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Abstract 

A non-canonical Hippo signaling pathway regulates DeltaNp63 in cancer cells 

 Ana Maria Low Calle 

 

 The p63 transcription factor, a member of the p53 family, plays an oncogenic role in squamous 

cancers, while its expression is often repressed in breast cancers. In the canonical conserved Hippo 

pathway, known to play a complex role in regulating the growth of cancer cells, the protein kinases 

Mammalian Ste20 like kinases 1/2 (MST) and Large tumor suppressor kinases 1/2 (LATS) act sequentially 

to phosphorylate and inhibit the Yes-associated Protein/Transcriptional coactivator PDZ binding 

transcription factors (YAP/TAZ). We found that in the MCF10A mammary epithelial cell line and in 

squamous and breast cancer cell lines, expression of deltaNp63 RNA and protein is strongly repressed by 

inhibition of specific components of the Hippo pathway in a manner that is independent of p53.  While the 

Hippo pathway protein kinases MST1/2 and LATS1 are required for p63 expression, the next step of the 

pathway namely phosphorylation and degradation of the YAP/TAZ transcriptional activators, is not required 

for repression of p63. This suggests that regulation of p63 expression occurs by a non-canonical version 

of the Hippo pathway. Interestingly, we observed that experimentally lowering p63 expression leads to 

increased Yes Associated Protein protein levels, thereby constituting a feedback loop. In addition, p63 loss 

reduces the growth of MCF10A and squamous cancer cell lines. These results, which reveal the intersection 

of the Hippo and p63 pathways, may prove useful for the control of their activities in cancer cells. 
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Preface 

 Cancer is an imbalance between cell growth, proliferation, and cell death. Millions of people are 

diagnosed with this disease worldwide every year. This dissertation discusses the transcription factor p63 

in two types of cancers, squamous and breast, and its regulation by the Hippo pathway. The role of p63 in 

cancer is context-dependent; while most breast cancers lose p63 expression, squamous cancers retain 

and amplify its expression.  

 

This project aimed to understand the role of p63 in breast and squamous cancers. For this purpose, 

the introduction in chapter 1 will describe the characteristics and functions of the p63 transcription factor in 

normal tissues and development, followed by its specific role in squamous and breast cancers. I will then 

discuss how multiple signaling pathways regulate the expression of p63. Finally, the Hippo signaling 

pathway will be described, along with its activation in normal tissues and its dysregulation in cancer. 

 

Chapter 2 includes the findings of my main project describing the role of a non-canonical Hippo 

pathway in regulating p63’s expression in breast and in squamous cancers that require p63 for growth.  

 

Chapter 3 summarizes the typical architecture of the mammary gland and the preliminary results 

of studying the role of p63 in a 3D culture model of mammary epithelial cells. P63’s relationship to epithelial-

mesenchymal transition and the mammary gland architecture will be discussed along with the future 

directions of this project.  

 

Finally, chapter 4 will discuss the future directions of my main project described in chapter 2, with 

questions and potential future experiments needed to address those questions. 
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Chapter 1: Introduction 

Tissues require a balance between controlled cell proliferation, differentiation, and cell death. This 

balance allows the repair and healthy function of tissues. Cancer develops when this balance is altered by 

the uncontrolled proliferation of cells, leading to abnormal growth within organs and the formation of tumors. 

This often leads to metastasis, invasion of neighboring tissues, and death. The role of the p63 transcription 

factor in cancer is context-dependent; while most breast cancers lose p63 expression, squamous cancers 

retain and amplify its expression in the disease. The following sections will summarize the role of the p63 

transcription factor in normal tissues, breast and squamous cancers. The second part, will describe the 

Hippo signaling pathway, its components and activation in normal tissues, and its dysregulation in cancer. 

 

1.1 The p53 family of transcription factors  

The p53 family of transcription factors includes p53, the most famous tumor suppressor protein, 

and the proteins p63 and p73. However, the family members have a shared structure and can transcribe 

some gene targets in common. They differ in their biological functions, target genes, and roles in 

tumorigenesis. P53 is a tumor suppressor, more than 50% of human cancers have p53 mutations, and p53 

null mice develop embryonically normal but later develop soft tissue sarcomas (Donehower et al. 1992). In 

contrast, p63 null mice die early after birth due to dehydration caused by developmental defects in epithelial 

tissues (Yang et al. 1998), and p73 null mice have developmental defects in the nervous system (Yang et 

al. 2000). 

  

The domain architecture of all the p53-family members consists of an N-terminal Transactivation 

domain (TA) followed by a central DNA binding domain (DBD) and an oligomerization domain (OD) at the 

C-terminus (Yang et al. 1998).  

 

P53 plays a critical role as a tumor suppressor, evidenced in the high frequency of mutations in the 

p53 gene present in human cancers (Freed-Pastor and Prives 2012) and families suffering from Li-
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Fraumeni syndrome. This syndrome is a rare hereditary condition caused by germline mutations in p53 that 

give carriers a very high risk of developing tumors in multiple organs at a very young age (Beckerman and 

Prives 2010; McBride et al. 2014). In addition, p53 null mice at six months of age spontaneously develop 

soft tissue sarcomas, such as osteosarcomas and lymphomas (Donehower et al. 1992). P53 function as a 

tumor suppressor dependent on its capacity to transactivate multiple gene targets in response to different 

types of stress, such as DNA damage, activation of oncogenes, and hypoxia, among others (Beckerman 

and Prives 2010). Under cellular stress, p53 is stabilized and translocated to the nucleus, where it binds to 

its DNA response element to transcribe cell-cycle arrest (p21), apoptosis (Bax, Noxa), and senescence 

genes (Beckerman and Prives 2010). Due to its capacity to induce arrest and cell death, p53 protein levels 

are tightly regulated in unstressed cells by its negative regulator Mouse Double Minute 2 (MDM2). This E3 

ligase targets p53 for ubiquitin-mediated proteasomal degradation (Beckerman and Prives 2010). P53’s 

transcriptional activation of arrest, apoptosis, and senescence programs protects tissues by allowing repair 

or elimination of damaged cells, preventing the propagation of mutations that could lead to the development 

of cancer.  

 

The other family member p73, unlike p53, is rarely lost or mutated in cancers. On the contrary, 

several isoforms of p73 can be overexpressed in certain cancers, like non-small cell cancers, breast, 

stomach and esophagus adenocarcinomas (Rozenberg et al. 2021). In mouse models, the loss of one or 

both copies of p73 leads to spontaneous formation of lung adenocarcinomas and lymphomas in mice 

(Flores et al. 2005; Tomasini et al. 2008). In these cancers, p73 contributes to oncogenesis by promoting 

growth, inflammation, and angiogenesis, among others (Rozenberg et al. 2021). 

 

The last family member, p63 unlike p53, is rarely mutated in cancers and plays a role in the 

embryonic development of epithelial tissues (Melino et al. 2015). P63 null mice have developmental defects 

of epithelial tissue, lack limbs, craniofacial structures, and glandular epithelial tissues, including the 

mammary gland, and die postnatally of dehydration caused by lack of skin (Mills et al. 1999; Yang et al. 

1999). The TP63 gene is located at chromosome arm 3q27-29 and has a higher sequence homology to 
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p73 than p53 (Yang et al. 1998). The p63 transcription factor will be explained in more detail In the following 

section. 

 

1.2 The p63 transcription factor and its role in development of epithelial tissues 

The TP63 gene has ten different isoforms (Figure 1-1) that originate from alternative promoter 

usage and alternative splicing. The isoforms are divided into two main groups, the TA full length and the 

ΔN isoform truncated at the 5’ end. The TA isoform is transcribed from the P1 promoter upstream of exon 

1.  The ΔN isoform is transcribed from the P2 promoter located in the middle of exon 3, so this isoform 

starts from a truncated exon named exon 3’ (Figure 1-1) (Yang et al. 1998; Melino 2011). Each TA and ΔN 

isoform can generate five additional isoforms formed by alternative splicing and truncations at the 3’ end: 

the full-length α isoform and the β, γ, δ and ε isoforms (Yang et al. 1998; Mangiulli et al. 2009).  

 

The p63 full length protein structure consists of an N-terminal Transactivation domain (TA) that 

shares 22% identity with p53, followed by a central DNA binding domain (DBD) that is 60% similar to p53 

and an oligomerization domain (OD) at the C-terminus which is 38% identical to p53 (Yang et al. 1998). 

These three domains form the basic architecture of all the p53-family members (Figure 1-1). In addition, 

p63 has a second transactivation domain (TA2) after the OD, present only in the α and β isoforms (Ghioni 

et al. 2002; Duijf et al. 2002), followed by a SAM (Sterile α-motif) domain present only in the α isoforms, in 

other transcription factors and signaling molecules (Thanos and Bowie 1999). Germline mutations in the 

SAM domain, associated with a developmental syndrome with severe skin erosions, causes protein 

aggregates inhibiting the transcriptional activity of p63 proteins in humans (Russo et al. 2018). At the end 

of the C-terminus an Inhibitory Domain (ID) gives transcriptional inhibitory properties to the α isoforms by 

promoting the binding and inhibition of the Transactivation domain (TA) inducing a closed inactive 

conformation of the TAp63α isoform (Serber et al. 2002; Straub et al. 2010). In addition, the C-terminal TI 
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domain of the ΔNp63α isoform interacts with histone deacetylases to induce transcriptional repression of 

apoptotic genes (Puma)  in squamous cancer cell lines (Ramsey et al. 2011).  

 

Expression of different p63 isoforms vary depending on the tissue. A recent study by Marshall and 

collaborators, using RNAseq data from human tissues, analyzed the exon-junction reads to evaluate the 

abundance of each p63 isoform across 36 human tissues (Marshall et al. 2021). The analysis found that 

the majority of tissues expressed very low levels of p63 (less than two transcripts per million), and only a 

subset of tissues, primarily epithelial, showed high levels of p63 mRNA (more than two transcripts per 

million). These include the skin, esophagus mucosa, salivary glands, vagina, cervix, mammary gland, 

prostate, testis, bladder and skeletal muscle (Marshall et al. 2021). The analysis of the N-terminal isoforms 

revealed that the ΔNp63 (exon junctions 3’ to 4) was the predominant isoform making between 80–100% 

of the total p63 transcripts present in the tissues with high expression in the skin, breast, esophagus, vagina, 

and prostate (Marshall et al. 2021). Interestingly, 100% of the transcripts in the bladder correspond to the 

ΔN isoform, while in the testis, 96% correspond to the TA isoform (Marshall et al. 2021). Similarly, the C-

terminal isoform expression revealed that the α isoform is the most abundant in tissues with high p63 

expression, such as the skin, esophagus, and mammary gland. In the testis where the TA isoform is the 

most abundant, TAp63α is expressed exclusively. Skeletal muscles were the exception, expressing only 

the γ isoform, TAp63γ (Marshall et al. 2021). This study illustrates p63’s restricted tissue expression and 

confirms the pattern of p63 expression previously observed by histochemistry in mouse and human tissues 

(Yang et al. 1998; Como et al. 2002).  

 

The importance of p63 expression in epithelial tissues is evidenced in TP63 null mouse models  

that showed the critical role of p63 in the development of skin and glandular tissues, and the morphogenesis 

of the limb and craniofacial structures (Mills et al. 1999; Yang et al. 1999). In humans, seven different 

syndromes have been associated with heterozygous mutations in TP63 that cause developmental 

disorders characterized by craniofacial malformations and orofacial clefting, absence or malformation of 

fingers, nails, teeth, and mammary glands (Harazono et al. 2022).  
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The ΔNp63α isoform, besides being the most highly expressed isoform in the skin and glandular 

epithelium, is the isoform responsible for skin development in mice. Ablation of the ΔNp63 isoform 

exclusively by replacing the 3’ exon with GFP without affecting the TA isoforms, found that ΔNp63 null mice 

had only small patches of skin with upper layer differentiation, but with low expression of the proliferation 

marker Ki67. Indicating that the loss of the ΔN isoform accelerated differentiation, by decreasing the 

proliferation capacity of the keratinocytes (Romano et al. 2012). In contrast, TA null mice in the skin had 

blistering, premature aging and wound healing defects, phenotypes that are consequence of impaired 

proliferation and increased senescence of keratinocytes (Su et al. 2009). These results demonstrate 

different but complementary roles of the ΔN and TA isoforms, where both isoforms are required for the 

proper development of the skin layers. ΔN isoforms are necessary for proliferation, development, and 

differentiation of the skin, while TA isoforms are required to restrict the excessive proliferation of the skin 

stem cells to prevent premature senescence. 

 

TAp63 isoforms respond to DNA damage or other types of stress in epithelial tissues, neurons, and 

germline cells (Su et al. 2013). While TAp63γ had the highest activation of a p53 reporter gene, similar to 

to WT p53 (Yang et al. 1998). TAp63α isoforms is mostly expressed in the testis, and ovaries and oocytes 

where it is the most abundant (Marshall et al. 2021; Suh et al. 2006). TAp63α expression is high in oocytes 

during meiotic arrest until its expression decreases before entry into ovulation (Suh et al. 2006). TAp63α is 

essential for DNA damage induced apoptosis in oocytes (Suh et al. 2006). Since the period between arrest 

and ovulation can last several years in humans, TAp63α is present in cells in an inactive state, then is 

activated by phosphorylation upon DNA damage (Deutsch et al. 2011). In contrast, the ΔNp63 isoform acts 

as an apoptosis inhibitor after UV light-induced DNA damage when constitutively expressed in the upper 

layers of the skin (Liefer et al. 2000). In the adult mouse mammary gland, ΔNp63α acts  as a survival factor 

that prevents excessive apoptosis during the post-lactation involution period (Yallowitz et al. 2014), since 

p63 +/- mice have increased apoptosis and increased activation of Stat3 and p53 pathways, compared to 

p63+/+ (Yallowitz et al. 2014). ΔNp63 isoform regulates proliferation, inhibits apoptosis and regulates 

differentiation in keratinocytes and mammary epithelial cells, while the TAp63 isoforms regulate their 

terminal differentiation, restrict proliferation and regulate apoptosis of epithelial cells upon DNA damage. 
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The ΔNp63 isoform has an apoptosis inhibitory role, when the ΔNp63α isoform, was coexpressed 

with WT p53 and other p63 isoforms, it had a dominant-negative inhibitory activity towards the TAp63γ 

isoforms, inhibiting their transactivation of a p53 response element reporter (Yang et al. 1998). The 

dominant-negative activity is due to the Inhibitory Domain (ID) domain present in the α isoform (Straub et 

al. 2010), The N-terminally truncated domain exclusive to the ΔN isoform, made of 14 amino acids present 

in the 3’ Exon, have a reduced capacity to transactivate p53 response elements compared to the TAp63 

isoforms (Yang et al. 1998). Later, it was recognized that the ΔNp63α isoform also has transcriptional 

activation capacity of its own (Ghioni et al. 2002). Initial analysis of p63 targets showed that p63 binding is 

enriched in genes involved in cell cycle and cell proliferation (Yang et al. 2006). Other genes are associated 

with Notch, Wnt, and Transforming Growth factor β signaling (Yang et al. 2006). p63 binds to promoters of 

cell adhesion molecules like tight junctions, adherens junction, and focal adhesion genes (Yang et al. 2006). 

Inducing proliferation and differentiation of the skin’s stem cells, ΔNp63 directly regulates the expression of 

keratinocyte differentiation genes, like basal Keratins 5 and 14 (Romano et al. 2009), as well as Fras1 

(Fraser Extracellular Matrix Complex Subunit 1, a gene important for attachment of the basal layer to the 

extracellular matrix) and IKβ Kinase (the negative regulator of NFkB transcription factor) required for 

terminal differentiation of keratinocytes (Koster et al. 2007). In the mammary gland ΔNp63α is present in 

myoepithelial cells (Barbareschi et al. 2001) and induces the expression of EGFR receptor and cell 

adhesion molecules like integrins α3, α5, α6, β1, and β4, necessary for attachment of epithelial cells to the 

extracellular matrix and (Carroll et al. 2006).  

 

Several studies have attempted to identify a bona fide list of genes regulated by p63, with 

inconsistent results. As an attempt to identify consistent targets across multiple datasets, a recent analysis 

combined 11 RNAseq and ChIPseq data sets from 9 different cell types (keratinocytes, immortalized 

keratinocytes HaCat, the foreskin fibroblast BJ, mammary epithelial cells MCF10A, squamous cell 

carcinomas H226 and KYSE70, head and neck squamous cell line FaDu, and pancreatic adenocarcinoma 

BxPC3 and SUIT2). This analysis defined a p63 gene regulatory network of 180 genes, including direct 

targets that have p63 binding sites proximal to the transcription start site, or indirect targets with p63 binding 

sites associated with distal enhancers (Riege et al. 2020). A gene set enrichment analysis found among 
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the p63 regulated genes cell cycle regulator genes such as E2F, MYC, and the DREAM complex 

(dimerization partner retinoblastoma-like, E2F and MuvB complex), and genes involved in mammary stem 

cell activity, epithelial development, and SCCs growth (Riege et al. 2020). Further analysis of the TF binding 

enrichment among p63 target genes, revealed that p63 upregulated targets also have binding sites for 

Kruppel Like Factor 4 (KLF4), MYC, and SMAD4 transcription factors. This suggests cooperation between 

p63 and other transcription factors to regulate transcription, rather than a direct regulation of those targets 

by p63.  

 

The cooperation of p63 with other factors to induce transcription, has been shown in primary 

fibroblasts differentiated to keratinocytes by the combined overexpression of KLF4 and p63 (Lin-Shiao et 

al. 2019). This cooperation with KLF4 allows p63 to establish the enhancers needed to express epithelial 

and craniofacial development genes (Lin-Shiao et al. 2019). In fact, the majority of p63 regulated genes 

have p63 bound to enhancer regions at intergenic and intronic regions, rather than binding to promoters or 

transcription start sites (Lin-Shiao et al. 2019; Riege et al. 2020; Saladi et al. 2017). In summary, p63 helps 

establish enhancers needed for the expression of epithelial and development genes and induces their 

expression indirectly through binding to enhancer regions rather than direct transcriptional activation at the 

transcription start site. 

 

1.3 Role of the p63 transcription factor in cancer 

The limited expression of TP63 to specific tissues in humans is also seen across human cancers. 

TP63 is highly expressed compared to normal tissue, in head and neck, lung, cervical and esophageal 

squamous carcinomas, as well as bladder carcinoma, thymomas, and the lymphoid neoplasm Diffuse Large 

B-cell lymphomas (Figure 1-2). TP63 mRNA levels are also present in prostate adenocarcinomas and 

breast invasive carcinomas but at lower levels compared to normal tissues (Figure 1-2). Similarly, the TP63 

gene is most frequently amplified at a genomic level in squamous cancers of the lung, head and neck, 

cervical and esophageal, but it is rarely mutated, truncated or deleted (Figure 1-3). In addition, based on 

the analysis of more than one thousand squamous carcinoma patient samples, the ΔNp63 isoform was 

preferentially expressed over the TA isoform due to methylation at the P1 promoter (Campbell et al. 2018). 
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This suggests that p63 could play an oncogenic role in squamous cancers. In contrast, the TP63 mRNA 

levels in breast cancers are much lower than in normal tissues, and the frequency of amplifications is also 

very low. Suggesting that p63 plays a less clear role in breast cancers (Figure 1-3). The following section 

will summarize some of the functions of p63 in squamous and breast cancers reported in the literature.  

 

1.3.1 p63 in Squamous Cancers 

Squamous cell carcinomas (SCC) are cancers originating from the epithelium of the air, digestive 

or genitourinary tract, which can give origin to different types of cancers: cervical, lung, esophageal, 

bladder, head and neck (Campbell et al. 2018). These types of SCC have been associated with exposure 

to risk factors such as smoking, alcohol, ultraviolet light from the sun, and human papillomavirus infection 

(Dotto & Rustgi, 2016). The basal layer of epithelial tissues separates the mesenchyme from the epithelium 

and is made of highly proliferative cells with a big nucleus. These proliferative cells give origin to more 

differentiated cells, generating successive layers of smaller and flattened cells until they reach the last layer 

of terminally differentiated, no dividing, flat cells. The name of this terminal layer of flat cells or “squames” 

gives this type of cancers their name (Dotto & Rustgi, 2016).  

 

SCCs have a common signature of genomic alterations present in different cancers. A 

computational study of almost 10000 pan-cancer samples was analyzed by copy number alterations, DNA 

methylation, mRNA, miRNA, and protein expression. The study found that five types of SCC clustered 

together and shared common signatures independent of their tissue of origin (Campbell et al. 2018). The 

highest mutation frequency was in TP53, followed by PIK3CA (p110α protein of the phosphatidylinositol 3-

kinase) and NOTCH1 (Campbell et al. 2018). In addition, components necessary for cell metabolism growth 

and survival were increased across SCC, genes related to the PI3 kinase-Akt-mTOR pathway, and hotspot 

missense activating mutations in HRAS, Map kinase MAPK1, and RAC1 (Campbell et al. 2018). Although 

SCCs originate from different tissues, they share common genes and gene alterations associated with a 

squamous signature. These alterations are overexpression of SOX2 and TP63, specifically the ΔNp63 

isoform, since the P1 promoter (the TA isoform promoter) is methylated (Campbell et al. 2018). The 

elevated mRNA levels and high frequency of genomic amplifications at the TP63 locus found in SCCs, 
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suggest that p63 has an oncogenic role in these cancers. The next section will summarize some examples 

of the functions attributed to p63 in SCCs in the literature.  

 

ΔNp63α expression is essential for oncogenic transformation of keratinocytes, a necessary step 

for SCCs development. Furthermore, high expression of ΔNp63α protects keratinocytes from undergoing 

senescence induced by oncogenic Ras, increasing survival and tumor formation in xenograft models 

(Keyes et al. 2011). ΔNp63α inhibits senesce through the transcriptional upregulation of lymphoid-specific 

helicase (lsh a chromatin remodeler) (Keyes et al. 2011). Similarly, in vivo after skin exposure to the 

mutagenic agent DMBA that induces RAS mutations, a mice model with skin induced ΔNp63α 

overexpression, had higher incidence of SCCs, compared to WT mice (Devos et al. 2017). Keratinocytes 

derived from ΔNp63 overexpressing mice, proliferated faster and were less senescencent. Indicating that 

ΔNp63 facilitates oncogenic transformation of skin keratinocytes by increasing proliferation and delaying 

senescence (Devos et al. 2017). Another potential oncogenic role of ΔNp63 is inhibition of  apoptosis, by 

its dominant-negative activity towards other p53 family members transactivation activity (Yang et al. 1998). 

In addition, ΔNp63 can bind to other p53 family members, such as TAp73 and mutant p53, but not with WT 

p53 (Gaiddon et al. 2001). ΔNp63 inhibits the transcriptional activity of TAp73β, preventing expression of 

apoptotic genes, such as puma and noxa, in head and neck SCCs (Rocco et al. 2006). ΔNp63α regulates 

proliferation and survival, while inhibits apoptosis and senescence in keratinocytes and SCCs, supporting 

its role as oncogene in SCCs development. 

 

P63 regulates growth and proliferation in vivo and in vitro through multiple mechanisms. ΔNp63 

regulates a signature of 28 genes targets associated with low probability of survival in SCCs patients (see 

Table 1); some of them are cell cycle related genes such as E2F4, E2F6, SIN3A, E2F1, FOXM1, NFYA, 

and NFYB, and the MYC/MAX transcription factors are among p63-upregulated genes (Riege et al. 2020). 

One of those mechanisms is transcriptional regulation of signaling components. In vivo in a SCC mouse 

model, gene expression analysis found that ΔNp63 induced genes related to Fibroblast Growth Factor 

Receptor signaling (FGFR2 and FGFR3). FGRF genes are important for SCCs growth because ablation of 

p63 decreased tumor volume, proliferation, increased apoptosis and caused tumor regression in mouse 
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SCCs (Ramsey et al. 2013). In addition, ablation of p63 also downregulated integrin signaling genes 

expressed in epithelial cells such as Integrin-α6 and extracellular matrix molecules, Collagens 16a1 and 

17a1 and lamin-β3 (Ramsey et al. 2013). ΔNp63 also regulates epithelial cell differentiation specific genes, 

such as Keratin 6A and 14 present in the basal layers of the skin (Boldrup et al. 2007). This indicates the 

importance of ΔNp63 trasncriptional program to maintain the epithelial differentiation state in SCCs. 

 

Other sigalling pathway regulated by ΔNp63 is hyaluronic acid signaling. ΔNp63 transcriptionally 

activates CD44 receptor expression in head and neck SCC (Boldrup et al. 2007). CD44 is the hyaluronic 

acid receptor (an extracellular matrix component) associated with a stem cell phenotype, since only cells 

positive for CD44 can generate tumors in vivo (Prince et al. 2007). ΔNp63 regulates CD44 expression by 

direct binding to its promoter. In addition, ΔNp63 induces the expression of the hyaluronic acid synthase 

(HAS3) while repressing the hyaluronidase genes (HYAL-1 and HYAL-3) in head and neck squamous 

cancers, increasing the total levels of hyaluronic acid in vitro and in xenograft models in vivo. The 

upregulation of HAS3 increases the activation by phosphorylation of EGFR; while loss of p63 or ablation of 

HAS3, impairs the activation by phosphorylation of EGFR (Compagnone et al. 2017). This suggests that 

ΔNp63 increases Hyaluronic acid synthesis and receptor expression, which activates EGFR signaling, 

required for proliferation of SCCs.  

 

In addition, ΔNp63 increases anchorage independent growth through the transcriptional repression 

of the Hippo signaling negative regulator WWC1 (WW and C2 Domain Containing 1, also known as Kibra). 

In consequence ΔNp63 repression of WWC1, leads to activation of YAP1 (the transcriptional activator of 

the Hippo pathway which will be explained in detail in section 1.5.5) impairing its phosphorylation and 

cytoplasmic retention (Saladi et al. 2017), interestingly, in SCCs amplifications in chromosome 11q are 

associated with increased expression of YAP1. In addition, genomic amplifications on ΔNp63 are also 

frequent in SCCs, but are mutually exclusive with YAP1 amplifications (Campbell et al. 2018). This mutual 

exclusivity suggests the existence of 2 different oncogenic paths one driven by genomic amplifications of 

ΔNp63 and the other by amplifications of YAP1, suggesting redundancy in their functions, negative 

regulation between them, or one factor could activate the other as shown by Saladi et al. (2017).  
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ΔNp63 can regulate tumor growth through the transcriptional activation of genes involved in 

metabolism regulates enhancer mediated expression of the glucose transporter GLUT1 (SLC2A1), which 

increases glucose uptake, increasing proliferation and anchorage-independent growth in SCCs, as well as 

increased tumor growth in xenograft models (Hsieh et al. 2019).  

 

In summary, ΔNp63 induces proliferation in vitro and in vivo and anchorage independent growth, 

through multiple mechanisms such as regulation of cell cycle genes, regulation of different signaling 

pathways such as FGFR2, CD44 and EGFR and increasing glucose uptake through GLUT1 expression.  

 

1.3.2 p63 in Breast Cancer 

Breast cancer is the most commonly diagnosed cancer, with an estimated 2.3 million new cases in 

2020, representing 11.3% of total new cancer cases and 6.9% of total cancer deaths. Breast cancer is the 

5th cause of cancer mortality worldwide (Sung et al. 2021). Breast cancer is a heterogeneous disease 

classified in the clinic in four molecular subtypes Luminal A, Luminal B, Her2 Enriched, and Triple Negative. 

Luminal A is positive for the expression of Estrogen Receptor (ER), Progesterone Receptor (PR), and 

negative for the expression of Her2 (ERBB2 receptor). It has low cell proliferation rates, lower-grade (less 

invasive), and good prognosis. The luminal B subtype also has ER and PR expression but is lower than the 

luminal A subtype; it can be Her2 positive or negative and has a higher grade (more invasive) than the 

luminal A, higher cell proliferation, and an intermediate prognosis. Her2 enriched has amplifications and 

increased expression of the Her2 gene; it does not express ER or PR, it has higher grade and higher 

proliferation rate, so it is aggressive. Still, it responds to Her2 targeted therapies and has an intermediate 

prognosis. Triple Negative, also called basal-like, has no expression of ER, PR, or Her2. It has a high grade 

(invasive), high cell proliferation rate, and poor prognosis (reviewed in Harbeck et al., 2019). All breast 

cancers arise in the lobules, which are the functional units of the terminal ducts (Harbeck et al., 2019). The 

lobular units consist of two main types of cells: epithelial cells that are polarized and surround a central 

lumen, and basal cells or myoepithelial cells that are located adjacent to the luminal cells, in contact with 

the basement membrane and the stroma (Inman et al. 2015). Myoepithelial cells in the breast tissue express 

ΔNp63α, the most abundant isoform in breast tissue (Barbareschi et al. 2001; Marshall et al. 2021).  
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TP63 mRNA expression in breast cancers is much is lower compared to normal tissues (Figure 1-

2) and genomic amplifications at the TP63 locus are rare in breast cancers (Figure 1-3), compared to 

squamous cancers. When breast cancer samples are stratified by molecular subtype, the p63 mRNA levels 

are also much lower compared to normal tissues (Figure 1-4 A). In addition, when breast cancer samples 

are classified based on the presence or absence of metastasis, the levels of p63 mRNA decrease in cases 

with metastasis (Figure 1-4 B). Interestingly, in a Her2 breast cancer mouse model, a similar reduction in 

p63 expression was observed during cancer progression from hyperplasia to invasive carcinoma (Memmi 

et al. 2015). Analysis of TCGA breast cancer samples shows that the p63 mRNA levels in breast cancers 

decrease in advanced invasive stages of (Figure 1-4 B, C). This evidence suggests that the tumorigenesis 

process in breast tissue downregulates p63 mRNA, and the metastatic process downregulates it further. 

This evidence makes p63’s role in breast cancer context dependent. The following sections will discuss 

evidence in the literature supporting p63’s role as an oncogene and as a tumor suppressor. 

 

The importance of p63 for the development of the mammary gland is evident since the p63 null 

mice lack mammary glands (Mills et al. 1999; Yang et al. 1999). Indeed, a subpopulation of p63 positive 

myoepithelial cells has stem cells properties, with the capacity to self-renew and regenerate the entire tissue 

in mice (Prater et al. 2014; Shackleton et al. 2006; Stingl et al. 2006). A mammary reconstitution assay of 

the fat pad in mice showed that ΔNp63 overexpression increases the capacity of mammary epithelial cells 

to reconstitute the mammary gland ductal tree (Chakrabarti et al. 2014). In this same model p63 has 

oncogenic functions, it regulates the expression of Wnt signaling genes like Fzd7 receptor and the ligand 

Wnt5A in a triple negative basal-like breast cancer mouse model, and p63 increased tumor formation 

capacity of basal-like breast cancer cel lines MDA-231 and Sum-1315 and breast cancer samples 

(Chakrabarti et al. 2014). This study shows that ΔNp63 regulates the proliferation capacity of mammary 

epithelial cells and basal-like breast cancer cells.  

 

A different oncogenic role of p63, is regulation of Hedgehog signaling by transcriptional activation 

of the genes Sonic Hedgehog (the ligand), Patched1 (Ptch1, the receptor), and Gli2 (GLI family zinc finger 

2, the downstream target) in a Her2 mouse tumor model. ΔNp63 increased cell proliferation, self-renewal, 
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and in vivo tumor proliferation of mouse mammary tumor cells (Memmi et al. 2015). In addition, ΔNp63 

increases EGFR signaling through transcriptional upregulation of the Hyaluronic acid receptor CD44 and 

increases synthesis of the CD44 ligand, hyaluronic acid, by mRNA upregulation of the hyaluronic acid 

synthase 3 in basal breast cancer cells, increasing their proliferation and self-renewal (Gatti et al. 2018). 

Interestingly, elevated expression of CD44 is associated with self-renewal capacity and proliferation of 

breast cancer cells (Gatti et al. 2018). The data described above illustrates that ΔNp63 transcriptional 

activation of different signaling pathway components regulates growth in breast cancer cells. 

 

P63’s most controversial role is its effect on epithelial cell migration, which appears to be in some 

contexts positively regulated while in others is inhibited by p63.  Regarding its role in migration, ΔNp63 can 

induce migration by transcriptional upregulation of the gene Missing In Metastasis Protein (MTSS1) a 

protein involved in the regulation of the actin cytoskeleton, in basal breast cancer cell line HCC1954 

(Giacobbe et al. 2016). In addition, p63+ and Keratin 14+ cells have been shown to lead the collective 

invasion of primary tumor organoids in 3D, where strands of cells detach from the tumor as a group and 

penetrate the extracellular matrix (Cheung et al. 2013). The basal cells positive for p63 and Keratin 14 

localize at the invasive edge of the strands, in contact with the matrix. Interestingly, even luminal B type of 

tumors that express very low levels of p63, have cells that acquire basal markers (p63 and keratin 14) when 

grown in collagen matrixes in 3D (Cheung et al. 2013). Keratin 14 positive cells at the leading edge, were 

observed in multiple human breast cancer samples from Luminal A, B, and triple negative subtypes 

(Cheung et al. 2013). In vivo, Keratin 14 was present at the edge of cells that had metastasized to the lung 

(Cheung et al. 2013). P63 is required for the collective invasion of these types of tumors since invasive 

strands coming out of the tumor disappear almost entirely with the loss of p63, and can induce cell migration 

in luminal A, B, and triple negative subtypes of breast cancer (Cheung et al. 2013). Even though the exact 

mechanism behind collective invasion is still unknown, it is likely ΔNp63 induced expression of extracellular 

matrix attachment genes, such as Integrin α6 and β4 is required for this 3D migration/invasion, evidenced 

by the presence of p63 positive cells only at the edges of the invasive front. 
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The evidence of ΔNp63 as a migration/metastasis inhibitor comes from several studies that showed 

that p63 loss increases migration in basal-like breast cancer cell lines (Orzol et al. 2016). Similarly, in non-

transformed mammary epithelial MCF10A, mutant Ras, mutant PI3K, and Her2 overexpression repressed 

ΔNp63α expression and induced an epithelial mesenchymal transition, increased cell migration in 2D, 

increased invasion in 3D, and tumor metastasis (Yoh et al. 2016; Hu et al. 2017). The evidence supporting 

ΔNp63 inhibition of EMT and migration in MCF10A and other basal-like cancer cells, supports its role as a 

potential tumor suppressor, usually evaluated in 2D wound healing and transwell assays. However, 

evidence from studies in 3D tumor organoids suggests that cancer cells require p63 for collective invasion 

required for metastasis in vivo and invasion in vitro in 3D tumor models. Based on this discrepancy, the 

contribution of ΔNp63 seems to be context dependent, as it inhibits migration in 2D and is required for 

collective invasion in 3D. Therefore, in order to better understand the context dependent role of p63 in 

migration, further studies are necessary using more physiological 3D tumor models, different types of breast 

cancers, and different extracellular matrices, to clarify the role of p63 in migration and metastasis.  

 

P63’s role as a suppressor of migration and metastasis, could explain why its expression decreases 

in advanced stages of breast cancers (Figure 1-4 C), compared to squamous cancers that maintain high 

levels of p63 expression even in advanced stages (Figure 1-5), which suggests that p63 could be an 

oncogenic driver in SCCs that depend on p63 for growth. 

 

1.4 Signaling pathway regulation of ΔNp63 expression 

The mechanisms that control ΔNp63α expression could have therapeutic potential for the treatment 

of squamous cancers and breast cancers with high expression of p63. The factors and signaling pathways 

that regulate the expression of ΔNp63 will be described in the following section and are summarized in 

Table 2. 

 

Epithelial Growth Factor Receptor and other cell surface receptors 

Corneal epithelial stem cells in the limbus (the transition zoon between the cornea and conjunctiva) 

in the eye, depend on ΔNp63α expression for proliferation (Cheng et al. 2009). Keratinocyte growth factor 
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(KGF) through the KGF Receptor (an alternative splice variant of Fibroblast Growth Factor Receptor 2 

expressed in Keratinocytes) regulates ΔNp63α expression and proliferation in a dose-dependent manner 

in limbal epithelial cells. KGF induces the expression of ΔNp63α through p38 MAP kinase-dependent 

signaling as treatment with a p38 inhibitor suppressed ΔNp63α expression in corneal epithelial stem cells 

(Cheng et al. 2009).  

 

Epithelial Growth Factor Receptor (EGFR) is a gene target of ΔN63α in mammary epithelial cell 

line MCF10A (Carroll et al. 2006). At the same time, upon treatment with EGF, EGFR increases ΔN63α 

expression through Phosphoinositide 3-Kinase pathway in keratinocytes (Barbieri et al. 2003). Similarly, 

activation of EGFR with EGF increased the expression of ΔNp63α through activation of STAT3, while the 

inhibition of EGFR (with a tyrosine kinase inhibitor) decreased ΔNp63α’s expression in SCCs (Ripamonti 

et al. 2013). Interestingly, the EGFR-STAT3-ΔNp63α signaling axis is required for growth of SCCs after 

radiation treatment (Ripamonti et al. 2013). In contrast, in mammary epithelial cells, constitutive active PI3K 

signaling, induced by overexpression of mutant RAS, mutant PI3K and HER2, repressed ΔNp63α 

expression (Yoh et al. 2016; Hu et al. 2017). In this model, FOXO3a is responsible for the constitutive 

expression of ΔNp63α. AKT activation downstream of PI3K, phosphorylates FOXO3a leading to its nuclear 

exclusion and ΔNp63α repression (Yoh et al. 2016; Hu et al. 2017). This evidence suggests that 

keratinocytes and SCCs regulate ΔNp63α expression through different downstream targets genes, leading 

to opposite effects in mammary epithelial cells.  

  

Epithelial Mesenchymal Transition related factors 

The epithelial–mesenchymal transition (EMT) is a transcriptional program that occurs during 

embryonic development, wound healing, and tissue homeostasis (Stemmler et al. 2019). EMT activates a 

mesenchymal phenotype that induces cell motility, loss of epithelial cell polarity, and loss of cell-cell 

contacts. EMT is activated by transcription factors such as Snail (also known as SNAI1), Slug (also known 

as SNAI2), Twist-related protein 1 (TWIST1), zinc-finger E-box-binding homeobox 1 (ZEB1), and ZEB2 

(Stemmler et al. 2019). Similarly, overexpression of constitutively active forms of NF-κB, Ras and PI3K 

induced EMT in mammary epithelial cells (Chua et al. 2007; Yoh et al. 2016; Hu et al. 2017). In addition, 
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overexpression of EMT transcription (ZEB2, Snail and Slug) suppresses Δp63 expression in SCC and 

mammary epithelial cells as well (Higashikawa et al. 2007; Chua et al. 2007; Herfs et al. 2010). At the same 

time, ablation of ΔNp63 induced EMT in mammary epithelial cells, keratinocytes and SSCs (Yoh et al. 2016; 

Mehrazarin et al. 2015). Since ΔNp63 regulates expression of cell adhesion molecules and epithelial genes, 

is not surprising that EMT would induce changes in ΔNp63 expression. In fact, loss of ΔNp63 seems to be 

a requirement for this process to take place. Whether rescue of ΔNp63 is enough to reverse the EMT 

phenotype is still unclear. However, ΔNp63 overexpression inhibits EMT induced migration (Hu et al. 2017) 

which indicates that ΔNp63 exerts inhibitory effects on EMT. 

 

NFкB signaling pathway 

Nuclear factor kappa B (NF-kB) is a heterodimeric transcription factor that is inactivated in the 

cytoplasm by binding to inhibitor-of-kappaB (IkB) (Ghosh and Karin, 2002; Karin and Lin, 2002). In mouse 

keratinocytes, activation of NF-κB transcription factor induced repression of ΔNp63, mediated by ankyrin 

repeats SH3 domain and protein rich region containing protein 2 (ASPP2). ASPP2 binds to IkB, releasing 

NF-κB from inhibition (Tordella et al. 2013). ASPP2 is induced upon keratinocyte differentiation and 

represses ΔNp63 (Tordella et al. 2013). Similarly, in mammary epithelial cells, overexpression of a 

constitutively active form of NF-κB (with reduced affinity for IkBα) induced EMT and increased Zeb1, and 

Zeb2 overexpression and repressed p63 expression (Chua et al. 2007). In summary, NF-kB regulates 

ΔNp63 expression in mammary epithelial cells and keratinocytes, regulates differentiation and EMT. 

 

Notch signaling pathway 

The Notch signaling pathway consists of four Notch receptors, Notch 1-4, and 5 different ligands 

Delta-like 1, 3, and 4 (DLL1, DLL3, and DLL4), and Jagged 1 and 2 (JAG1 and JAG2) (Bray 2016). When 

the pathway gets activated, the ligand expressed in a neighboring cell, binds to the Notch receptor 

expressed in a target cell, inducing the proteolytic cleavage of the receptor by the protease ADAM on the 

extracellular side, and the γ-secretase protease on the intracellular side. This releases the Notch 

Intracellular Domain (NICD), which interacts with DNA-binding protein CBF1–Suppressor of Hairless–LAG1 

(also known as RBPJ, to stimulate gene expression (Bray 2016).  
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Several studies have shown that ΔNp63 and Notch signaling antagonize each other in human 

mammary epithelial cells and keratinocytes. Constitutive Notch activation through NICD overexpression, 

induces luminal cell differentiation, and decreased the number of p63 positive cells and colonies, in mouse 

mammary basal/stem cells (Bouras et al. 2008). Similarly, in keratinocytes, constitutive active Notch1 

signaling, repressed ΔNp63 expression (Nguyen et al., 2006). In addition, ablation of ΔNp63 in basal 

mammary cells, induced luminal cell characteristics, which phenocopies Notch activation (Yalcin-Ozuysal 

et al. 2010). Together these observations suggest that active notch represses p63 and induces luminal cell 

characteristics. In contrast, inhibition of Notch with γ-secretase inhibitor or knockdown of the CBF1 

coactivator, induced expansion of p63 positive basal cells, and impaired luminal cell differentiation in 

mammary epithelial cells (Bouras et al. 2008; Yalcin-Ozuysal et al. 2010). In keratinocytes, inhibition of 

Notch signaling by ablation of Notch1 receptor, increased ΔNp63 expression (Nguyen et al., 2006). In 

addition, overexpression of ΔNp63 phenocopied Notch inhibition, impairing luminal cell differentiation, and 

increasing basal cells keratin expression (Yalcin-Ozuysal et al. 2010). These results indicate that Notch 

signaling and p63 counteract each other. Notch represses p63 and induces luminal differentiation, while 

p63 inhibits Notch signaling, impairing luminal differentiation and maintaining the basal cell phenotype. 

  

In keratinocytes, deletion of Notch1 receptor, increased ΔNp63 and interferon regulatory factor 3 

(IRF3) expression, while Notch activation repressed ΔNp63 and downregulated IRF3 and IRF7 transcription 

factors mRNA (Nguyen et al., 2006). In addition, overexpression of IRF7 rescued ΔNp63 mRNA expression 

upon Notch activation (Nguyen et al., 2006), suggesting that IRF7 is responsible for ΔNp63 expression in 

keratinocytes. Yet, ΔNp63’s mRNA is only partially downregulated by combined ablation of IRF7 and IRF3 

together, but not separately (Nguyen et al., 2006). In addition, the effects of IRFs on ΔNp63 protein levels 

were not evaluated in this study. Even though the results are inconclusive, the observations suggest that 

activation of Notch signaling represses ΔNp63 mRNA partially through downregulation of IRF7, and at the 

same time suggests that other factors besides IRF7 are required for ΔNp63’s constitutive expression.  

 

 Hedgehog signaling pathway 
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The Hedgehog signaling pathway is involved in development and differentiation of cells. When the 

pathway is inactive the Patched1 (PTCH1) receptor keeps the transmembrane protein Smoothened (SMO) 

inhibited, allowing the Gli transcription factor to be proteolytically processed to generate the GliR form that 

lacks the C-terminal domain and acts as repressor (Zhou and Jiang 2022). When the ligands Sonic 

Hedgehog (SHH), Indian Hedgehog or Desert Hedgehog bind the receptor PTCH1, the pathway is activated 

and releases SMO from inhibition. This prevents the proteolysis of Gli, which is turned into a full length 

activator GliA that enters the nucleus to induce transcription. There are three Gli members: Gli1, Gli2, and 

Gli3, both Gli2 and Gli3 are proteolytically processed to generate GliR when the signaling is off, and Gli1 

acts only as  a transcriptional activator, induced as a positive feedback loop to amplify the signal (Zhou and 

Jiang 2022). 

 

Activation of Hedgehog signaling by overexpression of the ligand Ihh, repressed ΔNp63α and 

promoted the transcription of the TAp63 isoform through activation of Gli3, increasing the proliferation of 

mammary epithelial cells (Li et al. 2008a). Interestingly, Gli3 knockdown also repressed ΔNp63α and 

promoted TAp63 transcription, however, to a lesser degree compared to Ihh (Li et al. 2008a). This apparent 

contradiction suggests that the lack of Gli3R (the truncated form present when signaling is off) is responsible 

for ΔNp63α repression and not the activation of Gli3 full length. In addition, the complexity of this pathway 

increases with the fact that ΔNp63 transcriptionally regulates multiple components of this pathway, such as 

the negative regulator suppressor of fused (SUFU), the ligand Sonic Hedgehog (Shh), the transcriptional 

activator Gli2, and the receptor Ptch1 (Chari et al. 2013; Memmi et al. 2015). At the same time ΔNp63 

represses Indian Hedgehog ligand in mammary stem cells (Li et al. 2008a). These results indicate a 

reciprocal relationship between Hedgehog signaling which represses ΔNp63, and ΔNp63 which 

transcriptionally regulates Hedgehog signaling components in a feedback loop. 

 

Wnt β-Catenin pathway 

Wnt signaling is activated by binding Wnt ligands, which are secreted Cys-rich proteins, to Frizzled 

receptors. There are more than 15 WNT receptors and co-receptors. The combination of a receptor with a 

specific WNT ligand determines the downstream pathway (Niehrs 2012). The downstream pathway can be 
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canonical (β-catenin-dependent) or non-canonical (β-catenin-independent). When active, the canonical, 

catenin dependent pathway recruits the kinase GSK3β to the membrane, where it is inhibited. This induces 

stabilization and nuclear translocation of β-catenin, which acts as co-activator of T-cell factor 

(TCF)/lymphoid enhancer-binding factor (LEF) transcription factors (Niehrs 2012). In mice Wnt9 ligand is 

induced by Pbx1/2vtranscription factors during craniofacial development. This activates the WNT β-Catenin 

pathway and its downstream transcriptional regulator Lef1/TCF. The ΔNp63 promoter is activated by Wnt 

signaling though Lef1/TCF downstream factor during embryonic development in mice (Ferretti et al. 2011). 

In addition, the WNT β-Catenin pathway positively regulates the expression of ΔNp63 through the limb-bud 

and heart (LBH) factor during puberty in the mouse mammary gland (Lindley et al., 2015). LBH is a 

downstream transcriptional target of Lef1/TCF upon stimulation of Wnt signaling with Wnt3a, which 

activates the LBH promoter (Rieger et al. 2010). LBH is expressed in basal cells of the mammary epithelia 

and is required for the growth of the mammary gland in puberty (Lindley et al., 2015). LBH increases 

transcription of ΔNp63α in mammary epithelia and downregulates TAp63α (Lindley et al., 2015). These 

results indicate that WNT β-Catenin pathway positively regulates ΔNp63α expression through Lef1/TCF 

and LBH factors, during development and puberty in mice. 

 

The Hippo signaling pathway 

The hippo pathway can positively or negatively regulate ΔNp63, this regulation will be explained in 

detail at the end of this chapter (Section 1.7). The findings described in Chapter 2 will also compliment what 

is known about p63 regulation by the Hippo pathway. 

 

In summary, multiple factors from different signaling pathways regulate through repression or 

activation, the expression of ΔNp63 in mammary epithelial cells, keratinocytes and SCCs. Since multiple 

interactions and crosstalk exist between pathways, it is unlikely that a unique factor would control ΔNp63α; 

most likely various factors in combination respond to multiple signaling inputs that at the end determine the 

level of expression of p63.  

 



20 
 

1.5 The Canonical Hippo Pathway and Its Role in Cancer 

The hippo pathway is a tumor suppressor pathway. It was discovered in Drosophila in genetic 

screens for mutantions that induce excess proliferation of cells in tissues (Justice et al. 1995; Xu et al. 

1995). The Hippo pathway is one the eight signaling pathways most commonly altered in human cancers 

(Sanchez-Vega et al. 2018) based on findings by The Cancer Genomic Atlas (a program that genetically 

characterized twenty thousand primary cancer samples matched to standard tissue samples across 33 

different types of cancers (The Cancer Genome Atlas Program - National Cancer Institute, 2018). 

 

The first member of the hippo pathway found in initial screens in Drosophila was the warts (wts) 

kinase orthologue to the human Large tumor suppressor (LATS) kinase (Justice et al. 1995; Xu et al. 1995).  

Another component Salvador (sav) was found as a binding partner of the warts kinase (Tapon et al. 2002), 

and it is required for apoptosis and cell cycle exit  (Kango-Singh et al. 2002; Tapon et al. 2002). 

Years later mutations the Hippo gene, a Ser/Thr Kinase (hpo), homolog of the Mammalian Ste20 kinases 

1 and 2 (MST1 and 2), caused the same phenotype of excess growth in tissues as sav and wts (Kango-

Singh et al. 2002; Tapon et al. 2002). Hippo gives the pathway its name due to the large head phenotype 

it causes in flies when it is mutated (Udan et al. 2003). Another gene in the pathway is Mob as a tumor 

suppressor (mats), whose loss of function also increased cell proliferation (Lai et al. 2005). Finally, it was 

found that the functional effector downstream of the pathway’s kinases was Yorkie (yki) (ortholog of Yes 

associated protein- Yap- in humans), whose overexpression phenocopied excess growth and impaired 

apoptosis of the loss of function of hpo, wts, mats, and sav. Yki loss of function caused organs of small size 

similar to the overexpression of hpo and wts (Huang et al. 2005). The Wts kinase binds and phosphorylates 

yki resulting in the inhibition of its transcriptional activity (Huang et al. 2005). 

 

In humans, the core Hippo pathway (Figure 1-6) consists of MST1 and 2 kinases (Mammalian 

sterile like-20) that bind and phosphorylate the adaptor protein Salvador (SAV1, also known as WW45), 

increasing their kinase activity (Callus et al. 2006; Bae et al. 2017). MST activates the human Large Tumor 

Suppressor Kinase (LATS) (Chan et al. 2005). The scaffold proteins MOB1A and B induce the activation 

of LATS1/2 along with MST1 and 2 (Hergovich et al. 2006; Praskova et al. 2008). Active LATS1/2 negatively 
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regulate the transcriptional activators Yes Associated Protein (YAP) and Transcriptional co-Activator with 

PDZ-binding motif (TAZ, also known as WW domain-containing transcription regulator protein 1 or WWTR1) 

(Kanai et al. 2000; Zhao et al. 2007; Lei et al. 2008). Once phosphorylated, YAP and TAZ are sequestered 

in the cytoplasm and targeted for degradation (Hao et al. 2008; Lei et al. 2008; Liu et al. 2010; Zhao et al. 

2007, 2010). When kinases LATS1/2 are inactive, YAP and TAZ get translocated to the nucleus where they 

interact with TEAD transcription factors to induce transcription of growth-inducing genes like Connective 

Tissue Growth Factor (CTGF) (Zhang et al. 2009; Zhao et al. 2008) (Figure 1-6). Each component of the 

core Hippo pathway will be explained in more detail below.   

 

1.5.1 Mammalian Ste20-like kinases 1 and 2: MST1 and MST2  

The Mammalian Ste20-like kinases 1 and 2 (MST1/2) are Ser/Thr kinases, that induce apoptosis 

when transiently overexpressed (Graves 1998). MST1 and MST2 are activated by autophosphorylation in 

the kinase activation loop at T183 in MST1 and T180 in MST2 (Praskova et al. 2004). Homodimerization 

of MST2 through its C-terminal domain (named SARAH after SAV-RASSF-HIPPO, from the Drosophila 

homologs) is required for MST2 autophosphorylation at T180, which activates the downstream 

phosphorylation of MOB1, LATS1/2 and YAP (Chan et al. 2005; Ni et al. 2013; Tran et al. 2020). 

Autophosphorylation is critical for MST’s kinase activity since phosphomutant T180A is inactive (Ni et al. 

2013). MST localizes to the cell membrane binding the scaffold protein Salvador (SAV1) in a SARAH 

domain dependent manner (Yin et al. 2013). This step increases MST kinase activity by bringing their 

kinase domains close together (Tran et al. 2020). On the other hand, MST binding to a different adaptor 

the RASSF protein, prevents MST2 autophosphorylation by forming MST heterodimers (Ni et al. 2013). 

The K473 residue in MST2 is vital to allow the heterodimer formation with RASSF; the K473A mutation 

blocks the binding to RASSF and heterodimer formation, increasing MST2 autophosphorylation (Ni et al. 

2013). MST1/2, in their heterodimer form, are found in vivo and have lower kinase activity towards MOB1 

proteins and are less effective at inhibiting YAP/TAZ than homodimers (Rawat et al. 2016).  

 

MST kinases also interact with phosphatases, since a time course treatment with Okadaic acid (a 

PP2 phosphatase inhibitor and activator of MST1/2) revealed that at the latest time points MST binds 
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phosphatase PP6 and SLAMP (a member of the STRIPAK PP2A phosphatase complex) as a feedback 

mechanism to turn off the pathway (Couzens et al. 2013). MST autophosphorylates its linker domain at 

seven phosphorylation sites, and only four of them, T349, T356, T364, T378 in MST2, are required for 

MOB1A/B binding and phosphorylation as well as downstream pathway activation (Ni et al. 2015). When 

phosphorylated, the other three phosphorylation sites in the linker domain at T325, T336, and T378 allow 

the binding of the STRIPAK phosphatase complex to MST to decrease its autophosphorylation (Ni et al. 

2015; Zheng et al. 2017). This suggests that MST autophosphorylations can have opposite effects on 

downstream signaling. Some MST autophosphorylations allow the activation of MOB1A and the pathway, 

while other autophosphorylations recruit phosphatases to decrease MST activity and turn off the pathway. 

 

MST1/2 are also required for cell cycle progression; their activity increases in mitosis and deletion 

of MST delays mitotic exit, MST1 and MST2 allow chromosomes to bind to microtubules (Oh et al. 2010). 

 

Since the Hippo pathway is a potent regulator of organ size, it is expected that it would play a role 

in cancer development when it is dysregulated. The RasV12 mutation, common in some cancers, induced 

the formation of MST1/2 heterodimers with lower kinase activity towards MOB1, compared to homodimers. 

In consequence, heterodimers inhibit YAP less efficiently, than homodimers (Rawat et al. 2016). Ras 

induced MST1/2 heterodimer formation, which caused the transformation of MEFs, inducing anchorage 

independent growth (Rawat et al. 2016). If MST1/2 heterodimer formation is impaired by expression of 

either MST1 or MST2 alone in MEFs, then anchorage independent growth is inhibited (Rawat et al. 2016). 

This suggests that Ras induced transformation of MEFs is dependent on MS1/2 heterodimer formation. 

 

Mouse models have been established to understand the role of MST kinases in mammalian cancer. 

The loss of MST1/2 impaired embryonic development. Mice hemizygous for either MST1 or MST2 died at 

several months of age of hepatocellular carcinoma, while others had enlarged livers (Zhou et al. 2009). 

Postnatal loss of MST1/2 in mice in the liver increased cell proliferation and had hepatocellular carcinomas 

with decreased phosphorylation of MOB and YAP (Lu et al. 2010; Zhou et al. 2009). Restoring MST1 

expression in an hepatocellular carcinoma cell line decreased proliferation, increased apoptosis, and 
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increased YAP and MOB phosphorylation (Zhou et al. 2009). Another mouse model that studied MST1/2 

in different tissues found that postnatal loss of MST1/2 caused higher susceptibility to liver cancer and 

enlarged stomach, liver, heart, and spleen organs (Song et al. 2010). In addition, the inhibition of MST1/2 

with the small molecule inhibitor XMU-MP1 activates YAP and increases proliferation and liver repair after 

injury (Fan et al. 2016). All these studies suggest that the requirement of MST1 and 2 as tumor suppressors 

varies depending on the tissue and that the liver particularly relies on MST1/2 activity to regulate 

proliferation and prevent tumorigenesis.  

 

1.5.2 The adaptor protein Salvador: SAV1  

Salvador also known as WW45 in humans, is an adaptor protein of the MST1/2 kinases and it is 

their phosphorylation target (Callus et al. 2006). Its role was de fined in human cells using the ACHN human 

cancer cell line that is SAV1 null and has low levels of YAP S127 phosphorylation (Dong et al. 2007). In 

this cell line, only the expression of LATS1/2, but not of MST1/2, was able to rescue the phosphorylation of 

YAP. To fully rescue the ability of MST1/2 to promote YAP phosphorylation, coexpression of MST along 

with SAV was required. This result placed SAV1 in the Hippo pathway downstream of MST1/2 and 

upstream of LATS1/2 (Dong et al. 2007). 

 

SAV1 recruits MST1/2 to the plasma membrane, induces formation of MST homodimers, which 

induces their auto-phosphorylation and activation (Callus et al. 2006; Yin et al. 2013). In addition, SAV1 

maintains MST1/2 activity by protecting them from interacting with the phosphatase complex STRIPAK 

(Bae et al. 2017). Despite the role of SAV in MST activation, others have found that SAV1 is not essential 

for inhibiting YAP/TAZ. On the one hand, livers from SAV1 null mice still retain partial phosphorylation of 

LATS and YAP (Yin et al. 2013). In addition, CRISPR knockout of SAV1 or MST1/2 did not block YAP/TAZ 

phosphorylation after serum starvation of HEK293T cells (Plouffe et al. 2016). This result indicates that 

LATS can be activated independently of MST.  

 

One of the molecules that can activate LATS independent from MST and SAV is Neurofibromin 2 

(NF2, also known as Merlin). NF2 is an membrane cytoskeleton adaptor protein, that causes tumors of the 
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nervous system known as Neurofibromatosis II and other cancers such as mesotheliomas when mutated 

(Yin et al. 2013). Livers from SAV1 or NF2 null mice have impaired phosphorylation of LATS and YAP (Yin 

et al. 2013). Interestingly, SAV1/NF2 double knockouts have even lower levels of YAP phosphorylation 

compared to either SAV1 or NF2 single knockouts. This indicates that both proteins SAV1 and NF2 are 

required for the complete activation of LATS1/2 and phosphotylation of YAP. These results show that SAV 

activation of MST is not the only existing mechanism to activate LATS. In addition, kinases such as TAO 

kinase 1-3 or MAPK4 can also activate upstream components of the Hippo pathway. TAO kinase 1-3  

phosphorylate and directly activate MST1/2 (Boggiano et al. 2011; Poon et al. 2011). MAPK4 can activate 

LATS independent of MST (Meng et al. 2015; Zheng et al. 2015; Plouffe et al. 2016). Therefore, the 

requirement of SAV1 for the inhibition of YAP/TAZ may be cell-type and stimuli dependent, so further 

studies are required to clarify the circumstances that regulate their roles in the Hippo pathway. 

  

Despite that SAV1 is not required to activate Hippo signaling in vitro, in vivo SAV1 loss can induce 

cancer and developmental defects in mouse models. Mouse null for SAV have defects in the skin and 

intestine, have decreased apoptosis, increased proliferation, and defects in differentiation of the skin layers 

and the intestinal villi (Lee et al. 2008). SAV loss also induced liver tumors, similar to MST1/2 loss, however 

the type of liver tumors was different. SAV loss, increased proliferation of liver progenitor oval cells, and  

induced cholangiocarcinomas, while in MST1/2 ablation induced hepatocellular carcinoma in mice (Lu et 

al. 2010; Lee et al. 2010). The results described above suggest that SAV is required as a tumor suppressor 

in mouse models in a tissue-specific manner. Tumors formed in SAV null mice are different from tumors 

formed in MST1/2 null mice, suggesting that the downstream signaling effects induced by SAV1 could be 

different from those indued by MST1/2. 

 

1.5.3 The Mps One Binder 1A/1B adaptor proteins: MOB1A and MOB1B 

Mps One Binder 1A/1B (MOB1A/B) are 96% identical adaptor proteins, that are part of the core 

Hippo pathway (Stavridi et al. 2003). MOB1A/B act as kinase activating proteins; their binding to the 

membrane induces the rapid recruitment and activation of LATS (Hergovich et al. 2006). Both MOB1A and 

B bind to active MST1/2 kinases and get phosphorylated at T12 and T35 (Praskova et al., 2008). MOB1A/B 
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once phosphorylated bind to LATS increasing its activation, by phosphorylation at T1079 by MST and by 

phosphorylation on its autoactivation loop at S909 in LATS1 (Praskova et al., 2008). Both phosphorylations 

are necessary to completely activate LATS. MOB1A/B are essential for LATS1/2 activation and therefore 

for the inhibition of YAP/TAZ, since CRISPR Knock out of both MOB1A and B in Hek293T cells, severely 

impaired YAP/TAZ phosphorylation (Plouffe et al. 2016). 

 

Okadaic acid is phosphatase PP2A inhibitor and since PP2A inhibits MST kinases by decreasing 

their phosphorylation levels, then okadaic acid activates the Hippo pathway increasing MST1/2 activity by 

maintaining their phosphorylation levels high and therefore their activity. The increase in MST1/2 kinase 

activity induced by Okadaic treatment, increases MOB1A/B phosphorylation and binding to MST1/2, as well 

as binding to their upstream regulator proteins SAV1 and RASSF (Couzens et al. 2013). In addition, a time 

course treatment with Okadaic acid combined with proteomics, revealed that the core Hippo pathway 

follows a sequence of activation steps, first MOB1 is first bound to LATS kinases, then MOB1 binds to MST, 

followed by binding to SAV and RASSF adaptor proteins. Finally, longer activation of the pathway with 

Okadaic acid induced binding of the complex to the phosphatase PP6 (a member of the PP2A family of 

phosphatases) (Couzens et al. 2013). This suggests that extended activation of the pathway, induces the 

recruitment of phosphatases to the kinase complex, as a negative feedback mechanism to turn off the 

pathway. Further structural studies of MOB1A/B binding to MST and LATS, support the above mentioned 

activation steps of the core kinase cascade: first, active MST autophosphorylates multiple residues in its 

linker domain (between the kinase and SARAH domains) (Ni et al. 2015). Second, these phosphosites on 

MST work as docking sites for MOB1A/B binding. Third, MOB1A/B binds to LATS. Fourth, MST 

phosphorylates MOB1A/B at T12 and T35 and LATS1 at T1079 (Ni et al. 2015). This phosphorylation 

triggers a conformational change that releases MOB1A/B bound to LATS, from MST (Ni et al. 2015; Xiong 

et al. 2017). In the final step, MOB1A/B bound to LATS, stimulates its autophosphorylation and full 

activation (Ni et al. 2015).  

 

Mass spectrometry studies revealed that MOB1A and B could have different binding partners 

despite having almost identical protein sequences. MOB1A interacts more abundantly with LATS1 and the 
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binding does not increase further with Okadaic acid treatment. MOB1B binds less to LATS1 and upon 

Okadaic acid treatment MOB1B binding to LATS1 increases (Couzens et al. 2013; Xiong et al. 2017). In 

addition, MOB1A binds to LATS2 less than it binds to LATS1 (Couzens et al. 2013; Xiong et al. 2017). 

MOB1A binding to LATS2 increased with longer treatments of pathway activation, since okadaic treatment 

increased their binding (Couzens et al. 2013; Xiong et al. 2017), which suggests that the binding is 

dependent on the proteins phosphorylation. In addition, MOB1B binds to the phosphatase PP6 while 

MOB1A does not. These data suggest that MOB1A interacts more abundantly with LATS1 than MOB1B. 

In addition, MOB1A also binds to LATS1 more than it does to LATS2. This evidence further demonstrates 

that the isoforms of MOB1 despite their sequence similarity, are possibly functionally different since they 

have different binding partners and respond differently to the activation of the pathway by phosphatase 

inhibition. 

 

Both MOB1A/B have also been shown to have Hippo independent roles; they regulate cytokinesis 

in mitosis by regulating the stability of the microtubules. MOB1 loss prevents the separation of the two 

daughter cells due to increased acetylation of the microtubules in the middle bridge between the cells 

(Florindo et al. 2012).  

 

Regarding their role in cancer, loss of MOB1A and MOB1B induced osteosarcomas, fibrosarcomas, 

tumors in the skin, liver, breast, lung, and salivary glands in mice (Nishio et al. 2012). MOB1A/B also have 

roles in development that are tissue dependent. MOB1A/B loss in keratinocytes, decreased LATS1/2 

phosphorylation and increased nuclear YAP localization, inducing skin hyperplasia with increased cell 

divisions with less apoptosis in the suprabasal layer of the skin, as well as terminal differentiation defects 

of skin keratinocytes (Nishio et al. 2012). These results indicate that the loss of MOB1A/B causes defects 

in cell cycle exit and differentiation, that increase proliferation of keratinocytes, illustrating an important role 

of MOB1A/B in skin development. In addition, primary keratinocytes had multiple centrosomes and 

micronuclei, which indicates that MOB1A/B regulates chromosomal segregation (Nishio et al. 2012).  

MOB1A/B loss can have developmental effects that do originate from excess proliferation, but 

increased apoptosis instead. Mice with chondrocyte specific deletion of MOB1A/B have chondrodysplasia 
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(decreased thickness of the cartilage zone and shorter bones), defect caused by impaired cell 

differentiation. Chondrocytes have impaired ossification due to excess YAP/TAZ activity, which repressed 

SOX9 gene, required for extracellular matrix gene expression and cartilage differentiation decreasing the 

overall size of the cartilages and bones (Goto et al. 2018). This indicates that MOB1A/B have tumor 

suppressor roles in multiple tissues, as well as an important role in development regulating cell proliferation, 

apoptosis, chromosomal segregation, as well as terminal differentiation of skin keratinocytes and 

chondrocytes. 

 

1.5.4 The Large Tumor Suppressor Kinases: LATS1 and LATS2 

LATS1/2 negatively regulate the transcriptional activators Yes Associated Protein (YAP) and TAZ 

(also known as WWTR1) by phosphorylation (Zhao et al. 2007; Lei et al. 2008). Once phosphorylated, YAP 

and TAZ are sequestered in the cytoplasm and targeted for degradation (Hao et al. 2008; Lei et al. 2008; 

Liu et al. 2010; Zhao et al. 2007, 2010). LATS1/2 are activated by MST1/2 by phosphorylation at T1079 in 

LATS1 and T1041 in LATS2 (Chan et al. 2005; Praskova et al. 2008; Hoa et al. 2016). MOB1A/B are 

essential for this phosphorylation step by bringing LATS1/2 close to MST and they are also vital to activate 

LATS autophosphorylation at S909 in LATS1 and S872 in LATS2 to make LATS fully active (Hergovich et 

al. 2006; Praskova et al. 2008; Ni et al. 2015; Hoa et al. 2016). 

 

LATS1/2 can be activated independently of MST through the protein Merlin (also known as 

Neurofibromin 2 –NF2), which activates LATS1/2 upon disruption of actin cytoskeleton polymerization or 

inhibition of RHOA (Yin et al. 2013). NF2 also recruits LATS1/2  directly to the plasma membrane 

independently of MST1/2 (Yin et al. 2013).  By increasing LATS1/2 at the plasma membrane it allows their 

interaction with SAV1 and MST activating them (Yin et al. 2013). 

 

LATS2 also has cell cycle related roles. Spindle damage impairs proper chromosomal segregation 

during mitosis and the cells could have an additional cell cycle, becoming tetraploid. A tetraploidy 

checkpoint normally blocks additional rounds of DNA duplication in cells with already duplicated DNA (Aylon 

et al. 2006). LATS2 stabilizes p53 and increases it total levels by preventing its ubiquitination by MDM2, 
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after mitotic spindle damage. Active p53 then induces LATS2 mRNA expression in G2/M, establishing a 

feedback loop (Aylon et al. 2006). LATS2 and p53 are required to induce cell cycle arrest upon tetraploidy. 

Without either one, LATS2 or p53, cells continue duplicating their DNA in each successive cycle becoming 

tetraploid (Aylon et al. 2006). Whether MST1/2 are required for LATS2 stabilization of p53 and induction of 

cell cycle arrest is unclear, since their role was not directly evaluated. 

 

 LATS1 can have functions independent from LATS2. Higher levels of LATS1 expression are 

associated with lack of response to Sorafenib therapy (a chemotheraupeutic agent a kinase inhibitor) in 

hepatocellular carcinoma patients (Tang et al. 2019a). LATS1 induced resistance to Sorafenib treatment 

through the inhibition of Sorafenib induced autophagy in hepatocellular carcinomas. Ablation of LATS1 but 

not LATS2 increased cell death and autophagy upon Sorafenib treatment (Tang et al. 2019a). The inhibition 

of autophagy was independent of the LATS1 kinase activity, instead LATS1 as an scaffolding protein binds 

and stabilizes the autophagy protein Beclin1 (Tang et al. 2019a). Indicating that LATS1 has kinase 

independent, as well as LATS2 independent functions that regulate the response to therapeutic agents.  

 

LATS1 can also regulate cell differentiation and protein stability in a LATS2 independent manner. 

LATS1/2 are required to maintain the basal/myoepithelial phenotype of primary breast cells (Britschgi et al. 

2017). Since LATS1/2 ablation induces YAP/TAZ dependent luminal differentiation and upregulation of 

Estrogen Receptor α levels (Britschgi et al. 2017). However, only LATS1 is required to induce protein 

degradation of Estrogen Receptor α, possibly to maintain low basal levels of Estrogen receptor to maintain 

the basal cell phenotype of mammary epithelial cells (Britschgi et al. 2017). 

 

LATS kinases, are tumor suppressors that negatively regulate YAP/TAZ. LATS1 null mice are 

viable but have higher incidence of ovarian cancer and soft tissue sarcomas and treatment with 

carcinogens, which decreases their survival (St John et al. 1999). Human sarcomas have reduced or non-

detectable expression of LATS1 due to promoter methylation (Hisaoka et al. 2002). In human breast 

cancers have promoter methylation at the LATS1 and LATS2 promoters (Takahashi et al. 2005). Malignant 

mesothelioma tumor samples have LATS2 deletions, truncations and mutations in the coding region that 
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decrease total LATS2 expression (Murakami et al. 2011). LATS1/2 deletions induced renal carcinoma, by 

increasing YAP/TAZ activity in renal epithelium in adult mice (Carter et al. 2021). LATS1/2 kinases are 

important tumor suppressors necessary to inhibit YAP/TAZ induced proliferation. Their activity is necessary 

to prevent sarcomas, mesotheliomas, renal and ovarian carcinomas in vivo, suggesting that their activity is 

required in a tissue and cell type dependent manner. 

 

1.5.5 The Yes-Associated Protein and The Transcriptional Co-Activator with PDZ-binding motif: 

YAP and TAZ  

The Yes-Associated protein (YAP) is a potent regulator of organ size by increasing cell proliferation 

and resistance to apoptosis (Dong et al. 2007). It is a transcriptional activator that binds to the SH3 domain 

of the Yes tyrosine kinase (Sudol 1994). Its role as a transcriptional activator was found in a yeast two 

hybrid screen for protein interactors with the PY motif (PPPY) of the transcription factor PEBP2 (This motif 

is conserved and is required for PEBP2’s transcriptional activity) (Yagi et al. 1999). YAP contains a proline 

rich domain at its N-terminus, two central WW domains, an SH3 domain, a coiled-coiled domain followed 

by a transcriptional activation domain at its C-terminus (Sudol 1994; Yagi et al. 1999; Kanai et al. 2000; 

Zhao et al. 2007, 2010).  

 

YAP is negatively regulated by the LATS1/2 kinases of the Hippo pathway. YAP is phosphorylated 

by LATS2, causing a shift in its electrophoretic motility when LATS2 is overexpressed (Zhao et al. 2007). 

LATS2 in combination with MST2, MOB1 and SAV caused the highest motility shift in YAP, induced the 

cytoplasmic localization of YAP and decreased the transcriptional activity of TEAD (Zhao et al. 2007) 

Showing that the highest phosphorylation occurs when both types of kinases and adaptor proteins are 

overexpressed (Zhao et al. 2007)..  

 

Active unphosphorylated YAP increases the transcriptional activity of TEAD transcription factors 

(Zhao et al. 2007) YAP does not have DNA binding activity of its own, instead TEAD transcription factors 

are the major binding partners of YAP and are required to induce gene expression. This was evidenced by 

the lack of transcriptional activity observed in the S94A YAP mutant that cannot interact with TEAD 
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transcription factors (Zhao et al. 2008). The YAP-TEAD transcriptional activity is essential for the 

proliferative effects induced by the YAP 5SA constitutively active mutant in MCF10A cells, since ablation 

of their target gene Connective Tissue Growth Factor (CTGF), decreased proliferation and anchorage 

independent growth in 2D and 3D (Zhao et al. 2008). This suggests that YAPs transcriptional activity 

mediated by TEAD binding, is important for cell growth.  

 

YAP is phosphorylated by LATS2 on five amino acid residues; S61, S109, S127, S163, and S381 

(Zhao et al. 2007) and by LATS1 on S61, S109, S127, and S164, (Hao et al. 2008). LATS1 phosphorylates 

and inactivates YAP1 nuclear localization and transcriptional activity (Hao et al. 2008). The phosphorylation 

site at S127 is the main site that controls YAP nuclear localization; when this site is phosphorylated, YAP 

interacts with 14-3-3 protein and is retained in the cytoplasm (Zhao et al. 2007). The S127A mutant as well 

as the mutations in all 5 sites (5SA YAP), makes YAP resistant to inhibition by MST and LATS, and it is 

constitutively localized in the nucleus (Zhao et al. 2007; Hao et al. 2008). While individual mutations of the 

other phosphosites had no effect on YAP (Zhao et al. 2007). LATS1/2 phosphorylation of YAP at S381 

does not change its cellular localization but decreases YAP protein stability, by allowing the interaction with 

the β-transducin repeat containing protein E3 ligase (β-TCRP also known as FBXW7) necessary for YAP1’s 

ubiquitination and degradation (Zhao et al. 2010). LATS phosphorylation of YAP at S381 is required for 

subsequent phosphorylation by Casein Kinase δ/ε (CK1 δ/ε) at a phosphodegron at S384 and S387, which 

is required for the ubiquitination and degradation of YAP (Zhao et al. 2010).  

 

YAP’s cellular localization and protein stability are controlled by cell density. When cells are 

confluent YAP phosphorylation at S127 increases and YAP is localized in the cytoplasm, where it is 

ubiquitinated and degraded (Zhao et al. 2010). In sparse cells, YAP is less phosphorylated, stabilized and 

traslocated to the nucleus where it activates transcription (Zhao et al. 2010, 2007). This indicates that 

LATS1/2 kinase activity (phosphorylation of YAP) increases with cell density. Since NF2 (Neurofibromin 2 

or Merlin) activates LATS1/2 by recruiting them to the plasma membrane, in an MST1/2 independent 

manner (Yin et al. 2013). 
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TAZ is a YAP homolog (also known as WW domain-containing transcription regulator protein 1 or 

WWTR1) that was initially described as a 14-3-3 binding protein (Kanai et al. 2000). 14-3-3 is a cytoplasmic 

protein that binds to phosphoproteins (Pennington et al. 2018). TAZ N-terminus has the 14-3-3 binding 

domain followed by one WW domain required for binding to PPXY motifs (present in the transcriptional 

activation domain of transcription factors) (Kanai et al. 2000). After the WW domain is the transcriptional 

activation domain essential for TAZ target gene transcription, and at the coil-coiled domain and the 

conserved PDZ-binding domain at the C-terminus (Kanai et al. 2000). TAZ is inhibited by the Hippo pathway 

kinase LATS1/2 by phosphorylation at four residues S66, S89, S112  and S311 (Lei et al. 2008). TAZ 

phosphorylation at S89 at its N-terminus regulates its binding to 14-3-3 and its cytoplasmic localization, 

inhibiting its nuclear import and transcriptional activity (Kanai et al. 2000; Lei et al. 2008). Of all its 

phosphosites, S89 has the strongest effect, since S89A mutants are resistant to LATS inhibition (Lei et al. 

2008). 

 

Overexpression of TAZ, followed by affinity purification and mass spectrometry, found  that all 

TEAD transcription factors 1-4 are binding partners of TAZ (Zhang et al. 2009). TAZ activation of TEAD-

dependent transcription was confirmed through a luciferase screen of a human transcription factors library 

fused with the Gal4 DNA binding domain dependent luciferase reporter. TAZ overexpression activated 

TEAD-dependent luciferase activity (Zhang et al. 2009). When overexpressed TAZ induces growth, 

migration, and epithelial mesenchymal transition (EMT) in MCF10A cells (Lei et al. 2008). The CTGF gene 

was identified as a direct transcriptional target of TAZ and TEAD and is responsible for the growth and 

migration effects of TAZ in MCF10A cells (Zhang et al. 2009). A mutant of TAZ, S51A, that is TEAD binding 

defective, acts as a dominant negative, that inhibits TEAD dependent activation of CTGF, growth, migration, 

anchorage independent growth and EMT in MCF10A cells (Zhang et al. 2009). In parallel, it was found that 

TEAD binding is required for the nuclear retention of TAZ (Chan et al. 2009). WT TAZ is cytoplasmic, 

constitutively active S89A TAZ is nuclear, while TEAD binding defective mutant S89A TAZ F52/53A is 

retained in the cytoplasm (Chan et al. 2009). S89A TAZ induces anchorage independent growth while 

TEAD binding defective does not (Chan et al. 2009). TEAD fusion with TEAD binding defective mutant 

S89A TAZ (F52/53A S89A TAZ) restores its nuclear localization and anchorage independent growth (Chan 



32 
 

et al. 2009). It rather demonstrates that TAZ require binding to TEAD transcription factors for their nuclear 

localization, for their gene expression, growth, migration and anchorage independence effects. 

 

The Hippo pathway negatively regulates TAZ activity by phosphorylation and cytoplasmic 

localization of TAZ, but LATS activity also regulates TAZ protein stability. TAZ phosphorylation by LATS on 

S311 allows TAZ interaction with the E3 ligase β-TRCP (Zhao et al. 2010). LATS phosphorylation at S311 

is also required for the phosphorylation by Casein Kinase 1 δ/ε at S314. This creates a phosphodegron that 

is recognized by the β-TRCP E3 ligase, which ubiquitinates and targets TAZ for degradation (Liu et al., 

2010). This follows the same mechanism described for YAP (Zhao et al. 2010).  Similarly, TAZ is negatively 

regulated by cell density, in low density cells TAZ is active and its protein levels are high protein, while in 

high density cell culture conditions TAZ is ubiquitinated and degraded (Liu et al., 2010). Together these 

observations indicate that YAP/TAZ exist at very low levels in higher cell density, with LATS kinases 

increasing their activity at high cell density.  

 

TAZ protein stability is additionally regulated by a second phosphodegron present at the N-terminus 

of TAZ (Huang et al. 2012). TAZ is phosphorylated by GSK3 (Glycogen synthase kinase-3) at S58 and 

S62, this allows TAZ degration by β-TCRP E3 ligase (Huang et al. 2012). Active Phosphatidyl Inositol 3 

Kinase pathway counteracts TAZ degradation, by AKT phosphorylation and inhibition of GSK3 and TAZ 

protein stabilization (Huang et al. 2012). In fact, the phosphodegron mutant S58/62A TAZ not only has 

higher protein stability than WT TAZ, but also  induces growth and migration in MCF10A cells (Huang et al. 

2012). Indeed, breast cancer cell lines with constitutively active Phosphatidyl Inositol 3 Kinase pathway 

have higher TAZ levels than their WT counterparts (Huang et al. 2012). This suggests that TAZ can induce 

growth in cancers with mutated or altered PI3K pathway and suggests that the therapeutic targeting of TAZ 

or GSK3 could be valuable to decrease growth in those tumors.  

 

Once stabilized and activated YAP and TAZ regulate each other in a negative feedback loop. YAP 

knockdown induces the upregulation of TAZ protein, while overexpression of constitutively active YAP 5SA 

downregulates endogenous TAZ protein (Moroishi et al. 2015). Likewise, overexpression of active TAZ 4SA 
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downregulates YAP protein levels (Moroishi et al. 2015). The mechanism behind this negative feedback is 

the upregulation of LATS2 mRNA in a TEAD-dependent manner by active YAP/TAZ. In addition, active 

YAP/TAZ can also induceexpression of Neurofibromin 2 (NF2) mRNA (Moroishi et al. 2015), which 

activates LATS kinases by recruitment to the plasma membrane (Yin et al. 2013). This demonstrates that 

YAP and TAZ through TEAD dependent transcription inhibit their own activation, in a negative feedback 

loop. 

 

YAP is a potent regulator of organ size, since inducible YAP expression in the liver, significantly 

increased the organ’s size even a few weeks after doxycycline treatment (Dong et al. 2007). Increasing cell 

proliferation and inhibiting apoptosis in the liver (Dong et al. 2007). YAP overexpression induced growth 

stimulatory genes such as SOX4, Myc, and the apoptosis inhibitor gene BIRC5/Survivin in the liver (Dong 

et al. 2007). Mice with overexpression of YAP develop hepatocellular carcinoma as early as 3 weeks of 

age, and have a mean survival of 7 weeks upon YAP overexpression (Dong et al. 2007). The 

overexpression of the phosphomutant S127A YAP under an ubiquitously expressed locus, had a similar 

effect increasing the liver’s size 4-fold and causing dysplasia in the small intestine (Camargo et al. 2007). 

In the normal intestine, cell proliferation occurs exclusive in the progenitor/stem cell compartment located 

in the crypt between villi, where endogenous YAP is highly expressed also found (Camargo et al. 2007). 

YAP S127A overexpression in the intestine increased cell proliferation with loss of cell differentiation 

markers (Camargo et al. 2007). This evidence indicates that YAP controls organ size, increasing 

proliferation and expansion of undifferentiated progenitor cells in different tissues, such as liver and 

instestine, in mice.  

 

Evidence in the literature also supports YAP and TAZ oncogenic roles in human breast and 

squamous cancers (SCCs). YAP is frequently amplified in mouse mammary tumors (Overholtzer et al. 

2006). YAP overexpression induces EGF independent growth in 3D, invasive morphology, EMT and 

migration and anchorage independent growth, in the mammary cell line MCF10A (Overholtzer et al. 2006). 

YAP overexpression in MCF10A increased tumor size in xenograft models (Zanconato et al. 2015). The 

constitutively active form of YAP S127A increases tumor growth and metastasis in a TEAD-dependent 
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manner, in breast and melanoma cancer cell lines (Lamar et al. 2012). YAP required for tumor formation in 

a Polyoma middle T antigen mammary gland tumor mouse model (Chen et al. 2014). In addition, YAP and 

TAZ are frequently amplified in SCCs  (Campbell et al. 2018; Wang et al. 2019a, 2018), they are required 

for squamous carcinoma formation (Debaugnies et al. 2018; Vincent-Mistiaen et al. 2018) and growth 

(Hiemer et al. 2015, 2015; Wang et al. 2019a; Li et al. 2019; Saladi et al. 2017). In addition, in breast 

cancers YAP/TAZ cooperate with AP-1 transcription factor to regulate cell cycle and growth inducing 

genes such as Cyclin A2, Cell Division Cycle 25A, Cell Division Cycle 6, among others (Zanconato et 

al. 2015). In squamous cell carcinomas YAP/TAZ regulate the transcription of genes important for cell 

cycle progression and survival, such as Polo-like Kinase, Aurora Kinase A, Cyclin Dependent Kinase 2, 

CyclinE2, Cell Division Cycle 6, proliferating cell nuclear antigen (PCNA) and the inhibitor of apoptosis 

BIRC5/Survivin (Hiemer et al. 2015). A YAP/TAZ gene signature is associated with low probability of 

survival in squamous cancers (Table 1).  

 

In breast cancers, TAZ levels are higher in invasive metastatic breast cancers and TAZ increases 

the migration and self-renewal of breast cancer stem cells (Bartucci et al. 2015; Cordenonsi et al. 2011). 

Consistent with YAP/TAZ’s increase growth in 3D, and anchorage independence, migration, EMT and 

invasion in MCF10A and breast cancer cells (Lei et al. 2008; Chan et al. 2009; Zhang et al. 2009). In 

addition, a phosphodegron mutant S58/62A TAZ induced growth and migration in MCF10A cells, and breast 

cancers with active PI3K mutations have higher levels of TAZ (Huang et al. 2012). This suggest that 

YAP/TAZ play oncogenic roles in human cancers increasing proliferation, anchorage independent growth 

and migration in breast and squamous cancer cells. Suggesting that therapeutic approaches designed to 

target YAP/TAZ for degradation or inhibition of their interaction with TEAD, could be beneficial for treatment 

some human cancers. 

 

1.6 Upstream Regulators of the Hippo Pathway  

The Hippo pathway responds to different types of stimuli. The upstream regulators of the hippo 

pathway are growth factors, small G Protein Coupled Receptors, cellular and energy stress, cell-cell 

contacts, cell polarity, mechanical signals from the extracellular matrix and the cell cytoskeleton (Zheng 
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and Pan 2019). Some of the upstream regulators of the Hippo pathway and their effects will be summarized 

next. 

Several protein kinases have been described for the Hippo pathway upstream of MST. Tao Kinases 

1/2/3 can phosphorylate MST1/2 (Boggiano et al. 2011; Poon et al. 2011). Alternatively, TAO kinases can 

activate LATS1/2 in an MST independent manner (Plouffe et al. 2016). Similarly, MAP4K 4/6/7 family 

kinases are also upstream of MST1/2 or can act in parallel to MST1/2, to activate LATS1/2 in the Hippo 

pathway (Meng et al. 2015; Plouffe et al. 2016; Zheng et al. 2015). This was demonstrated by the 

simultaneous ablation of all Tao Kinases 1/2/3 and MAP4K 4/6/7 simultaneously, phenocopied YAP/TAZ 

activation observed after LATS1/2 knock out, in Hek293T. However, MST1/2 knockout did not phenocopied 

YAP/TAZ activation induced by LATS1/2 ablation. This indicates that LATS can be activated in parallel to 

MST1/2 by other kinases (TAO and MAPK4). However, the context that induces the activation of those 

alternative kinases and differences in their downstream signals are still unknown. 

  

Growth factors and membrane receptors can activate the Hippo pathway. The Epidermal Growth 

Factor (EGF) inhibits the Hippo pathway via phosphoinositide 3-kinase (PI3K) recruitment of 

phosphoinositide-dependent kinase-1 (PDK1) to the plasma membrane. PDK1 activation inhibits the 

formation of a complex between MST, SAV, and LATS, which inactivates the Hippo pathway, activating 

YAP nuclear translocation and gene expression (Fan et al. 2013). In addition, activation of the EGF receptor 

(EGFR) activates YAP/TAZ by direct phosphorylation of MOB1A/B at Y95, Y114, and Y117 that results in 

LATS1/2 inactivation (decreased phosphorylation at T1079), independent of MST1/2 activity in SCCs (Ando 

et al. 2021). These results suggest that EGFR tyrosine phosphorylations on MOB1, are inhibitory and 

decrease MOB1 activation of LATS1, without affecting their binding. Since MOB1 phosphorylations at the 

MST site were not affected (Ando et al. 2021), it suggests that EGFR phosphorylations in MOB1 decrease 

MST1/2 binding to LATS1/2, decreasing the pT1079 phosphorylation the MST site on LATS. Another 

mechanism downstream of EGF, is mutant Ras activates YAP by promotion MST1-MST2 heterodimer 

formation, that have lower kinase activity against YAP/TAZ (Rawat et al. 2016).  
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Different components of serum inactivate the Hippo pathway kinases. In serum, lysophosphatidic 

acid (a lipid) and Sphingosine-1 phosphate activate the G12/13 coupled Receptors (GPCR) which inhibits 

LATS1/2 and activates YAP/TAZ (Yu et al. 2012). In contrast, activation of G coupled protein Receptors 

with glucagon or epinephrine had the opposite effect, activated LATS and inhibited YAP/TAZ activity. 

Epinephrine increased cyclic AMP levels, which activated Protein Kinase A. Direct activation of Protein 

Kinase A with forskolin and with a cyclic AMP analog, increased LATS activation and inhibited YAP/TAZ 

(Yu et al. 2012). These studies evidence the complexity this pathway, where different soluble and growth 

factors can regulate the Hippo kinases through different mechanisms that either activate or inhibit YAP/TAZ. 

This demonstrates that the downstream response of the pathway is context and stimuli dependent. 

  

Cellular stressors can activate the pathway as well. Oxidative stress induced with hydrogen 

peroxide treatment and osmotic stress induced with excess glucose, activate MST1/2 autophosphorylation 

and increase YAP inhibition (Praskova et al. 2004). Low energy levels induced by glucose starvation 

activate AMP-activated Kinase (sensor of ATP/AMP energy levels in the cell) and the LATS kinases, which 

results in phosphorylation of YAP at S127 and its inhibition (DeRan et al. 2014). Similarly, glucose but not 

2-Deoxy-Glucose treatment (Glucose molecule that can be metabolized), decreases S127 YAP 

phosphorylation and activates YAP transcription (DeRan et al. 2014). These results indicate that the 

balance between cellular stressors, growth stimulatory signals and soluble factors, regulate cell 

proliferation, through the downstream activation of the Hippo pathway and inhibition YAP/TAZ.  

 

RHOA kinase and actin polymerization are suppressors of the Hippo pathway through different 

Hippo signaling components. One of them is the Angiomiotin family of proteins (AMOT, AMOTL1 AND 

AMOTL2) which stimulate autophosphorylation and activation of LATS. AMOTs in response to Actin 

depolymerization, act as scaffold proteins that couple SAV MST MOB1 and LATS activity with the 

cytoskeleton dynamics to inhibit YAP (Mana-Capelli and McCollum 2018). Another component is the 

membrane protein Merlin/NF2 mentioned in previous sections, that activates LATS1/2 independently of 

MST1/2, by recruiting them directly to the plasma membrane, upon disruption actin cytoskeleton 

polymerization or RHOA inhibition (Yin et al. 2013). These proteins AMOT and NF2 are relevant for 
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activation of the Hippo pathway upon cell detachment from the extracellular matrix since RHOA activation 

and actin polimerization events are downstream of integrin signaling upon binding to the extracellular 

matrix.  

 

In summary, the Hippo pathway inhibits YAP/TAZ using multiple signaling components outside the 

core kinase cascade. This allows the cells to respond to different types of stimuli from cellular stressors, 

growth factors and soluble factors, to cell density and integrin-extracelular matrix signaling. In this way the 

Hippo pathway regulates organ size and cancer development based on multiple cellular and environmental 

signals. 

 

1.7 Hippo Pathway Interactions with p63 

Several types of interactions have been described in the literature between the Hippo pathway and 

ΔNp63 transcription factor in cancer cells. Most of those interactions occur between YAP transcriptional 

activator and p63, the following section will describe some of those interactions. 

 

The first type of interaction is YAP and TAZ inhibit ΔNp63 expression. Overexpression of TAZ 

increased migration and repressed ΔNp63 expression in mammary epithelial cells MCF10A, through TAZ-

TEAD direct binding to the ΔNp63 promoter (Valencia-Sama et al. 2015). In addition, overexpression of 

constitutively active S127A YAP repressed ΔNp63 while YAP knockdown upregulated ΔNp63 in a mouse 

lung cancer model (Gao et al. 2014). The overexpression of YAP, which repressed p63, induced 

differentiation of lung cancers to adenocarcinomas (originates from alveolar epithelial cells), while 

overexpression ΔNp63 induced differentiation to the squamous type (originates from basal epithelial cells) 

(Gao et al. 2014). This differentiation between adeno and squamous cancers induced by p63 loss or gain 

affects the cancer’s therapeutic response (Gao et al. 2014).  

 

In the context of SCC YAP stabilizes ΔNp63 protein upon hippo inhibition. YAP activation stabilized 

ΔNp63α protein in SCC under low attachment conditions (Fisher et al. 2016; Grun et al. 2018). Either 

ablation of endogenous YAP or ΔNp63α, decreased growth under low attachment conditions, indicating 
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that YAP stabilization of ΔNp63 protein is important to induce growth, under low attachment conditions. 

Similarly, upon integrin signaling ΔNp63α protein was stabilized in a active YAP dependent manner (Fisher 

et al. 2016; Grun et al. 2018). 

 

The third type of interaction is ΔNp63α induced activation of YAP through inhibition of Hippo 

signaling. ΔNp63 upregulates YAP mRNA (Li et al. 2017; Saladi et al. 2017) and activates YAP protein by 

repressing its negative regulators WWC1 (Kibra, an activator of LATS kinases) and MST2 kinases (Saladi 

et al. 2017; Li et al. 2017). In this way ΔNp63 can upregulate YAP mRNA and protein levels by direct 

repression of Hippo signaling components. 

 

The fourth type of interaction is Hippo pathway activation of ΔNp63α expression. The Hippo 

pathway kinases MST1/2 induce expression of ΔNp63α upon oxidative stress (Wang et al. 2019b). Under 

oxidative stress MST1/2 phosphorylation of FOXO3a induces upregulation of ΔNp63 expression, 

independent of YAP in breast cancer cells (Wang et al. 2019b). 

 

In conclusion, the interactions between the Hippo pathway and ΔNp63 are diverse and 

contradictory depending on the context since YAP can either stabilize or repress ΔNp63. At the same time 

ΔNp63 can activate YAP by inhibition of Hippo. In addition, Hippo can activate ΔNp63 expression 

independent of YAP activation. Since Hippo is activated or inhibited in a context dependent manner (as 

described in Section 1.6) more studies are needed to clarify the regulators and upstream signals 

responsible for the repression of ΔNp63, so these signals can be used for SCC targeted therapies. The 

findings described in chapter 2 will add to the current knowledge of p63’s interactions with the Hippo 

pathway. 
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1.8 Chapter 1 Figures and Tables 

 

 

 

Figure 1-1. The p63 Transcription Factor Isoforms. 

Exon and promoter structure of the p63 isoforms and their sequence similarity with the p53 protein structure. 

Two different alternative promoters P1 in exon 1 and P2 in exon 3 generate the TA and ΔN isoforms 

respectively. The isoforms α, β and γ are produced by alternative splicing, while the δ and ε are produced 

by exon skipping or early transcription termination. Diagram of the different p63 isoforms TA, ΔNp63, and 

α – ε isoforms. The different domains are: TA1 Transactivating Domain, TA Truncated Transactivating 

domain present only in the ΔN isoforms, DBD DNA binding domain, OD oligomerization domain, TA2 

Second Transactivation Domain present only in the α and β isoforms, SAM Sterile α-motif domain, TI 

Transcription inhibitory domain. Modified from (Melino 2011; Yi et al. 2020). Created with Biorender.com 
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Figure 1-2. Expression of TP63 mRNA Across Human Cancers.  

Relative mRNA levels (Transcripts per Million) of TCGA cancer samples compared to normal tissues. 

Cancer type abbreviations: (HNSC) Head and Neck squamous cell carcinoma, (LUSC) Lung squamous 

cell carcinoma, (CESC) Cervical squamous cell carcinoma and endocervical adenocarcinoma, (ESCA) 

Esophageal carcinoma, (BLCA) Bladder Urothelial Carcinoma, (THYM) Thymoma, (PRAD) Prostate 

adenocarcinoma, (DLBC) Lymphoid Neoplasm Diffuse Large B-cell Lymphoma, (BRCA) Breast invasive 

carcinoma, (LUAD) Lung adenocarcinoma, (UCS) Uterine Carcinosarcoma, (PAAD) Pancreatic 

adenocarcinoma, (THCA) Thyroid carcinoma, (TGCT) Testicular Germ Cell Tumors, (SARC) Sarcoma, 

(STAD) Stomach adenocarcinoma, (SKCM) Skin Cutaneous Melanoma, (OV) Ovarian serous 

cystadenocarcinoma, (LAML) Acute Myeloid Leukemia, (UCEC) Uterine Corpus Endometrial Carcinoma, 

(KICH) Kidney Chromophobe, (GBM) Glioblastoma multiforme, (CHOL) Cholangio carcinoma, (KIRC) 

Kidney renal clear cell carcinoma, (PCPG) Pheochromocytoma and Paraganglioma, (LGG) Brain Lower 

Grade Glioma, (LIHC) Liver hepatocellular carcinoma, (READ) Rectum adenocarcinoma, (COAD) Colon 

adenocarcinoma, (KIRP) Kidney renal papillary cell carcinoma, (ACC) Adrenocortical carcinoma.  

Created with Gene Expression Profiling Interactive Analysis (RRID:SCR_018294) (http://gepia.cancer-

pku.cn accessed in March 2020) (Tang et al. 2019b).   
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Figure 1-3. Genomic Alterations in the TP63 Gene Across Cancer Types.  

Bar graph of the frequency and type of genomic alterations found in the TP63 gene in human cancers 

(Pan-cancer analysis of whole genomes ICGC/TCGA, Nature 2020) created with CBioportal website 

(Accessed March 2020) (Cerami et al. 2012) .  
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Figure 1-4. TP63 mRNA in Normal Tissue Samples Compared to Breast Cancer Subtype Samples 

and in Breast Cancer Metastasis.  

A. Relative mRNA levels (Transcript per Million) comparing Breast cancer subtypes vs normal tissue 

samples from the TCGA database. * p<0.01. Created with Gene Expression Profiling Interactive Analysis 

(RRID:SCR_018294) (http://gepia.cancer-pku.cn accessed in March 2020) (Tang et al. 2019b). B. Box 

plots of the relative mRNA levels (Z score of Fragments Per Kilobase of transcript per Million mapped reads) 

of Breast cancer tumor samples negative or positive for metastasis (N=519 samples). Created with 

CBioportal website (accessed in March 2020) (Cerami et al. 2012).  C. Violin Plots of relative mRNA levels 

(Transcript per Million) in breast cancer samples from less invasive (Stage I) to more invasive (Stage IV). 
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Created with Gene Expression Profiling Interactive Analysis (RRID:SCR_018294) (http://gepia.cancer-

pku.cn accessed in March 2020) (Tang et al. 2019b). 

 

 

 

Figure 1-5. TP63 mRNA in Lung, Cervical, Head and Necks and Esophageal Squamous Cancer 

samples at different disease stages.  

A. Violin Plots of TP63 relative mRNA levels (Transcript per Million) in cervical squamous cancer samples 

classified by stage from less invasive (Stage I) to more invasive (Stage IV). B. Same as A. for Esophageal 
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squamous cancer samples classified by stage C. Same as A. for head and neck squamous cancer samples 

classified by stage. D. Same as A. for lung squamous cancer samples classified by stage. Created with 

Gene Expression Profiling Interactive Analysis (RRID:SCR_018294) (http://gepia.cancer-pku.cn accessed 

in March 2020) (Tang et al. 2019b). 

 

 

 

 

Figure 1-6. The Canonical Hippo Pathway. 

Left Hippo ON shows the canonical Hippo pathway core components, when activated. The adaptor protein 

SAV allows the homodimer formation of MST1/2 by recruiting them to the membrane allowing their 

autophosphorylation and activation. This creates phosphorylation sites in their linker domain that allow the 

binding of MOB1A/B to MST1/2. This allows the binding of LATS1/2 to this complex. This way MST1/2 can 

phosphorylate MOB1A/B and activate LATS1/2. The phosphorylation of MOB1A/B by MST induces a 

conformational change that releases MOB bound to LATS from MST kinases, and increases the 

autophosphorylation of LATS to fully activate them. Active LATS kinases phosphorylate YAP/TAZ 

transcriptional activators to inhibit their nuclear translocation and induce their degradation by ubiquitination. 

Right Hippo OFF represents the core components when the pathway is inhibited. When the core kinase 
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cascade is inhibited, YAP/TAZ are not degraded and can translocate to the nucleus and bind to TEAD 

transcription factors to activate transcription of genes involved in growth, migration, EMT among others. 

Created with Biorender.com  

 

Table 1. List of p63 Target Genes Associated with worse survival in Squamous Cancers Patients 

Modified from (Riege et al. 2020) 

Gene 
Symbol 

Gene Name Gene Pathway 

LAD1 Ladinin 1 actin cytoskeleton 
basement membrane 
cadherin binding 
extracellular exosome 
structural molecule activity 

TMEM40 Transmembrane Protein 40 Predicted to be integral component of 
membrane 

FGFBP1 Fibroblast Growth Factor Binding 
Protein 1 

cell-cell signaling 
fibroblast growth factor binding 
negative regulation of cell population 
proliferation 
plasma membrane 
endothelial cell proliferation involved in 
sprouting angiogenesis 
positive regulation of cell migration involved in 
sprouting angiogenesis 
positive regulation of fibroblast growth factor 
receptor signaling pathway 
signal transduction 

IL1B Interleukin 1 Beta positive regulation of gene expression 
inflammatory response 
positive regulation of NF-kappaB transcription 
factor activity 
cytokine-mediated signaling pathway 
positive regulation of angiogenesis 
positive regulation of heterotypic cell-cell 
adhesion 
positive regulation of interferon-gamma 
production 
positive regulation of interleukin-6 production 
positive regulation of protein phosphorylation 
positive regulation of vascular endothelial 
growth factor production 

FAT2 FAT Atypical Cadherin 2 
Protocadherin Fat 2 

adherens junction 
epithelial cell migration 
calcium ion binding 
cell-cell adhesion 
cell-substrate adhesion 
extracellular exosome 
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homophilic cell adhesion via plasma 
membrane adhesion molecules 

FOSL1 FOS Like 1, AP-1 Transcription Factor 
Subunit 

 regulation of transcription by RNA polymerase 
II 
 DNA-binding transcription activator activity, 
RNA polymerase II-specific 
 cellular defense response 
cellular response to extracellular stimulus 
chemotaxis 
female pregnancy 
in utero embryonic development 
integrated stress response signaling 
 negative regulation of cell population 
proliferation 

LPAR3 Lysophosphatidic Acid Receptor 3 G protein-coupled receptor signaling pathway, 
coupled to cyclic nucleotide second messenger 
adenylate cyclase-activating G protein-coupled 
receptor signaling pathway 
 bleb assembly 
 gene expression 
 lipid binding 
lysophosphatidic acid receptor activity 
positive regulation of MAPK cascade 
 positive regulation of cytosolic calcium ion 
concentration 
regulation of metabolic process 

MMP14 Matrix Metallopeptidase 14 metalloendopeptidase activity 
proteolysis 
Golgi lumen 
collagen catabolic process 
extracellular matrix disassembly 
zymogen activation 
angiogenesis 
branching morphogenesis of an epithelial tube 
cell motility 
craniofacial suture morphogenesis 
cytoplasmic vesicle 
embryonic cranial skeleton morphogenesis 
endodermal cell differentiation 
endothelial cell proliferation 

RASSF6 Ras Association Domain Family 
Member 6 

protein binding 
apoptotic process 
regulation of apoptotic process 
signal transduction 
Members of this family form the core of a 
highly conserved tumor suppressor network, 
the Salvador-Warts-Hippo (SWH) pathway. 
The protein encoded by this gene is a Ras 
effector protein that induces apoptosis 

S100A2 S100 Calcium Binding Protein A2 protein binding 
identical protein binding 
endothelial cell migration 
calcium-dependent protein binding 
cellular_component 

SFN Stratifin or 14-3-3sigma cadherin binding 
cellular protein localization 



47 
 

cytoplasm 
establishment of skin barrier 
extracellular space 
intrinsic apoptotic signaling pathway in 
response to DNA damage 
keratinization 
keratinocyte development 
negative regulation of cysteine-type 
endopeptidase activity involved in apoptotic 
process 
negative regulation of keratinocyte proliferation 
negative regulation of protein kinase activity 
phosphoprotein binding 
positive regulation of cell growth 
positive regulation of protein export from 
nucleus 
protein kinase C inhibitor activity 
regulation of cyclin-dependent protein 
serine/threonine kinase activity 
regulation of epidermal cell division 

VSNL1 Visinin Like 1 protein binding 
calcium ion binding 
cytosol 
membrane 
negative regulation of insulin secretion 
positive regulation of exocytosis 
positive regulation of insulin secretion involved 
in cellular response to glucose stimulus 

FERMT1 FERM Domain Containing Kindlin 1 cell adhesion 
focal adhesion 
positive regulation of integrin activation 
actin filament binding 
basement membrane organization 
cell junction 
cell-matrix adhesion 
establishment of epithelial cell polarity 
integrin-mediated signaling pathway 
keratinocyte migration and proliferation 
negative regulation of canonical Wnt signaling 
pathway 
negative regulation of stem cell proliferation 

IRF6 Interferon Regulatory Factor 6  DNA-binding transcription factor activity, RNA 
polymerase II-specific 
cell development 
cell junction 
cranial skeletal system development 
immune system process 
keratinocyte differentiation 
limb development 
mammary gland epithelial cell differentiation 

PTHLH Parathyroid Hormone Like Hormone adenylate cyclase-activating G protein-coupled 
receptor signaling pathway 
peptide hormone receptor binding 
cAMP metabolic process 
cell-cell signaling 
cytoplasm 
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epidermis development 
proliferation negative regulation of chondrocyte  
regulation of chondrocyte differentiation 
regulation of gene expression 
skeletal system development 

XDH Xanthine Dehydrogenase Purine degradation 
Oxidation of hypoxanthine to xanthine 

HMGA2 High Mobility Group AT-Hook 2 positive regulation of transcription, DNA 
SMAD binding 
mesenchymal cell differentiation 
5'-deoxyribose-5-phosphate lyase activity 
C2H2 zinc finger domain binding 
DNA (apurinic or apyrimidinic site) 
endonuclease activity 
base-excision repair 
cAMP response element binding 
cell division 

CSTA Cystatin A cytosol 
cysteine-type endopeptidase inhibitor activity 
cornified envelope 
negative regulation of endopeptidase activity 
negative regulation of peptidase activity 
cell-cell adhesion 
keratinocyte differentiation 
negative regulation of proteolysis 
peptidase inhibitor complex 

CYP27B1 1-alpha-hydroxylase calcidiol 1-monooxygenase activity 
mitochondrial outer membrane 
vitamin D metabolic process 
G1 to G0 transition 
calcium ion homeostasis 
calcium ion transport 
 iron ion binding 
negative regulation of cell growth 
positive regulation of keratinocyte 
differentiation 
positive regulation of vitamin D receptor 
signaling pathway 
response to estrogen 
response to interferon-gamma 

FEZ1 Fasciculation And Elongation Protein 
Zeta  

cell adhesion 
cellular response to growth factor stimulus 
establishment of cell polarity 
gamma-tubulin binding 
mitochondrion morphogenesis 
negative regulation of autophagosome 
assembly 

GPX2 Glutathione Peroxidase 2 cellular oxidant detoxification 
electron transfer activity 
glutathione peroxidase activity 
peroxidase activity 
response to oxidative stress 

NIPAL4 Magnesium transporter NIPA4 magnesium ion transmembrane transport 
magnesium ion transmembrane transporter 
activity 
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magnesium ion transport 

PP4R4 Protein Phosphatase 4 Regulatory 
Subunit 4 

negative regulation of phosphoprotein 
phosphatase activity 
 protein serine/threonine phosphatase complex 
regulation of protein serine/threonine 
phosphatase activity 

RNASE7 Ribonuclease A Family Member 7 defense response to Gram-positive and 
negative bacterium 
innate immune response 
ribonuclease activity 
antibacterial humoral response 
antimicrobial humoral immune response 
mediated by antimicrobial peptide 
defense response to fungus 
endonuclease activity 

SERPINB
13 

Serpin Family B Member 13 protease binding 
cysteine-type endopeptidase inhibitor activity 
serine-type endopeptidase inhibitor activity 
negative regulation of endopeptidase activity 
negative regulation of keratinocyte apoptotic 
process 
regulation of proteolysis 
response to UV 

COL17A1 Collagen Type XVII Alpha 1 Chain extracellular matrix structural constituent 
conferring tensile strength 
basement membrane 
cell-cell junction 
cell-matrix adhesion 
collagen trimer 
epidermis development 
extracellular matrix organization 
extracellular region 
hemidesmosome assembly 

TRIM7 Tripartite Motif Containing 7 E3 ubiquitin-protein ligase 

PBX1 PBX Homeobox 1 DNA-binding transcription factor activity, RNA 
polymerase II-specific 
animal organ morphogenesis 
anterior/posterior pattern specification 
 branching involved in ureteric bud 
morphogenesis 
embryonic limb morphogenesis 
embryonic organ development 
embryonic skeletal system development 

SPOCK1 SPARC or Osteonectin 
Testican-1 

cell adhesion 
cysteine-type endopeptidase inhibitor activity 
metalloendopeptidase inhibitor activity 
negative regulation of cell-substrate adhesion 
 regulation of cell growth 
serine-type endopeptidase inhibitor activity 
plasma proteoglycan containing chondroitin- 
and heparan-sulfate chains. 

COBL Cordon-Bleu WH2 Repeat Protein actin filament network formation 
actin filament polymerization 
cell cortex 
plasma membrane 
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ruffle 
embryonic axis specification 
floor plate development 
positive regulation of ruffle assembly 

FABP5 Fatty Acid Binding Protein 5 epidermis development 
fatty acid transport 
glucose metabolic process 
lipid metabolic process 
negative regulation of glucose transmembrane 
transport 
positive regulation of peroxisome proliferator 
Intracellular carrier for long-chain fatty acids 
selectively delivers fatty acids from the cytosol 
to the nucleus 

CYP1B1 Cytochrome P450 Family 1 Subfamily 
B Member 1 

monooxygenase activity 
oxidoreductase activity 
lipid metabolic process 
endoplasmic reticulum membrane 
estrogen metabolic process 
retinol metabolic process 
aromatase activity 
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Table 2. Regulators of ΔNp63 Expression 

Pathway/Factor Transcription 
Factor 

ΔN mRNA  
Repression/ 
Activation 

Model Reference 

NFkB 
NFkB overexpression induced 
EMT 

NFkB Repression MCF10A (Chua et al., 
2007) 

EMT 
Zeb1 overexpression induced 
EMT and repressed p63 

Zeb1 Repression MCF10A (Chua et al., 
2007) 

NFkB 
Repression of ΔNp63 is mediated 
by ASPP2 inhibition of IkB which 
activates RelA/p65 

NF-κB 
RelA/p65 

Repression Mouse 
keratinocytes 

(Tordella et 
al. 2013) 

EMT 
EMT transcription factors Snail 
Slug 

Snail Slug  Repression  SCC  (Higashikawa 
et al. 2007) 

EMT 
GRHL2 when overexpressed 
increased ΔNp63 expression  
ΔNp63 downregulation represses 
GRHL2  

GRHL2 
(reciprocal 
regulation 
with ΔNp63) 

Activation  normal human 
epidermal 
keratinocytes 
and SCC 

 (Mehrazarin 
et al. 2015) 

EMT 
Zeb2 overexpression binds to E-
boxes at the p63 promoter 

Zeb2 Repression Lkb1 deficient 
Lung 
adenocarcinoma 
mouse model 

(Gao et al., 
2014) 

EMT 
Snail and Slug when 
overexpressed suppressed 
ΔNp63α expression 

Snail and 
Slug 

Repression SCC cell lines (Herfs et al. 
2010) 

Ras-PI3K  
FOXO3 Inhibition by AKT 
phosphorylation. AKT is activated 
by mutant Ras, mutant PI3K and 
Her2 overexpression 

FOXO3a Activation MCF10A (Hu et al., 
2017) 

EFGR  
Activation of EGFR, activates 
STAT3 which activates p63 
expression 

STAT3 Activation  SCC cell lines (Ripamonti et 
al. 2013) 

KGFR  
Activation of KGFR through p38 
MAP Kinase signaling regulates 
ΔNp63α and proliferation corneal 
epithelial stem cells.  Increased 
the levels of SP1 transcription 
factor  

KGFR 
through p38 
MAP Kinase 

Activation Corneal 
epithelial stem 
cells 

(Cheng et al. 
2009) 

 Wnt β-Catenin  
LBH increases transcription of 
ΔNp63α in mammary epithelial 
cells 

LBH 
limb-bud and 
heart 
transcriptional 
activator 

 Activation  basal mammary 
stem cells  

 (Lindley et 
al., 2015) 
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Wnt β-Catenin 
ΔNp63 promoter is activated by 
Wnt signaling though activation of 
downstream factor Lef1/TCF  
 

Lef1/TCF  Activation embryonic 
development in 
mice   

(Ferretti et al. 
2011) 

Notch 
Activation of Notch signaling 
repressed p63 by downregulation 
of IRF7. Overexpression of IRF7 
counteracts Notch repression of 
p63 

IRF7  Activation Keratinocytes (Nguyen et 
al., 2006). 

Notch 
Notch activation induced luminal 
differentiation and overexpression 
of p63 and inhibition of Notch 
inhibited the luminal phenotype in 
mammary stem cells  

Unknown Repression mammary stem 
cells 

(Yalcin-
Ozuysal et al. 
2010) 

Hedgehog  
The activation of Gli3 with Ihh and  
Knockdown of Gli3/Gli3R 
repress ΔNp63 and induce TAp63. 
 

lack of Gli3R  
Gli3  

Repression mammary 
epithelial cells 

(Li et al. 
2008a) 

Hippo  
Active S127A YAP induced 
adenocarcinoma differentiation, 
which induces p63 repression  

YAP Repression Lung carcinoma 
mouse model 

(Gao et al., 
2014) 

Hippo  
pS89A mutant TAZ and WT TAZ  
overexpression binds the ΔNp63 
promoter 

TAZ Repression MCF10A (Valencia-
Sama et al., 
2015) 
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Table 3. YAP/TAZ Gene Signature 

Modified from (Wang et al. 2018) 

Gene 
Symbol 

Gene Name Gene Pathways 

CYR61 
(CCN1) 

Cysteine Rich Angiogenic 
Inducer 61 

cell adhesion 
chemotaxis 
extracellular matrix binding 
growth factor binding 
heparin and integrin binding 
angiogenesis 
labyrinthine layer blood vessel development 
negative regulation of apoptotic process 
negative regulation of cell death 

CTGF 
(CCN2) 

Connective Tissue Growth 
Factor 

angiogenesis 
cell adhesion 
cell differentiation 
cell migration 
cell-matrix adhesion 
collagen-containing extracellular matrix 
epidermis development 
extracellular matrix constituent secretion 
fibroblast growth factor receptor signaling pathway 
fibronectin binding 

LATS2  Large Tumor Suppressor 2 protein serine/threonine kinase activity 
hippo signaling 
G1/S transition of mitotic cell cycle 
protein serine/threonine/tyrosine kinase activity 
spindle pole 
cell division 
negative regulation of canonical Wnt signaling 
pathway 
negative regulation of cyclin-dependent protein 
serine/threonine kinase activity 
negative regulation of protein localization to 
nucleus 
positive regulation of apoptotic process 
protein phosphorylation 
protein serine kinase activity 
regulation of organ growth 
regulation of transforming growth factor beta 
receptor signaling pathway 

AMOTL2 Angiomotin Like 2 protein binding 
Wnt signaling pathway 
actin cytoskeleton organization 
angiogenesis 
bicellular tight junction 
establishment of cell polarity involved in ameboidal 
cell migration 
hippo signaling 
regulation of cell migration 

NUAK2 NUAK Family Kinase 2 protein serine/threonine kinase activity 
cellular response to glucose starvation 
Serine/tyrosine kinase activity 
ATP binding 
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actin cytoskeleton organization 
apoptotic process 
intracellular signal transduction 
negative regulation of apoptotic process 

AXL AXL Receptor Tyrosine Kinase peptidyl-tyrosine phosphorylation 
phagocytosis 
ATP binding 
actin cytoskeleton 
blood vessel remodeling 
cell migration 
cellular response to extracellular stimulus 
cellular response to hydrogen peroxide 
cellular response to interferon-alpha 
inflammatory response 

ANKRD1 Ankyrin Repeat Domain 1 RNA polymerase II-specific DNA-binding 
transcription factor binding 
cellular response to mechanical stimulus 
cellular response to TGF beta stimulus 
cellular response to tumor necrosis factor 
histone deacetylase binding 
negative regulation of transcription 
p53 binding 
positive regulation of DNA damage response, 
signal transduction by p53 class mediator 
positive regulation of apoptotic process 
positive regulation of protein secretion 

TGFB2 Transforming Growth Factor 
Beta 2 

epithelial to mesenchymal transition 
SMAD protein signal transduction BMP signaling 
activation of protein kinase activity 
negative regulation of angiogenesis 
negative regulation of epithelial cell proliferation 
positive regulation of cell growth 
pathway-restricted SMAD protein phosphorylation 
positive regulation of cell adhesion mediated by 
integrin 
positive regulation of epithelial to mesenchymal 
transition, response to wounding 

PTPN14  Protein Tyrosine Phosphatase 
Non-Receptor Type 14 

protein tyrosine phosphatase activity 
negative regulation of cell population proliferation 
peptidyl-tyrosine dephosphorylation 
protein dephosphorylation 
receptor tyrosine kinase binding 
regulation of protein export from nucleus 
regulation of transcription, DNA-templated 
transcription coregulator activity 

NT5E 5'-Nucleotidase Ecto plasma membrane, cytosol 
5'-nucleotidase activity 
ATP metabolic process 
DNA metabolic process 
adenosine biosynthetic process 
calcium ion homeostasis 
response to ATP, dephosphorylation 

FOXF2 Forkhead Box F2 DNA-binding transcription activator activity, RNA 
polymerase II-specific 
epithelial to mesenchymal transition 
establishment of planar polarity of embryonic  
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extracellular matrix organization 
regulation of protein polyubiquitination 

DOCK5 Dedicator Of Cytokinesis 5 guanyl-nucleotide exchange factor activity 
GTPase activator activity 
positive regulation of epithelial cell migration 
positive regulation of substrate adhesion-
dependent cell spreading 
small GTPase mediated signal transduction 

ASAP1 ArfGAP With SH3 Domain GTPase activator activity 
cadherin binding 
cell projection membrane 
positive regulation of GTPase activity 
positive regulation of membrane tubulation 
positive regulation of podosome assembly 

RBMS3  RNA Binding Motif Single 
Stranded Interacting Protein 3 

poly(A) binding, RNA binding 
mRNA 3'-UTR binding 
negative regulation of canonical Wnt signaling 
negative regulation of gene expression 
positive regulation of gene expression 
ribonucleoprotein complex 

MYOF Myoferlin extracellular exosome 
phospholipid binding plasma membrane repair 
cytoplasmic vesicle 
intracellular membrane-bounded organelle 
membrane fusion 
nuclear envelope 
plasma membrane organization 

ARHGEF17  Rho Guanine Nucleotide 
Exchange Factor 17 

guanyl-nucleotide exchange factor activity 
actin cytoskeleton organization 
small GTPase mediated signal transduction 

CCDC80 Coiled-Coil Domain Containing 
80 

basement membrane 
extracellular matrix organization 
fibronectin binding 
heparin binding 
regulation of cell-substrate adhesion 
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2.1 Abstract                                                                                                                                                     

The p63 transcription factor, a member of the p53 family, plays an oncogenic role in squamous 

cancers, while in breast cancers its expression is often repressed. In the canonical conserved Hippo 

pathway, known to play a complex role in regulating growth of cancer cells, the protein kinases MST1/2 

and LATS1/2 act sequentially to phosphorylate and inhibit the YAP/TAZ transcription factors. We found that 

in the MCF10A mammary epithelial cell line as well as in squamous and breast cancer cell lines, expression 

of ΔNp63 RNA and protein is strongly repressed by inhibition of certain components of the Hippo pathway 

in a manner that is independent of p53.  While the Hippo pathway protein kinases MST1/2 and LATS1 are 

required for p63 expression, the next step of the pathway, namely phosphorylation and degradation of the 

YAP/TAZ transcriptional activators is not required for repression of p63. This suggests that regulation of 

p63 expression occurs by a non-canonical version of the Hippo pathway.  Interestingly, we observed that 
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experimentally lowering p63 expression leads to increased YAP protein levels, thereby constituting a 

feedback loop. In addition, p63 loss reduces growth of MCF10A and squamous cancer cell lines. These 

results, which reveal the intersection of the Hippo and p63 pathways, may prove useful for the control of 

their activities in cancer cells. 

 

2.2 Introduction 

The p53 family member p63 is a transcription factor that was initially described to play a role in the 

embryonic development of the skin and glandular epithelial tissues such as the breast (Yang et al. 1999; 

Mills et al. 1999). p63 has two major alternative isoforms at the 5’ end of the gene encoding  TAp63 and 

the truncated isoform ΔNp63; and each of these have three additional splice variants at the 3’ end; α, β, 

and γ  (Yang et al. 1998) thereby creating six p63 variants with distinct N-and C-termini. The ΔNp63α 

isoform is the predominant isoform expressed in normal stratified and glandular epithelial tissues (Como et 

al. 2002).  p63 regulates the expression of epithelial-specific genes and regulates survival, cell adhesion, 

and keratin gene expression in breast epithelial cells and squamous cell carcinomas (SCC) (Carroll et al. 

2006; Boldrup et al. 2007).  The p63 locus is frequently amplified in primary lung and head and neck 

squamous cell carcinomas (Hibi et al. 2000) and in a more recent study the expression of the ΔNp63 isoform 

was enriched across multiple types of SCC (Campbell et al. 2018). Copy number gain at the p63 locus at 

Chromosome 3q28 was found in SCCs and showed a correlation with elevated expression of ΔNp63 

(Campbell et al. 2018).   

 

In breast cancers, the role of p63 is more complex, suggesting it can possess either tumor 

suppressor or growth promoting activities. On the one hand p63 expression is often lower in breast tumors 

than in normal tissue and it has been suggested that p63 can play a role as a suppressor of epithelial to 
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mesenchymal transition (EMT) and metastasis (Yoh et al. 2016; Hu et al. 2017). Yet p63 can also promote 

growth of basal-like breast cancer cells (Chakrabarti et al. 2014; Orzol et al. 2016). 

 

Other genes that have been found to be frequently amplified in SCC are the Hippo pathway 

transcriptional activators YAP and TAZ (Campbell et al. 2018; Wang et al. 2019a). Each of these  have 

been found to induce growth in both breast cancer cells and SCC (Chan et al. 2008; Cordenonsi et al. 2011; 

Zanconato et al. 2015; Li et al. 2019). 

 

The Hippo pathway is a tumor suppressor signaling pathway that negatively regulates YAP and 

TAZ (Zhao et al. 2007; Lei et al. 2008). The upstream  MST1 and 2 (Mammalian Sterile-like-20) protein 

kinases serve to  phosphorylate and activate the LATS1 and 2 protein kinases (Large Tumor Suppressor 

Kinase) (Chan et al. 2005). Activated LATS1/2 phosphorylate the transcriptional activators YAP and TAZ 

which are then sequestered in the cytoplasm and targeted for degradation (Zhao et al. 2007; Hao et al. 

2008; Lei et al. 2008; Zhao et al. 2010). When LATS1/2 are inactivated, YAP and TAZ are translocated to 

the nucleus where they interact with TEAD transcription factors to induce expression of growth-inducing 

genes such as Connective Tissue Growth Factor (CTGF) and others (Zhao et al. 2008; Zhang et al. 2009). 

Additional main components of this pathway are MOB1A and MOB1B which bind to LATS1/2 (Hergovich 

et al. 2006; Praskova et al. 2008) and SAV1 which binds to MST1/2 (Callus et al. 2006; Bae et al. 2017; 

Lin et al. 2020). 

  

We previously found that oncogenic transformation of MCF10A cells with H-RAS or PIK3CA leads 

to the epithelial-mesenchymal transition (EMT) and repression of p63 expression (Yoh et al. 2016). 

Suppression of p63 expression also induces EMT. We were therefore interested in cellular signaling 

pathways that might control p63 expression. In addition, suppression of p63 expression may be useful 

therapeutically in SCCs where its expression is elevated. Since both p63 and YAP/TAZ have been shown 

to play roles in breast and squamous cancers, we considered the possibility of a connection between Hippo 

pathway components, YAP/TAZ, and p63. Our research has revealed unexpected links between p63 and 

this pathway which are described in this study.  
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2.3 Materials and Methods 

Cell culture  

The MCF10A immortalized non-transformed mammary epithelial cell line (a gift obtained from 

David Weber, University of Maryland School of Medicine) were grown in DMEM/F12 (Thermo Fisher 

Scientific, 11320033) with 5% horse serum (Thermo Fisher Scientific, 16050122), penicillin-streptomycin 

solution (Thermo Fisher Scientific, 15140122), 10 µg/mL insulin (Sigma-Aldrich, 91077C), 0.5 µg/mL 

hydrocortisone (Sigma-Aldrich, H0888) and 20 ng/mL Epidermal Growth Factor (PeproTech, AF-100-15). 

MCF10A CRISPR p53 Knock out (KO) clones were generated using CRISPR/Cas9 genome editing as 

previously described (Venkatesh et al. 2020). Esophageal squamous cell carcinoma cell lines TE5 and 

TE14 were a gift from Anil Rustgi, Herbert Irving Comprehensive Cancer Center, Columbia University Irving 

Medical Center and were grown in RPMI 1640 (Thermo Fisher Scientific, 11875119) supplemented with 

10% fetal bovine serum (Gemini Bio-Products, 900108H) and penicillin-streptomycin solution. The Cal27 

tongue squamous cell carcinoma cell line was a gift from Alison Taylor, (Columbia University Irving Medical 

Center) and was maintained in DMEM (Thermo Fisher Scientific, 12100061) supplemented with 10% fetal 

bovine serum and penicillin streptomycin solution. Breast cancer cell lines HCC1937 (Triple negative, 

primary ductal carcinoma) and HCC1954 (HER2 positive, ductal carcinoma) were obtained from the High-

Throughput Screening facility of the Columbia University Genome Center. These cell lines were grown in 

RPMI 1640 with 10% fetal bovine serum and penicillin-streptomycin solution. Cells were detached with 

trypsin-EDTA (0.05%) (Thermo Fisher Scientific, 15400054) and counted before seeding for experiments 

using trypan blue in a Countess 3 Automated Cell Counter (Thermo Fisher Scientific). All cell lines were 

grown at 37°C with 5% CO2. 

 

siRNA transfection 

For siRNA transfections, cells (1.5x105) were plated in 6 well plates and 24 h later each siRNA (17 

nM) was transfected with Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, 13778150) following 

manufacturer’s instructions. Cells were harvested 72 h post transfection. The following siRNAs were used 

siC (Silencer™ Select Negative Control No. 1, Thermo Fisher Scientific, 4390843), sip63#1 (Thermo Fisher 

Scientific, 4392420, ID s16411), sip63#2 (Thermo Fisher Scientific, 4392420, ID s531582), FoxO3#1 
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(Thermo Fisher Scientific, 4427037, ID s5260), and FoxO3#2 (Thermo Fisher Scientific, 4427037, ID 

s5261), siYap#1 (Thermo Fisher Scientific, 4427037, ID s20366), siYap#2 (Thermo Fisher Scientific, ID 

s20367), siTaz#1 (Thermo Fisher Scientific, 4392420, ID s24787), and siTaz#2 (Thermo Fisher Scientific, 

4392420, ID s24788). The following Smartpool siRNAs were used: siRNA negative control (siC) 

(Dharmacon, D-001810-10-05), siMst1 (Dharmacon, L-004157-00-0005), siMst2 (Dharmacon, L-004874-

00-0005), siLats1 (Dharmacon, L-004632-00-0005), siLats2 (Dharmacon, L-003865-00-0005), siMob1a 

(Dharmacon, L-021097-00-0005), siMob1b (Dharmacon, L-018359-01-0005) and siSav1 (Dharmacon, L-

013070-01-0005). To decrease levels of YAP and TAZ proteins, siRNAs (11 nM) were transfected into wells 

and 24 h post transfection fresh media with drug was added and cells were harvested 24 h later.  

 

Cell growth assay 

Cells (4x104) were seeded in 24 well plates; 24 h later siRNAs (25 nM) were transfected into wells 

along with Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, 13778150) following manufacturer’s 

instructions. At 96 h post transfection cell numbers were measured by adding 300 µL/well of a 1:1 mix of 

complete medium and luminescent reagent Cell Titer-Glo 2.0 Assay (Promega, G9241) then plates were 

shaken in the dark at room temperature for 10 min. The cell suspension (100 µL) from each well was added 

to 96 well white plates with clear bottoms (Thermo Fisher Scientific, 07-200565). Luminescence was read 

in the Biotek Synergy H1 Multi-Mode plate reader (Biotek Instruments), using complete medium Cell Titer-

Glo mix as a blank. The luminescence units from each well were normalized to its corresponding DMSO or 

siRNA control.  

 

Inhibitors 

XMU-MP1 (Selleck Chemicals, S8334) is an inhibitor of MST1/2 (Fan et al. 2016). Truli (Gift from 

Dr. J. Hudspeth and CSNPharm, CSN26140) is an inhibitor of LATS1/2 (Kastan et al. 2021). Verteporfin 

(Selleck Chemicals, S1786) is an inhibitor of YAP binding to the TEAD transcription factors (Liu-Chittenden 

et al. 2012).  

 

Immunoblot 
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Total protein lysates were obtained by washing the cells with ice cold phosphate buffered saline 

(PBS), and cells were lysed with RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% Sodium 

Deoxycholate, 0.1% Sodium Dodecyl Sulfate, and 1% NP40) supplemented with fresh protease inhibitors 

(3 µg/mL Leupeptin, 1 µg/mL macroglobulin, 1 µM benzamidine, 0.5 µM PMSF) and phosphatase Inhibitors 

(EMD Millipore, 524625). Cell lysates were incubated 10 minutes on ice and centrifuged at 13000 rpm for 

10 minutes.  The protein concentrations sample supernatants were measured with the Bio-Rad protein 

assay dye reagent (Bio-Rad, 5000006). Equivalent amounts of protein samples were mixed with Laemmli 

buffer (100 mM Tris-HCl pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 5% glycerol) and incubated at 95°C for 

5 min. Lysates (35 µg protein) were run on 10% SDS-polyacrylamide gels and transferred to a nitrocellulose 

membrane (Bio-Rad, 1620115). After blocking for 10 min with 5% nonfat dried milk in PBS with 0.05% 

Tween-20 (Sigma-Aldrich, P1379) (PBST), the membrane was incubated with primary antibodies diluted in 

0.1% milk in PBST at 4°C overnight. The following primary antibodies from Cell Signaling Technologies 

were used:  GAPDH (1:10000, 5174), MST1 (1:500, 3682), MST2 (1:1000, 3952), LATS2 (1:500, 5888), 

pS127-YAP (1:8000, 13008), YAP (1:4000, 14074), pS89-TAZ (1:500, 59971), TAZ (1:500, 71192), CTGF 

(1:300, 86641), MOB1A/B (1:500, 13730), SAV1 (1:1000, 13301), and FOXO3 (1: 1000, 2497). In addition, 

primary antibodies to LATS1 (1:1000, Millipore, MABS1823) and p63 (1:500, Biocare Medical, CM163A) 

were used. The secondary antibodies, peroxidase-conjugated Anti-Rabbit IgG (Sigma-Aldrich, A6154) and 

anti-mouse IgG (Sigma-Aldrich, A4416), were incubated for 1 h at room temperature at 1:5000 dilution in 

0.5% milk PBST for 1 h. Membranes were imaged with Pierce™ ECL Western Blotting Substrate (Thermo 

Fisher Scientific, 322106) or Immobilon Western Chemiluminescent HRP Substrate (Millipore, 

WBKLS0500).  

 

Quantitative RT-PCR 

Total RNA (1000 ng) isolated with the RNAeasy mini kit (Qiagen, 74106), was converted to cDNA 

with the QuantiTect Reverse Transcription Kit (Qiagen, 205313) following manufacturer’s 

instructions. Real-time PCR was performed in the StepOne Plus thermal cycler (Applied Biosystems) with 

Applied Biosystems Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, 4368708) and primers 

(0.2 µM) following the program: 95℃ for 10 minutes followed by 40 cycles of 95℃ for 15 seconds, 60℃ for 
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one minute. Melting curves were performed between 60℃ -95℃ with 1℃/sec. The relative expression of 

each gene was calculated according to the ΔΔCt method expression using the Ct values of the 

housekeeping gene RPL32 and normalized to the siRNA control or DMSO treated condition. For the list of 

primers used see Supplemental Table 1. 

 

Wound healing assay 

MCF10A cells (1.5x105) were plated in 6 well plates, and 24 h later were transfected with siRNA 

(26 nM). After 48 h they were detached with Accutase (MP biomedical, 100449) and 1x106 cells were plated 

for each condition. After 24 h the scratch wound was made with a P200 tip drawn across each well and 

medium was replaced with serum- and growth factor- free DMEM/F12 media with Mitomicin C (2 µg/ml, 

Sigma-Aldrich, M-4287), to prevent the wound closing due to cell growth. Pictures were taken with an 

inverted microscope (Nikon TS2) using a 4X lens at 0 h and 12 h after the wound was made. The wound 

area was measured with ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA), 

and the average wound closing taken from three independent experiments each with three technical 

replicates each was calculated. The wound area was calculated based on the area at 0 h minus the area 

at 12 h, normalized to the initial area of the wound at time 0 h. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism Software version 9.3.1 for Windows 

(GraphPad Software, San Diego, California USA, www.graphpad.com). For simple comparisons between 

two treatments Student’s t-test was used. For analysis of three or more treatments One-way ANOVA with 

Dunnett’s multiple comparisons test was performed. Statistical significance is represented in the graphs 

as: * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001. 

 

2.4 Results 

The Hippo pathway kinases MST1 and MST2 regulate the levels of p63  
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Given the increased expression of p63 in squamous cell carcinomas and its reduced expression in 

breast carcinomas, we were interested in how p63 might be regulated. The Hippo signaling pathway 

interacts in multiple ways with members of the p53 tumor suppressor family (Furth et al. 2018), which 

provided the impetus to evaluate whether pharmacological inhibition of the Hippo pathway had any effect 

on expression of p63. For this purpose we used the immortalized untransformed mammary epithelial cell 

line MCF10A (Soule et al. 1990), that we previously showed expresses mainly the ΔNp63α isoform of p63 

(Yoh et al. 2016). To pharmacologically inhibit the pathway we used XMU-MP1, a small molecule inhibitor 

of the uppermost protein kinases in the pathway, namely MST1 and MST2 (Fan et al. 2016). After treatment 

of the MCF10A cells with XMU-MP1 for 24 hours we observed a significant downregulation of p63 

expression at the mRNA and protein levels (Figure 2-1 A, B). As expected (Zhao et al. 2010; Fan et al. 

2016), inhibition of MST1/2 also led to a decrease in phospho-YAP levels and an increase in total YAP 

levels (Figure 2-1 A). TAZ and phospho-TAZ levels were similarly regulated. The upregulation of YAP and 

TAZ proteins along with decreased phosphorylation at the LATS target sites on YAP (Ser127) and TAZ 

(Ser89) indicated that the kinase activity of LATS was suppressed due to the MST1/2 inhibitor (Figure 2-1 

A). In addition, expression of the well-known YAP/TAZ target gene CTGF was strongly induced (Figure 2-

1 A, B) (Zhao et al. 2008; Zhang et al. 2009). To confirm that the effect of the inhibitor was through MST1/2, 

we used siRNA to suppress the levels of the kinases MST1 and MST2 individually and together and 

observed an increase in the protein levels of YAP and TAZ and upregulation of CTGF in all three conditions 

compared to the control siRNA (Figure 2-1 C, D). CTGF induction was the highest with Mst2 knockdown 

while p63 suppression was slightly stronger with Mst1 siRNA (Figure 2-1 C, D). These results further 

demonstrate that both MST1/2 are required for p63 expression. 

 

Since MCF10A cells harbor wild-type p53 and p53 is known to be a phosphorylation target of LATS 

(Aylon et al. 2006; Furth et al. 2015) we asked whether p53 was involved in the repression of p63 after the 

inhibition of MST1/2. When parental MCF10A cells and two p53 CRISPR KO clones were treated with 

XMU-MP1, p63 was downregulated to the same extent in all three cell lines (Figure 2-1 E, F) indicating that 

the effect of MST1/2 inhibition on p63 expression is independent of p53. 
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LATS1 and MOB1A regulate p63 expression 

Since both MST1 and 2 are required for p63 expression in MCF10A cells, we evaluated whether 

their downstream protein kinases targets, LATS1 and 2, were also required. We first treated MCF10A with 

the LATS1/2 inhibitor Truli (Kastan et al. 2021) for 24 h which led to a 91% downregulation of p63 mRNA 

and a 7-fold induction of CTGF mRNA (Figure 2-2 B). p63 reduction and CTGF induction were also seen 

at the protein level along with decreased phosphorylation of YAP, and upregulation the total levels of YAP 

and TAZ proteins (Figure 2-2 A). There was also a mobility shift of phospho-TAZ protein, suggesting a 

change in its modifications due to LATS inhibition. 

 

To confirm the inhibitor results, we ablated Lats1, Last2 and both Lats1/2 with siRNA to reduce 

their levels. Knockdown of LATS1, but not LATS2, downregulated p63 at the protein and mRNA levels 

(Figure 2-2 C, D) even though siRNA knockdown of both Lats1 and Lats2 were required for full activation 

of CTGF expression and decreased phospho-YAP and phospho-TAZ levels (Figure 2-2 C, D). These results 

showing that LATS1 is preferentially required for p63 repression, suggested that the repression of p63 might 

be through an independent process that is distinct from the activation of YAP and TAZ. 

 

To further evaluate the requirement of the Hippo pathway for p63 expression, we tested cofactors 

of the MST and LATS kinases, SAV1 and MOB1A/B, respectively. When siRNAs directed against MOB1A, 

MOB1B or SAV1 were used, only MOB1A was required for p63 expression (Figure 2-2 E, F). We did not 

observe an effect of MOB1B siRNA on p63 or CTGF expression, but could not confirm this at the protein 

level due to lack of an antibody that can distinguish between A and B isoforms, although the siRNA for 

MOB1A abolished the lower band while the MOB1B siRNA abolishes the upper band (Figure 2-2 E). It is 

possible that MOB1B may simply be less abundant that MOB1A in MCF10A cells such that it is not required 

for Lats1/2 activity. The effects of SAV1 siRNA were relatively mild, despite general reports that SAV1 is 

required for MST activity (Callus et al. 2006; Bae et al. 2017). While SAV1 siRNA increased CTGF protein 

and mRNA levels, there was no effect on p63 mRNA and a modest reduction of p63 protein (Figure 2-2 E, 

F). Further studies will be required to understand the role of SAV1 in this system.  Nevertheless, the results 

with MOB1A further show the requirement of the Hippo pathway for p63 expression.  
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MST and LATS regulate p63 expression in breast and squamous cancer cell lines  

Since MCF10A is a non-transformed immortalized mammary epithelial cell line, it was of interest to 

evaluate whether p63 is regulated by the Hippo pathway in cancer cells as well. We selected previously 

described ΔNp63 positive breast cancer cell lines HCC1937 (triple negative) and HCC1954 (HER2 positive) 

(Gatti et al. 2018) and the squamous carcinoma cell lines TE5, TE14 and Cal27 with high expression of 

ΔNp63 (Supplemental Figure S-1 for relative expression of p63 mRNA). Treatment of HCC1937 and 

HCC1954 cells with the XMU-MP1 inhibitor of MST1/2 led to strong downregulation of ΔNp63 protein and 

mRNA (Figure 2-3 A, B). This correlated with markedly increased expression of the YAP/TAZ target gene 

CTGF (Figure 2-3 A, B) even though YAP and TAZ protein levels were only modestly increased in both cell 

lines (Figure 2-3 A). In the squamous cancer cell lines, we also observed suppression of ΔNp63 mRNA and 

protein upon treatment with XMU-MP1, though the extent varied (Figure 2-3 C, D). CTGF mRNA and protein 

induction also varied, with the strongest activation in Cal27 cells (Figure 2-3 C, D). The reduction in 

phospho-YAP levels by XMU-MP1 treatment was also particularly strong in Cal27 cells (Figure 2-3 C). 

These results demonstrate that MST kinase activity is required to maintain p63 expression in multiple 

cancer cell lines. 

 

We next asked whether the LATS kinases were also involved in regulating p63 in cancer cells. We 

inhibited LATS1/2 activity with the inhibitor Truli and found that p63 was significantly downregulated in 

HCC1937 and HCC1954 cells (Supplemental Figure S-2 A, B). A similar repression of p63 mRNA was 

found in the squamous cancer cells TE5, TE14 and Cal27 (Supplemental Figure S-2 C, D) while p63 protein 

levels were clearly downregulated in the Cal27 cell line, with smaller changes in the other lines 

(Supplemental Figure S-2 C, D), the strongest repression of p63 protein was found in the Cal27 cell line 

despite being one of the cell lines with the highest relative expression of p63 mRNA (Supplemental Figure 

S-1). CTGF was only upregulated two fold in the breast cancer cell lines, with increased CTGF protein 

levels only seen in the HCC1954 cell line (Supplemental Figure S-2 B). In response to LATS inhibition, we 

observed a decrease in phospho-YAP and a mild increase of total levels of YAP in both cell lines; TAZ 

levels increased mostly in HCC1937 cells (Supplemental Figure S-2 A).  While phospho-YAP inhibition was 
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seen in each of the squamous cell lines, the increase in total YAP levels was seen the clearest in Cal27 

cells (Supplemental Figure S-2 C).  We can conclude from these results that in breast and squamous 

carcinoma cells MST and LATS activity are required for the expression of p63. However, the effects of the 

inhibition of these kinases on the levels of YAP, TAZ, and CTGF varied depending on the cell line and 

suggested to us that the p63 repression and CTGF induction pathways are different. 

 

Repression of p63 after MST1/2 inhibition is YAP/TAZ independent 

YAP and TAZ  are inhibited by LATS phosphorylation (Zhao et al. 2007; Lei et al. 2008; Zhao et al. 

2010) which led us to ask whether they are also involved in the repression of p63 caused by MST inhibition. 

To address this, we used two approaches. We inhibited YAP transcriptional activity with the drug Verteporfin 

that impairs YAP interaction with TEAD transcription factors (Liu-Chittenden et al. 2012) and we suppressed 

YAP and TAZ levels with two different siRNAs. In both cases we observed that neither the inhibitor (Figure 

2-4 A, B) nor the siRNA (Figure 2-4 C, D) had any effect on the repression of p63 induced by XMU-MP1 

inhibition of MST; p63 was still suppressed at the mRNA level despite the lack of YAP/TAZ protein and 

activity. We confirmed that YAP/TAZ inhibition was effective by observing a significant drop in the induction 

of CTGF mRNA and protein (Figure 2-4 A-D). These results indicate that YAP/TAZ activity is not required 

for the repression of p63 upon MST inhibition and implicate the involvement of other factors downstream 

of LATS1 that are not part of the canonical pathway. 

 

p63 inhibits YAP and TAZ activity  

Since regulating Hippo pathway had such a strong effect on p63 expression, we hypothesized that 

there might be reciprocity such that p63 might impose feedback inhibition on the Hippo pathway.  When we 

tested this by treating MCF10A cells with two different siRNAs to p63, and found that indeed p63 loss 

increased the mRNA and protein levels of the YAP/TAZ target gene CTGF (Figure 2-5 A, B). In line with 

this p63 siRNAs increased the total levels of YAP and TAZ proteins, although their respective mRNA levels 

were not changed (Figure 2-5 A, B). As there was only a slight increase in YAP and TAZ phosphorylation 

(Figure 2-5 A), this means that the proportion of phosphorylated proteins actually goes down compared to 

the increase in the total levels of these two proteins. We also tested whether p63 loss could also increase 
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YAP/TAZ activity after XMU-MP1 treatment by measuring induction of the CTGF gene and found increased 

induction of CTGF when p63 levels were suppressed with siRNAs (Figure 2-5 C).  These results show that 

p63 serves to restrict YAP/TAZ levels and hence dampen their transcriptional activity in MCF10A cells. 

Note that we also found that p63 siRNAs increased YAP protein levels in the three SCC cell lines used 

(Figure 2-5 D), while YAP mRNA was unaffected (Figure 2-5 E), suggesting that, as with MCF10A cells, 

the regulation of YAP protein is post-transcriptional. The effects on TAZ protein levels were more varied in 

the SCC cell lines. While p63 siRNAs increased TAZ levels in TE5 cells, they remained low in TE14 cells 

and high in Cal27 cells (Figure 2-5 D). As expected p63 siRNAs induced CTGF expression in TE5 cells 

where both YAP and TAZ protein levels increased (Figure 2-5 E). In TE14 cells there was little induction of 

CTGF, perhaps due to the low relative levels of YAP and TAZ in these cells (Figure 2-5 D,E).  In Cal27 cells 

p63 siRNAs induced CTGF expression, likely due to the increase in YAP levels, although TAZ levels did 

not change (Figure 2-5 D, E). Despite the variability of the results in these cell lines, our data show clearly 

that p63 inhibits YAP levels in both MCF10A and SCC cell lines and supports a pathway where repression 

of p63 expression by MST inhibition leads to greater YAP levels and therefore greater induction of CTGF.   

 

p63 facilitates growth  

To evaluate whether the targeting of p63 has an impact on growth of cancer cells, we knocked 

down p63 with siRNA in MCF10A, TE5 and Cal27 cells. We found that the reduction of p63 levels decreased 

the growth by approximately 50% (Figure 2-6 A, B). As YAP/TAZ have been shown to be involved in cell 

motility (Mason et al. 2019; Chan et al. 2008; Valencia-Sama et al. 2015), we wanted to evaluate whether 

the transient loss of p63, could also increase motility. We found that the loss of p63 increased the motility 

of MCF10A cells in a wound assay (Supplemental Figure S-3). While the two p63 siRNAs increased motility 

to different extents, both were significant. These results show that p63 loss can lead to increased motility, 

consistent with our previous results of an increase in EMT and mesenchymal properties (Yoh et al. 2016). 

It is possible that the increase in YAP/TAZ levels caused by p63 depletion may be contributing to the 

increased motility. 
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2.5 Discusion 

Here we describe that p63 expression is regulated by the Hippo pathway in different types of cells 

including non-transformed mammary MCF10A cells, breast cancer, and tongue and esophageal squamous 

carcinoma cells. Further our data indicate that the Hippo pathway regulates the expression of ΔNp63 in a 

non-canonical manner. While the MST1/2, LATS1 and MOB1A factors are required, regulation of p63 is 

independent of YAP and TAZ (Figure 2-6 C). In addition, we found that p63 feeds back into the pathway, 

causing the inhibition of YAP/TAZ, since p63 loss increased YAP/TAZ levels and the induction of the YAP 

target gene CTGF.   

  

Surprisingly, in our experimental setting, we found that LATS1 but not LATS2 was preferentially 

required for the expression of p63, even though CTGF induction required the inhibition of both LATS1 and 

LATS2. LATS1-specific effects have been seen before: LATS1 inhibited autophagy in a kinase-independent 

manner while LATS2 had no effect (Tang et al. 2019a). Moreover, in an affinity proteomics study done by 

immunoprecipitation with overexpressed MOB1A/B proteins, MOB1A bound LATS1 proteins more 

abundantly compared to LATS2, which suggests a stronger  interaction with LATS1 (Xiong et al. 2017). 

This could explain the difference between LATS1 and LATS2 in their regulation of p63 expression. The 

preferential inhibition of LATS1 may provide a means to repress p63 expression without the potential side 

effects or toxicity of inhibiting both LATS1 and LATS2. 

 

MOB1A and MOB1B are scaffold proteins that activate LATS kinases. Phosphorylation of MOB1 

by MST1/2 allows MOB1 binding to LATS1/2 (Praskova et al. 2008); in turn LATS1/2 can then be 

phosphorylated and activated by MST1/2 (Hergovich et al. 2006; Praskova et al. 2008; Ni et al. 2015).  We 

found that MOB1A proteins were required for maintenance of p63 expression while there was little effect of 

MOB1B depletion, despite the fact that their protein products are 95% identical (Stavridi et al. 2003). It is 

possible, however, that this is due to the higher expression of MOB1A compared to MOB1B (Figure 2-2 E 

and our previous RNAseq data (Yoh et al. 2016)). Alternatively, MOB1A binds LATS1 more compared to 

MOB1B (Xiong et al. 2017). Since p63 repression and CTGF induction were similarly sensitive to MOB1A 

depletion, this suggests that a common pathway involving MOB1A and LATS1 is involved. 



69 
 

The protein SAV1 binds to and is required for MST1/2 recruitment to the plasma membrane (Callus 

et al. 2006; Yin et al. 2013) and promotes the auto-phosphorylation and activation of MST1/2 by preventing 

its interaction with the phosphatase STRIPAK (Bae et al. 2017). In contrast to expectations, SAV1 depletion 

did not inhibit MST activity enough to cause the downregulation of p63 mRNA, while it only increased CTGF 

expression moderately (Figure 2-2 F). Although the extent of depletion of SAV1 protein and mRNA by 

siRNAs appears strong (Figure 2-2 E, F), it is possible that residual SAV1 is sufficient to maintain p63 

levels. Alternatively, MST1/2 may be able to function independently of SAV1 in a pathway to maintain p63 

expression. Surprisingly, SAV1 loss decreased p63 protein levels, but not p63 mRNA (Figure 2-2 E, F) 

suggesting post-transcriptional regulation. p63 protein stability has been found to be regulated by the E3 

ubiquitin ligases Pirh2, WWP1, and ITCH among others (Jung et al. 2013; Li et al. 2008b; Rossi et al. 2006). 

Interestingly, ITCH is also an E3 ligase for the Hippo kinase LATS1 (Ho et al. 2011). Further studies will be 

required to determine whether LATS1 and SAV1 regulate p63 protein stability through any of these E3 

ligases.  

 

The most striking deviation from the canonical Hippo pathway that we discovered was that YAP 

and TAZ are not required to repress p63 levels in multiple cell lines. While many transcription factors have 

been reported to regulate ΔNp63 expression (Fisher et al. 2020) it’s unclear which, if any such factors, may 

be acting here. We tested FOXO3 as a potential regulator (Hu et al. 2017; Wang et al. 2019b), but found 

no role (Supplemental Figure S-4). Further studies will be required to identify the steps in the pathway 

between LATS1 and ΔNp63. In contrast to our results, overexpression of TAZ was shown to repress ΔNp63 

expression (Valencia-Sama et al. 2015). This difference may be due to differential effects exerted by the 

overexpression of TAZ alone compared to the inhibition of endogenous MST1/2 that we reported here.   

Other non-canonical (YAP/TAZ-independent) pathway functions for LATS kinases have been found. LATS1 

can target Estrogen Receptor α for ubiquitin-mediated degradation (Britschgi et al. 2017) and LATS2 binds 

to and inhibits MDM2 to prevent p53 degradation (Aylon et al. 2006). In addition, LATS2 but not LATS1 

inhibits the maturation and subsequent nuclear translocation of the mevalonate pathway transcription factor 

SREBP2 (Aylon et al. 2016). Together with our results, this suggests that there are additional targets of the 

LATS kinases besides YAP and TAZ that can mediate effects of the Hippo pathway. 
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Endogenous p63 has been shown to increase squamous cancer growth (Ye et al. 2014; Li et al. 

2015; Compagnone et al. 2017) and survival (Rocco et al. 2006) and we have shown a similar effect in 

MCF10A and squamous cancer cell lines. It’s unclear which targets of p63 promote growth of these cells, 

however it may be related to p63’s role in supporting the epithelial differentiation state (Riege et al. 2020; 

Soares and Zhou 2018). It’s unlikely that YAP and TAZ targets are involved, as we found that p63 inhibits 

YAP and TAZ levels. In addition, we found that the transient loss of p63 increased the motility of MCF10A 

cells in a wound assay (Supplemental Figure S-3), similar to the increased migration seen in a transwell 

assay in p63 shRNA stable cell lines (Hu et al. 2017). This is consistent with p63’s role as a suppressor of 

the epithelial-mesenchymal transition and may contribute to increased invasiveness of breast cancer cells 

where p63 expression is suppressed (Yoh et al. 2016). Since YAP/TAZ can increase cell motility (Mason 

et al. 2019; Chan et al. 2008; Valencia-Sama et al. 2015), the increase of YAP and TAZ due to p63 depletion 

may contribute to the increase in motility in MCF10A cells. 

 

In conclusion, we found a pharmacological and molecular way to downregulate the levels of p63 in 

breast and squamous carcinoma cells as well as immortalized mammary cells. This occurs through 

inhibition of MST1/2 and LATS1 kinases in the core Hippo pathway. This defines an alternative Hippo 

pathway, independent of YAP/TAZ, that may also regulate other factors besides p63. We propose that 

these kinases and associated factors involved in p63 regulation could be useful targets for further 

development of therapies for cancers that show a strong dependency on p63 for growth. It will be important 

to take into account that their targeting has the potential to increase YAP/TAZ levels and their induction of 

cellular growth. This complication could be accommodated by inhibition of YAP/TAZ with an existing drug 

like Verteporfin. Further understanding of this pathway to identify factors that are specific to Hippo regulation 

of p63 levels will also be useful for finding specific inhibitors of this wing of the Hippo pathway. 
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2.7 Figures and Tables 

 

Figure 2-1. p53-Independent Regulation of p63 by the Hippo Pathway Kinases MST1 and MST2.  
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A.  Representative immunoblot analysis of the indicated proteins after treatment of MCF10A cells with the 

MST1/2 inhibitor XMU-MP1 (5 µM) for 24 h. Primary antibodies were used to detect the proteins or their 

phosphorylated forms as indicated. B. RT-qPCR analysis of CTGF and ΔNp63 expression in MCF10A cells 

treated as in A. Student’s t-test was performed C. MCF10A cells were transfected with Smartpool siRNA 

against Mst1, Mst2 or both for 72 h. Followed by immunoblotting analysis as in A. D. RT-qPCR of MCF10A 

cells transfected for 72 h with Smartpool siRNA against Mst1, Mst2 or both. ANOVA with pairwise 

comparisons against the siControl were performed. E. Immunoblot of wild-type MCF10A (WT) and two p53 

CRISPR-generated p53 knock-out (KO) clones treated with XMU-MP1 (5 µM) or DMSO for 24 h. F. RT-

qPCR analysis of the indicated genes in the cell lines in E. Student’s t-tests were performed.  Bars represent 

the mean ± SEM of three independent experiments with three technical replicates. Immunoblots are a 

representative experiment of three independent experiments. Statistical significance represented with * for 

p-value <0.05, ** for p-value<0.01, *** for p-value<0.005, **** for p-value<0.001 
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Figure 2-2. LATS1 and MOB1A Regulate p63 Expression. 
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A. Immunoblot analysis of the indicated proteins in MCF10A cells treated with DMSO or the  LATS1/2 

inhibitor Truli (5 µM) for 24 h. B. qRT-PCR analysis of MCF10A cells treated as in A. Student’s t-tests were 

performed C. Immunoblot analysis of the indicated proteins in MCF10A cells that were transfected with 

Smartpool siRNA against Lats1, Lats2 or both, for 72 h. D. qRT-PCR of MCF10A cells transfected as in C. 

E. Immunoblot analysis of the indicated proteins in MCF10A cells that were transfected with Smartpool 

siRNA against Mob1A, Mob1 or Sav1 for 72 h. F. qRT-PCR of MCF10A cells transfected as in E. For the 

immunoblots, one representative blots of three independent experiments is shown. For qRT-PCR, bars 

represent the mean ± SEM of three independent experiments with three technical replicates normalized to 

the siRNA control (siC) or DMSO conditions. Statistical analysis was Student t-test in B and one-way 

ANOVA with Dunnett’s multiple comparisons test was performed in D. and F. 
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Figure 2-3. MST Regulate p63 Expression in Breast and Squamous Cancer Cell Lines. 

A. Immunoblot analysis of HCC1937 and HCC1954 breast cancer cell lines after treatment with DMSO or 

XMU-MP1 (5 µM) for 24 h. B. RT-qPCR analysis of HCC1937 and HCC1954 cells that had been treated 

as in A. C. Immunoblot of proteins in the TE5, TE14, and Cal27 squamous cancer cell lines treated with 

XMU-MP1 (5 µM) for 24 h. D. RT-qPCR of squamous cancer cells treated with XMU-MP1 (5 µM) for 6 h. 

For the immunoblots, a representative blot of three independent experiments is shown. For RT-qPCR, bars 

represent the mean ± SEM of three independent experiments with three technical replicates normalized to 

the DMSO condition. Statistical analysis was Student t-test.  
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Figure 2-4. Repression of p63 after MST1/2 Inhibition is Independent of Yap and Taz.  

A. Immunoblot analysis of MCF10A cells that were treated with DMSO or XMU-MP1 (5 µM), the Yap/Taz 

inhibitor Verteporfin (4 µM), or a combination of both inhibitors for 24 h. B. RT-qPCR of MCF10A cells 

treated as shown in A. Bars represent the mean ± SEM of four independent experiments with three technical 

replicates, normalized to DMSO C. Immunoblot of MCF10A cells transfected with the combination two 

different siRNAs against Yap and Taz for 24 h, then treated with 5 µM of XMU-MP1 for 24 h. D. RT-qPCR 



78 
 

of MCF10A cells transfected with siRNAs against Yap and Taz for 24 h, then treated with 5 µM of XMU-

MP1 for 24 h. The immunoblots in A and C represent four (A) or three (C) independent experiments, 

respectively. Bars represent the mean ± SEM of three independent experiments with three technical 

replicates, normalized to DMSO treated siControl. Statistical analysis was ANOVA with Dunnett’s multiple 

comparisons test. 
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Figure 2-5. p63 Inhibits Yap and Taz Activity. 
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A. Immunoblot analysis of MCF10A cells that were transfected with control siRNA (siC) or two siRNAs 

against p63 for 72 h. B. RT-qPCR of ΔNp63, CTGF, YAP and TAZ expression in same cells treated as in 

A. C. RT-qPCR analysis of MCF10A cells that were transfected with control siRNA (siC) or two siRNAs 

against p63 (sip63#1 and sip63#2) for 72 h then treated for 6 h with DMSO or XMU (5 µM). D. Immunoblot 

analysis of TE5, TE14 and Cal27 SCC cells transfected with siC or two siRNAs against p63 for 72 h as in 

A. E. qRT-PCR of TE5, TE14 and Cal27 cells transfected with siC or two siRNAs against p63 for 72 h as 

in B. For the immunoblots, a representative of three independent experiments is shown. For RT-qPCR, 

bars represent the mean ± SEM of three independent experiments with three technical replicates, 

normalized to siC. For CTGF in A, four independent experiments were performed. Statistical analysis was 

One-Way ANOVA with Dunnett’s multiple comparisons test. 
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Figure 2-6. p63 Facilitates Growth.  

A. Growth of MCF10A cells transfected with siControl (siC) or p63 siRNAs for 72 h. Levels of viable cells 

were measured with Cell Titer-Glo, as relative luminescence units normalized to the siC. Bars represent 

the mean ± SEM of four independent experiments. B. Levels of viable TE5, TE14 and Cal27 SCC cells 

transfected with siC or p63 siRNAs for 96 h measured as in A. Three independent experiments were 

performed. Bars represent the mean ± SEM of three independent experiments. Statistical analysis was 

ANOVA with Dunnett’s multiple comparisons test C. Model of non-canonical Hippo pathway regulation of 

p63 and feedback inhibition of YAP and TAZ by p63. MST1 and MST2 via MOB1A and LATS1 maintain 
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ΔNp63 transcription independent of YAP and TAZ. ΔNp63 is required to maintain low levels of YAP and 

TAZ and thereby prevent activation of Hippo targets such as CTGF.  Created with BioRender.com  

 

Supplemental Figure S-1. Comparison of ΔNp63 mRNA Expression Across Cell Lines.  

The expression of ΔNp63 was determined by qRT-PCR and normalized to MCF10A levels. Bars represent 

the mean ± SEM of three independent experiments. Statistical analysis was ANOVA with Dunnett’s multiple 

comparisons test against the levels in the MCF10A cell line. 
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Supplemental Figure S-2. LATS Regulate p63 Expression in Breast and Squamous Cancer Cell 

Lines. 

A. Immunoblot analysis of breast cancer cells in A that were treated with Truli (20 µM) for 24 h.  B. RT-

qPCR of breast cancer cells treated as shown in A. C. Immunoblot of squamous cancer cells treated with 

Truli (20 µM) for 24 h. D. RT-qPCR of squamous cancer cells treated as shown in C. For the immunoblots, 

a representative blot of three independent experiments is shown. For RT-qPCR, bars represent the mean 

± SEM of three independent experiments with three technical replicates normalized to the DMSO condition. 

Statistical analysis was Student t-test. 
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Supplemental Figure S-3. p63 Inhibits Cell Migration. 

Wound scratch assay of MCF10A cells that were transfected with siC or sip63 siRNAs for 72 h. The 

percentage of wound closure was calculated as the average of 4 independent experiments. Statistical 

analysis was by Student’s t-test. 
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Supplemental Figure S-4. FoxO3 is Not Required for ΔNp63 Expression in MCF10A Cells.  

 A. Immunoblot of MCF10A cells that were transfected with control or two different FoxO3 specific siRNAs 

for 48 h and then were treated for 24 h with XMU-MP1 (5 µM). B. qRT-PCR analysis for ΔNp63 and FoxO3 

expression treated as in A. Bars represent the mean ± SEM of three independent experiments with three 

technical replicates.   
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Supplemental Table 1. Primer Sequences 

 

Gene Forward sequence Reverse sequence 

RPL32 TTCCTGGTCCACAACGTCAAG TGTGAGCGATCTCGGCAC 

CTGF GGAGTGGGTGTGTGACGAG CTTCCAGTCGGTAAGCCGC 

ΔNp63 AAACAATGCCCAGACTCAATTT GTGGTCTGTGTTATAGGGACTG 

MST1 CAATGCAGAGGATGAGGAAGAG TCTTGCCAAAGCTGTTGATCT 

MST2 GCATGAACCCTTCCCTATGTC AACCGCATCTGTAGTTCTTCTAAA 

LATS1 AAATCTCATCAGCAGCGTCTAC CTCATTTGATCCTGGGCATCTT 

LATS2 TGGTCACATTAAACTCACAGATTTC GTTAGACACATCATCCCAGAGG 

SAV1 TCTGGTACCTGCAAATCCATATC GGAAGAGTTCCCACTTCAGAAT 

MOB1A CCCGTGAGCTAAGGACGGT AGGAAGCTCATCTTCGGTCC 

MOB1B GTCTCCTGTTCCATTCGCCT AAGAAGCTCATGTTGGCCGC 

YAP TTTTGGCTGCCACCAAGCTA AATTCAGTCTGCCTGAGGGC 

WWTR1 (Taz) GGAGCTCATGAGGCAGGAAG CCTGAACTGGGGCAAGAGTC 

FOXO3 GGGCAAAGCAGACCCTCAA GTCCACTTGCTGAGAGCAGA 
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Chapter 3: p63 regulates the acinar architecture in mammary 

epithelial cell 3D culture model   

3.1 Introduction 

The mammary gland epithelium consists of two cellular types, luminal and basal cells. The luminal 

cells are polarized and surround a central lumen, the basal cells or myoepithelial cells are located adjacent 

to the luminal cells in contact with the basement membrane and the stroma (Inman et al. 2015; Visvader 

and Stingl 2014). The basal and luminal cells are organized in branching ducts that end in secretory alveoli 

(Visvader and Stingl 2014). In normal breast tissue, the ΔNp63 transcription factor is present in 

myoepithelial cells, forming a single and continuous layer in direct contact with the stroma, that at the same 

time supports the luminal cells (Ribeiro-Silva et al. 2003). ΔNp63 positive cells co-stain with α-Smooth 

Muscle Actin a marker of myoepithelial cells, and with basal keratins (KRT) 5 and 14. Also myopeithelial 

cells are negative for KRT 7 and 8 which are proteins present in luminal cells (Ribeiro-Silva et al. 2003; 

Wang et al. 2002). Among this ΔNp63 positive population of cells, a bipotent progenitor exists that can 

reconstitute the full mammary epithelium (Prater et al. 2014; Rios et al. 2014; Shackleton et al. 2006; Stingl 

et al. 2006). This bipotent progenitor has a basal cell phenotype and has the cell surface markers CD49fhi 

(Integrin α6, a well-known p63 target gene, Carroll et al. 2006), CD29hi (Integrin β1), CD24+/mod 

(sialoglycoprotein) and  Sca1low (Stem cells antigen-1) (Shackleton et al. 2006; Shehata et al. 2012; Stingl 

et al. 2006).  

 

The ΔNp63 gene belongs to the p53 family of transcription factors, and is required for the the 

proliferation of epithelial cells, the expression of basal cell genes, and for the expression of genes from 

multiple signalling pathways involved in mammarry epithelial cell proliferation and cell differentiation 

(Romano et al. 2009; Nguyen et al. 2006; Memmi et al. 2015; Chakrabarti et al. 2014; Lindley et al. 2015) 

P63’s important role in proliferation and epithelial cell differentiation is strongly evidenced in p63 null mice 

that have limb and craniofacial malformations, lack mammary glands and die perinatally of dehydration due 

to lack of skin (Mills et al. 1999; Yang et al. 1999). The p63 transcription factor regulates an adhesion 
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molecules transcriptional program in the human MCF10A cell line, this program includes genes such as 

Integrins α6 and β1 as well as extracellular matrix proteins like fibronectin and collagen (Carroll et al. 2006). 

As previously shown by our lab and others, ablation of ΔNp63 in the mammary epithelial cell line MCF10A 

induced an Epithelial to Mesenchymal Transition (EMT) (Yoh et al. 2016; Hu et al. 2017). EMT is the 

morphological and transcriptional alteration that causes changes in cytoskeletal organization, loss of cell-

cell adhesion molecules, changes in cell morphology to be like mesenchymal spindles, and their apicobasal 

polarity is replaced by front-rear polarity (Shibue and Weinberg 2017). These changes increase their motility 

and their ability to degrade and reorganize the extracellular matrix, allowing for the invasion of neighboring 

tissues (Shibue and Weinberg 2017). 

 

Luminal cells are positive for the transcription factor GATA3 (GATA Binding Protein 3) and the 

luminal Keratins 7, 8 and 18 (Cimpean et al. 2008; Usary et al. 2004). GATA3 is present in the luminal cells 

of the mammary gland and is absent from myoepithelial cells (Kouros-Mehr et al. 2006). Mice with GATA3 

deletions have defects in the development of the ductal tree. The ducts cannot invade the stroma which 

means they lack the typical branching morphology, and the ductal tree lacks luminal epithelial cells (Kouros-

Mehr et al. 2006). These ductal trees have over proliferation of undifferentiated luminal cells that lack the 

epithelial differentiation markers like E-Cadherin, Estrogen receptor-α, β-Casein, and KRT18 (Asselin-

Labat et al. 2007; Kouros-Mehr et al. 2006). In mice lacking GATA3, the luminal cells are lost due to cell 

detachment and Caspase-3 induced apoptosis (Kouros-Mehr et al. 2006).  

 

The laminin enriched extracellular matrix (Matrigel) 3D culture system has been used to evaluate 

the in vitro architecture of mammary ducts to model the behavior of tumorigenic and non-tumorigenic 

mammary epithelial cell lines (Kenny et al. 2007; Lee et al. 2007). This architecture reflects the gene 

expression of the cell line since different invasiveness morphologies cluster together based on their gene 

expression profiles (Kenny et al. 2007). In addition, signal transduction pathways due to the extracellular 

matrix in 3D are integrated differently in ways that cannot be observed in monolayer cultures (Kenny et al. 

2007). The MCF10A a cell line has been used extensively to model the mammary architecture in 3D, is 

derived from a mastectomy of a 36-year-old woman with non-malignant fibrocystic disease (Soule et al. 
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1990). The immortalized MCF10A cells lack amplification, rearrangement, or mutational activation of HER-

2 or Ras, and their karyotype is diploid (Soule et al. 1990). In 3D culture on top of matrigel, MCF10A cells 

form growth-arrested, single-layered, rounded acinar structures that develop a hollow lumen after 10 days 

of culture on top of Matrigel (Debnath et al. 2002). These spheres mimic the formation of mammary ducts. 

Hence, this system can be used to identify molecular mechanisms involved in mammary duct formation 

and the disruption of the mammary epithelium which occurs during early tumor progression (Shore and 

Rosen 2014).  

 

We aim with this project to study the role of ΔNp63 in the mammary epithelial cells under more 

physiological conditions using the 3D culture model in which epithelial cells interact in 3 dimensions with 

extracellular matrix components. This system can also be used to study how these cellular interactions 

affect the expression of p63. 

 

3.2 Materials and Methods  

 

Cell culture  

MCF10A cells (immortalized non-transformed mammary epithelial) were a gift from David Weber, 

University of Maryland School of Medicine, Baltimore, were grown in DMEM/F12 (Thermo Fisher Scientific, 

11320033) with 5% horse serum (Thermo Fisher Scientific, 16050122), penicillin-streptomycin solution 

(Thermo Fisher Scientific, 15140122), 10 µg/mL insulin (Sigma-Aldrich, 91077C), 0.5 µg/mL hydrocortisone 

(Sigma-Aldrich, H0888) and 20 ng/mL Epidermal Growth Factor (PeproTech, AF-100-15). MCF10A 

CRISPR p53 Knock out (KO) clones were generated using CRISPR/Cas9 genome editing as previously 

described (Venkatesh et al. 2020). MCF10A stable cell Vector-shControl and shΔNp63 were described 

previously (Yoh et al. 2016). HEK293T cells were grown in DMEM supplemented with 10% fetal bovine 

serum. Cells were detached with trypsin-EDTA (0.05%) (Thermo Fisher Scientific, 15400054) and counted 

before seeding for experiments using trypan blue in a Countess 3 Automated Cell Counter (Thermo Fisher 

Scientific). All cell lines were grown at 37°C with 5% CO2. Cholera Toxin from Vibrio Cholerae (C8052, 
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Sigma Aldrich) and Doxycycline (D9891, Sigma Aldrich) was added to the growth media as indicated in the 

results and figure legends. 

 

Retroviral constructs and stable cell lines 

The pCW-3xflag-ΔNp63α plasmid was cloned as follows: pCW-MECOM2 was digested with NheI 

and BamHI and ligated to a PCR fragment of 3XFlag-ΔNp63 from pBabePuro-3XFlag-ΔNp63. The PCR 

primers had NheI and BamHI ends and the PCR fragment was digested with NheI and BamHI and ligated 

to the pCW fragment to make pCW-3XFlag-ΔNp63α. pCW-MECOM2 vector is a derivative of pCW-57.1. 

The 3XFlag- ΔNp63α is an all-in-one lentiviral vector expressing ΔNp63α under a Doxycycline inducible 

promoter with a puromycin resistance gene and the tet activator rtTA under control of a PGK (3-

phosphoglycerate kinase) promoter. HEK293T cells were seeded in 10 cm dishes 3x106 per plate, 24 h 

later cells were transfected with Lipofectamine™ 2000 (Thermo Fisher Scientific, 11668019) with 5 µg of 

empty vector plasmid pCW57.1 (a gift from David Root, Addgene, plasmid 41393) or pCW-3xflag-ΔNp63α 

and the lentivirus and 5 µg of each packaging plasmid pSPAX2 (Addgene plasmid 12259) and pMD2.G 

(Addgene, plasmid 12260) (gifts from Didier Trono). Media was replaced after 24 h and the virus was 

harvested between 48-72 h post-transfection. MCF10A cells were transduced with 8 µg/ml of polybrene 

(EMD Millipore, TR-1003-G) and freshly harvested virus filtered with 0.45 µm filter. MCF10A cells were 

selected 48 h post-infection with 2 µg/ml of puromycin and maintained with 1 ug/ml (Invivogen, ant-pr-1). 

Doxycycline (D9891, Sigma Aldrich) was added to the growth media to induce gene expression as indicated 

in the results and figure legends. 

 

siRNA transfection  

For siRNA transfections 1.5x105 cells were plated in 6 well plates, 24 h later 17 nM of each siRNA 

was transfected with Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, 13778150) following the 

manufacturer’s instructions. The following siRNAs were used siC (Silencer™ Select Negative Control No. 

1, Thermo Fisher Scientific, 4390843), siGata3#1 (Thermo Fisher Scientific, 4427037, ID s5600), 

siGata3#2 (Thermo Fisher Scientific, 44427037, ID s5601), siZeb1#1 (Thermo Fisher Scientific, 4392420, 

ID s229971), siZeb1#2 (Thermo Fisher Scientific, 4392420, ID s19032), siZeb2#1 (Thermo Fisher 
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Scientific, 4392420, ID s5261), siZeb2#2 (Thermo Fisher Scientific, 4427037, s19033). Cells were 

harvested 72 h post-transfection and lysed in RIPA buffer following the protocol described below. 

 

3D cell cultures  

Following the manufacturer’s instructions and based on the published protocol (Debnath et al. 

2002), 8 well chamber slides and 12 well plates were covered with 20 µL and 100 µL of Matrigel® Growth 

Factor Reduced Phenol Red Free (Corning, 356231) respectively, and placed in a 37oC incubator for 15 

min. MCF10A cells were detached with Trypsin and counted with trypan blue with the Countess automatic 

cell counter (Thermo Scientific). 4x103 cells/well were seeded in 8 well chamber slides, 1.5x105 cells were 

seeded in 12 well plates in triplicate on top of Matrigel®. MCF10A cells were plated in assay medium as 

described previously (Debnath et al. 2002) supplemented with 2% Matrigel®. Media was replaced with 

fresh medium with Matrigel® every day for 4 days. On day 12, the cells on 8 well chambers were fixed for 

immunofluorescence and the cells seeded on the 12 well plates were harvested following the immunoblot 

protocol below.  

 

Immunoblot 

Cells seeded in 2D in 6 wells were washed in ice-cold PBS 1X, then lysed on ice in 80 ul of RIPA 

buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 0.5% Sodium Deoxycholate, 0.1% Sodium Dodecyl Sulfate 

(SDS), and 1% NP40) supplemented with fresh protease inhibitors (3 µg/mL Leupeptin, 1 µg/mL 

macroglobulin, 1 µM benzamidine, 0.5 µM of PMSF) and phosphatase Inhibitors (EMD Millipore, 524625). 

Cells grown in 3D in 12 well plates, were harvested with 500 µL/well of Corning Cell Recovery Solution 

(Thermo Fisher Scientific, CB-40253), incubated for 20 min on ice, followed by centrifugation at 4000 rpm 

for 5 min at 4°C. Pellets from 3D cultures were washed twice with Cell Recovery Solution and lysed with 

RIPA buffer with inhibitors. Cell lysates were incubated for 10 minutes on ice and centrifuged at 13000 rpm 

for 10 minutes.  The protein concentration of each sample supernatant was measured with Bradford protein 

assay dye reagent (Bio-Rad, 5000006). Equivalent amounts of protein across samples were mixed with 

Laemlli buffer (100mM Tris-HCl pH 6.8, 2% SDS, 5% 2-Mercaptoethanol, 5% glycerol) and incubated at 

95°C for 5min. Lysates (35 µg protein) were loaded on each lane in a 10% SDS-polyacrylamide gel; 
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samples were separated at 120 V and transferred to a nitrocellulose membrane (Bio-Rad, 1620115). After 

blocking for 20 min with 5% nonfat dried milk in PBS with 0.05% Tween-20 (Sigma-Aldrich, P1379) (PBST), 

the membrane was incubated with primary antibodies diluted in 0.1% milk in PBST at 4°C overnight. The 

following primary antibodies from Cell Signaling Technologies were used:  p63α (1:1000, 4892S), GAPDH 

(1:10000, 5174), GATA3 (1: 1000, 5852S), Bim (1: 1000, 2933S), N-Cadherin (1: 1000, 13116S), Zeb1 (1: 

500, 70512T). In addition, the primary antibodies to the following proteins were used: Zeb2 (1: 500, Abcam, 

ab138222), E-cadherin (1:500 Santa Cruz sc-8426). p63-4A4 (1:500, Biocare Medical, CM163A), KRT8 (1: 

1000, Invitrogen, PA5-29607), KRT14 (1: 1000, Abcam ab7800), KRT5 (1:1000, Abcam ab52635), 

Fibronectin (1: 1000, Sigma-Aldrich, F3648), Vimentin (1: 1000, Abcam ab8978), E-Cadherin (1:1000, 

Santa cruz sc-8426) and Flag-M2 (1:1000 Sigma-Aldrich A2220). The secondary antibodies peroxidase-

conjugated anti-Rabbit IgG (Sigma-Aldrich, A6154) and anti-mouse IgG (Sigma-Aldrich, A4416), were 

incubated for 1 h at room temperature at a 1:5000 in 0.5% milk PBST. Membranes were imaged with 

Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, 322106) or Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, WBKLS0500). 

 

Immunofluorescence 

At day 12 cells plated in 8 well chamber slides were washed with PBS and fixed in 4% 

Paraformaldehyde, followed by 3 washes with PBS. Next, cells were incubated in 3% Triton X-100 with 

10% goat serum (EMD Millipore-Sigma S26) and 1% Bovine Serum Albumin in PBS with 0.1% tween 

(PBST) shaking for 1 h at room temperature. Primary antibodies were incubated overnight at 4°C KRT8 

(1:50 Thermo Fisher Scientific PA528985), KRT14 (1:100 Abcam Ab780), p63 4A4 (1:50 Biocare CM163A) 

GATA3 (1:20 cell signaling 5852S), Flag-M2 (1:50 Sigma-Aldrich A2220) in 5% goat serum in PBST, 

followed by 3 washes with PBST. Secondary antibodies Mouse Alexa fluor 594 (Thermo Scientific, A-

11005) and Anti-Rabbit Alexa Fluor 488 (Thermo Scientific, A-11034) were incubated for 2 h shaking with 

10% goat serum and 1% Bovine Serum Albumin in PBST for 2 h at room temperature followed by 3 washes 

with PBST and 1 quick wash with PBS followed by mounting in Vectashield with DAPI (Vector Laboratories, 

H-1200). Samples were stored at 4°C until imaging them in a confocal microscope Zeiss LSM 700. Images 

were taken in Z-stack mode with crosssections every 4 µm from top to bottom of each acinar structure. 
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3.3 Results 

 

MCF10A with filled lumens have high GATA3 and low BIM expression 

In this project we aimed to evaluate the role of ΔNp63 in human mammary tissue architecture using 

the immortalized non-tumorigenic human mammary epithelial cell line MCF10A.  This cell line forms 

spherical, single-layered hollow acinar structures when grown on Matrigel in 3D culture conditions (Debnath 

et al. 2002). However, we found that the MCF10A cell line grown in the lab had partially filled lumens (Figure 

3-1 A; MCF10A cell line B). To test whether there was a problem with the 3D culture technique, seeded at 

the same time MCF10A cells from Dr. Joan Brugge, the cell line originally used to describe the 3D hollow 

lumen model (called from now on MCF10A cell line A) (Debnath et al. 2002). In contrast to our cell line, this 

cell line A formed acini with only one layer of cells and hollow lumen after 10 days in 3D culture (Figure 3-1 

A). Both cell lines were grown under the same conditions and plated at the same time (Figure 3-1 A).  Due 

to this striking difference, we sent the cell lines for verification and genotyping by ATCC. The results showed 

that both cell lines were genotypically identical and matched the MCF10A reference cell line from ATCC 

and did not have contamination with other cell lines. 

 

MCF10A has properties of myoepithelial cells and expresses basal keratins KRT 5 and 14 and At 

the same time express KRTs 7, 8, and 18 common to luminal breast cells (Paine et al. 1992). This dual 

keratin phenotype suggest that MCF10A cells have a progenitor or stem-cell phenotype (Paine et al. 1992). 

In addition, studies in mice showed that myoepithelial cells have stem cell characteristics with the potential 

to reconstitute the entire ductal tree from one type of cell (Prater et al. 2014). We therefore evaluated 

whether the acinar structures we observed in MCF10A cell line B were due to the myoepithelial cells 

undergoing differentiation induced by the 3D culture conditions. To test this, we performed immunostaining 

for luminal and basal Keratin (KRT) proteins by confocal microscopy of 12-day 3D cultures. We found that 

the MCF10A B cells formed rounded acinar structures that are partially filled with cells (Figure 3-1 B). More 

surprising, they have a similar structure to the human breast ductal tissue, with an external layer of 

myoepithelial cells positive for the myoepithelial KRT14 protein and an internal layer of epithelial cells 

positive for luminal KRT8 protein (Figure 3-1 B).  
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To evaluate when the luminal cells appear, we did a time-course experiment, every 4 days until 12 

days 3D cultures were fixed and stained for KRT8 (luminal) and 14 (basal). We found that cell line A was 

hollow at day 12 and expressed weaker levels of KRT14 and only KRT8 in some cells in the lumen at day 

8 and 12, while ΔNp63 was expressed throughout (Figure 3-1 C and D). In contrast, at day 4 cell line B 

(never hollow) had basal-like cells that expressed KRT14 and ΔNp63. At later times two layers of cells were 

clearly apparent, the external layer was positive of KRT14 and ΔNp63 demonstrating a basal-like 

phenotype, while the internal layer was positive for KRT8 consistent with a luminal phenotype (Figure 3-1 

C). At day 12 the cells in the basal layer were positive for ΔNp63 with an internal (or second layer of cells) 

that is positive for the luminal transcription factor GATA3 (seen as green staining) further suggesting that 

this layer of cells is luminal-like (Figure 3-1 D). The basal cells of the first outer layer are also positive for 

GATA3 (Figure 3-1 D). The transcription factor GATA3 is required for luminal differentiation of cells in the 

mammary gland, for the formation of the ductal tree, and expression of luminal cell genes Estrogen 

Receptor and KRT18 (Asselin-Labat et al. 2007). Together these results show that the MCF10A line B 

forms acini similar to the normal ductal structure containing an external layer of basal myoepithelial cells 

(KRT14 and ΔNp63 positive) and an internal layer of luminal cells (KRT8 and GATA3 positive).  

 

The cells in the center of the acini have been reported to die by apoptosis (Debnath et al. 2002) 

and indeed we found that the MCF10A line A cells were hollow suggesting that cells at the center had 

undergone apoptosis. With MCF10A line B we found that cells remained at the center of the acini and 

stained positive for GATA3 (Figure 3-1 D). This suggests that with this cell line and conditions, the apoptosis 

in the lumen is less efficient and instead the differentiation of the basal and luminal layers occurs. 

 

Studies in MCF10A 3D cultures demonstrated that the lumen clearing is induced by apoptosis 

mediated by the BIM protein (Reginato et al. 2003). To test if differences in BIM induction account for the 

defect in lumen clearing between cell line A and B, we collected cells at different time points growing in 3D 

and evaluated by immunoblot the expression of ΔNp63 GATA3 and BIM. No differences in the levels of 

ΔNp63 were found overtime in any of the cell lines (Figure 3-1 E). However, we observed big differences 

in the expression of GATA3 and the proapoptotic protein BIM, the hollow cell line A expressed high levels 
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of BIM as early as day 4 and decreased at day 12 and 16, consistent with the clearing of the lumen at day 

10 (Figure 3-1 E). In contrast, the non-hollow cell line B had very low levels of BIM that peaked at day 8. It 

also had higher levels of GATA3 protein that decreased slightly at day 12 and 16, compared to cell line A 

(that gave hollow lumen) and that had extremely low levels of GATA3 (Figure 3-1 E). Thus, these results 

suggest that cell line B has impaired lumen clearing shown as lack of BIM expression. The difference in 

GATA3 may also contribute to the lack of lumen clearance as it allows the survival and prevents the 

detachment of mammary cells in the lumen as has been shown in vivo (Kouros-Mehr et al. 2006). 

 

Additional studies on the induction of hollow lumen demonstrated that increased levels of cyclic 

Adenosine Monophosphate (cAMP) are responsible for apoptosis in the lumen of the acini in MCF10A 

(Debnath et al. 2002; Nedvetsky et al. 2012). Treatments with Forskolin, Cholera Toxin, and cAMP,  

activators of protein kinase A (PKA), induce apoptosis and hollow lumen formation in MCF10A cells 

(Nedvetsky et al. 2012). To test if the lack of cyclic AMP signaling was the cause of lumen filling, the 

MCF10A cell line B was treated with 100 ng/ml of cholera toxin for 10 days and immunofluorescence was 

done for basal and luminal KRT markers. We found that upon treatment with cholera toxin the lumen was 

partially hollow as seen by DAPI staining with some KRT8 positive cells (Figure 3-1 F).  This effect was not 

observed in all the acinar structures. The partial effect on lumen clearing suggests that PKA and cyclic AMP 

may control the formation of hollow lumen. Further studies are required with other activators of PKA, such 

as Forskolin, to confirm this as well as knockdown experiments.  

 

p63 is required to maintain the acinar structure of MCF10A cells in 3D culture  

Interestingly, despite thst the MCF10A cell line B do not cleared the lumen, it has a similar structure 

to the mammary gland tissue with two cells types expressing basal and luminal proteins. To test the role of 

ΔNp63 in the differentiation of these cell types, we grew a stable cell line expressing shRNA against ΔNp63 

in 3D. It was previously described by our lab that the loss of ΔNp63 induces EMT in 2D (Yoh et al. 2016). 

As expected by the EMT result, the cells could not form acinar rounded structures compared to the shRNA 

control (Vector) in 3D (Figure 3-2 A). Instead, the shΔNp63 formed disorganized tubular structures, possibly 

formed by the loss of cell adhesion induced by EMT (Figure 3-2 A). EMT was confirmed by immunoblots 
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for the expression of mesenchymal proteins Zeb1, Vimentin, N-Cadherin, and lack of E-cadherin (Figure 

3-2B).  The disorganized tubular structures observed in the shΔNp63 cell line also expressed very low 

levels of basal KRT14 and KRT5 and luminal KRT8  (Figure 3-2 D, E). Interestingly, the expression of the 

luminal transcription factor GATA3 was increased after the ablation of ΔNp63 when grown in 3D, but not 

2D (Figure 3-2 B, D). However, there was not a specific are of cells positive for GATA3 (Figure 3-2 C). The 

change in the MCF10A shp63 cells grown in 3D is not the same as the differentiation to luminal cells since 

the KRT8 marker is expressed at very low levels in the shp63 cells (Figure 3-2 D, E). However, these results 

suggest that p63 is required for basal KRT expression as well as differentiation of the cells into luminal-like 

cells in 3D. Since the shp63 cells have undergone EMT (Yoh et al. 2016), these results also suggest that 

mesenchymal cells cannot form acini. 

 

ΔNp63α represses GATA3 and the luminal phenotype in 3D  

Since the acinar structures formed with the MCF10A B cell line contain both basal and luminal 

layers, this gives us the opportunity to test whether ΔNp63, which is normally expressed in the basal layer 

alters the formation of the luminal layer. For this purpose, we used a Doxycycline inducible retroviral system 

to overexpress 3xflag-ΔNp63α in a stable cell line.  

 

Initially, we confirmed the overexpression of p63 by immunoblot and immunofluorescence with Flag 

and p63α antibodies after treatment with doxycycline for 24 h (Figure 3-3 A, B). In 3D, the overexpression 

of p63 for 12 days did not change the morphology nor the size of the acini in 3D cultures (Figure 3-3 C). 

However, the immunofluorescence for GATA3 (as a luminal marker) and Flag (for p63) revealed that the 

overexpression of ΔNp63α caused the suppression of GATA3 in the luminal cells compared to the control 

and no effect on hollow lumen was observed (Figure 3-3 D). Immunoblotting of the cells grown in 2D and 

3D revealed a downregulation of GATA3 protein upon ΔNp63α overexpression in 3D while GATA3 

expression in 2D was undetectable (Figure 3-3 E). This suggests that ΔNp63α suppresses the luminal 

differentiation that occurs in 3D. As ΔNp63α is normally expressed in the basal myoepithelial cells, but not 

the luminal cells of the mammary ducts, these results suggest that the repression of ΔNp63α expression is 

critical for the proper luminal differentiation in 3D. 
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ΔNp63 partially rescues EMT  

Since Mesenchymal to Epithelial Transition (MET) has been reported to be an important step after 

EMT in the progression of metastases (Ocaña et al. 2012; Stankic et al. 2013; Tsai et al. 2012), we tested 

whether EMT induced by ablation of ΔNp63α is reversible by restoring the ΔNp63α expression to rescue 

EMT  induced by ΔNp63 loss. We used an shp63 stable cell that overexpressed ΔNp63α under a 

Doxycycline inducible promoter. Cells with the 3xflag ΔNp63α construct or its control vector were grown in 

3D for 12 days with or without 0.1 ug/ml of Doxycycline. First, the overexpression ΔNp63α in the shΔNp63 

stable cell line was confirmed by immunoblot of cells grown in 3D (Figure 3-4 A). The overexpression 

ΔNp63α for 12 days induced the repression of the mesenchymal proteins Fibronectin, N-Cadherin, and 

Zeb1, but induced no change in E-Cadherin or vimentin proteins. As a positive control, the expression of 

the ΔNp63α target gene, Integrin-α6 was confirmed (Carroll et al. 2006) (Figure 3-4 A). In addition, the 

overexpression of ΔNp63α downregulated the luminal transcription factor GATA3. Despite the changes 

observed in the expression of mesenchymal proteins, the overexpression of ΔNp63α was not enough to 

rescue the disorganized structures induced by EMT upon ablation of p63 (Figure 3-4 B). This suggest that 

the induction of the EMT program is not reversible by p63 expression. 

 

Decreased mesenchymal protein expression suggests that ΔNp63α can be a partial suppressor of 

EMT as well as a repressor of GATA3. The increase in GATA3 observed upon p63 loss (Figure 3-2 D) 

suggests GATA3 as a possible regulator of EMT. To test this hypothesis GATA3 expression was ablated 

with siRNA for 72h in 2D. Despite the successful knockdown no effect was observed on the expression of 

the mesenchymal proteins Zeb1, N-Cadherin, E-Cadherin, or vimentin (Figure 3-4 C). This indicates that 

high levels GATA3 are not sufficient to cause EMT nor enough to reverse  the EMT caused by p63 

knockdown (Figure 3-4 C). Thus, our data indicate that ΔNp63α can suppress luminal differentiation and 

partially suppress EMT and Gata3 expression, suggesting that other factors involved in EMT once 

activated, cannot be directly suppressed by ΔNp63α or that other factors independent of ΔNp63α and 

GATA3 are involved. 
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To test whether other factors were required for EMT besides the loss of p63, the ZEB1 transcription 

factor was knocked down for 72h in 2D in the shp63 cell line with and without overexpression of ΔNp63α 

with Doxycycline. ZEB1 induces EMT and represses E-cadherin and has also been shown to repress 

ΔNp63 expression (Chua et al. 2007). The knockdown of ZEB1 with two different siRNAs was not enough 

to rescue the expression of E-Cadherin and did not impair the expression of the EMT markers, fibronectin, 

and N-Cadherin (Figure 3-4 D). This indicates that neither the loss of ZEB1 nor GATA3, nor restoring ΔNp63 

expression alone are enough to reverse the EMT phenotype.  

 

Previously our lab showes that the loss of ΔNp63 in MCF10A not only increased ZEB1 expression 

but also ZEB2, both EMT-inducing transcription factors (Yoh et al. 2016). We therefore decided to co-

knockdown ZEB1 and ZEB2 with two different siRNAs for 72 h. Interestingly, the double knockdown 

rescued the expression of E-Cadherin in a ΔNp63α-independent manner (Figure 3-4 E). This indicates 

ZEB1 and ZEB2 are indeed repressors of E-cadherin in these cells and that ΔNp63 is not required for the 

expression of E-Cadherin when ZEB1 and 2 are suppressed (Figure 3-4 E).  

 

In summary, the results above mentioned suggest that ΔNp63α not only controls the architecture 

of the acinar structures in 3D but also represses the luminal cell phenotype and at the same time, ΔNp63α 

partially rescues impairs the EMT phenotype. The combination of ΔNp63α overexpression with ablation of 

ZEB1 and ZEB2 reversed the EMT phenotype strongly. In particular, the loss of ZEB1 and ZEB2 was 

enough to rescue the expression of E-Cadherin. Interestingly, there was stronger repression of N-cadherin 

expression in cells with ΔNp63α expression in combination with ZEB1/2 knockdown (Figure 3-4 E). This 

suggests that parts of the EMT phenotype may be regulated separately by ΔNp63α and ZEB1/2 pathways.  

 

3.4 Discussion  

 

The aim of this project was to study in a physiologically relevant system such as matrigel 3D culture, 

the role of p63 in the regulation of the mammary epithelial architecture, as a tool to model of early 

tumorigenesis since p63 expression decreases in breast cancers (Figure 1-4). However, our cell line did 
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not form hollow lumens despite being characterized by ATCC as the same MCF10A reference cell line and 

discarding any contaminations with other cell lines. Despite those limitations, the model was useful to us to 

evaluate the effects that p63 has on EMT and luminal differentiation under more physiological conditions, 

because instead of the hollow lumen we observed luminal differentiation of the remaining cells present in 

the lumen.  

 

Our results suggest that lack of lumen clearance observed in MCF10A A cell line could be due to 

low levels of BIM proapoptotic protein and high levels of GATA3 luminal protein. A similar phenotype was 

observed in vivo in mice null for BIM, which have mammary glands with filled lumens (Mailleux et al. 2007). 

However, further experiments are required to confirm if the lack of lumen clearance is caused by low BIM 

levels and instead the luminal differentiation with GATA3 occurs. To confirm this knockdown of BIM in the 

MCF10A cell line A should be evaluated if it could induce a similar phenotype of basal and luminal cell 

differentiation as the cell line B. 

 

Previous studies demonstrate that hollow lumen is induced by increased cAMP levels, by treatment 

with forskolin or cholera toxin, known activators of PKA (Debnath et al. 2002; Nedvetsky et al. 2012), 

suggesting that apoptosis in the lumen requires cAMP/PKA dependent signaling. Multiple attempts to 

reproduce the cholera toxin-induced hollow lumen result were made (Figure 3-1 F), unfortunately, most 

were unsuccessful. This suggests that other PKA agonists like forskolin or cAMP analogs need to be tested 

to confirm the hollow lumen formation capacity in the cell line B.   

 

Apoptosis in the lumen has been associated with the loss of cell attachment (Debnath et al. 2002; 

Reginato et al. 2003). In addition, anchorage-independent growth in MCF10A is induced by overexpression 

of phosphomutant YAP 5SA and TAZ 4SA (Zhao et al. 2008; Zhang et al. 2009), suggesting that the Hippo 

pathway could control anoikis and anchorage-independent growth via inhibition of YAP/TAZ. We 

hypothesize that active Hippo signaling (MST and LATS) could induce anoikis and lumen clearance in 3D, 

blocking the GATA3 luminal differentiation. Since loss of GATA3 induced detachment and apoptosis of the 

luminal cells in the mammary gland in vivo (Kouros-Mehr et al. 2006). To test this, first immunoblots of 3D 
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comparing the activation levels of the core Hippo pathway (LATS1/2, MOB1A/B, MST1/2, YAP, and TAZ) 

could indicate if MCF10A cell line A (hollow) has more active Hippo pathway compared to cell line B (not 

hollow). If this is the case, YAP or TAZ knockdown with shRNA, as a well as knockdown of GATA3 could 

induce hollow lumen formation, or impair luminal differentiation. In addition, overexpression of a dominant-

negative form of TAZ (without the transactivation domain or a TEAD binding mutant S51A) could inhibit the 

luminal differentiation (Zhang et al. 2009). If this is the case, the differentiation of the GATA3 positive cells 

that fill the lumen should be dependent on the transcriptional activity of TAZ and TEAD.  If that is the case, 

knockdown of LATS could inhibit the hollow lumen formation in the MCF10A cell line A, and induce GATA3 

luminal differentiation instead. 

  

Activation of PKA with forskolin or increased levels of cAMP with Cholera toxin, induce hollow 

lumen formation in MCF10A (Nedvetsky et al. 2012). Activation of PKA with forskolin activates LATS (Yu 

et al. 2012). Actin polymerization, RHOA signaling, and integrin signaling can inhibit LATS (Plouffe et al. 

2016). These results suggest that activation of PKA with forskolin and Cholera toxin could induce hollow 

lumen. To test this hypothesis, treatment of MCF10A B cells with PKA agonist such as Forskolin or cAMP 

should induce hollow lumen, while LATS knockdown should fill the lumens and induce luminal 

differentiation. Combined treatment of Forskolin with LATS knockdown should impair hollow lumen 

formation, if PKA activation of LATS is responsible for the hollow lumen. In addition, LATS can be activated 

by Merlin (also known as Neurofibromin 2 –NF2) upon disruption of actin cytoskeleton polymerization (Yin 

et al. 2013). If LATS is required for lumen formation, then overexpression NF2, could induce hollow lumen 

and impair luminal differentiation by activation of LATS.  

 

Additional evidence that supports the Hippo pathway as a potential regulator of luminal 

differentiation is that LATS1 is required to maintain the basal phenotype (KRT14 expression) of primary 

breast epithelial cells (Britschgi et al. 2017) and maintains the expression of p63 in MCF10A (our results 

described in chapter 2). The loss of LATS1/2 and LATS1 alone induced luminal differentiation of basal 

primary breast epithelial cells in a YAP/TAZ and Estrogen Receptor α dependent manner (Britschgi et al. 

2017). This suggests that LATS1 or LATS1/2 coknockdown could inhibit the hollow lumen formation in the 
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MCF10A, by induction of GATA3 luminal differentiation. In contrast, LATS activation through PKA activation 

with cAMP or forskolin, could inhibit luminal differentiation.  

 

Other signaling pathways that have the potential to regulate the hollow lumen and differentiation in 

3D culture are those that can induce basal to luminal differentiation and are known regulators of p63 

expression, such as the Wnt β-catenin signaling, hedgehog, and notch signaling (mentioned in Signaling 

pathway regulation of ΔNp63 section 1.3). 

 

Hedgehog signaling in absence of ligand, induce the Gli3 Repressor (Gli3R) by proteolytic cleavage 

of full length Gli3. Active PKA phosphorylation upon forskolin treatment is required for this cleavage (Wang 

et al. 2000). Upon activation with the Indian hedgehog ligand, full length Gli3 induced the repression of 

ΔNp63 and increased expression of TAp63 (Li et al. 2008a). In addition, loss of Ptch1, the negative regulator 

of Hedgehog signaling, increased expression of GATA3 in mammary epithelial cells in vivo (Li et al. 2008a). 

To test the role of hedgehog signaling in the MCF10A 3D culture model, the inhibition of hedgehog signaling 

by activation of PKA, with Forskolin, or overexpression of Gli3R or Patch1 in MCF10A, could maintain 

ΔNp63 expression, repress GATA3 and inhibit luminal differentiation.  

 

Notch signaling could modulate apoptosis and cell differentiation in MCF10A 3D cultures. Active 

notch signaling, by overexpression of the Notch Intracelular Domain, induces the luminal phenotype and 

represses ΔNp63 expression in mammary epithelial cells (Yalcin-Ozuysal et al. 2010).  In contrast, inhibition 

of Notch signaling with a γ-secretase inhibitor or knockdown of the Notch transcriptional activator CBF 

inhibits luminal cell differentiation (Bouras et al. 2008). Similarly, overexpression of ΔNp63 induces the 

basal cell phenotype and partially antagonizes Notch signaling impairing differentiation of luminal cells 

(Yalcin-Ozuysal et al. 2010). To test the role of Notch signaling in the MCF10A 3D culture model the 

treatment of MCF10A B 3D cultures with γ-secretase inhibitor or knockdown of CBF, could inhibit the luminal 

differentiation and maintain p63 expression, which could phenocopy our observations that the 

overexpression of p63 repressed GATA3 expression in the lumen (Figure 3-3 D).  
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Finally, the WNT β-Catenin pathway positively regulates the expression of ΔNp63 through its 

downstream transcriptional activator limb-bud and heart (LBH) factor, required for activation of ΔNp63 

expression in the mammary gland in puberty (Lindley et al., 2015). In addition, the Pbx1/2 transcription 

factors induce expression of Wnt9 ligand which activates the downstream transcriptional regulator 

Lef1/TCF, which binds the ΔNp63 promoter, and activates a ΔNp63 luciferase promoter  (Ferretti et al. 

2011).  To test the role of Wnt signaling in the MCF10A 3D culture model, knockdown of LBH transcription 

factor, inhibition of β-Catenin with small molecule inhibitor, or siRNA against the Wnt9 ligand, could induce 

the formation of luminal cells in 3D and repress ΔNp63 expression. This would indicate that the WNT β-

Catenin pathway suppresses the luminal phenotype while inducing ΔNp63 expression.  

 

This section suggets a potential role of Wnt, Notch, hedgehog and Hippo signaling pathways in the 

regulation of ΔNp63 expression and luminal cell differentiation in the mammary gland, which indicate that 

these pathways are good candidates to regulate the hollow lumen formation and luminal cell differentiation 

in MCF10A 3D cultures. This suggests that a very complex interplay between multiple signaling pathways 

regulate the luminal cell differentiation of breast epithelial cells. ΔNp63 expression and PKA activation are 

common downstream targets of these pathways, indicating that potential crosstalks exist between them 

that possibly regulate the hollow lumen formation, the expression of ΔNp63 and the differentiation of basal 

and luminal cells in the mammary gland. 
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3.5 Chapter 3 Figures

 

Figure 3-1. Lumen Clearing in MCF10A Represses GATA3 and increase BIM. 

A. Immunofluorescence Images of 2 different fields of MFC10A 3D cultures stained with DAPI nuclear stain 

of 2 different cell lines one that forms hollow lumens Line A, and one cell line grown in our lab called Line 

B that is not hollow. B. Immunofluorescence of 3D cultures of MCF10A grown for 12 days on top of matrigel. 
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KRT8 stains luminal cells and KRT14 stains myoepithelial or basal cells and DAPI. C. Time-course 

experiments of 3D cultures grown in 3D for 4, 8, and 12 days co-stained for KRT8, KRT14, and DAPI. D.  

Same cells as in C, but co-stained for p63 (Basal cell marker) and Gata3 (luminal marker). E. Immunoblot 

of 4, 8, 12, and 16 days 3D cultures of MCF10A lines A and Line B F. Immunofluorescence of 3D cultures 

cell line B treated with 100 ng/ml of cholera toxin for 10 days. 
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Figure 3-2. ΔNp63 Maintains the Structure of MCF10A in 3D culture.                                                                            

A. Phase-contrast images of MCF10A stable cell lines expressing the empty vector or shRNA against 

ΔNp63 grown in 3D culture for 12 days. B. Immunoblot of vector and shp63 MCF10A cells grown in 2D C. 

Immunostaining of shp63 and vector cells grown in 3D for 12 days, stained with anti p63, Gata3 and Dapi. 

D.  Immunoblot of the same cells grown in 3D for 12 days as shown in C. E. Immunostaining of shp63 
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and vector cells grown for 12 days, stained with KRT8, KRT14, and Dapi.
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Figure 3-3. ΔNp63α Represses GATA3 and the Luminal Phenotype in 3D.  

A. Immunoblot of MCF10A tetOn inducible stable cell that overexpresses 3xflag-ΔNp63α, induced with 0, 

0.1, and 0.01 µg/ml of Doxycycline. B. Immunostaining to show the nuclear localization of overexpressed 

3xflag-ΔNp63α, with anti-flag antibody after treatment for 24 h with 0.1 µg/ml of Doxycycline. C. Phase-

contrast images of MCF10A stable cell lines empty vector or 3xflag-ΔNp63α treated with Doxycycline for 

12 days. D. Immunostaining for Flag and Gata3 of the same cells as shown in C. E. Immunoblot of same 

cells in grown in 2D treated for 48 h with Doxycycline and in 3D for 12 days treated with and without 

Doxycycline. 
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Figure 3-4. p63 Overexpression and  ZEB1 and 2 Ablation Partially Rescue EMT.  
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A. MCF10A shp63 stable cell lines overexpressing tetOn inducible empty vector or 3xflag-ΔNp63α were 

treated with 0.3 µg/ml of Doxycycline for 12 days. B. Phase-contrast images of 3D cultures of MCF10A 

shp63 stable cell lines overexpressing tetOn inducible empty vector or 3xflag-ΔNp63α were treated with 

0.1 µg/ml of Doxycycline for 12 days C. Knockdown of Gata3 for 72 h with 2 different siRNAs in MCF10A. 

D. MCF10A shp63 stable cell lines overexpressing tetOn inducible empty vector or 3xflag-ΔNp63α were 

treated with 30 ng/ml of Doxycycline and transfected with control or 2 siRNAs against EMT transcription 

factor Zeb1 for 72 h. E. MCF10A shp63 stable cell lines overexpressing tetOn inducible empty vector or 

3xflag-ΔNp63α were treated with 50ng/ml of Doxycycline and cotransfected with control or 2 siRNAs 

against EMT transcription factor Zeb1 and Zeb2 for 48 h. 
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Chapter 4: Future Directions 

ΔNp63α depending on the context, can be an oncogene that induces growth and proliferation 

transactivating cell cycle genes, epithelial development and differentiation genes, mammary stem cell, and 

cell adhesion molecules (Riege et al. 2020). On the other hand, ΔNp63α can be a tumor suppressor that 

inhibits migration and EMT in 2D models and at the same time it can be an oncogene that allows collective 

invasion in metastasis in vivo and in 3D tumor models (Cheung et al. 2013). In addition, ΔNp63 expression 

is different depending on the cancer type, in squamous cancers ΔNp63α is amplified at a high frequency 

and its expression is higher compared to normal tissues (Figure 1-2). On the other hand, the expression of 

p63 decreases in breast cancers compared to normal tissues (Figure 1-2), and genomic amplifications are 

rare in prostate and breast cancers where its role as a driver oncogene is unlikely. 

 

ΔNp63α’s confusing role in cancer could be clarified by better understanding how its expression is 

controlled and how p63 itself might signal back into those same pathways. Multiple signaling pathways 

have been demonstrated to control the expression of p63 in mammary epithelial cells and skin keratinocytes 

including the EGFR, Ras, PI3K, Wnt β-catenin, Hedgehgoh and Notch pathways (Table 2). The results 

presented in chapter 2, reveal the Hippo pathway as a new regulator of ΔNp63 expression. 

  

The regulation of p63 by a non-canonical Hippo pathway in normal and cancer cells reveals a new 

mechanism of regulation of this factor (Chapter 2 and Figure 2-6). At the same time, it opens up new 

avenues and raises questions that can be addressed next with the potential experiments suggested by the 

following strategies. 

  

We found that MST1/2 and LATS1 are required for expression of p63, but not LATS2. It has been 

found that LATS can be activated independently of MST (Yin et al. 2013). It is interesting to evaluate 

whether the mechanism used by MST and LATS is the same to repress p63, or whether they regulate p63 

independently from each other. One strategy is to evaluate whether p63 repression induced by MST1/2 

knockdown can be rescued by LATS1 overexpression or by activation of LATS1/2 with a PKA agonist (e.g. 
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Forskolin) which can activate LATS (Yu et al. 2012). If LATS1 overexpression is enough to rescue p63 

expression upon MST knockdown, that would suggest that MST1 activation of LATS1 is indeed required 

for p63 expression. However, if LATS1 knockdown is not enough to rescue p63 expression after ablation 

of MST, that would suggest that MST1/2 and LATS1 use independent mechanisms to induce p63 

expression. 

 

We also showed that both MST1 and 2 knockdown downregulated p63 independent of SAV1 

(Chapter 2, Figure 2-2 E, F). SAV1 is required for MST homodimer formation and activation, while RASSF 

proteins have been shown to induce the formation of MST1/2 heterodimers (Rawat et al. 2016). It is possible 

that MST1/2 heterodimers are required for p63 expression rather than homodimers. To test whether 

heterodimers are involved in regulation of p63 expression, then knockdown of RASSF proteins and its effect 

on p63 expression could be evaluted. Additionally, rescue of p63 expression after MST1/2 co-knockdown, 

by combined expression of both MST1/2 but not overexpression of either MST1 or 2 alone. Would indicate 

that indeed, heterodimers are required in regulation of p63 expression and would explain why SAV1 is not 

required in these cells.  

 

Our data show that MOB1A protein is more abundant than MOB1B, and we hypothesize that 

abundance is the reason why MOB1A is required for p63 expression rather than MOB1B. To confirm if this 

is the only reason, p63 repression induced by MOB1A knockdown, could be rescued with MOB1A or 

MOB1B overxpression. If p63 expression is recued only with MOB1A, it suggests that a mechanism 

exclusively associated with MOB1A is responsible for the induction of p63 expression. In that case, a 

different hypothesis is that MOB1A interacts strongly with LATS1 compared MOB1B. Indeed that seems to 

be the case, since coimmunoprecipitation coupled with mass spectrometry in HEK293, revealed that 

overexpressed  MOB1A binds more to LATS1 than LATS2 (Xiong et al. 2017). To test if this is the case in 

MCF10A, overexpression of flag-MOB1A and LATS1/2 followed by coimmunoprecipitation of MOB1A, and 

immunoblotting for LATS1 or LATS2. Since since MOB1A interaction with LATS1 is phosphorylation 

dependent (Praskova et al., 2008) and Okadaic acid treatment (PP2A phosphatase inhibitor) increases the 

binding of proteins which interaction is dependent on phosphorylation (Xiong et al. 2017). The 
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coimmunoprecipitation experiments of MOB1 proteins should include Okadaic acid or DMSO control 

treatment. If the hypothesis is correct, LATS1 should coimmunoprecipitate more with MOB1A compared to 

LATS2. Another experiment to test the relevance of MOB1A over MOB1B, is to evaluate whether the 

overexpression of a phosphomutant form (T12A the MST site) of MOB1A but not MOB1B, can repress p63 

expression, acting as a dominant negative preventing MST induced LATS activation thorugh MOB1 

phoshorylation.  

 

Another interesting finding is that SAV1 seems to control p63 protein stability without decreasing 

its mRNA. To test whether SAV1 knock down decreases the half-life of p63; cyclohexamide (inhibition of 

translation) treatment to compare p63 protein stability effects upon SAV1 knockdown. In addition, 

ubiquitination levels of p63 could be tested by knocking down SAV1 and treating the cells with the 

proteasome inhibitor MG132, followed by immunoprecipitation of p63 and immunoblot with ubiquitin. If 

SAV1 knockdown increases p63’s ubiquitination, then immunoblotting of p63 should reveal the typical 

ladder characteristic of ubiquitinated proteins. If that is the case, then SAV1 knockdown in combination with 

several well known p63 E3 ligases such as Pirh2, ITCH, WWP1 could be tested (Jung et al. 2013; Li et al. 

2008b; Rossi et al. 2006). Interestingly, ITCH is also the E3 ligase of LAST1 (Ho et al. 2011). SAV1 loss 

triggers p63’s degradation knockdown of any of the E3 ligases upon SAV1 loss, should rescue the levels 

of p63. If none of those E3 ligases are involved, doing immunoprecipitation coupled with mass spectrometry 

for SAV1 could reveal potential protein interactors of SAV1. 

 

Our results showed that inhibition of MST1/2 and LATS1/2 kinases repress p63 expression in both 

breast and squamous cancers, however it is still unclear whether LATS1 is the only kinase required for p63 

expression in squamous and breast cancer cells. To answer this question knockdown of LATS1, LATS2 

independently, as well as MOB1A and MOB1B, in one breast and squamous cell lines, could confirm that 

a non-canonical MOB1A-LATS1 dependent Hippo pathway regulates p63 expression in these cancer cells. 

 

The results presented in chapter 2 revealed that repression of p63 after MST1/2 inhibition is 

YAP/TAZ independent (Figure 2-4). It is important to confirm this in a breast and a squamous cell line. In 
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addition, the same experiment should be evaluated upon inhibition of LATS1/2 with Truli, to confirm the 

YAP/TAZ independent repression of p63 occurs upon LATS inhibition. 

 

In order to identify the potential targets downstream of LATS1 responsible for p63’s repression or 

constitutive expression, a high throughput assay is required. One possibility is to find interactors of LATS1, 

other than YAP/TAZ, by co-immunoprecipitation of overexpressed LATS1 followed by mass spectrometry. 

MCF10A cells overexpressing LATS1 treated with DMSO, Okadaic acid (to maintain the phosphorylation 

status of the proteins in case the interaction is phosphorylation dependent) or Truli. LATS1 interactors 

should bind strongly to LATS1 upon Okadaik treatment (if the interaction is phosphorylation dependent) 

compared to DMSO, and the binding sould decrease upon LATS kinase inhibition with Truli.  This 

experimental setting will help identify new protein interactors of LATS1. 

 

Multiple factors have been shown to be involved in p63 repression (Fisher et al. 2020; Yoh and 

Prywes 2015) (Sumarized in Table 2). Several of those candidates could be individually knockeddown to 

evaluate their effect on p63 expression. Alternatively an unbiased approach could be to use a transcription 

factor library fused with to GAL4 transcription factor DNA binding domain, for their capacity to activate a 

luciferase reporter expression driven by several Gal4 binding response elements (Zhang et al. 2009). 

Transfection of this library could help identify transcription factors that are regulated by MST or LATS 

inhibition. MCF10A transfected with this library would be treated with XMU-MP1 (MST1/2 inhibitor), Truli 

(LATS inhibitor). As an alternative to these inhibitors an MCF10A shLATS1 stable cell line could be used. 

The result should show higher luciferase for the transcription factors that are activated upon MST or LATS 

inhibition, or lower luciferase signal for the transcription factors that are inhibited after the treatment.  

An alternative approach is to CRISPR knock-in of a luciferase gene under the P2 ΔNp63 promoter in 

MCF10A, and use it in a screen with a CRISPR library of Transcription factors, in combination with Truli, 

XMU or siLATS1 treatment. The factors when knocked out maintain high luciferase expression despite the 

MST or LATS inhibition, would be those responsible for the repression. While the factors that reduce the 

P2 ΔNp63 promoter luciferase activity, after knock out, would be those responsible for maintainig p63 

endogenous expression. 
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Our data showed that p63 inhibits YAP and TAZ activity. To evaluate whether YAP/TAZ localize to 

the nucleus after ablation of p63, could be evaluated by immunofluorescence and nuclear cytoplasmic 

fractionation, as well as immunoprecipitation of YAP/TAZ with TEAD1 transcription factor after p63 

knockdown. Evaluation of individual p63 target genes that have been also shown to be part of the Hippo 

pathway (such as SFN, RASSF6 and FAT2 (Riege et al. 2020)) could be knockdown to evaluate if they can 

activate YAP/TAZ upon knockdown. Alternatively, a two step unbiased approach could be used. First, ChIP 

seq with an antibody against p63 in MCF10A cells could help identify potential p63 targets. Second, to 

identify novel genes that are negative regulators of YAP/TAZ, a whole genome CRISPR screen lentiviral 

library could be used (with a puromycin selection for an efficient knock out), in a MCF10A stable cell line 

with luciferase gene reporter under the control of TEAD1 response element. The knocked out genes that 

induce high TEAD dependent luciferase reporter activation, would identify genes that negatively regulate 

YAP/TAZ. To crossreference the genes identified in both approaches, the p63 ChIP seq genes and the 

screen of YAP/TAZ negative regulators, would identify the genes that are also targets of p63. 

 

Our results suggest that p63 loss decreases cell growth. This result will be confirmed with a growth 

curve upon p63 knockdown, or immunofluorescence to detect BrdU incorporation, to measure proliferation. 

In addition, to evaluate cell death after p63 loss, live/dead staining (calcein for living cells and Ethidium 

Bromide for dead) quantified by FACS analysis. This would demonstrate whether p63 loss induce any cell 

death. In addition, our results showed that p63 loss decreased growth, despite the increase in YAP/TAZ 

transcriptional activity. This suggests that the increase in YAP/TAZ is not enough to induce proliferation 

upon p63 loss and that p63 regulates growth through YAP/TAZ unrelated mechanisms.  

 

In addition, measuring viability and cell death after knockdown of MST1, LATS1 and p63 coupled 

with simultaneous ablation of YAP/TAZ with siRNA, would reveal if a synergistic reduction of proliferation 

occurs with ablation of both p63 and YAP/TAZ simultaneously. In addition, rescuing cell proliferation and 

viability after p63 loss, with overexpression of p63, YAP, constitutively active YAP (5SA mutant), or YAP 

dominant negative forms defective of TEAD binding (YAP S94A mutation) (Zhao et al. 2008). Would 

demonstrate that WT YAP overexpression keeps the cells proliferating after ablation of p63. A rescue in 
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viability is expected for the phosphomutant (5SA) and WT forms of YAP, but not with the dominant negative 

YAP. 

 

ΔNp63α’s complex role in cancer could be clarified by better understanding how its expression is 

controlled and how p63 itself signals back into some of these pathways. Multiple signaling pathways have 

been demonstrated to control the expression of p63 in mammary epithelial cells and skin keratinocytes, 

and those pathways are listed in Table 2 and described in more detail in Chapter 1. 

 

 The fact that multiple signaling pathways have similar effects on p63 expression can be context 

dependent, but also suggests the existence of crosstalk connections between these pathways, revealing a 

very complex regulatory system that supports p63’s expression. In fact, Hippo has been shown to crosstalk 

with several of these signaling pathways that will be described below. 

 

EGFR activation increases ΔNp63 through STAT3 in squamous cell carcinomas (Barbieri et al. 

2003; Ripamonti et al. 2013), while constitutively active Ras, PI3K and HER2 overexpression (ERBB2 

receptor from the EGFR family) suppress ΔNp63 in mammary epithelial cells (Yoh et al. 2016; Hu et al. 

2017). Hippo is activated by EGFR signaling and activates YAP via impaired complex formation between 

PDK1-MST-SAV in mammary epithelial cells (Fan et al. 2013). Additionally, EGFR activates YAP/TAZ upon 

EGF treatment, independent of PI3K pathway (Ando et al. 2021). EGFR directly phosphorylates tyrosines 

in MOB1, leading to LATS1/2 inactivation (decreased T1079 ohosphorylation). EGFR activation does not 

impair MOB1 binding to LATS and MST1/2 kinase phosphorylation of MOB1 was not affected (Ando et al. 

2021). Suggesting that EGFR activation decreases LATS activation, independent of MST and MOB1 

binding to LATS.  EGFR inhibition with erlotinib, inhibits YAP/TAZ in squamous cancers of the lung and 

head and neck (Ando et al. 2021).  

 

The Wnt pathway induces the expression of ΔNp63 through the limb-bud and heart (LBH) 

transcription factor in the mammary gland in mice (Lindley et al., 2015). In addition, several connections 

between the Hippo pathway and Wnt-β-catenin have been suggested. YAP/TAZ are sequestered in the 
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same degradation complex as axin and β-Catenin (Azzolin et al. 2014). Activation of the Hippo pathway 

inhibits Wnt-β-catenin signaling (Imajo et al. 2012) and an non-canonical Wnt signaling pathway also 

activates YAP/TAZ (Park et al. 2015). These interactions illustrate a complex regulation between Wnt 

signaling and Hippo.   

 

The hedgehog signaling pathway transcriptional activator Gli3 represses ΔNp63 expression (Li et 

al. 2008a), and Hippo and Hedgehog are also connected, since overexpression of active YAP blocks 

hedgehog target gene expression and GLI1 transcriptional activity (Tariki et al. 2014). Conversely, 

knockdown of YAP upregulates GLI1 and hedgehog target gene expression, while activation of hedgehog 

signaling increases YAP levels and promotes YAP/TAZ transcriptional activity (Tariki et al. 2014). Active 

YAP counteracts GLI activity, while active hedgehog promotes YAP activity. In addition, cell density 

regulates hedgehog and hippo signaling in opposite ways, high density increases hedgehog targets, while 

YAP/TAZ are phosphorylated and degraded and their targets are downregulated in high density conditions 

(Tariki et al. 2014).  

 

Future experiments that aim to find the factors responsible for suppression of p63 should consider 

potential connections and crosstalks between Hippo and other pathways. To asses whether other pathways 

are activated in response to the inhibition of Hippo, first the expression of Wnt, Notch, and Hedgehog gene 

targets upon Hippo inhibition, should be evaluated. Second, the activation of components of these pathways 

should be evaluated by phosphorylation status, protein levels or luciferase reporter assays. This would help 

understand whether factors known to regulate p63’s expression from other pathways (Gli3, LBH, STAT3 

and others) cooperate with the Hippo pathway to activate p63.  

  

An additional layer of complexity of this system is that ΔNp63 itself regulates the expression of 

genes involved in regulating several signaling pathways, such as WNT signaling receptor FZD7 among 

others are targets of ΔNp63 in primary mammary epithelial cells (Chakrabarti et al. 2014). The Notch 

signaling ligands JAGGED1 and JAGGED2 are targets of ΔNp63, as well as the NOTCH target gene HES1 

is a repression target of p63 (Candi et al. 2006; Nguyen et al. 2006). In addition, ΔNp63 induces Sonic 
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Hedgehog and its downstream target GLI2 and PATCH1 (Memmi et al. 2015) and EGFR are also a targets 

of ΔNp63 (Carroll et al. 2006). In addition, the Hippo pathway is an additional regulator of p63 expression 

in breast and squamous cancers, and ΔNp63 can also regulate genes involved in Hippo signaling, such as 

14-3-3 sigma (SFN), RASSF proteins and YAP1 (Saladi et al. 2017; Riege et al. 2020). 

 

In summary, regulation of p63 expression in cells is the result of a complex network of multiple 

pathways such as Wnt, Notch, EGFR and Hedgehog and now based on our results, the Hippo pathway. In 

addition, p63 can transcriptionally induce components of these pathways, adding to the complexity of its 

own regulation. Hence, targeting p63 using pathway specific inhibitors could lead to synergistic effects 

mediated by p63 downregulation other signaling components, affecting the activation of other pathways. 

Hence, targeting p63 with inhibitors would likely have off target effects due to crosstalk between pathways. 

In order to target p63 to suppress cancer growth, further studies are required to understand how interactions 

between multiple pathways regulate p63 in order to efficiently inhibit growth and use potentential off target 

effects that would synergize with other pathways to decrease growth.  
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