
 

 

 

YAP Regulation of RHO GTPase Activities Controls  

Epithelial Cell Morphology and Adhesion 

 

 

 

A dissertation presented  

by   

Natalie Marie Hendrick  

to   

The Division of Medical Sciences   

in partial fulfillment of the requirements   

for the degree of   

Doctor of Philosophy   

in the subject of   

Biological and Biomedical Sciences   

 

 

Harvard University 

Cambridge, Massachusetts   

February 2019



 

 

 

 

 

 

 

 

 

 

 

 
© 2019 Natalie Marie Hendrick 

All rights reserved. 

 

 

 

 

 

 

 

 

 

 



	iii 

Dissertation Advisor: Professor Joan S. Brugge            Natalie Marie Hendrick 

 

YAP Regulation of RHO GTPase Activities Controls 

Epithelial Cell Morphology and Adhesion 

 

Abstract 

 Yes-Associated Protein 1 (YAP) is the downstream effector of the Hippo 

pathway.  Hippo is a kinase cascade that regulates development and tissue growth 

through phosphorylation of YAP and regulation of its localization.  Nuclear YAP 

functions as a transcriptional coactivator with TEAD, regulating genes involved in tissue 

growth and homeostasis; when Hippo is active, YAP transcriptional activity is suppressed 

and YAP is localized to the cytoplasm.  Previous studies from our lab have shown that 

loss of YAP perturbs cytokinesis in mammary epithelial cells, impairing membrane 

integrity and promoting genetic instability.  In this thesis, we investigated the role of 

YAP in interphase epithelial cells. 

 We observed that YAP knockdown in the MCF10A cell line promotes protrusive 

activity from acini in reconstituted basement membrane cultures.  Similar protrusive 

behavior was observed by timelapse microscopy in monolayer culture, where 

lamellipodia formation increased.  Timelapse microscopy also revealed that YAP 

knockdown impaired collective cell migration; cells dissociated and migrated 

individually instead of as a single sheet.  This altered migratory behavior was associated 

with impaired junctional maturation.  YAP knockdown affected the ratio of active RHO 

and RAC GTPase activities; RHOA activation was significantly decreased, and RAC 
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activation was increased.  Downstream of RHO, cellular contractility was also decreased 

in YAP knockdown cells.  

 Interestingly, we found that expression of YAP mutants defective for 

transcriptional activity, such as TEAD-binding mutant YAP, or cytoplasmically-localized 

phosphomimetic YAP, was sufficient to restore wildtype acinar structure and cell 

contractility in cells depleted of YAP, suggesting that this function of YAP is 

independent of its transcriptional activity. Our findings suggest that cytoplasmic YAP 

plays an important role in regulating cell-cell adhesion and membrane protrusion when 

the Hippo pathway is active, and that alterations in cell behavior caused by translocation 

of YAP to the nucleus following Hippo inactivation can be mediated in part through loss 

of cytoplasmic YAP.  This thesis highlights a role of YAP in maintenance of cellular 

morphology and reveals a novel function of YAP that is consistent with its role as a 

tumor suppressor. 
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Introduction 

 

 Cancer is a leading cause of death worldwide.  Cancer arises due to dysregulation 

of cellular signaling pathways, metabolic alterations, and other cell behavior 

abnormalities.  Common hallmarks of cancer underlie the complex biology of the disease, 

and include evasion of apoptosis, enhanced proliferation, evasion of growth suppression, 

replicative immortality, angiogenesis, and invasion into the microenvironment [1].  A 

fundamental step to improving therapeutics for cancer patients is expanding our 

knowledge of the functions of commonly altered genes in their normal cellular and 

physiological contexts.  For example, the Hippo tumor suppressor pathway, an 

evolutionarily conserved kinase cascade that regulates organ size and tissue growth, was 

identified in the beginning of the 21st century from genetic screens in Drosophila [2-4].  

The transcriptional coactivator YAP, which acts downstream of Hippo, has been 

implicated as both an oncogene and tumor suppressor in various biological settings.  

 Previous studies from our lab have shown that gain of YAP activity promotes 

phenotypes consistent with oncogenic function of YAP and loss of YAP activity results 

in destabilized phenotypes consistent with a tumor suppressive function of the protein 

using the same model system, the MCF10A breast epithelial cell line.  Overexpression of 

YAP in MCF10A results in growth factor independent proliferation and a switch from 

epithelial to mesenchymal morphology; knockdown of YAP in MCF10A impairs cell 

division and increases genetic instability [5, 6]. In this dissertation, I describe studies 

aimed at examining YAP function in normal cells in the context of breast epithelial 
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biology. The findings presented in this thesis describe a novel function of YAP and I 

discuss implications of these functions in breast cancer biology. 

 

Yes-Associated Protein 1 (YAP) 

 

 YAP, Yes-associated protein 1, was originally identified as an interactor with the 

SRC-family tyrosine kinase YES [7].  YAP is a 65-kilodalton protein that is primarily 

composed of one or two WW-domains, a TEAD binding domain (TEA domain family 

member), and C-terminal transactivation domain.  YAP has eight splice isoforms with the 

most dominant forms being YAP1 or YAP2; these forms are distinguished by the 

presence of one or two WW-domains and consequently dictate the proteins capable of 

interacting with the isoform [8].  The WW-domains are important for mediating 

interactions with proteins containing PPxY motifs [7, 9].  YAP and its paralog TAZ 

(WWTR1) share approximately 46% amino acid homology [10]. YAP and TAZ 

canonically function as transcriptional coactivators downstream of the Hippo pathway, 

primarily through interaction with TEAD transcription factors, as they do not contain a 

DNA-binding domain themselves [11].  YAP can also interact with other transcription 

factors such as ERBB4, p73, RUNX, often in complex with TEAD [12]. 

 Distinct functions of YAP and TAZ, including the precise activities of these 

paralogs, their functional redundancies and divergences, are not completely understood.  

Loss-of-function studies in mice suggest functional redundancy of YAP and TAZ during 

embryonic development [13].  In some contexts, compensatory signaling through YAP 

following decrease in TAZ activity levels has been documented, and vice versa.  In Yap 
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knockout mice, TAZ is strongly increased at the protein level across multiple tissue 

types.  This is consistent with observations in some cell lines, such as HeLa cervical 

cancer cells, where decreased YAP or decreased TAZ results in an increase in levels of 

the paralog, through TEAD-mediated transcriptional changes [14].  In fibroblasts, 

knockdown of YAP results in increased TAZ protein levels through altered proteasomal 

degradation; however, knockdown of TAZ in the same cells does not affect YAP protein 

levels [15].  There is also evidence for non-overlapping roles of YAP and TAZ.  In 

HEK293A cells, CRISPR-mediated knockout of YAP resulted in alterations in cellular 

physiology, such as cell spreading, glucose uptake, and granularity.  Knockout of TAZ 

did not produce such significant effects, and the YAP/TAZ double knockout produced 

mild combined phenotypic severity [16].  Tissue specific function and differential 

regulation of signaling may result in differences in YAP/TAZ biology.   

 YAP in particular is of great interest in the fields of mammary cell biology and 

breast cancer biology.  Overexpression of YAP in the nontransformed mammary 

epithelial cell line MCF10A is sufficient to result in an array of transformed phenotypes, 

including anchorage-independent growth in soft agar, growth-factor independent 

proliferation, and a complete epithelial to mesenchymal transition (EMT) [5].  These 

transformed properties have all been linked to changes resulting from YAP 

transcriptional signaling. YAP transcriptional activity suppresses anoikis, or apoptosis 

induced by loss of proper cell-matrix attachment; as cells adhere to extracellular matrix 

(ECM) and YAP is activated, anoikis is suppressed.  Suppression of YAP-dependent 

transcription under detached cellular conditions initiates anoikis; anoikis can be inhibited 

through knockdown of YAP [17]. Amphiregulin, an EGFR-ligand, is a YAP 
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transcriptional target that promotes proliferation in the absence of EGF [18].  The YAP 

generated EMT phenotype is also dependent on YAP interaction with TEAD proteins, 

and ablating this interaction diminishes the enhanced metastatic ability of the cells [19] . 

 Whether YAP functions as an oncogene or tumor suppressor in breast cancer is 

highly debated in published reports.  Studies suggest that YAP functions as an oncogene 

in the specific case of invasive lobular breast carcinoma, ILC [20, 21].  More broadly, 

YAP is located in the 11q22 chromosomal region, a location which has been associated 

with both amplification and loss of heterozygosity (LOH) in breast cancers [5, 22].  Early 

studies on YAP revealed its ability to bind to the p53 family member p73 and recruit it to 

the promoters of pro-apoptotic genes, thereby increasing apoptotic pathway activation 

[23].  Consistent with these findings, in several breast cancer cell lines, T47D,  

MDA-MB-231, and BT474, knockdown of YAP protected cells from anoikis, increased 

migration and invasion in vitro, and increased resistance to the chemotherapeutic taxol 

[24].   

 Multiple studies have directly examined patient tumor samples to probe the role 

of YAP in cancer.  One study found YAP levels correlated with favorable disease free 

survival and overall survival and inversely correlated with lymph node metastases, 

consistent with a tumor suppressive role [25].  Another study found high frequency of 

YAP loss in tumors, often due to aberrant promoter methylation and gene silencing, also 

consistent with a tumor suppressive role [26].  Yet another study identified significant 

differences in YAP expression amongst breast cancer subtypes (Luminal A, Luminal B, 

HER2, Triple Negative), generally concluding that high nuclear YAP correlated with 

decreased overall survival and that high cytoplasmic YAP in HER2-positive breast 
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cancers correlated with shorter disease free survival [27].  These observations are more 

consistent with an oncogenic role of YAP.  Further examination of YAP and upstream 

components of the Hippo pathway will help elucidate the complex biology of YAP in 

breast cancer. 

 

The Hippo-YAP pathway 

 

 The Hippo tumor suppressor pathway is at its core a kinase cascade composed of 

MST1/2 kinases that phosphorylate LATS1/2 that phosphorylation and YAP and TAZ, 

resulting in their transcriptional inactivation through binding to 14-3-3 proteins and 

sequestration in the cytoplasm [4] (Figure 1.1).  The Hippo pathway was initially 

characterized in Drosophila melanogaster from mutagenesis screens searching for an 

overgrowth phenotype.  Hippo is strongly conserved from the fly to mammals, as 

expression of the Human ortholog of Drosophila Hippo kinases, MST1/2, was sufficient 

to rescue the overgrowth resulting from loss of hpo in the fly [4].  Interestingly, the 

Hippo kinases themselves are conserved in Saccharomyces cerevisiae, budding yeast, 

where they function to regulate the transition from mitosis to G1 of the cell cycle and are 

known as the “Mitotic Exit Network” [28].   

 Beyond the core kinases, Hippo is a highly interconnected pathway.  Both core 

kinase families have adaptor proteins that promote their enzymatic function, Salvador 

(SAV) for MST1/MST2, and MOB1A/MOB1B for LATS1/LATS2.  Additionally, Hippo 

responds to and directly interacts with proteins involved in cell-cell adhesion, cell 

polarity, the cytoskeleton, G protein-coupled receptors, and more [29].   
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Figure 1.1 Diagram of core Hippo pathway components in D. melanogaster and 
mammalian cells.  The Hippo kinases in the cytosol phosphorylate Yorkie or 
YAP/TAZ when activated, leading to its binding to 14-3-3 or tight junction proteins.  
When Hippo signaling is off, Yorkie or YAP/TAZ translocates into the nucleus to 
activate its target genes via interaction with TEAD.  Adapted from Wang et al., 2016. 
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 YAP localization is determined by its phosphorylation state.  LATS 

phosphorylates YAP on five HXRXXS motifs: Serine 61, Serine 109, Serine 127, Serine 

164, and Serine 381 [30, 31].  YAP phosphorylation at S127 is both necessary and 

sufficient for its binding to 14-3-3 proteins and sequestration in the cytoplasm [32].  

Phosphorylation at S381 primes YAP to become a target of CK1 kinase within a 

phosphodegron[31].  Precise function of the other serines remains unclear, though it is 

evident that they do influence YAP activity, as mutation of all five sites produces the 

greatest effect on YAP activation[33].  Once phosphorylated and sequestered in the 

cytoplasm, the fate of YAP diverges; it can be polyubiquitinated and targeted to the 

proteasome for degradation [31] or it can translocate to the cellular cortex and interact 

with adherens junction or tight junction proteins.  Hippo is responsive to contact 

inhibition of proliferation as cells form a confluent monolayer.  Following changes in cell 

structure and tension as cell-cell junctions mature, Hippo is activated, leading to 

phosphorylation of YAP and relocalization from the nucleus to the cytoplasm [32].  

Overexpression of YAP or mutation of the LATS phosphorylation site at S127 results in 

evasion of contact inhibition.  Specifically, the adherens junction is an upstream regulator 

of Hippo signaling, and both E-cadherin and α-catenin are necessary for transduction of 

the contact-inhibition signal from the junction to YAP [34, 35].  As previously 

mentioned, YAP localization has been detected at the adherens junction in dense cultures 

and in vivo in mouse skin.  Indeed, when sequestered by 14-3-3 proteins, the YAP/14-3-3 

complex can bind directly to α-catenin at the cell membrane [35].   

 NF2, the ERM-like protein Merlin, is also a critical regulator of YAP and Hippo 

in the context of cell-cell contact [32].  NF2 localizes to adherens and tight junctions, 



	9 

where it acts as a scaffold to promote interactions between proteins such as KIBRA and 

WILLIN, which interact with and activate LATS [36].  As deletion of cadherins is 

seldom sufficient to generate a hyperproliferative phenotype, it is possible that Merlin or 

other adherens junction proteins play a critical role in inhibiting YAP transcriptional 

function [37].  The nuclear export signal (NES) of Merlin is also involved in YAP 

nuclear export; under high cellular tension, nuclear Merlin binds nuclear YAP and the 

complex translocates to the cytoplasm [38].  Merlin can also function in a Hippo-

dependent manner to inhibit YAP transcription, by acting as a scaffold between the 

Hippo kinases MST1/2 and LATS1/2 [39].   

 

YAP and Growth Factor Signaling 

 

 As cells become confluent and undergo contact inhibition, they stop proliferating, 

even in the presence of pro-proliferative growth factors.  This suggests an inhibitory role 

for cell-cell contact in growth factor signaling, highlighting a potential link between 

Hippo and YAP in growth factor signaling.  Indeed, in confluent MCF10A cells, 

treatment with EGF inhibits Hippo and results in rapid translocation of YAP to the 

nucleus [40]. Studies in nonconfluent, proliferating MCF10A and breast cancer cell lines 

demonstrate that serum and/or growth factor starvation is sufficient to activate LATS, 

resulting in YAP phosphorylation and often polyubiquitination and degradation [41]. 

Evidence suggests that YAP is responsive to Insulin and PDGF stimulation, as well, 

through PI3K and SRC signaling, respectively [42, 43] 
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 The role of YAP transcriptional programing in growth factor signaling has yet to 

be fully explained, though the evidence of a link is abundant.  YAP is upregulated in cells 

with mutant KRAS, has been implicated to function downstream	of KRAS in neoplastic 

transformation, and YAP in complex with the AP-1 transcriptional complex substitutes 

for oncogenic KRAS signaling addiction [44-46].  Interestingly, YAP and Serum 

Response Factor (SRF), a transcriptional effector of growth factor signaling and master 

regulator of the immediate early response gene (IEG) program, coimmunoprecipitate in 

293T cells [47].  In fibroblasts, MRTF-SRF and YAP-TEAD signaling interact indirectly 

through their target genes (contractility and cytoskeletal genes for SRF, TGFβ for YAP) 

[48].  Further examination of the role of YAP in growth factor signaling and defining the 

genes that are YAP targets in response to these stimuli will provide greater insight into 

YAP’s transcriptional coactivator function. 

 

YAP and The Actin Cytoskeleton 

 

 YAP is a key element in cellular mechanotransduction.  In addition to responding 

to changes in cell shape and size relating to cellular confluency, YAP responds to 

substrate stiffness.  When cells were plated on hydrogels of varying stiffness to mimic 

physiological conditions, stiff hydrogels resulted in a nuclear translocation of YAP/TAZ 

and corresponding increase in YAP-TEAD target gene expression [49].  YAP is 

specifically responsive to RHO GTPase activity and changes in the actin cytoskeleton 

and cellular contractility.  In cases of stiff ECM, cell spreading activates RHO, myosin 

contractility, and actin remodeling into bundles known as stress fibers; disruption of 
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RHO or downstream effectors suppresses YAP nuclear translocation [49].  In cancer 

associated fibroblasts (CAFs), YAP transcriptional activation is a hallmark of tumor 

stroma.  Upon knockdown of YAP, CAFs demonstrated perturbed actin bundling, fewer 

focal adhesions to matrix, and impaired contractile ability of a collagen matrix [50].  

Interestingly, decreased total myosin light chain (MLC2) was observed in addition to 

decreased phosphomyosin light chain (pMLC2), though MLC is not a direct 

transcriptional target of YAP, perhaps due to the dependence of MRTF-SRF signaling on 

YAP [48].  This suggests existence of a feedback loop where YAP is required for 

contractile function of CAFs and promotion of matrix stiffness, and matrix stiffness 

serves to further activate YAP dependent transcription. 

 

Non-canonical, Non-transcriptional Functions of YAP 

 

 Multiple non-transcriptional functions of YAP have been described (Figure 1.2).  

Our lab previously identified a role for YAP in cytokinesis, where loss of YAP resulted 

in hyperdynamic mitoses and enhanced membrane blebbing, impaired polarity of the 

daughter cells, and often resulted in failed cytokinesis, leading to altered chromosomal 

copy number.  This function of YAP was independent of its transcriptional coactivator 

activity.  YAP was required for positioning of mitotic machinery, orienting daughter 

cells, and localizing contractile forces.  Proper cell division required the interaction of 

YAP and the Crumbs polarity component factor PATJ [6].  This work laid the foundation 

for our follow-up studies regarding YAP regulation of morphology and cell contractility 

in non-dividing cells, described in Chapter 2. 
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 A study in Drosophila found that Yorkie, the homolog of YAP, accumulated at 

the apical junction region.  This tethering of Yorkie at the membrane results in strong 

activation of cortical actomyosin through interaction of Yorkie and Stretchin, a myosin 

light chain kinase [51].  The domain of Yorkie required for the interaction with Stretchin 

is not conserved in mammals, but the possibility of a similar biological function of YAP 

in mammals exists.  For example, a study in mice found that loss of YAP resulted in 

hydrocephaly through impaired apical junction integrity, and restoration of 

phosphomimetic YAP was sufficient to reduce the observed junctional defects [52].  A 

role for cytoplasmic YAP in regulation of CDC42 activity in angiogenesis was also 

observed [53]. 

 Several studies have implicated cytoplasmic YAP and TAZ in sequestration of 

effector proteins.  Examination of crosstalk between Hippo and TGF-β pathways revealed 

direct interaction of YAP/TAZ and SMAD proteins and demonstrated that YAP restricts 

SMAD nuclear translocation [54].  Similarly, YAP/TAZ can interact with Dishevelled 

(DVL) during development to restrict nuclear translocation of DVL, dampening Wnt/    

β-catenin signaling [55, 56].  Furthermore, a link between Hippo and microRNA 

processing, where YAP binds to and sequesters the miRNA regulator p72 in the nucleus 

and subsequently cytoplasmic YAP releases p72 leading to activation of Microprocessor,  

an initiating protein of the pathway which cleaves pri-miRNA to generate pre-miRNA, 

suggests that YAP functions in a diverse range of biochemical processes in the cell [57].  

These studies highlight the complexity of YAP signaling and reveal that non-

transcriptional functions of YAP are an important factor in the biology of this protein. 

 



	13 

	
 

 

 

 

Figure 1.2 Non-transcriptional functions of Yorkie (Drosophila) or YAP (mammalian).  
Cortical Yki regulates myosin activity through interaction with the myosin light chain 
kinase Stretchin.  YAP sequesters effector proteins such as Smad or Dishevelled in the 
cytoplasm, or p72 in the nucleus.  YAP interacts with CDC42 in endothelial cells to 
regulate angiogenesis, and interacts with PATJ during cytokinesis to regulate the 
cleavage furrow. 
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Epithelial cellular adhesion, migration and invasion 

 

 Epithelial cells form sheets of adherent cells that form distinct physiological 

spaces in vivo.  As such, the strength of the cell-cell adhesion is a key feature of epithelia.   

The cadherin family of proteins, including the classical epithelial cadherin E-cadherin, 

generally mediates these adhesions.  A cadherin switch, such as from expression of E-

cadherin to expression of N-cadherin, signifies a change in adhesiveness; the specific 

example of E-cadherin to N-cadherin is a feature of epithelial-to-mesenchymal transition 

(EMT), a process often associated with cancer metastasis [58]. 

 Cadherins form adherens junctions between adjacent cells.  Each classical 

cadherin contains a calcium-dependent ectodomain, transmembrane domain, and 

cytoplasmic domain that binds other components of the adherens junction, such as the 

adaptor proteins α-catenin and β-catenin [59]. The catenins link the cadherin to the actin 

cytoskeleton. p120-catenin also binds to the cadherin and stabilizes it on the cell cortex.  

The catenins additionally have interactions with intracellular kinases and phosphatases, 

RHO-family GTPases, and transcription factors.  As previously discussed, both α-catenin 

and β-catenin can interact with YAP [35, 55, 60].  β-catenin also serves as a transcription 

factor; upon its translocation into the nucleus it regulates Wnt-dependent gene expression 

[61]. 

 The strength of epithelial adhesion allows for collective cell migration, a property 

where cells maintain their cell-cell junctions and migrate directionally in sheets or 

clusters.  Collective cell migration is observed in vivo during processes such as 

embryonic development and wound healing.  During wound healing, cells at the wound 
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edge (the leading edge) extend lamellipodia forward and crawl into the space [62].  

Wound healing is easily simulated in vitro using a wound-healing or scratch assay in 

standard monolayer cell culture, where a confluent monolayer is either scratched or a 

barrier in the cells is removed, resulting in a gap. Impairing cell-cell junctions ablates 

collective cell migration, resulting in single cells dissociating from the leading edge [63, 

64]. 

 Migration of a single cell is a complex process involving intracellular biochemical 

and biomechanical changes, as well as interaction with the external environment.  

Migration involves cellular protrusion followed by engagement of the protrusion with the 

ECM via integrin-mediated adhesion, and cell tail engagement with the cytoskeleton 

through adaptor proteins such as Talin [65].  Cellular contractility mediated by the 

actomyosin cytoskeleton matures the matrix-adhesions, eventually weakening the rear 

adhesions, causing retraction of the cell tail and resulting in translocation of the cell 

forward [66].  As the process repeats in a polarized manner, the cell is able to move 

directionally.   

 Cell invasion is a process that occurs in three dimensions.  A cell must recognize 

the physical constraints blocking its migration (cell-cell contacts, ECM contacts), alter 

the ECM, weaken existing cell-cell adhesions, and migrate from its original location [67].  

Alteration of the ECM largely occurs through extracellular proteases, often matrix 

metalloproteinases (MMP), which often play a critical role in cancer metastasis and 

disease progression [68].  MMPs act as critical instigators of tumor invasion, particularly 

in mammary epithelial cells, where they have been implicated in inducing EMT directly, 
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by enhancing migratory abilities of the tumor cells [69].  These cellular processes are all 

regulated by cell structure. 

 

RHO	GTPases	and	cellular	contractility	

	

 Changes in cell morphology, such as those that occur during cell migration or cell 

division, are tightly regulated by the actin cytoskeleton [70].  A key family of proteins 

that regulate intracellular actin dynamics is the RHO family of small GTPases.  There are 

three RHO GTPases: RHO, RAC, and CDC42.  RHO regulates cell contractility, stress 

fiber and focal adhesion formation, while RAC regulates cell spreading, membrane 

ruffling and lamellipodium formation, and CDC42 regulates filopodium formation [71].  

RHO and RAC are the main effectors of cellular motility, and they function as reciprocal 

antagonists of each other.  These GTPases are activated by binding to GTP which is 

mediated by a Guanine Nucleotide Exchange Factor (GEF), and are inactivated when 

GTP is hydrolyzed into GDP, an intrinsic process of the GTPase catalyzed by a GTPase 

Activating Protein (GAP) [72].  RHO GTPases associate with the cell cortex and act as 

molecular switches that trigger signaling cascades regulating cellular morphology via the 

cytoskeleton (Figure 1.3). 

 RHO regulates myosin phosphorylation both through activation of RHO 

associated kinase (ROCK) and Myosin Light Chain Kinase (MLCK), and inhibition of 

Myosin Light Chain Phosphatase (MLCP).  Phosphorylation of the motor protein myosin 

is required for actomyosin bundling into contractile substrates; as actin filaments are 

pulled by neighboring myosin, the increase in filament overlap causes a net reduction in 
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length.  The extent of F-actin crosslinking is an important determinant in how efficiently 

the contractile force is transmitted [73].  Many additional proteins are involved in actin 

bundling, such as formins that promote the growth of F-actin by preferential binding to 

the barbed end of the actin filament and recruiting myosin, or filamin that functions in the 

aforementioned F-actin crosslinking [74]. 

 Cell contractility is critical for proper maintenance of epithelial cell structure and 

many characteristic properties of epithelial cells.  A thin network of cortical actomyosin 

defines the shape of a cell, and this network is perturbed during morphological changes 

arising from cell division or cell migration [75].  Cellular migration is inherently 

dependent on contractility, for maturation of focal adhesions in the lamellipodium and 

intracellular tension to disassemble focal adhesions in the cell rear.  As previously 

described, when cells migrate the tail detaches due to increasing directional contractile 

force; in cells with reduced RHO activity, tail retraction is frequently inhibited due to the 

decrease in actomyosin contractility [76].  Additionally, mature adherens junctions are 

sites that are both assembled by actomyosin based recruitment and are stabilized by 

intracellular contractility [77]. 

 In opposition to RHO is RAC.  Where active RHO is required at the back of a 

migrating cell for contractile force, active RAC at the front of the cell promotes the large 

ruffled protrusions known as lamellipodia [78].  Nascent focal complexes are laid down 

in the protrusion due to RAC activity and require RHO activity to mature into focal 

adhesions.  RAC stimulates actin polymerization through Arp2/3 mediated actin 

nucleation and branching, a process required for lamellipodium extension in response to 

stimulation by growth factors, cytokines, or ECM [79].  RAC has a critical function in 
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regulation of actin polymerization at the leading edge of the cell, as well as regulation of 

invadopodial extension and turnover in 3D culture systems [80].  Abnormal regulation of 

both RHO and RAC has been implicated in disease biology, particularly in cancer. 

 

 

 

																																	 	

Figure 1.3 Simplified diagram of RHO-GTPase activity in cell migration.  RHOA 
activity, mediated by myosin phosphorylation, regulates focal adhesion maturation and 
stress fiber formation.  RAC activity regulates lamellipodial extension, and CDC42 
activity regulates filopodial extension.  Adapted from Mayor and Carmona-Fontaine, 
2010. 
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The MCF10A Model System 

 

 The MCF10A cell line is an optimal model system for studying epithelial cell 

biology in vitro.  MCF10A is a non-tumorigenic breast epithelial cell line that 

spontaneously immortalized in culture.  The line is near diploid, excluding minor 

chromosomal rearrangements [81]. When grown in reconstituted basement membrane 

(Matrigel), a single MCF10A cell will proliferate into a structure resembling mammary 

acini in that they are spherical, hollow, polarized structures similar to those within the 

mammary gland [82].  Beyond the ability to form acini in 3D, MCF10A cells also exhibit 

many properties of normal epithelial cells, including expression of canonical epithelial 

markers, lack of anchorage independent survival, growth factor dependent proliferation, 

and collective cell migration due to their strong epithelial cell-cell adhesion [83].   

 Many studies utilize the MCF10A cell line to recapitulate the biology of the 

mammary gland due to these properties, including the YAP overexpression studies 

conducted by our lab that offered great insight into the array of transformed phenotypes 

driven by increasing YAP activity [5].  These studies provided the rationale for use of 

MCF10A cells as a model system in this thesis to examine effects of loss of function in 

interphase cells.  

 

YAP as a target in Invasive Lobular Carcinoma 

 

  Breast cancer is a leading cancer diagnosis amongst women worldwide, 

accounting for approximately 25% of cases [84].  One method of classifying breast 
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cancer cases is by histological subtype.  The two main classes of histologic subtypes are 

invasive ductal carcinoma (IDC) and invasive lobular carcinoma.  ILC accounts for 10-

15% of all breast cancers, and its prevalence is increasing [85].  ILC is diagnosed by a 

characteristic appearance of linear, single filing of small, non-adherent cells.  This 

morphology is a result of deregulated cell-cell adhesion, and, more specifically, aberrant 

E-cadherin function, which is lost in approximately 90% of ILC cases [86].   

 ILC cases are typically Luminal A, displaying ER+ status and a low level of 

proliferation [87].  ILC cases are more often multifocal and bilateral, often resulting in 

multiple tumor sites in both breasts [88].  ILC tumors are generally responsive to 

hormone-based therapeutics, but are less responsive to traditional chemotherapies due to 

their low proliferative index [86].  Interestingly, the metastasis pattern of ILC tumors is 

distinct from the majority of other breast tumors, including high incidence of bone, liver, 

lung, and brain metastases [89, 90]. Increasing our understanding of underlying ILC 

biology will lead to advances in precision medicine for patients diagnosed with the 

disease.    

 Many studies examining ILC biology have used mouse models of ILC (mILC) 

generated by mammary specific loss of E-cadherin in combination with loss of the tumor 

suppressors TP53 or PTEN.  These models greatly recapitulate human ILC (hILC) 

morphologically, though they do not reflect the hormone positivity so often associated 

with human ILC [91, 92].  Additionally, an immune-reactive mILC model was generated 

through mutation of E-cadherin and an activating mutation of PI3K; this model was 

created specifically to examine interactions with the microenvironment and immune 

system, interactions that offer great insight into potential therapeutic avenues for patients 
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[21].  Beyond in vivo models, however, there are limited cell culture systems to study 

ILC in vitro.  The cancer cell lines SUM44PE, MDA-MB-134VI, and IPH-926 were all  

derived from pleural effusion at metastatic sites (either pleural effusion or ascites), and 

with the exception of SUM44PE proliferate at a rate that makes in vitro studies 

technically challenging [93].   

 A well-established hallmark of ILC is the loss of cell-cell adhesion due to 

alterations in E-cadherin.  This molecular alteration greatly affects ILC cellular biology.  

Loss of E-cadherin perturbs the adherens junction complex and results in localization of 

p120 catenin to the cytosol.  This relocalization of p120 indirectly activates RHO/ROCK 

signaling, leading both to anoikis resistance and anchorage independent growth occurring 

in parallel with the tumor initiating event of E-cadherin [94].  This distinguishes ILC 

from other cancers where these epithelial properties are lost later in tumor progression 

during the metastatic cascade.  Additionally, the relocalization of p120 results in 

extracellular changes for the tumor as well, increasing sensitivity of the tumor cells to 

growth factor signaling, stimulating secretion of inflammatory cytokines, and increasing 

infiltration of pro-inflammatory immune cells into the tumor microenvironment [95].  

These studies highlight how a single event, loss of E-cadherin, alters the cellular biology 

of ILC and also impacts the tumor microenvironment of the disease. 

 Loss of E-cadherin would be expected to alter localization and subsequent 

transcriptional activity of YAP.  One histology-based study found that E-cadherin 

expression inversely correlates with nuclear expression of YAP, and nuclear YAP 

positively correlated with both hILC and mILC [20].  Additionally, the immune-reactive 

mILC model shows high expression of YAP target genes and high sensitivity to the YAP 
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transcriptional inhibitor verteporfin [21].  These studies raise questions regarding the 

precise role that oncogenic YAP plays in ILC progression, and what transcriptional 

targets of YAP may contribute to ILC progression.  We initiated studies to examine YAP 

transcriptional activity in tumors lacking E-cadherin, such as ILC.  These findings are 

preliminary and included in Appendix I.  

 

Goals and Overview of the Dissertation 

 

 The goals of this thesis were to examine the effects of loss of YAP expression in 

both normal and transformed breast epithelial cells.  We examined normal YAP function 

in non-transformed cells using MCF10A as a model system and characterizing 

phenotypes observed upon YAP knockdown.  Chapter 2 describes a novel, TEAD-

independent function of YAP that regulates breast epithelial cell integrity in the MCF10A 

system.  Cells with decreased YAP showed increased protrusive activity in Matrigel 

culture and increased lamellipodia formation in monolayer culture.  Furthermore, 

decreased YAP expression impairs collective cell migration by altering epithelial cell-cell 

adhesion and impeding junctional maturation.  Interestingly, decreased YAP expression 

alters RHO-GTPase activity, decreasing RHOA and increasing RAC activity.  These 

altered RHO levels are accompanied by changes in cellular contractility.  Restoration of 

wildtype RHO and RAC activity levels is sufficient to inhibit the aberrant protrusive 

behavior of YAP knockdown cells.  Additionally, we find that this function of YAP in 

suppressing protrusive behavior and regulating cellular contractility is independent of its 

transcriptional activity with TEAD.  These studies suggest a tumor suppressive function 
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of YAP. Our findings suggest that cytoplasmic YAP plays an important role in the 

regulation of cell-cell adhesion and membrane protrusion when the Hippo pathway is 

active, and that alterations in cellular behavior caused by translocation of YAP to the 

nucleus following Hippo inactivation can be mediated through the loss of cytoplasmic 

YAP and gain of nuclear YAP transcriptional activity. 
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Abstract 

 

YAP is a transcriptional coactivator that is regulated by mechanical forces through its 

interaction with the Hippo tumor suppressor pathway.  Here, we show that YAP 

knockdown in non-transformed mammary epithelial cells promotes protrusion in three-

dimensional culture and lamellipodia formation in monolayer culture.  Decreased YAP 

also impairs maturation of adherens junctions, resulting in weakened cell-cell adhesion.  

We demonstrate that YAP is required for maintenance of RHO-GTPase activity levels 

and cellular contractility by promoting RHOA activity and inhibiting RAC activity.  

Notably, the regulation of contractile behavior and RHO activity by YAP is a 

cytoplasmic function, independent of its canonical transcriptional function involving co-

activation of TEAD.  Our findings suggest that cytoplasmic YAP plays an important role 

in regulating cell-cell adhesion and membrane protrusion when the Hippo pathway is 

active, and that alterations in cell behavior caused by translocation of YAP to the nucleus 

following Hippo inactivation can be mediated by both loss of cytoplasmic YAP and gain 

of YAP nuclear transcriptional co-activation activity.  
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Introduction 

 

 Yes-Associated Protein 1, YAP, is a transcriptional effector of the Hippo tumor 

suppressor pathway.  YAP is canonically viewed as a proto-oncogene due to its 

regulatory function in organ size, tissue homeostasis, regeneration, and tumorigenesis [1], 

though in some contexts it has also been implicated as a tumor suppressor in breast 

cancer progression [2] .  When localized to the nucleus, YAP (Yorkie in Drosophila) 

functions as a transcriptional coactivator with TEAD proteins to regulate processes 

associated with oncogenic transformation [3].  Overexpression of YAP is sufficient to 

drive a complete epithelial to mesenchymal transition (EMT), and the YAP-TEAD 

interaction is necessary for YAP mediated metastasis and invasion [4, 5].  Nuclear 

localization of YAP is associated with an increase in its transcriptional coactivator 

function. 

 The localization of YAP is regulated by many factors.  The Hippo pathway 

negatively regulates YAP nuclear localization by sequestering it in the cytoplasm through 

a protein kinase cascade.  Hippo kinases MST1/2 phosphorylate LATS1/2, which 

phosphorylates YAP; phosphorylated YAP binds to 14-3-3 proteins, promoting YAP 

retention in the cytoplasm. The Hippo pathway can be activated by multiple membrane 

proteins, including metabolic signals such as mevalonate, hormonal signals such as 

estrogen, GPCR signaling such as through lysophosphatidic acid, or adhesion proteins 

such as E-cadherin [6]. YAP is also directly regulated by the cytoskeleton, intracellular 

tension, and extracellular matrix rigidity [7]. YAP has a role in cellular 

mechanotransduction, with its nuclear translocation and transcriptional activity regulated 
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by RHO GTPase activity and the actomyosin cytoskeleton, independent of the Hippo 

kinases [8, 9].  Conditions of high cytoskeletal tension and extracellular matrix stiffness 

are conditions where RHOA activation and cell contractility lead to nuclear translocation 

of YAP from the cytoplasm and an increase in its transcriptional programs [8, 10].    

 When Hippo is active, YAP is localized to the cytoplasm.  Within the cytoplasm, 

the fate of YAP diverges: YAP can be polyubiquitinated and degraded, form a complex 

with α-catenin at the adherens junction, or form a complex with Angiomotin, PATJ, and 

other Crumbs Polarity Complex Components at the tight junction [11]. Though the 

function of YAP in the nucleus has been extensively studied, its cytoplasmic functions 

are less well understood.  Previous work from our laboratory demonstrated that YAP is a 

regulator of cellular mechanical behavior; downregulation of YAP causes dysregulation 

of mitosis and cytokinesis through alterations in RHO GTPase activation, resulting in 

aberrant membrane blebbing and protrusions independent of its canonical transcriptional 

activity with TEAD [12]. These findings motivated us to investigate the role of YAP in 

interphase cellular morphology and behavior. 

 In this report, we describe YAP regulation of cellular mechanical behavior in non-

transformed epithelial cells and identify a previously unrecognized non-transcriptional 

function of YAP in the cytoplasm.  We find that YAP inhibits protrusive cellular 

behavior and stabilizes cell-cell junctions through maintenance of RHOA and 

contractility, and inhibition of RAC activity levels.  Interestingly, this activity of YAP is 

not dependent on nuclear localization or its transcriptional coactivation of TEAD, but 

rather a novel non-transcriptional function.  Our findings reveal a previously 
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unrecognized cytoplasmic role of mammalian YAP in regulating RHO GTPase activity in 

non-dividing epithelial cells.  

 

Results 

 

Decreased YAP promotes cellular protrusion and invasive behavior 

 

 MCF10A cells are non-transformed breast epithelial cells that retain multiple 

characteristics of epithelial cells in in vitro culture: contact-inhibition of proliferation, 

collective cell migration, and growth-arrested acinar formation in three-dimensional (3D) 

culture closely resembling mammary glandular architecture observed in vivo [13]. 

Therefore, MCF10A are a powerful, physiologically relevant in vitro model.  To examine 

whether YAP plays a role in epithelial cell behavior, we knocked down its expression 

using multiple previously characterized short hairpin RNAs (shRNAs) targeting YAP in 

MCF10A cells (Figure 2.1)[12].   

 

	

Figure 2.1 YAP knockdown levels in MCF10A. 
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 When grown in 3D Matrigel culture, MCF10A cells form hollow spheroids with 

multiple characteristics of glandular epithelium, including basement membrane 

deposition, apicobasal polarity, and strict control of proliferation [13]. Decreased YAP 

significantly disrupted normal 3D acinar morphogenesis of MCF10A cells (Figure 2.2A).  

YAP knockdown caused a significant increase in the percentage of acini with stellate 

membrane structures that protruded from cells at the acinar surface.  Whereas only 5.7% 

of control acini contained these protrusive structures, the penetrance of this phenotype 

was 45.6% in cells transduced with one YAP hairpin and 40.0% with another (Figure  

2.2B).  Quantification of the morphological changes via measurement of acinar 

circularity confirmed that YAP knockdown acini exhibited decreased circularity relative 

to control MCF10A (Figure 2.2C).  This observed protrusive behavior induced by YAP 

knockdown in MCF10A is particularly noteworthy, as very few manipulations of single 

genes associated with cancer are capable of overcoming the structural restraints of 

Matrigel culture [14, 15].   

 We also assessed whether YAP knockdown affected protrusive behavior in 

MCF10A cells grown in standard monolayer culture by examining protrusion and 

retraction cellular dynamics using time lapse microscopy. YAP knockdown cells 

displayed highly dynamic lamellipodia formation (Movie S1) and highly branched,  

unpolarized protrusions (Figure 2.2D).  We also evaluated the effects of YAP 

downregulation in fallopian tube nonciliated epithelial (FNE) cells, previously 

characterized nontransformed cells derived from the epithelium of the fallopian tube 

[16].  Consistent with our findings in MCF10A cells, we observed significant 
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Figure 2.2 Loss of YAP promotes protrusive activity in nontransformed epithelial cells.  
A) Images from MCF10A 3D Matrigel cultures.  MCF10A cells were infected with an 
empty lentiviral vector (control) or a vector encoding an shRNA against YAP (shYAP). 
B) Average number of protrusive acini of at least 100 acini from 3 independent 
experiments. C) Average acinar circularity of at least 50 acini from 3 independent 
experiments.  D) DIC images from vector control and YAP knockdown MCF10A.  E) 
DIC images from vector control and YAP knockdown FNE.  **** p< 0.0001 by one-way 
ANOVA. 
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morphological changes in YAP knockdown FNE cells, which displayed an elongated 

phenotype relative to control cells (Figure 2.2E). The comparable phenotypic changes 

caused by YAP downregulation in mammary and fallopian tube epithelial cells suggest 

that YAP suppresses membrane protrusion. 

 

Decreased YAP impairs cell-cell adhesion 

 

 To examine whether these changes in membrane protrusion were associated with 

changes in cell migration, we performed a timelapse wound-healing assay in MCF10A 

monolayer culture following YAP knockdown.  Knockdown of YAP caused cellular 

dissociation from the leading edge, with individual cells migrating into the wound space 

(Figure 2.3A, Movie S2).  We quantified cell dissociation by measuring the area of 

‘closed objects’ at each timepoint, in order to capture individual cells that have detached 

from the leading edge (Figure 2.4A).  We found a significant increase in the ‘closed-

object’ area across the timecourse of imaging for both YAP knockdown lines relative to 

the control cells (Figure 2.3B), suggesting that YAP is required for collective cell 

migration and that decreased YAP alters cellular adhesion.   

 The impaired collective cell migration following YAP knockdown could be 

attributed to weakened cell-cell adhesion or weakened cell-matrix adhesion, both of 

which could contribute to cell scattering during wound-healing.  To distinguish between 

these two types of adhesion, we examined whether binding to the junctional protein       

E-cadherin or the matrix protein fibronectin was altered following YAP knockdown [17].  
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YAP knockdown cells were plated on glass coverslips coated with either Fc-E-cadherin 

or fibronectin.  We found that YAP knockdown did not affect binding to fibronectin 

(Figure 2.4B).  In contrast, we observed a significant decrease in E-cadherin binding 

following YAP knockdown (Figure 2.3C), indicating that YAP knockdown specifically 

impairs E-cadherin mediated cell-cell adhesion, but not an integrin-dependent matrix 

adhesion, in MCF10A cells. 

 Weakened cell-cell junctions are one characteristic of epithelial-to-mesenchymal 

transition (EMT).  Therefore, we assessed whether YAP knockdown cells expressed 

known EMT markers by Western blot (Figure 2.3D).  We found unaltered expression of 

the epithelial marker E-cadherin or the mesenchymal markers N-cadherin and Vimentin.   

Additionally, mRNA expression of mesenchymal transcription factors was not 

significantly altered following YAP knockdown (Figure 2.4C).  This suggests that the 

impaired cell-cell adhesion in YAP knockdown cells is not due to EMT. 

To examine the morphology of adherens junctions in YAP knockdown cells, we 

performed immunofluorescence of the cell-cell junction component β-catenin.  At sites of 

mature cell-cell contact, β-catenin forms a linear pattern, as seen in control cells (Figure 

2.3E)[17].  YAP knockdown cells displayed less organized monolayers, and β-catenin 

staining displayed a “zipper-like” pattern, closely aligning with the sites of actin 

interdigitation at sites of nascent cell-cell contact (Figure 2.3E).  This “zipper-like” 

staining is reminiscent of immature cell-cell junctions [18].  To quantify mature cell-cell 

junction formation, we conducted a line scan analysis of β-catenin staining intensity for 

control and YAP knockdown monolayers.  A single peak of β-catenin fluorescence 

intensity at a site of cell-cell contact was scored as a mature junction; two or more peaks 
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Figure 2.3 YAP is required for collective cell migration and cell-cell adhesion. A) Phase-
contrast images from timelapse migration assay of vector control and YAP knockdown 
MCF10A.  B) Quantification of average closed-object area entering wound over 
timelapse migration assay from (A).  Average represents at least 15 fields of view from 3-
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independent experiments.  C) Number of cells adherent to E-cadherin 6-hours after 
seeding for vector control and YAP knockdown, from 3 wells, average of 3-independent 
experiments.  D) Western blot for lysates from vector control and YAP knockdown cells 
for epithelial marker E-cadherin and mesenchymal marker Vimentin.  Blots are 
representative of two independent experiments.  E) Confocal images of confluent 
monolayers of MCF10A vector control and YAP knockdown cells stained with 
antibody to β-catenin (green), phalloidin for actin (red), and DAPI for nuclei (blue).  
F) Line-scan analysis of cell-cell junctions for control and YAP knockdown.  Over 50 
cells were analyzed from 3 independent experiments.  **** p < 0.0001 by one-way 
ANOVA. 
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Figure 2.4 YAP regulates cell-cell adhesion independent of EMT.  A) Representative 
detection of closed-objects from wound-healing assay.  B) Number of cells adherent to 
Fibronectin 2-hours after seeding, from 3 wells, average of 3-independent experiments.  
C) qPCR analysis of mRNA expression levels of EMT transcription factors in YAP 
knockdown cells. 
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of fluorescence intensity was scored as a “zipper-like” junction.  We observed a 

significant decrease in cell-cell junctional maturation in YAP knockdown cells relative to 

control cells (Figure 2.3F).  Taken together, these data indicate that YAP is necessary for 

cell-cell junction maturation, and decreased YAP impairs cell-cell adhesion. 

 

YAP knockdown protrusive phenotype is dependent on YAP regulation of RHO-

GTPase activity 

 

 The RHO-family GTPases RHO and RAC are well-established regulators of the 

actin cytoskeleton, contributing to cellular morphogenesis and protrusion, adhesion, and 

migration [19].  RHOA inhibition decreases cellular contractility and destabilizes cell-

cell junctions via altered actin remodeling [20]  Several studies have demonstrated that 

YAP regulates RHOA GTPase activity [21-23]. To examine whether YAP knockdown 

alters RHOA activity in MCF10A cells, we examined the levels of active, GTP-bound 

RHOA.  We found that RHOA-GTP was significantly decreased in YAP knockdown 

cells compared to vector control cells (Figure 2.5A).  Importantly, total RHOA levels 

were unaltered, suggesting that YAP regulation of RHOA activity is at the 

posttranslational level and not directly through regulation of RHOA transcription.   

 Changes in RHOA activity are often associated with reciprocal changes in RAC 

activity, and indeed, several of our observed YAP knockdown phenotypes, such as 

increased lamellipodia protrusion and cellular invasion, are consistent with increased 

RAC activity [24, 25].  To examine if YAP knockdown alters RAC activity, we 

examined the levels of active, GTP-bound form of RAC.  We found that RAC-GTP was 
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increased in YAP knockdown cells compared to vector control cells (Figure 2.5B) 

without changes in total RAC levels, suggesting that YAP regulation of RAC activity is 

not at the transcriptional level.  Taken together, these findings indicate that YAP is 

necessary for RHOA activity and correspondingly decreased YAP is permissive for 

elevated RAC activity independent of direct transcriptional regulation of these GTPases.   

 A key downstream effector of RHOA activity is myosin phosphorylation and 

actomyosin contractility. To assess cellular contractility, we examined whether YAP 

knockdown affected the ability of the cells to contract collagen gels [9]. Initial 

characterization of MCF10A cell collagen gel contraction revealed that (1) contraction of 

the collagen gel increased with increased cell density, (2) treatment with blebbistatin, a  

myosin II inhibitor, suppressed gel contraction, and (3) induction of myosin contractility 

with G-Switch RHOA Activator II, which deamidates glutamine-63 and locks RHO in a 

GTP-bound state, increased gel contraction (Figure 2.6A, 2.6B); these data indicate that 

gel contraction in MCF10A cells is dependent on actomyosin contractility.  Compared to 

control MCF10A cells, YAP knockdown cells were significantly impaired in their ability 

to contract the collagen matrix (Figure 2.5C, 2.5D). Taken together, these results 

demonstrate that YAP knockdown decreases actomyosin contractility.  

 We next examined whether the phenotypic changes induced by decreased YAP 

were dependent on altered RHO and RAC activity.  To examine this question, we utilized 

pharmacological activation of RHOA or inhibition of RAC. We utilized the RHO-

Activator G-Switch II and the RAC inhibitor EHop-016, which blocks interaction 

between RAC and the RAC GEF Vav2 [26, 27].  Compounds were added to the 

Matrigel cultures on Day 1, and replenished with standard media change every 4 days.   
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Figure	2.5	YAP regulation of RHO GTPase activity and cell contractility is required for 
suppression of protrusive behavior.  A) Immunoprecipitation of active RHOA from using 
active RHOA-GTP antibody for vector control and YAP knockdown cells.  Immunoblots 
are representative of 3 independent experiments.  B) Immunoprecipitation of active RAC 
using active RAC-PBD assay for vector control and YAP knockdown cells. Immunoblots 
are representative of 3 independent experiments.  C) Images from collagen gel 
contraction assay for vector control and YAP knockdown MCF10A.  The red circle 
denotes the original gel size.  D) Average percent collagen gel contraction from 2 
wells, from 3 independent experiments.  E) MCF10A 3D Matrigel culture images for 
vector control with no drug, YAP knockdown with no drug, YAP knockdown 
supplemented with RHO Activator G-Switch, and YAP knockdown supplemented with 
RAC Inhibitor EHop-016.  F) Average acinar circularity of at least 50 acini from 3 
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Figure 2.5 (continued) 
independent experiments.  G) Average number of protrusive acini of at least 100 acini 
from 3 independent experiments.  **** p <0.0001 by one-way ANOVA. 
 

	
Treatment of YAP knockdown cells with RHO-Activator G-Switch II caused a 

significant reduction of protrusions into the surrounding matrix.  Similarly, inhibition of 

RAC activity in YAP knockdown cells reduced protrusive activity in Matrigel (Figure 

2.5E-G). These data support the conclusion that protrusive activity resulting from 

decreased YAP is dependent on altered RHO family GTPase activity.   

 

 

Figure 2.6 The collagen contractility assay can be utilized for MCF10A. A) 
Representative images from collagen gel contraction assay optimization at 3 seeding 
densities per well, and with phosphomyosin inhibitor blebbistatin and RHO-activator 
G-Switch. B) Average percent collagen gel contraction from 2 wells, from 3 
independent experiments.  **** p< 0.0001 by one-way ANOVA. 
 

 

Inhibition of protrusive behavior is independent of YAP-TEAD transcriptional 

activity 

 

               YAP regulation of RHOA activity in other systems has been attributed to its 

transcriptional coactivation of TEAD transcription factors and transcriptional regulation 
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of RHOGAPs (ARHGAP18, ARHGAP29) or RHOGEFs (ARHGEF17) [21-23]. Gene 

expression analysis of these putative YAP targets did not reveal alterations following 

YAP knockdown in MCF10A cells, with the exception of a slight but significant decrease 

in ARHGAP29 expression levels (Figure 2.7).  However, as decreased ARHGAP29 

levels would not explain the observed phenotypes and decrease in RHO activity observed 

in MCF10A, we pursued other possible mechanisms of RHO regulation.  To further 

examine if the phenotypes induced by YAP knockdown are due to its function as a 

transcriptional coactivator, we utilized a mutant YAP containing an alanine substitution 

of Serine 94 (YAP-S94A), which is unable to interact with TEAD proteins due to 

mutation of the TEAD-binding domain of YAP [3].  Following depletion of endogenous 

YAP, we selectively restored the TEAD-binding mutant YAP (shYAP + YAP-S94A) 

(Figure 2.8A).  We confirmed that expression of YAP-S94A was unable to rescue 

TEAD-dependent transcriptional activity of canonical YAP-TEAD target genes in the 

YAP knockdown cells (Figure 2.8B).  We cultured the shYAP + YAP-S94A cells in the 

3D Matrigel assay and found that re-expression of the TEAD-binding mutant YAP was 

sufficient to restore the percentage of cells displaying protrusions to wild-type levels, and 

circularity was significantly increased in YAP-S94A rescued cells compared to YAP  

knockdown (Figure 2.8C-E).  These data indicate that YAP inhibition of cellular invasion 

is primarily independent of its co-transcriptional activity with TEAD.   

 In addition, we assessed whether the changes in cellular contractility induced by 

YAP knockdown are dependent on YAP-TEAD transcriptional activity. We found that 

shYAP + YAP-S94A cells increased contraction of collagen gel to levels comparable to 
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Figure 2.7 Analysis of YAP-TEAD regulation of RHO regulators and cell-cell adhesion. 
A) qPCR analysis of mRNA expression of published GAPs or GEFs that regulate RHO 
activity in YAP knockdown cells. B) Representative phase-contrast images from 
timelapse migration assay of MCF10A C) Quantification of average closed-object area 
entering wound over timelapse migration assay from (B). Average represents at least 15 
fields of view from 2 independent experiments.  * p< 0.01 by one-way ANOVA.   
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Figure 2.8 YAP suppression of protrusion and promotion of cell contractility is 
independent of TEAD-transcriptional activity.  A) Western blot for vector control, 
shYAP, and shYAP + YAP-S94A lines.  B) qPCR analysis of YAP and YAP-TEAD 
targets CTGF and CYR61 across lines.  C) MCF10A 3D Matrigel culture images for 
control, shYAP, and shYAP + YAP-S94A lines.  D) Average acinar circularity of at 50 
least acini from 3 independent experiments.  E) Average number of protrusive acini of at 
least 100 acini from 3 independent experiments.  F) Images from collagen gel  
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Figure 2.8 (continued)             
contraction assay for control, shYAP, and shYAP + YAP-S94A MCF10A.  The red 
circle denotes the original gel size.  G) Average percent collagen gel contraction from 
2 wells, from 3 independent experiments.  **** p< 0.0001, *** p<0.001, ** p<0.01 by 
one-way ANOVA. 

	
 In addition, we assessed whether the changes in cellular contractility induced by 

YAP knockdown are dependent on YAP-TEAD transcriptional activity. We found that 

shYAP + YAP-S94A cells increased contraction of collagen gel to levels comparable to 

control cells (Figure 2.8F).  Additionally, we found that shYAP + YAP-S94A cells were 

capable of contracting collagen gels similar to wild-type MCF10A (Figure 2.8G-H). 

To examine if the YAP-TEAD interaction was required for dissociation of collectively 

migrating cells observed upon YAP knockdown, we assayed cell dissociation in a 

‘wound-healing’ assay with the shYAP + YAP-S94A cells.  While YAP-S94A rescued 

cells did not display complete restoration of collective cell migration, the amount of 

detachment was decreased relative to YAP knockdown, implying a partial rescue (Figure 

2.7B-2.7C). This suggests that YAP regulation of collective cell migration is at least in 

part dependent on both YAP-TEAD transcriptional activity and on YAP regulation of 

RHO-GTPase activity.  

 YAP can serve as a co-activator of other transcription factors; therefore, in order 

to address whether inhibition of nuclear localization would prevent the rescue of the 

YAP-depletion phenotypes under investigation in this study, we examined the effects of 

inhibition of YAP nuclear translocation.  Phosphorylated YAP is sequestered in the 

cytoplasm by 14-3-3 proteins, and upon dephosphorylation following changes in cellular 

tension or growth factor stimulation, YAP translocates to the nucleus where it functions 

as a transcriptional coactivator [28]. To directly examine if regulation of protrusion and 
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contractility by YAP is attributable to cytoplasmic or nuclear YAP, we performed an 

additional rescue experiment with YAP-5SD (YAP-5SD), a phosphomimetic mutant for 

the five serine sites of phosphorylation by the Hippo-kinase LATS (Ser61, Ser109, Ser127, 

Ser164, Ser381) [29].  This YAP mutant displays predominantly cytoplasmic localization 

(Figure 2.9A, B).  We cultured shYAP + YAP-5SD MCF10A cells under 3D Matrigel 

conditions and found that expression of phosphomimetic YAP is sufficient to inhibit 

protrusive acinar structures resulting from decreased YAP (Figure 2.9C).  The percentage 

of cells expressing protrusions was significantly reduced and acinar circularity was 

restored in YAP-5SD rescue cells when compared to YAP knockdown (Figure 2.9D, E).  

Additionally, YAP-5SD cells were able to contract the collagen gel to wildtype levels 

(Figure 2.9F, G).  These data further indicate that YAP inhibition of cellular protrusion 

involves a novel cytoplasmic function of YAP sufficient to restore wildtype cellular 

behavior independent of its transcriptional activity. 
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Figure 2.9 Cytoplasmic YAP-5SD suppresses YAP knockdown mediated acinar 
protrusiveness and promotes contractility. A) Confocal images of vector control, 
shYAP, and shYAP + YAP-5SD MCF10A cells stained with antibody to YAP (red) 
and DAPI for nuclei (blue). B) Immunofluorescence microscopy analysis of YAP 
localization from (A).    C) MCF10A 3D Matrigel cultures for control, shYAP, and 
shYAP + YAP-5SD MCF10A lines.  D) Average acinar circularity of at least 50 acini 
from 3 independent experiments.  E) Average number of protrusive acini of at least 100 
acini from 3 independent experiments. F) Images from collagen gel contraction assay 
for control, shYAP, and shYAP + YAP-5SD MCF10A.  The red circle denotes the 
original gel size.  G) Average percent collagen gel contraction from 2 wells, from 3 
independent experiments. ** p<0.001, * p<0.01 by one-way ANOVA. 
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Discussion 

 

 To examine the role of YAP in interphase cellular morphology and behavior, we 

utilized the MCF10A model system and characterized cellular changes observed upon 

reduction of YAP expression.  Here, we show that knockdown of YAP promotes cellular 

protrusion, impairs collective cell migration, decreases RHOA activity and cellular 

contractility and increases RAC activity levels (Figure 2.10).  Wildtype activities could 

be rescued by YAP mutants defective for its transcriptional coactivator function, 

indicating that YAP regulation of these activities is independent of its canonical role as a 

transcriptional coactivator with TEAD, and rather is mediated by previously 

unrecognized nontranscriptional functions of mammalian YAP.  Our findings suggest 

that alterations in cell behavior caused by translocation of YAP to the nucleus following 

Hippo inactivation can be mediated both through loss of cytoplasmic YAP and gain of 

YAP transcriptional activity. 

 We have found that knockdown of YAP alters RHOA and RAC activity levels, 

suggesting YAP maintains RHO GTPase activity levels within the cell. Recent studies 

have shown that YAP may regulate cellular mechanical behavior in addition to serving as 

a mechanosensor downstream of RHO.  Mutation or downregulation of YAP in the 

Medaka fish resulted in tissue flattening through impaired cellular contractility; similarly, 

loss of YAP in the mouse lung led to branching defects resulting from decreased force 

production [22, 23].  In gastric cancers, YAP was found to regulate actin polymerization 

and stabilization [21].  All of these studies demonstrated that YAP regulates these cellular 

processes via transcriptional regulation of RHOA guanine nucleotide exchange factors 
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Figure 2.10  Model for YAP suppression of protrusive activity. 
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 (GEFs) or GTPase-activating proteins (GAPs).  Each study identified a different 

transcriptional target of YAP as the relevant RHO regulator, suggesting that the diverse 

roles and molecular mechanisms of YAP in RHO regulation are yet to be fully 

understood.  Our data indicate that cytoplasmic YAP directly regulates RHOA activation 

and actomyosin contractility independent of transcriptional activity.  Interestingly, 

Yorkie, the Drosophila homolog of YAP, was recently reported to function directly at the 

cell cortex to control myosin phosphorylation through interaction with myosin light chain 

kinase [30].  The myosin-interacting domain of Yorkie is not conserved in YAP, but our 

findings suggest mammalian YAP similarly maintains cellular contractility via regulation 

of RHO GTPase activity in the cytoplasm. Thus, YAP may have evolved to regulate 

cellular contractility through RHO through distinct mechanisms.   

 Additionally, we have identified a critical role for YAP in adherens junction 

maintenance and cell-cell adhesion.  Though previous studies have identified YAP in 

complex with junctional components, this colocalization was interpreted as sequestration 

of YAP from its transcriptional function [31].  Our results suggest that YAP is not only 

responsive to cell-cell junction formation, but it is necessary for proper cell-cell junction 

maturation.  Deregulation of RHO or RAC activities is a known source of cell-cell 

adhesion impairment. For example, myosin-mediated contractility regulated by RHO 

secures the adherens junction [32]. It has also been show that suppression of RHO 

activity associated with Profilin-2 knockdown causes reduction in F-actin bundling and 

actomyosin contractility, impaired membrane integrity, increased protrusive activity, 

weakened cell-cell adhesions and enhanced motility [14].  Similarly, downregulation of 

cell polarity protein PAR3 activates RAC signaling, altering cortical actin organization 
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and impairing E-cadherin junctional stability [33].  Given the link between junctional 

maturation, contact inhibition, and activation of Hippo, our findings suggest the existence 

of a negative feedback loop, where nuclear YAP transcriptionally drives proliferation; 

resultant contact inhibition and activation of Hippo would then force YAP out of the 

nucleus. Therefore, we hypothesize that YAP is both regulated by and necessary for 

contact inhibition of proliferation. 

 YAP has canonically been considered a transcriptional coactivator, and 

cytoplasmic YAP has been viewed as sequestered, inactive YAP.  Here, we find that 

cytoplasmically-localized YAP is critical for normal cellular maintenance of cytoplasmic 

RHO activity.  Our previous studies demonstrated that during cytokinesis, YAP and 

Crumbs Polarity Complex Component PATJ interact at the midbody ring for daughter 

cell orientation [12].   Proper RHOA localization and activation is required at the 

cleavage furrow site and is necessary for ingression of the membrane and eventual 

cleavage of the two new cells [34].   Loss of YAP or PATJ in MCF10A resulted in 

abnormal membrane blebbing and protrusions from the plane of cell division, consistent 

with altered RHOA activity.  This regulation of RHOA and membrane integrity is similar 

to our observations; it is possible therefore that YAP and PATJ may interact to regulate 

cellular behaviors such as invasiveness, protrusiveness and cellular adhesion, prompting 

questions for future studies.  The Crumbs complex (an evolutionarily conserved complex 

composed of core components Crumbs, PATJ, and PALS1) regulates tight junction 

formation, apico-basal cell polarity, and directional migration [35, 36]. Intriguingly, our 

studies suggest that YAP knockdown cells also display impaired directional migration 

(Movie S2 and data not shown).  It has been well established that there are interactions 
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between YAP and Crumbs-interacting proteins; again, these findings have usually been 

interpreted as sequestration of YAP from the nucleus [11, 37, 38].  We predict that YAP 

may also be acting as a scaffold protein at the cell cortex with polarity proteins, possibly 

tethering a RHO-GEF such as SYX or regulating a RAC-GEF such as TIAM1 [39, 40].  

Decreased YAP could perturb the levels of active RHO and RAC at the cortex, resulting 

in the phenotypic changes we observe.  Further studies are needed to fully elucidate the 

precise RHO GAP or GEF regulated by YAP, to define relevant YAP interacting polarity 

proteins, and to examine the generalization of this novel regulation across species and 

tissue types.  

 While TEAD-independent processes appear to be a primary mechanism of YAP 

regulation of protrusion and contractility in MCF10A, we have also found decreased 

transcription of ARHGAP29, a RHOGAP.  This GAP is a negative regulator of RHO 

activity; loss of YAP results in decreased levels of ARHGAP29 and consequently an 

increase in RHO activity in human gastric cancer cells [21].  It is possible that in 

transformed, depolarized cancer cells, the active RHO complexes are distinct from those 

observed in nontransformed cells, such as MCF10A.  Additionally, loss of YAP from the 

cytoplasm following changes in adhesion and stiffening of the microenvironment would 

further promote dysregulation of RHO-GTPase activities in a transformed setting. 

 Though it has been well established that YAP can function as a potent oncogene 

through its nuclear function as a transcriptional coactivator of TEAD, previous findings 

from our lab and others suggest that decreased expression of YAP can also have tumor 

promoting consequences.  In breast cancer specifically, YAP has been implicated as both 

an oncogene and tumor suppressor, with decreased YAP in several cancer cell lines 
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triggering anoikis resistance, taxol resistance, and invasion in vivo [2].  Invasive, 

hormone-negative breast cancers are strongly correlated with decreased YAP expression 

[41].  A study of breast tumors found that YAP mRNA was downregulated in over two-

thirds of the cases, and two-thirds of these cases were from advanced stages III and IV 

[42].  One interesting possibility is that there is temporal selection for varied YAP 

expression during tumor progression, with a strong selective pressure for upregulation 

and increased YAP transcriptional activity early in tumorigenesis to drive proliferation, 

followed by selection for cells with lower YAP as the tumor progresses, with weaker 

cell-cell adhesion and promotion of invasion into the surrounding stroma in the metastatic 

cascade.  Therefore, decreased total YAP could provide an alternate mechanism for 

tumor metastasis from the EMT observed in cases of YAP overexpression, resulting in 

multiple paths for tumor progression [4]. Furthermore, our findings suggest that loss of 

cytoplasmic YAP during tumor progression as epithelial properties such as cell-cell 

adhesion are lost would contribute to deregulation of homeostatic RHO GTPase levels; 

the consequent translocation of YAP to the nucleus would activate YAP-TEAD 

programming and potentially oncogenic programs.  Our previous studies indicated that 

loss of YAP would also drive genomic instability through alterations in cytokinesis, thus 

accelerating additional alterations that would drive tumor progression [12]. This possible 

temporal dependency for YAP expression could explain the apparent dichotomy and 

conflicting reports of YAP function as an oncogene or tumor suppressor.   

 In summary, our findings reveal a previously unrecognized role for YAP in 

maintenance of normal epithelial morphology, and loss of YAP promotes protrusive 

cellular behavior, impairs cell-cell adhesion, and dysregulates RHO-GTPase activity.  



	62 

Our studies highlight the importance of studying proteins in their normal cellular contexts 

to better elucidate how their biological functions can be perturbed in cancer.  
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Materials and Methods 

 

Cell culture 

MCF10A cells were cultured as described (http://brugge.med.harvard.edu/protocols).  

FTE cells were cultured in WIT-Fo Culture Media (FOMI, http://sylvester.org/shared-

resources/live-tumor-culture-core/live-tumor-culture-core-products) supplemented with 

EGF (0.01 µg/ml; Sigma-Aldrich); insulin (20 µg/ml; Sigma-Aldrich); hydrocortisone 

(0.5 µg/ml); cholera toxin (25 ng/ml; Calbiochem), and 1% heat-inactivated FBS (Sigma-

Aldrich).  HEK293T cells were cultured in DMEM supplemented with 10% FBS and 

antibiotics. 

 

Plasmids 

shRNAs in human pLKO.1 lentiviral vectors were used to knockdown YAP with 

puromycin selection.  The RNAi Consortium (TRC) numbers used for YAP shRNAs are 

TRCN0000107265, TRCN0000107268, and TRCN0000107269.  Plasmids containing 

mutant YAP (YAP-S94A, YAP-5SD) were cloned into pBabe with hygromycin selection 

and a Flag tag was added at the 5’ end using the following primers:  Forward 

CCGGGATCCACCATGGATTACAAGGATGACGACGATAAGATGGACCCCGGG

CAGCAGCCGCCGC; Reverse CCGGAATTCCTATAACCATGTAAGAAAGCTTTC. 

YAP mutants were confirmed by sequencing.   

	

Virus production and infection 
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For generation of lentiviral particles, HEK293T cells were transfected at 80% confluency 

with packaging plasmids Pax2, VSVG, and plasmid containing the gene of interest.  For 

generation of retroviral particles, HEK293T cells were transfected at 80% confluency 

with packaging plasmid pCL-Ampho and plasmid containing the gene of interest.  Virus 

was collected at 48 and 72 hours post-transfection and filtered through 0.45-μm filters.  

Recipient cells were plated to reach 30% confluency 24 hours after seeding, and virus 

was added to the cells at a dilution of 1:1 with media containing 8 μg/mL Polybrene.  

Cells were selected with the appropriate antibiotics 48 hours after infection. 

 

Antibodies 

The following antibodies were used in these studies:  YAP XP (1:1000 WB, 1:200 IF, 

Cell Signaling, 14074S), TAZ (1:1000 WB, 1:200 IF, Cell Signaling, 2149), E-cadherin 

(1:1000 BD, 610182), Tubulin (1:2000 Cell Signaling, 3873), β-catenin (1:1000 BD, 

610154), Vimentin (1:500 Cell Signaling, 5741S), N-cadherin (1:500 BD, 610921), 

RhoA (1:1000 Cell Signaling, 2117S), Rac (1:1000 BD, 610650). 

 

Immunofluorescence staining and protein localization image analysis 

 Immunofluorescence staining was performed by fixing cells with 3.5% 

paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton-X in PBS for 5 

minutes, and blocked in 1% BSA/5% goat serum for 1 hour at room temperature.  

Samples were incubated with primary antibody at 4 degrees overnight, then washed with 

PBS.  Samples were incubated with Alexa-Fluor conjugated secondary antibodies (Life 

Technologies) at room temperature for 1 hour then washed with PBS.  Nuclei were 

counterstained with DAPI (Sigma).  Actin was stained using Alexa568-phalloidin 
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(Invitrogen).  Samples were mounted in 20 mM Tris, pH 8.0, 0.1% N-propyl gallate, 90% 

glycerol.  Samples were visualized on a Nikon Ti motorized inverted microscope with 

Perfect Focus System with Yokagawa CSU-X1 spinning disk confocal with Spectral 

Applied Research Aurora Borealis modification and images were acquired with a 

Hamamatsu ORCA-ER cooled CCD camera. 

 To quantify nuclear/cytoplasmic localization of YAP and TAZ, images were 

analyzed in ImageJ.  Confocal Z-stacks of DAPI and YAP/TAZ were projected at 

maximum intensity, images were thresholded, and a mask of DAPI was made.  Using the 

image calculator, the DAPI mask was subtracted from YAP/TAZ to give cytoplasmic 

localization.  Total YAP/TAZ was determined by analyzing particles to determine area, 

cytoplasmic YAP/TAZ was determined by analyzing particles for area of the calculated 

image, and nuclear YAP/TAZ was the difference between these two.  Nuclear and 

cytoplasmic fractions were expressed as percentages of total. 

 

Timelapse microscopy 

Cells were plated on #1.5 MatTek dishes and allowed to adhere for at least 24 hours 

before imaging.  Images were acquired at multiple stage positions using a Nikon Ti-E 

motorized inverted microscope with Perfect Focus, Nikon linear-encoded motorized 

stage, and a Hamamatsu ORCA-AG cooled CCD camera controlled by NIS elements 

image acquisition software. The microscope was fitted with a 37 °C Incubation Chamber 

containing 5% CO2.  Resulting movies were compressed and stitched using Quick Time 

Pro and Adobe After Effects software. 
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Lamellipodia protrusion 

20,000 cells per condition were seeded in 6-well MatTek dishes.  Cells were allowed to 

adhere overnight, washed three times with PBS, and switched to media devoid of EGF 

and serum.  After 24 hours starvation, plates were moved to the Nikon microscope, and 

cells were stimulated with 20 ng/ml EGF.  Images were acquired every 5 minutes for 24 

hours. 

 

3D Matrigel Culture and quantifications 

Cells were cultured as previously described (Muthuswamy et al., 2001). For a detailed 

protocol see also (brugge.med.harvard.edu/protocols).   

To quantify acinar circularity, images were analyzed in Fiji [43].  Analysis was set to 

include circularity, with the range from 0.00 to 1.00. Each acinus was outlined by 

freehand selection, and then analyzed.  At least 50 acini were scored for circularity from 

each well.   

To quantify percent invasiveness, acini with at least one protrusion into the surrounding 

matrix were counted as positive.  Percentage invasiveness was expressed as  

100 × (invasive acini/total acini).  At least 100 total cells were counted from each well. 

Each condition was run in duplicate wells, and each experiment was repeated three times.    

 

Adhesion assays 

Wound-Healing assay: 

50,000 cells were seeded in Ibidi-wound healing inserts (Ibidi).  Cells were allowed to 

adhere for 24 hours before the silicon-insert was removed.  Media was changed to 
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remove any cellular debris.  For siRNA 50,000 cells were seeded in 24-well glass-bottom 

MatTek dishes, allowed to adhere overnight, and scratched with a 200 µL tip. Media was 

changed to remove any cellular debris.  For both migration set-ups, images were acquired 

either by timelapse microscopy as described above, or phase-contrast images were 

acquired at timepoints using the Nikon Ti-E microscope.  

Quantification of wound-healing timelapse microscopy: 

Timelapse videos were saved as .nd2 files and analyzed with a custom script written in 

Matlab 2017a (Mathworks, USA). First, a median filter with kernel size of 3-by-3 was 

applied to each timepoint to remove noise. Then, cell movement over time was detected 

by taking the difference image. This involved subtracting each frame from its 

predecessor. A standard deviation filter of kernel size 3-by-3 was also applied to render 

these differences more visible, while suppressing noise in the background. A robust 

threshold for segmenting moving cells was chosen by sampling a region of the 

background of the difference image and taking the median intensity value plus 4 standard 

deviations. Any debris of size 50 pixels or smaller was eliminated. The total area of the 

binary cell mask was then computed for each timepoint and plotted, and repeated for each 

dataset as a batch.  Masks were manually validated for each video. 

Cell-cell adhesion maturation state: 

Cell-cell adhesion maturation state was determined as previously described [17].  Briefly, 

100,000 cells per well were seeded into 6-well glass-bottom MatTek dishes.  After 48 

hours, cells were fixed with 4% paraformaldehyde and stained as described above with an 

antibody to β-catenin.  Goat anti-mouse Alexa488 secondary antibody, phalloidin-

Alexa568, and DAPI were secondary fluorescent probes used.  Images were acquired 
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with the Nikon spinning disk confocal.  Images were analyzed in ImageJ by drawing a 

line perpendicular to the cell-cell junction, mid-way through the point of adhesion.  

Fluorescent intensity was plotted for each linescan.  A junction was scored as “mature” if 

there was a single fluorescent peak, and “immature” if there were multiple peaks.  Over 

50 cells were scored for each condition from three independent experiments. 

Quantitative adhesion assays: 

12-well glass-bottom MatTek dishes were coated with either 5 µg/ml fibronectin for 

30 minutes, or 50 µg/ml protein A for one hour, followed by 120 µg/ml E-cadherin 

(R&D) for 24 hours. Plates were then incubated for 30 minutes with 0.5 µg/ml BSA in 

PBS solution to block non-specific binding.  Each well was washed with culture media.  

Cells were trypsinized, quenched with high-serum media, and 5,000 cells were seeded in 

each well.  At indicated times, non-adherent cells were removed from each well by 

washing three times with media.  Cells were fixed using 4% paraformaldehyde and 

stained with DAPI.  Large-stitched images (5x5 fields) were acquired with a 4X 

objective lens on the Nikon Ti-E.  Nuclei were counted in ImageJ by thresholding the 

image, and analyzing particles.  Each condition was carried out in duplicate, and 

values are the result of three independent experiments. 

 

Western blot analysis 

Cells were lysed in ice-cold RIPA buffer supplemented with protease inhibitors, 

phosphatase inhibitors, and MG-132 (Sigma).  Lysates were cleared by centrifugation at 

14,000 rpm for 10 minutes at 4°C.   Protein concentration was determined by BCA assay 

(Thermo-Fisher Scientific) and protein concentrations were normalized.  Lysates were 

boiled in 1× sample buffer for 5 minutes and resolved 4%–20% SDS-PAGE gradient 
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gels.  Proteins were transferred to polyvinylidene difluoride membranes (Millipore) and 

then blocked with 5% BSA in TBS for 30 minutes at room temperature.  Blots were 

probed with primary antibody at 4°C overnight.  Membranes were probed with secondary 

antibodies coupled to either HRP or fluorophores, and developed either using Enhanced 

Chemi-Luminscent detection or imaging on the Odyssey Imaging System. 

 

Analysis of RHO-GTPase activity 

Active RHOA pulldown 

RHO activity was assessed by pulldown with a RHO-GTP bound specific antibody 

(NewEast Biosciences, 26904).  All steps were conducted at 4°C.  Cells were washed 

with PBS and lysed in mammalian cell lysis buffer (MCLB; 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.5% NP40).  Lysates were cleared by centrifugation at 14,000 rpm for 

5 minutes and snap-frozen in liquid nitrogen.  Protein concentration was determined and 

normalized by BCA assay as above, and 10% of lysate was reserved as input for western 

blot analysis.  5 µg of RHO-GTP antibody was added with 30 µl of prewashed protein 

A/G bead slurry (Santa Cruz) and rocked at 4°C for 1 hour.  Beads were washed once, 

boiled in 2× sample buffer, and levels of active RHOA were resolved by western blot as 

described above. 

RAC-activity assay 

 RAC activity was assessed by the PAK-PBD pulldown assay.  Cells were washed with 

PBS and lysed in MCLB.  Lysates were cleared by centrifugation, and 10 µl PAK-PBD 

beads were incubated with each lysate at 4°C for 1 hour.  Beads were washed once, 

boiled in 2× sample buffer, and levels of active RAC were resolved by western blot as 

described above. 
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RHOA activator and RAC inhibitor culture 

3D cultures were maintained with the addition of 1µM RHO activator (RHO Activator II, 

Cytoskeleton Inc.) or 1µM RAC inhibitor EHop-016 (Selleckchem).  New drug was 

added every 4 days along with the standard media change. 

Collagen contraction assay 

2×105 cells were embedded in 200 µL of Collagen I:Matrigel and seeded on 24-well, 

glass-bottom MatTek plates.   Once the gel was set, it was loosened from the edge of the 

well using a 200 µLtip.  Cells were maintained in MCF10A growth media and imaged 

daily using an Epson 3000 scanner.  Gel contraction was determined after 4 days.  To 

obtain the gel contraction, the area of the well and area of the gel disc were measured in 

ImageJ.  Percentage contraction was calculated as 100 × (gel disc area/well area).  

Blebbistatin (Sigma) or Rho Activator (Cytoskeleton) was added as negative and positive 

controls, respectively, at 1µM doses.  Media was replaced daily. 

 

Quantitative RT-PCR 

Total RNA was extracted from cells using Trizol (Invitrogen), and up to 2 µg of RNA 

were subjected to cDNA synthesis (Quanta).  Real-time PCR was carried out using the 

Power SYBR Green PCR Mix (Applied Biosystems) on a QuantStudio 7 Flex Real-Time 

PCR System (Life Technologies).  Relative gene expression was determined by 

normalizing to RPLP0 control.  Values are the average of three wells, and three 

independent replicates.  qPCR probes used in these studies are available in Table 2.1. 
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Table	2.1	List	of	qPCR	probes	used	in	this	study.	
Gene target Forward Primer Reverse Primer 

RPLP0 5′-ACGGGTACAAACGAGTCCTG-3′ 5′-CGACTCTTCCTTGGCTTCAA-3′ 

YAP 5′-ATCCCAGCACAGCAAATTCT-3′ 5′-TGGATTTTGAGTCCCACCAT-3′ 

CTGF 5′-CCTGCAGGCTAGAGAAGCAG-3′ 5′-TGGAGATTTTGGGAGTACGG-3′ 

CYR61 5’-AAGAAACCCGGATTTGTGAG-3’ 5’-GCTGCATTTCTTGCCCTTT-3’ 

TWIST1 5′-AGCTACGCGTTCTCGGTC-3′ 5′-GGCGTTTGGAGTGGTAGAAA-3′ 

SNAI1 5′-CCTCCCTGTCAGATGAGGAC-3′ 5′-CCAGGCTGAGGTATTCCTTG-3′ 

SNAI2 (Slug) 5′-TGGTTGCTTCAAGGACACAT-3′ 5′-GCAATGCTCTGTTGCAGTG-3′ 

ARHGAP18 5′-GGGAACAGCCATGCAAAG-3′ 5′-GTACTGGCCATATCTGCGACT-3′ 

ARHGAP29 5′-TTAGCACAACTCCGGACACTT-3′ 5′-TGCATGTGGAAGAGGTTAACTG-3′ 

ARHGEF17 5′-GAACCGAGTCCTTGTCCTGA-3′ 5′-TGAATCCTGACCCACGTAAAA-3′ 
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 My dissertation work uncovers a novel function of YAP in maintenance of breast 

epithelial biology.  In Chapter 2, I have described a novel, TEAD-independent role of 

YAP in regulation of cellular protrusion, cell-cell adhesion, and cytoskeletal integrity 

through regulation of RHO GTPases.  Our studies highlight the complex biology of YAP 

and the importance of examining protein function in multiple tissues and cellular 

contexts. 

 

TEAD-independent YAP regulation of RHO activity 

 

 Our studies reveal an inhibitory function of YAP in normal mammary epithelial 

cell protrusive behavior.  Knockdown of YAP promotes protrusive behavior as evidenced 

by both increased lamellipodia formation in monolayer culture and protrusive spikes 

extruding from acini grown in 3D culture.  Additionally, we find that cell-cell adhesion is 

impaired in YAP knockdown cells through impeded junctional maturation.  These 

phenotypes are due to aberrant levels of RHO GTPase activity resulting from YAP 

knockdown, specifically, an increase in RAC activity and a decrease in RHOA activity, 

triggering a subsequent downregulation of myosin phosphorylation and cellular 

contractility.  We find that YAP regulation of RHO activity levels is independent of its 

transcriptional function with TEAD, and is instead due to a novel cytoplasmic function of 

YAP.  These observations suggest that YAP acts in both mechanotransduction, as a 

responder to matrix stiffness and the cytoskeleton, and mechanoregulation, as a regulator 

of the cytoskeleton. 
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Mechanism of YAP regulation of RHO 

 

 Our findings regarding non-transcriptional YAP regulation of RHO open many 

avenues for follow-up studies.  The most apparent unanswered question is what is the 

precise molecular mechanism through which YAP regulates RHO in the cytoplasm?  We 

have conducted preliminary studies that implicate polarity proteins, particularly the 

Crumbs polarity complex component PATJ, as relevant YAP interactors for this 

cytoskeletal maintenance.  

 

Potential interaction of YAP and polarity proteins to inhibit protrusiveness 

 

 Our lab previously identified an interaction between YAP and the Crumbs 

polarity complex component PATJ that is necessary for proper cytokinesis in mitosis.  

Interestingly, the two proteins co-immunoprecipitate, and knockdown of PATJ produces 

a comparable hyperdynamic mitosis phenotype to that observed upon YAP knockdown.  

We therefore hypothesized that PATJ and/or other polarity proteins may play a role in the 

interphase cellular processes we described in Chapter 2.  

 To identify a relevant cytoplasmic interactor for YAP, we analyzed previously 

published mass spectrometry data of proteins that co-immunoprecipitate with YAP in 

MCF10A, and selected several of the cytoplasmic proteins with highest interaction score 

[1].  Utilizing siRNA technology, we sought to examine if a decrease in any of the 

cytoplasmic YAP interactors phenocopied the impaired collective cell migration 

observed following knockdown of YAP.  We assessed collective migration of cells 
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transduced with siRNAs targeting the angiomotin-like tight junction protein AMOTL2, 

the cytoskeletal protein NF2, the non-receptor protein phosphatase PTPN14, or the 

Crumbs cell polarity complex component PATJ.  Knockdown was verified by mRNA 

expression (Figure 3.1A).  siCTNNB1 (β-catenin) was used as a positive control for 

dissociation, and siYAP was utilized as a reference.   

 As expected, we observed significant cell dissociation with siCTNNB1 and, as we 

previously characterized, with siYAP.  We also observed cell dissociation with siNF2, 

siAMOTL2, and siPATJ.  As NF2 functions upstream of YAP, we did not follow-up on 

this hit, as we reasoned that knockdown of NF2 would promote YAP transcriptional 

activity and cause EMT [2].  Instead, we focused on the dissociation caused by reduction 

of PATJ (Figure 3.1B, C).  siPATJ did not fully recapitulate the extent of cell dissociation 

induced by knockdown of YAP.  This result is expected, given that the TEAD-binding 

mutant of YAP only partially rescued the dissociator phenotype induced by YAP 

knockdown.     

 Interestingly, knockdown of PATJ has previously been shown to be sufficient to 

induce invasiveness in MCF10A acini grown in Matrigel [3].  To examine if YAP and 

PATJ are functioning in the same pathway to inhibit protrusiveness, we created a YAP-

PATJ double knockdown and examined acinar morphogenesis in 3D culture (Figure 

3.2D).  Decrease of PATJ alone resulted in significantly lower levels of protrusion than 

that observed when YAP alone is decreased.  We found that combinatorial knockdown of 

YAP and PATJ did not result in significantly increased protrusive activity relative to 

knockdown of YAP alone (Figure 3.2E, F).  These data suggest that YAP functions with  
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Figure	3.1	YAP and polarity proteins act together to inhibit protrusion.  A) Knockdown 
validation by qPCR analysis of mRNA expression for known cytoplasmic YAP- 
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Figure 3.1 (continued) 
interacting genes.  NTC is non-targetting control siRNA.  B) siRNA-mediated 
knockdown of known cytoplasmic YAP interactors in wound-healing assay.  C) 
Quantification of average closed-object area entering wound over timelapse migration 
assay from (B).  Average represents at least 15 fields of view from 2 independent 
experiments.  D) MCF10A 3D Matrigel cultures for control, shYAP, shPATJ, and shYAP 
+ shPATJ lines.  E) Average acinar circularity of at least 50 acini from 1 independent 
experiment.  F) Average number of protrusive acini of at least 100 acini from 1 
independent experiment. 
 

 

the Crumbs polarity complex component PATJ to inhibit protrusive cellular behavior 

independent of the canonical co-transcriptional activity of YAP.  

 

Identifying a YAP-interacting GAP or GEF 

 

 Previous studies from our lab demonstrated that during cytokinesis, YAP and 

PATJ interact at the midbody ring for daughter cell orientation [1]. Our preliminary 

findings that YAP and PATJ may function in one pathway to regulate the cellular 

behaviors I have characterized in interphase cells–invasiveness, protrusiveness, and 

cellular adhesion—raise interesting questions for future studies.  The Crumbs complex 

(an evolutionarily conserved complex composed of core components Crumbs, PATJ, and 

PALS1) regulates tight junction formation, apico-basal cell polarity, and directional 

migration [4, 5]. Intriguingly, our studies suggest that YAP knockdown cells also display 

impaired directional migration.  These observations lead us to hypothesize that loss of 

YAP impairs epithelial cell polarity.  We hypothesize that YAP acts at the cell cortex to 

stabilize polarity complexes; future studies can test this by examining stability of tight 
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junction complex interactions in the absence of YAP, or in the presence of overexpressed 

cytoplasmic YAP. 

 Interactions between YAP and Crumbs have been well established, but have been 

largely described as a sequestration mechanism that prevents YAP nuclear translocation 

[6-8].  Our findings suggest that YAP may also be acting as a scaffold protein at the cell 

cortex with the Crumbs complex, possibly tethering a RHO-GEF such as SYX or 

regulating a RAC-GEF such as TIAM1[9, 10]. Therefore, decreased YAP or PATJ 

perturbs the levels of active RHO and RAC at the cell cortex, resulting in the phenotypic 

changes we observe.   Further studies are needed to fully elucidate the precise RHO GAP 

or GEF regulated by YAP, to characterize the dynamics of the YAP-Crumbs interaction, 

and to examine the generalization of this novel regulation across species and tissue types.  

 

Examination of YAP loss in vivo 

 

 We have used the non-transformed mammary epithelial line MCF10A as a model 

system for the physiological biology of the mammary duct; however, studies in vivo will 

provide greater insight into the role of YAP in mammary gland biology. Organoid 

culture, which allows for study of tissue architecture (such as budding or branching) and 

function through isolation of source tissue and culture in a rich 3D matrix and growth 

media in vitro, allows for more physiological study [11].  Preliminary studies using 

inducible YAP-knockout mammary organoids (a gift from the laboratory of Dr. Fernando 

Camargo) revealed high levels of cell death once YAP knockout was induced, 

complicating phenotypic studies (Figure 3.2).  In the MCF10A system, we have observed 
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cell death/growth arrest on occasions where YAP knockdown has been extremely 

efficient. Given the pleiotropic effects of YAP knockdown—impaired proliferative gene 

expression, impaired cytokinesis, and aberrant morphology—studies involving complete 

loss of YAP pose biological and technical complications that will require optimization 

and precise regulation to circumvent.   

 An inducible, mammary-specific YAP knockout system could provide a means of 

temporally controlling YAP knockout in a manner optimized for the tissue.  A similar 

loss-of-function study conducted in murine developing lung found impaired branching 

and cyst development; these defects resulted in embryonic lethality [12].  Based on our 

studies in the MCF10A model system, we hypothesize that loss of YAP in mammary 

tissue will result in aberrant structural development, perhaps via branching defects similar 

to those seen in lung, although precisely how the protrusiveness, multiacinar structures, 

and cell-cell adhesion defects we observe in vitro will manifest in the intact breast tissue 

remains to be seen. One study examining dependencies on YAP (both knockout and 

overexpression) and the Hippo protein Salvador in the mouse mammary gland concluded 

that Hippo is dispensable in virgin mammary tissue but required in pregnancy, where loss 

of YAP results in hypoplasia, apparent defects in ductal structure, and a denser epithelial 

network than control tissue [13].  Examination of ductal regeneration in a cleared fat pad 

of shYAP/shTAZ also demonstrates that development of the ductal tissue is possible in 

the absence of YAP.  However, examination of the tissue at higher resolution may reveal 

defects in branching or other structural alterations.  Mammary gland development 
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Figure 3.2 Preliminary YAP knockout organoid studies suggest biological complications 
in studying complete loss of YAP ex vivo.  A) Phase contrast images of control and 
induced YAP knockout mammary organoids grown in organoid culture.   B) Number of 
organoids in left and right mammary glands uninduced (control) and induced (YAP 
knockout) after two weeks in culture, as determined by Trypan Blue exclusion.  With 
Jennifer Rosenbluth. 
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proceeds, as the authors discuss, though density of mammary tissue appears to be 

increased.  Perhaps, therefore, in the absence of YAP, the increase in RAC activity leads 

to protrusive budding and aberrant branching.  Alternatively, YAP loss may result in the 

absence of contact inhibition, promoting abnormal architecture. Further study is required 

to conclusively define physiological YAP function in the mammary gland. 

 

YAP stoichiometry, localization, and RHO activities 

 

 In our studies, we have utilized shRNA-mediated YAP knockdown to 

demonstrate altered cellular contractility and cell-cell adhesion resulting from changes in 

YAP levels.  Our rescue with transcriptionally defective YAP was sufficient to rescue 

wildtype behaviors, but one can imagine normal cellular conditions where YAP would be 

predominantly localized to the nucleus, such as in instances of sparse cells.  Interestingly, 

we have found that lamellipodia formation increases in shYAP cells even in these 

conditions.  Therefore, one open question is: what is the pool of YAP that maintains 

cytoplasmic RHO activity, and what is the nature of its interaction with the 

transcriptionally active pool?  What is the stoichiometry of these YAP pools?  

 Similarly, our findings lead to hypotheses about changes in YAP localization 

associating with changes in RHO activities.  Our data suggest that loss of YAP from the 

cytoplasm is permissive for increased RAC activity and decreased RHO activity.  

Interestingly, published studies have demonstrated in some contexts nuclear YAP 

transcriptionally activates RHO regulators, such as the RHOGAP ARHGAP29.  In such 

contexts, loss of YAP from the nucleus would be predicted to activate RHO, perhaps 
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synergizing with YAP cytoplasmic activation of RHO and resulting in enhanced 

cellular/tissue stiffness.  Further examination of the relationship between YAP 

localization and RHO and RAC activity levels will better elucidate this complex, 

bidirectional regulation. 

 

YAP: both a tumor suppressor and an oncogene 

 

 The functionality of YAP as both an oncogenic transcription factor and a tumor 

suppressive protein is confounding.  The studies described herein illustrate this point, and 

abundant literature suggests this dual function of YAP as well.  One possible reason for 

this apparent dichotomy could be due to temporal regulation of YAP during tumor 

progression.   

 This hypothesis that YAP levels vary during tumor progression could help explain 

the diverse phenotypes observed upon YAP knockdown.  The role of YAP as a driver of 

proliferation through transcriptional regulation of pro-proliferative genes, including 

Cyclin E, is well-defined [14].  In our studies, we have also found strong selection against 

cells with loss of YAP.  Therefore, early in tumorigenesis, when there exists strong 

pressure for the tumor to proliferate and grow in mass, one hypothesizes that there would 

be a selection for cells with high levels of transcriptionally active YAP.  Either through 

loss of Hippo regulation or via upregulation/amplification of YAP, the tumor would grow 

in size and acquire properties such as anchorage-independent survival [15, 16].  Given 

that many studies focus on early events in tumorigenesis, YAP would appear as an 

oncogene in this context.   
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 As the tumor progresses towards metastasis, the selective pressures on a cancer 

cell change.  Cells must weaken cell-cell adhesions, protrude and invade into the 

surrounding microenvironment, intravasate into the bloodstream and migrate to a 

secondary site where they extravasate, lay new adhesions, and seed a new tumor site [17].  

As cells progress to this point, one intriguing possibility is that upregulation of YAP 

promotes an EMT that initiates the metastatic cascade [16].  In tumors that have lost 

epithelial characteristics such as strong cell-cell adhesion and cell polarity, YAP would 

be predicted to localize to the nucleus; our findings from Chapter 2 suggest that loss of 

YAP from the cytoplasm further deregulates RHO GTPase activities, promoting 

protrusive behavior and weakening cell-cell adhesion.  Our studies raise an additional 

possibility that in tumors that have maintained more epithelial characteristics, total 

downregulation of YAP, which promotes protrusive behavior, weakens cell-cell 

adhesions, and promotes invasiveness independent of EMT, could also play a role in 

tumor progression towards metastasis.  Studies looking at this phase of tumor progression 

(e.g. examining circulating tumor cells) may therefore find little or no YAP expression, 

and therefore, YAP would be considered a tumor suppressor (Figure 3.3).   

 Several avenues to test this hypothesis could be undertaken.  One simple first step 

could be to examine YAP levels in CTCs, where decreased YAP expression would be 

predicted.  This hypothesis could also be tested in vivo using inducible YAP expression.  

Using mouse genetics, one could introduce inducible CRISPR-mediated YAP knockout 

in a breast cancer model.  Once tumors progressed to a benchmark size, knockout could 

be induced and metastasis tracked.  If YAP knockout tumors displayed enhanced 

metastasis, follow-up studies could be conducted.  YAP knockout could be induced early  
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Figure 3.3 Hypothesis regarding YAP expression changes during tumor progression.  
YAP levels are high when there is selective pressure on the tumor to proliferate and grow 
in size.  YAP downregulation decreases cell-cell adhesion, thus enhancing motility of 
cells with migratory phenotype and facilitating metastasis.  Once a secondary site is 
established, cells with higher YAP and proliferative potential are selected for and expand. 
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on, and YAP could be re-expressed via another inducible system, to have precise control 

over YAP expression in the tumor.  These studies would offer greater insight into the 

varied roles of YAP in tumor progression and help unravel the complex biology of this 

protein. 

 

Further probing YAP and invasiveness 

 

 While we have demonstrated that restoration of cytoplasmic YAP is sufficient to 

inhibit protrusive activity of MCF10A cells resulting from knockdown of YAP, we have 

also observed that knockdown of PATJ alone induces protrusive activity at less 

penetrance than that observed with decreased YAP alone.  While this could in part be 

explained by lower efficiency of the PATJ knockdown in comparison to YAP 

knockdown, PATJ invasiveness has previously been reported at a penetrance of 

approximately 20% [3].  Therefore, we hypothesize that YAP may be contributing to this 

phenotype in part due to its transcriptional activity.  Previous studies have demonstrated 

that loss of polarity proteins synergizes with expression of pro-inflammatory cytokines to 

promote invasion [3]; if decreased YAP expression results in upregulation of such a 

cytokine or other matrix remodeling factor, it could help account for the differential 

invasiveness observed between shYAP and shPATJ.  In support of this hypothesis, we 

observe that re-expression of a non-transcriptional YAP only partially rescues the 

collective cell migration deficit of YAP knockdown cells, raising the possibility that both 

transcriptional YAP and cytoplasmic YAP contribute to the severity of this phenotype. 
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 YAP is known to regulate several growth factors and cytokines—canonical YAP-

TEAD targets CTGF and CYR61 are both extracellular signaling proteins.  Given the 

ability of YAP knockdown to perturb the spherical properties of MCF10A acini, one 

might hypothesize that YAP inhibits matrix-remodeling proteins, such as MMPs.  

Interestingly, AP-1 is an established repressor of MMP9 [18].  In multiple studies in 

breast and other cancer cell lines, YAP and AP-1 interact [19, 20]; therefore, it may be 

that in certain biological contexts YAP and AP-1 regulate MMP9 expression.  This 

hypothesis would suggest that in some cases YAP and AP-1 inhibit invasiveness, such as 

in normal tissue. 

 

Therapeutic applications of targeting YAP 

 

 The complex biology of YAP raises questions regarding the suitability of YAP as 

a therapeutic target in cancer.  Our findings demonstrate that decreasing YAP expression 

can produce diverse phenotypes, such as impaired cell-cell adhesion, enhanced protrusive 

behavior, and decreased cell contractility.  Notably, our studies suggest that the tumor 

suppressive function of YAP is independent of transcriptional function with TEAD, 

whereas other findings support that YAP-TEAD signaling is oncogenic. Therefore, we 

propose that specifically targeting the YAP-TEAD interaction (such as with the inhibitor 

Verteporfin, which binds the TEAD-binding domain of YAP) rather than aiming to 

decrease overall YAP levels, may represent a potential therapeutic avenue for treatment 

of human cancer.  
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Appendix I.  

 

YAP regulates immediate early gene expression in invasive lobular carcinoma 

 

 

Natalie M. Hendrick, Daniel G. Stover, Lisa L. Gallegos, Laura M. Selfors, Joan S. 

Brugge 

 

 

 

 

Statement of Contribution: N.M.H. and J.S.B. designed the studies and interpreted data. 

D.G.S. performed bioinformatics analysis of the CTGF-CYR61 signature correlation with 

PAM50, ILC, and CCLE.  L.L.G. conceptualized the initial hypothesis of YAP activation 

in ILC.  L.M.S. performed initial bioinformatics analysis of CTGF-CYR61 coexpressed 

genes.  N.M.H. carried out and analyzed all other experiments. 
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Abstract 

 

 Loss of E-cadherin is a driving event in Invasive Lobular Carcinoma (ILC), the 

second most common histological breast cancer subtype.  Loss of E-cadherin is predicted 

to suppress the Hippo pathway leading to transcriptional activation of YAP.  To examine 

whether YAP transcriptional activity contribute to ILC and thus represents a target for 

this breast cancer subtype with limited therapeutic options once resistance to hormone 

therapy arises, we used a tissue microarray to confirm that nuclear YAP staining is 

associated with ILC.  We found evidence for YAP transcriptional activity in ILC through 

analysis of expression levels of the YAP target genes CTGF and CYR61 in The Cancer 

Genome Atlas breast cancer dataset.  Interestingly, we found that CTGF and CYR61 

coexpressed genes in these cancers included many immediate early response genes (IEG).   

Using the ILC line SUM44PE, we found expression of multiple IEG to be dependent on 

YAP-TEAD activity in vitro.  Our findings suggest high levels of YAP-TEAD 

transcriptional activity in ILC and reveal potential YAP regulation of the IEG program in 

ILC. 
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Introduction 

 

 Invasive Lobular Carcinoma (ILC) is the second most common breast cancer 

histological subtype, accounting for approximately 15% of diagnoses. Loss of  

E-cadherin, the adherens junction protein, is a causal, initiating event in ILC, and a 

hallmark of these tumors. Loss of E-cadherin in ILC results in early initiation of 

anchorage independence, loss of cell-cell adhesion, and pro-inflammatory signals through 

altered localization of p120 catenin, distinguishing ILC from other breast cancers, where 

such changes occur later in the metastatic process [1, 2].  ILC tumors are classified as 

luminal A subtype and the majority respond to hormone therapies; however, once 

resistance arises, treatment options are limited, particularly given the low proliferative 

index of these tumors.  As such, identification of oncogenic drivers downstream of  

E-cadherin can reveal novel therapeutic targets in this breast cancer.  

 YAP, the canonical transcriptional effector of the Hippo tumor suppressor 

pathway, is responsive to changes in cell-cell contact, and is negatively regulated by 

contact inhibition and cellular confluency when adherens junctions are matured [3, 4]. 

YAP localization is predominantly nuclear in both human and mouse ILC, suggesting 

YAP transcriptional programming is active in these tumors [5, 6].  Genes regulated by 

YAP and its coactivator TEAD regulate a diverse array of genes, such as growth factors 

(CTGF), cytokines (AREG, CYR61, IL6) and the cytoskeleton (ITGB2) [7].  Other 

studies in cancer cells have demonstrated that YAP-TEAD drive genes directly involved 

in S-phase entry and epithelial-to-mesenchymal transition (EMT) via interaction with the 

c-FOS/JUN heterodimer AP-1 [8, 9].  Oncogenic functions of YAP have been described 
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in multiple cancer types, rendering YAP a putative target for therapeutic intervention [10-

12]. 

 Here, we present preliminary evidence that YAP transcriptional activity in ILC 

and other E-cadherin negative cancers regulates an immediate early gene (IEG) signature.  

We describe bioinformatics analysis which shows that YAP transcription and expression 

of an immediate early gene (IEG) signature correlate, independent of proliferation in ILC 

tumors. In addition, we provide initial evidence that expression of YAP is necessary for 

expression of a subset of IEG in the ILC line SUM44PE and in E-cadherin negative 

ovarian cancer cell lines, and that pharmacological disruption of YAP-TEAD is sufficient 

to decrease a subset of IEGs.  Our data suggest that nuclear YAP may be a characteristic 

of ILC and IEG expression, suggesting YAP transcriptional activity may be active in ILC 

and other E-cadherin negative tumors.   

 

Results 

 

Co-expression analysis of YAP regulated genes identifies an immediate early gene 

program in ILC 

 

 To assess YAP transcriptional activity in ILC, we examined expression levels of 

two canonical YAP target genes, CTGF and CYR61 using RNAseq data from the Cancer 

Genome Atlas (TCGA) breast cancer dataset. The transcriptional coactivator function of 

YAP is primarily regulated by its nuclear localization following posttranslational 

phosphorylation; therefore, in order to probe YAP transcriptional activation using a 
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bioinformatics approach, rather than looking at YAP expression levels, we examined 

expression levels of YAP targets CTGF and CYR61 [13].  Furthermore, we sought to 

identify potential YAP targets through analysis of genes co-expressed with these known 

YAP targets.  We observed strong expression of CTGF and CYR61, and found a pattern 

of CTGF-CYR61coexpressed genes in a majority of ILC tumors, distinct from non-

lobular tumors (Figure S1A).  Interestingly, we found this CTGF-CYR61 coexpressed 

gene signature is enriched for immediate early genes (IEG) (Figure S1B).  Analysis of 

IEG expression signature score revealed that ILC display significantly higher IEG levels 

compared to non-lobular breast tumors, with a p-value of p = 1.23e-14, suggesting this 

may be a distinguishing feature of ILC (Figure S1C) [14].  

 As previously stated, ILC are less proliferative than other breast tumor types.  To 

examine if the observed IEG signature was a consequence of differences in proliferation 

across tumor types, we performed analysis of the PAM50 proliferation signature and the 

CTGF-CYR61 coexpressed gene signature to examine correlation [15].  The R2 value of 

these two variables is 0.001, strongly suggesting that the two factors are independent of 

each other (Figure S1D).  This significant lack of correlation between IEG mRNA 

expression and proliferative rate suggests that an alternate factor other than proliferative 

rate is driving this transcriptional expression pattern in ILC. 
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Figure S1 Analysis of coexpressed YAP target genes in patient data reveals enrichment 
for immediate early genes in invasive lobular breast cancer.  a)  Heatmap showing RNA 
expression from the TCGA breast cancer patient dataset of CTGF and CYR61 
coexpressed genes.  Relative mRNA levels of the identified genes are shown; data are 
median centered Log2. b) Venn Diagram of the CTGF-CYR61 coexpressed gene 
signature and immediate early genes.  c) Relative expression analysis of all 40-immediate 
early gene across TCGA breast cancer patients (Student’s t test, p = 1.23e-14) d) 
Correlation analysis of the PAM50 proliferative signature with the CTGF-CYR61 
coexpressed gene signature; line indicates best fit.	
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YAP transcriptional coactivator is nuclear in ILC 

 

 To directly confirm nuclear localization of YAP in invasive breast cancers, we 

stained a human tissue microarray (TMA) containing a mix of invasive ductal and 

invasive lobular carcinomas by immunohistochemistry (IHC).  Clinicopathological 

characteristics of the tumors are described in Table S1.  As YAP nuclear localization is 

associated with its transcriptional activity, we used YAP positive nuclear staining for 

scoring, as well as cytoplasmic YAP staining, using an IHC-validated antibody (Figure 

S2A).  Representative YAP staining from the TMA is also shown in Figure S2B, and 

analysis of the YAP expression patterns with breast cancer characteristics is shown in 

Table S2.   ILC tumors show a slight but significantly higher percentage of cells with 

primarily nuclear YAP (p<0.05) compared to ductal carcinomas; all other classes of YAP 

staining were not statistically different across the tumor types.  This confirms that 

increased nuclear YAP localization is associated with ILC.   
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Table S1 Clinicopathological features of 160 breast cancer patients examined for YAP 
expression 

Feature Grouping N or value % 
Age (years) Mean 

Range 
49 

30 to 77 
 

Histologic type IDC 
ILC 

80 
80 

50 
50 

Histologic grade 1 
2 
3 

undetermined 

4 
60 
14 
82 

2.5 
25 
8.8 
51.3 

Receptor Positivity ER 
PR 

HER2 

32 
22 
29 

20 
13.8 
18.1 

  

 

	

Figure S2 Representative YAP IHC staining.  a) Validation of YAP antibody for IHC 
using YAP knockout and YAP overexpression mouse intestinal tissue.  b) Representative 
example IHC staining for Human Tissue Microarray.   
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Table S2 Scoring of Tissue Microarray. 

	 Nuclear YAP 
(%) 

Cytoplasmic 
YAP (%) 

Nuclear and 
Cytoplasmic 
(%) 

Negative YAP 
(%) 

Ductal 26 (32.5) 2 (2.5) 24 (30) 28 (35) 
Lobular 41 (51.3)  2 (2.5) 20 (25) 25 (31.3) 
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Figure S3 YAP-TEAD transcriptional activity is necessary for expression of IEG in ILC 
line SUM44PE.  a) ILC lines stained for YAP (Red) and cell-cell adhesion protein β-
catenin (Green). b) Stable knockdown of YAP in SUM44PE by lentiviral infection.   c) 
YAP knockdown SUM44PE analyzed for CTGF-CYR61 coexpressed signature genes by 
RT-qPCR. Data are an average of three independent experiments. d) SUM44PE treated 
with YAP-TEAD inhibitor Verteporfin analyzed for CTGF-CYR61 coexpressed 
signature genes by RT-qPCR. Data are an average of two independent experiments. 
*p<0.05, **p<0.01***p<0.001, ****p<0.0001 by Students t-test  
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There are only few cell line models of ILC, limiting in vitro studies.  We examined YAP 

localization in the three established human ILC lines, MDA-MB-134VI, SUM44-PE, and 

IPH-926 [16] and observed expression of nuclear YAP in all three, though only a small 

fraction of the MDA-MB-134VI cells displayed detectable YAP staining (Figure S3A).  

Taken together, these findings suggest that nuclear YAP is a feature of E-cadherin 

deficient ILC tumors, consistent with previous studies demonstrating inverse correlation 

between YAP activity and E-cadherin [3, 5]. 

 

YAP-TEAD transcription is necessary for immediate early gene expression in ILC  

 

 To determine whether expression of the CTGF-CYR61 coexpressed gene 

signature is dependent on YAP activity, we attempted to knock down YAP in the three 

aforementioned established ILC cell lines using the lentiviral vectors that have been 

shown to cause effective knockdown of YAP [17]. SUM44PE was the single ILC line 

with successful YAP knockdown (Figure S3B); MDA-MB-134VI and IPH-926 both 

underwent senescence after transduction of the pLKO vectors (data not shown). 

 To probe the CTGF-CYR61 coexpressed gene signature, we collected RNA from 

SUM44PE cells transduced with the control vector or YAP shRNA vectors and examined 

expression YAP targets CTGF and CYR61, as well as multiple IEGs (FOS, EGR1, IL6, 

and JUND).  We observed decreased mRNA expression of multiple IEG following YAP 

knockdown, suggesting that YAP is necessary for expression of a subset of IEG (Figure 

S3C).  However, since knockdown of YAP is predicted to decrease proliferative rate, it 
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must also be considered that the impaired proliferation may decrease IEG levels.  Further 

study is needed to eliminate this alternate hypothesis. 

 To assess if canonical YAP transcriptional activity is required for IEG expression, 

we utilized the YAP-TEAD inhibitor Verteporfin to examine if such inhibition could 

phenocopy YAP knockdown effect on IEG expression [8, 9, 18].  Verteporfin is used 

clinically for photodynamic treatment of macular degeneration but has recently been 

identified as a direct inhibitor of YAP-TEAD interaction, as it binds directly to the 

TEAD-interacting domain of YAP [18, 19].  Verteporfin treatment did not result in a 

dose-response as anticipated, suggesting the possibility of off-target effects; cellular 

toxicity with this compound has been observed in other cell lines [20].  At the lowest 

dose, inhibition of YAP-TEAD interaction was sufficient to reduce expression of IEGs  

c-FOS and ATF3 in SUM44PE cells, similar to our observations with YAP knockdown 

(Figure S3D).  These findings suggest that YAP-TEAD signaling is necessary for 

expression of a subset of IEG in ILC lines; follow-up studies with alternatives to the 

Verterporfin inhibitor will be needed to further validate this. 

   

YAP is required for IEG expression in ovarian cancer lines 

 

 Given the limited number of ILC lines permissible for in vitro studies, we next 

considered other cancer types that may reveal high levels of YAP activity. We therefore 

assessed the CTGF-CYR61 coexpressed gene signature across ovarian cancer lines, a 

cancer type that frequently displays loss of E-cadherin expression.  We found strong 

expression of the signature across multiple cell lines from the CCLE panel (Figure S4A).  
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We selected four E-cadherin-negative lines for in vitro validation: DOV13, ES2, OV207, 

and OVCA432.  We detected high levels of nuclear YAP in ES2, OV207, and 

OVCA432, significantly high total YAP in ES2, but overall low YAP staining in DOV13 

(Figure S4B).  Though OV207 display apparent cell-cell junctions, they have lost many 

epithelial characteristics; they are characterized as a mesoepithelial line and do not 

display contact inhibition of proliferation [21].  In line with the immunofluorescence 

data, we found that YAP is amplified in the ES2 cell line upon further analysis of the 

CCLE genomic database.  Additionally, both DOV13 and ES2 are epithelial lines that 

have undergone an epithelial-mesenchymal transition, offering an explanation for their E-

cadherin loss and explaining their in vitro morphologies [22].   

 We generated stable knockdown of YAP in multiple ovarian cancer lines.  Upon 

examination by RT-qPCR, we found that decreased YAP expression correlated with 

decreased CTGF and CYR61 expression, though OVCA432 did not show dependency of 

CYR61 on YAP and CYR61 was only minimally reduced in OV207 cells (Figure S4C).  

We detected several additional IEG transcripts in ovarian line ES2, and we found YAP is 

necessary for the expression of ATF3, FOS, EGR1, EGR2, and IL6.   

 Taken together, these studies support the working model shown in Figure S4D 

where loss of E-cadherin results in increased nuclear YAP expression, which activates a 

subset of IEG expression.  
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Figure S4 Ovarian cancer lines require YAP for IEG expression.  a) Gene expression 
analysis of RNAseq data from the Cancer Cell Line Encyclopedia for ovarian cancer cell 
lines.  Starred lines are E-cadherin negative and were selected for in vitro study.  b) 
Ovarian cancer cell lines stained for YAP (red) and β-catenin (green) c) YAP knockdown 
lines analyzed for CTGF-CYR61 coexpressed signature genes by RT-qPCR.  Data are an 
average of two independent experiments. d) Model for YAP-TEAD driven IEG activation 
in E-cadherin negative cancers. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by 
Students t test. 
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Discussion 

 

 The studies in this appendix represent initial analyses to investigate YAP 

transcriptional activity in tumor cells lacking E-cadherin.  Our preliminary studies 

suggest high YAP transcriptional activity in invasive lobular carcinoma, using 

bioinformatics, ex vivo, and in vitro methods.  We identify a candidate YAP-driven 

immediate early gene signature in ILC and present preliminary evidence that YAP is 

necessary for expression of this signature in an E-cadherin deficient ILC line and ovarian 

cancer lines in vitro.  Our preliminary studies with the YAP-TEAD inhibitor Verteporfin 

suggest this inhibitor decreases IEG expression, though additional studies are required to 

confirm the specificity of the effect.  Additional studies regarding YAP and regulation of 

the IEG can provide insight into the underlying biology of the cancer and a novel 

function of YAP transcriptional activity.   

 Further studies are needed to confirm the role of YAP-TEAD signaling in 

regulation of IEG.  Use of Verteporfin may have off-target effects, as observed through 

the lack of a dose response to the inhibitor.  Therefore, a genetic approach through 

rescuing YAP expression in knockdown with the TEAD-mutant YAP S94A would better 

demonstrate a requirement for IEG on YAP-TEAD activity.  Once this interaction is 

confirmed as the relevant function of YAP for this gene regulation, we can aim to 

identify the precise mechanism of YAP-TEAD regulation of the immediate early 

response.  As stated previously, interaction between the YAP-TEAD complex and AP-1, 

the Fos/Jun heterodimer composed of two IEG products, was observed in both lung 

cancer and breast cancer lines [8, 9].  Additionally, Shao et al. noted an overlap in YAP 
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regulated genes and KRas regulated genes, with IEG composing one of the largest groups 

[8].  Indeed, analysis of our IEG signature in the ChIP-Seq data in MDA-MB-231 cells 

from Zanconato et al. revealed that 65% of the genes demonstrate YAP binding in the 

regulatory region [9].  It is possible that the YAP-TEAD-AP-1 complex is prolonging the 

expression of the IEG signature, which should be repressed after the initial transcriptional 

wave, in E-cadherin deficient tumors.  Interestingly, Shao et al. links this complex to an 

EMT; therefore, examination of the activity of this transcriptional complex in ILC (where 

EMT is not triggered) would shed light on ILC biology and could reveal novel functions 

of YAP. 

 It must also be considered that YAP-TEAD regulation of IEG may not be direct.  

Another link between YAP-TEAD and IEG expression comes from the 

mechanotransduction properties of YAP [23].  SRF, the canonical master regulator of 

IEG, is activated by serum, growth factors, and mechanobiology.  MRTF, the 

mechanoregulated cofactor of SRF, shows activational dependency on YAP-TEAD 

regulated TGFβ signaling in fibroblasts; conversely, YAP-TEAD transcriptional activity 

was dependent on MRTF-SRF mediated cytoskeletal maintenance [24].  Therefore, it is 

possible that the cytoskeletal changes resulting from loss of E-cadherin trigger both 

altered MRTF and altered YAP activity, and that decreasing YAP expression decreases 

IEG by altering MRTF transcriptional activity.  Furthermore, our own studies from 

Chapter 2 implicate YAP as a regulator of the cytoskeleton; YAP knockdown would alter 

the F/G-actin ratio in the cell, and as MRTF is sequestered by G-actin, this would affect 

its activation of SRF [25].  Therefore, YAP signaling may respond to cytoskeletal 
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changes resulting from MRTF-SRF function, and MRTF-SRF signaling may respond to 

cytoskeletal changes resulting from YAP function. 

 One avenue for further study is elucidating contribution(s) of IEG products to 

YAP oncogenicity in ILC and eventually in other E-cadherin deficient cancers.  It is 

important to understand the biological implications of YAP-dependent IEG expression in 

ILC.  One way to approach this would be to examine the contribution of YAP to growth 

in soft agar of an anchorage-independent cell line.  As YAP transcriptional function has 

previously been implicated in anchorage-independent survival, we hypothesize it may 

promote this function in ILC as well [26].   Such a dependency on YAP in ILC would be 

particularly interesting given that anchorage independent survival occurs early in ILC [2].  

This experiment would ideally be done using CRISPR and observing severity of the 

phenotype of YAP knockout. One could then screen via CRISPR knockout of IEG for 

genes that phenocopy the YAP knockout phenotype, followed by re-expression of the 

candidate genes in sgYAP ILC lines.  Ideally, this would first be performed in vitro, then 

in vivo in the mouse, possibly using one of the murine models and allograft methods 

previously discussed [6, 27].  Such studies would better elucidate the complex oncogenic 

function of YAP and may offer insight into ILC therapeutic targets. 

 While future studies are required to elucidate the precise mechanism of YAP 

regulation of the CTGF-CYR61 coexpressed gene signature and to articulate any function 

it may have in ILC, we have potentially found another candidate oncogenic function of 

YAP transcription in its regulation of IEG.  Many IEG products function as oncogenes 

themselves, such as c-MYC, c-FOS, and IL-6.  Additional investigations to assess 

contributions of the IEG to ILC biology are warranted. Our studies provide preliminary 
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evidence of transcriptional activity of YAP in ILC and provide the foundation for future 

studies to identify vulnerabilities of this cancer subtype. 
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Materials and Methods 

 

Bioinformatics analysis 

Raw data were processed with RMA normalization and log2 transformation. To 

determine a single value for IEG expression, we used a published list of IEG, we and 

calculated the mean of the gene expression values identified as “up” [28].   

 

Cell Culture 

SUM44PE were cultured in M171 medium (Gibco) supplemented with HUMEC 

supplement (Gibco).  MDA-MB-134IV were cultured in McCoy’s 5A medium (VWR) 

supplemented with 20% FBS.  IPH-926 were cultured in DMEM/F-12 (Gibco) with 10% 

FBS (Gibco), penicillin-streptomycin, and 2mM L-glutamine (Gibco).  OVCA432, 

OV207, DOV13, and ES2 were cultured in a 1:1 mixture of MCDB105 (Cell 

Applications Inc.) and medium 199 (Gibco) media, supplemented with 10% inactivated 

calf serum, 2mM L-glutamine and antibiotics [29].  HEK293T cells were cultured in 

DMEM supplemented with 10% FBS and antibiotics. 

 

Plasmids 

shRNAs in human pLKO.1 lentiviral vectors were used to knockdown YAP with 

puromycin selection.   

 

Virus Production and Infection 
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For production of lentiviral particles, HEK293T cells were transfected at 80% confluency 

with packaging plasmids Pax2, VSVG, and pLKO-plasmid containing the gene of 

interest. Virus was collected at 48 and 72 hours post-transfection and filtered through 

0.45-µm filters.  Recipient cancer cells were plated in order to reach 30% confluency at 

24 hours after seeding, and lentivirus was added to the cells at a 1:1 dilution with fresh 

media.  Cells were selected with puromycin 48 hours after infection. 

 

Drug Treatment 

Verteporfin (Sigma) was added to cells in normal growth media at dosage of 0.1 µg/ml or 

1 µg/ml and treated for 24 hours before lysis for RNA analysis. 

 

Antibodies 

The following antibodies were used in these studies:  YAP XP (1:1000 WB, 1:200 IF, 

Cell Signaling, 14074S), YAP (1:1000 WB, 1:200 IF, 1:50 IHC, Santa Cruz, sc-15407), 

Tubulin (1:2000 Cell Signaling, 3873), β-catenin (1:1000 BD, 610154).   

 

Immunohistochemistry 

IHC was carried out on high-density human tissue microarrays with both ductal and 

lobular carcinomas (Biomax).  After deparaffinization and rehydration in decreasing 

percentages of ethanol solutions, endogenous peroxidase activity was blocked for 

15 minutes in 0.3% hydrogen peroxide.  Sections were then boiled for 20 minutes in 

antigen retrieval buffer pH 9 (Dako) for antigen retrieval. After blocking with 10% goat 

serum in TBST for one hour, sections were stained using standard immunohistochemistry 



	115 

protocols. Signal was amplified using the Vectastain Elite ABC Kit (Vector Laboratories 

Inc.).  Images were acquired on a Nikon Ti inverted microscope, with Perfect Focus 

System, using a Plan Apo 10x 0.75 NA lens and an Orca-ER cooled CCD camera 

(Hamamatsu). Human samples used in these studies are exempt from informed consent. 

 

Tissue Microarray Scoring 

Blinded subjects were given images of the tissue microarray for YAP IHC and asked to 

evaluate the staining as follows: overall (positive or negative), cytoplasmic (positive or 

negative), nuclear (positive or negative). 

 

Immunofluorescence 

Cells were seeded in glass-bottom coverslip dishes (MaTek). Immunofluorescence 

staining was performed by fixing cells with 3.5% paraformaldehyde for 10 minutes, 

permeabilized with 0.1% Triton-X in PBS for 5 minutes, and blocked in 1% BSA/5% 

goat serum for 1 hour at room temperature.  Samples were incubated with primary 

antibody at 4 degrees overnight, then washed with PBS.  Samples were incubated with 

Alexa-Fluor conjugated secondary antibodies (Life Technologies) at room temperature 

for 1 hour then washed with PBS.  Nuclei were counterstained with DAPI (Sigma). 

Samples were mounted in 20 mM Tris, pH 8.0, 0.1% N-propyl gallate, 90% glycerol.  

Samples were visualized on a Nikon Ti motorized inverted microscope with Perfect 

Focus System with Yokagawa CSU-X1 spinning disk confocal with Spectral Applied 

Research Aurora Borealis modification and images were acquired with a Hamamatsu 

ORCA-ER cooled CCD camera. 
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Western Blot Analysis 

Cells were lysed in ice-cold RIPA buffer supplemented with protease inhibitors, 

phosphatase inhibitors, and MG-132 (Sigma).  Lysates were cleared by centrifugation at 

14,000 rpm for 10 minutes at 4°C.   Protein concentration was determined by BCA assay 

(Thermo-Fisher Scientific) and protein concentrations were normalized.  Lysates were 

boiled in 1× sample buffer for 5 minutes and resolved 4%–20% SDS-PAGE gradient 

gels.  Proteins were transferred to polyvinylidene difluoride membranes (Millipore) and 

then blocked with 5% BSA in TBS for 30 minutes at room temperature.  Blots were 

probed with primary antibody at 4°C overnight.  Membranes were probed with secondary 

antibodies coupled to fluorophores and developed by imaging on the Odyssey Imaging 

System (Licor). 

 

Quantitative RT-PCR 

Total RNA was extracted from cells using Trizol (Invitrogen), and up to 2 µg of RNA 

were subjected to cDNA synthesis (Quanta).  Real-time PCR was carried out using the 

Power SYBR Green PCR Mix (Applied Biosystems) on a QuantStudio 7 Flex Real-Time 

PCR System (Life Technologies).  Relative gene expression was determined by 

normalization to RPLP0 control.  Values are the average of three wells, and three 

independent replicates.  qPCR probes used in these studies are available in Supplemental 

Table 3. 
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Supplemental	Table	3	List	of	qPCR	probes	used	in	this	study.	
Gene Forward Primer Reverse Primer 
RPLPO 5′-ACGGGTACAAACGAGTCCTG-3′ 5′-CGACTCTTCCTTGGCTTCAA-3′ 
YAP 5′-ATCCCAGCACAGCAAATTCT-3′ 5′-TGGATTTTGAGTCCCACCAT-3′ 
CTGF 5′-CCTGCAGGCTAGAGAAGCAG-3′ 5′-TGGAGATTTTGGGAGTACGG-3′ 
CYR61 5’-AAGAAACCCGGATTTGTGAG-3’ 5’-GCTGCATTTCTTGCCCTTT-3’ 
EGR1 5’-CAGTTCCTCTACCCCAAGGTG-3’ 5’-TTCTGCTTGTGTAAATCCTCCA-3’ 
JUND 5’-AGCCCTACGAGCACCTGAC-3’ 5’-GGTTTGGCTGGGGTAACTG-3’ 
FOS 5’-ACTACCACTCACCCGCAGAC-3’ 5’-CCAGGTCCGTGCAGAAGT-3’ 
IL6 5’-CTGCAAGTTCCCACAGTTCA-3’ 5’-CCCACCTTCTTCAAAATCCA-3’ 
ATF3 5’-AAGGATTTTCAGCACCTTGC-3’ 5’-GATGGCAGAAGCACTCACTTC-3’ 

FOSB 5’-AGCAGCTAAATGCAGGAACC-3’ 5’-TCCTCCAACTGATCTGTCTCC-3’ 

EGR2 5’-TTGACCAGATGAACGGAGTG-3’ 5’-TGGTTTCTAGGTGCAGAGACG-3’ 

EGR3 5’-CAATCTGTACCCCGAGGAGA-3’ 5’-CCGATGTCCATTACATTCTCTG-3’ 

GEM 5’-GACAGCATGGACAGCGACT-3’ 5’-AACCATCAGGGTTCGTTCAT-3’ 

NR4A1 5’-CCACTGCCTCCTTCAACC-3’ 5’-GGCTTGGATACAGGGCATC-3’ 

ZFP36 5’-CCCAAGTGTGCAAGCTCAG-3’ 5’-CCCCAAGAACCTCGGAAG-3’ 
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Appendix II.  

Supplemental Material for Chapter 2. 

Supplementary Movie 1 Representative DIC movies of control or shYAP MCF10A 

cells stimulated with EGF 

Supplementary Movie 2 Representative phase contrast movies of control or shYAP 

MCF10A cells in a wound-healing assay 
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