 

(74), identification of YAP as a critical mediator of LKB1 may provide a novel strategy to treat 

LKB1-associated lung cancers by targeting YAP. 

 

4.3.2. RASSF1A (Ras-associated domain family 1A) 

RASSF1A is a member of RASSF family scaffold proteins that function as tumor 

suppressors by regulating cell cycle progression and apoptosis (77-79). RASSF1A is frequently 

inactivated in a variety of human cancers by promoter hypermethylation and subsequent down-

regulation of transcription.  Epigenetic inactivation and reduced expression of RASSF1A are 

detected in 30-50% of NSCLC (80-82). RASSF1A methylation is also an independent prognostic 

factor for poor survival in surgically treated NSCLC (82). Recently, RASSF1A has been identified 

as a critical upstream regulator of the core Hippo pathway (83). It has been shown that RASSF1A 

can be activated by ATM upon DNA damage and subsequently induces tumor cell death by 

activating the mammalian Hippo homolog Mst2 (Fig. 2) (84, 85). Significantly, under DNA 

replication stress, RASSF1A can be activated by ATR kinase, which can activate LATS1-Cdk2-

BRCA2 signaling to maintain genomic stability. It has been shown that perturbation of the ATR-

RASSF1A-Mst2-LATS1 signaling axis leads to genomic defects that contribute to genomic 
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instability and tumorigenesis in lung cancer cells (Fig. 2) (65). These studies strongly suggested 

that regulation of the Hippo pathway by RASSF1A may be important in regulating apoptosis and 

genomic instability during lung tumorigenesis. 

 

4.3.3. microRNAs (miRNAs) 

miRNAs are small (19-22 nucleotides) non-coding RNAs that bind to the 3’ untranslated 

region (3’-UTR) of mRNAs, resulting in reduced protein expression of target genes. Previous 

studies suggest that miRNAs can function as either oncogenes or tumor suppressor genes and are 

involved in lung tumorigenesis and metastasis (86). In a screen for miRNAs that are overexpressed 

in lung cancers, miR-31 was identified as an oncogene in lung cancer. It has been shown that miR-

31 is overexpressed in lung cancer and knockdown of miR-31 repressed lung cancer cell growth 

and tumorigenicity (87). Further studies showed that miR-31 caused lung tumorigenesis by 

inhibiting translation of Hippo component LATS2 (Fig. 2). Significantly, enhanced levels of miR-

31 in lung cancer are correlated with reduced expression of LATS2 in mouse and human lung 

cancer tissues. In another screen for miRNAs important for lung metastasis, miR-135b was found 

activated in highly invasive NSCLC and promotes lung tumor cell migration and metastasis. 

Further studies showed that miR-135b suppresses Hippo core components LATS2 and hMOB1 but 

enhances TAZ (Fig. 2) (88). Knockdown of TAZ in miR-135b-overexpressing NSCLC cells 

dramatically reduced cancer cell invasive and colony-forming abilities. Examination of NSCLC 

tumor samples further shows that higher levels of miR-135b are correlated with reduced levels of 

LATS2, nuclear TAZ levels, and poor overall survival in patients (88). Together, these studies 

indicate that upregulation of miR-31 and miR-135b promotes lung tumorigenesis and metastasis 

by regulating the Hippo signaling pathway. 

 

4.3.4. YAP regulators 
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4.3.4.1. VGLL4 

Recently, VGLL4 has been identified as a novel negative regulator of YAP-TEAD 

transcriptional complex (Fig. 2). It has been shown that VGLL4 is frequently down-regulated in 

lung cancer and ectopic expression of VGLL4 significantly suppress lung cancer growth in vitro 

and in vivo by inhibiting YAP-induced activation of TEAD (89). 

4.3.4.2. Others  

AMOT (angiomotin) was originally identified as an angiostatin-binding protein that 

enhanced endothelial cell motility by reducing tight junctions and altering actin dynamics (90). 

Recently, AMOT was identified as a major regulator of YAP (Fig. 2). It was shown that AMOT 

was significantly down-regulated in clinical lung cancer specimen and overexpression of AMOT 

suppresses lung cancer progression by sequestering YAP/TAZ in the cytoplasm (71). On the other 

hand, it has been shown that overexpression of ADC-specific oncogene AGR2 induces lung ADC 

by activating YAP (72). 

 

5. Conclusion and future directions 

Based on the previous studies described above, we have proposed a model describing the 

roles of the Hippo pathway in lung tumorigenesis (Fig. 2). Since many components of the Hippo 

pathway (Fig. 1) have not been studied in lung cancer, it will be more interesting to test whether 

these Hippo components are also involved in lung development and tumorigenesis. In addition, we 

and others have shown that the Hippo pathway is involved in many aspects of cancer progression 

and therapy such as drug resistance (18, 20, 91-94). Therefore, it will be a new direction to explore 

how the Hippo pathway is involved in the response of lung cancers to current chemotherapy (e.g. 

Taxol, cisplatin, etc) or target therapy [e.g. EGFR inhibitors (erlotinib, gefitinib, etc)] and whether 

the Hippo components can be used as prognostic or diagnostic biomarkers for drug resistance in 

lung cancer therapy.  In addition, since the Hippo pathway has been shown to interact with many 
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other pathways such as the Wnt pathway, which is critical for lung homeostasis (95), it will be very 

interesting to further explore how the Hippo interacts with these known Hippo-interacting signaling 

pathways or identify novel signaling pathways interacting with the Hippo signaling in regulating 

lung development, tumorigenesis and metastasis. Moreover, since the Hippo pathway plays 

important roles in the formation of cancer stem cells such as breast cancer stem cells (16, 92, 96, 

97) and lung cancer stem cells play critical roles in lung tumorigenesis and therapy  (98-100), it 

will be very important to examine whether and how the Hippo pathway is involved in lung cancer 

stem cell development. Most recently, a transcriptome meta-analysis of lung cancer reveals that 

high numbers of Hippo pathway component (NF2, LATS1, PTPN14, YAP1, TAZ, TAOK, and 

FAT1) gene fusions were observed in lung cancer and are independent prognostic factors for poor 

survival in lung cancer (101). It will be very interesting to study how these Hippo gene fusions 

contribute to lung tumorigenesis. Finally, since there is no Hippo-targeted therapeutic drug for lung 

cancer, development of small molecule or antibody drugs targeting the Hippo components such as 

YAP and TAZ will provide new therapeutic strategies for future successful treatment of lung 

cancer.  
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Appendix II: Supplementary figures for Chapter 3 

 

Supplementary Figures S1-S3 for:  

 

Yeung B*, Khanal P*, Mheta V, Trinkle-Mulcahy L, Yang X. Identification of Cdk1-LATS-Pin1 

as a novel signaling axis in anti-tubulin drug response. Submitted to J. Biol. Chem. 2017. 
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Appendix III: Mobility shift of exogenous LATS2 after various drug treatments 

 

HeLa cells were transfected with FLAG-tagged LATS2 and treated with indicated drugs in the 

panel and blotted for FLAG (LATS2) expression in Phos-tag gels.  

 

 

 

 

 


