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ABSTRACT OF THE DISSERTATION 

 

 

Elucidation of the mechanisms of the Hippo-YAP pathway in organ size control 

and cancer 

 

by 

Karen A. Tumaneng  

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego 

Professor Kun-Liang Guan, Chair 

 

 

 The Hippo pathway is a highly conserved signaling pathway that plays a 

crucial role in the regulation of organ size.  A major downstream target of the 

Hippo pathway in mammals is the Yes-associated protein (YAP), which functions 

as a transcription co-activator.  The importance of YAP in organ size control and 

cancer development has been established by several studies.  The underlying 

molecular mechanisms, however, have not been elucidated.  Herein, we 

delineate the mechanisms through which YAP regulates organ size and 

contributes to cancer.        

 Organ development is a complex process that is governed by the interplay 

of signaling pathways that play crucial roles in the regulation of cell growth, cell 
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proliferation, and cell death.  The Hippo pathway has emerged as a key regulator 

of organ size by controlling cell number via modulation of cell proliferation and 

cell death.  The highly conserved mechanistic target of rapamycin (mTOR) is 

another pathway that has a central role in organ size control.  mTOR regulates 

organ size by promoting cell growth, thereby increasing cell size.  Given that cell 

growth is required for cell division and hence proliferation, it has been speculated 

that the functions of the Hippo and mTOR pathways are coordinated under 

physiological conditions.  Here, we demonstrate that YAP induces the activation 

of the mTOR pathway by suppressing the expression of the tumor suppressor 

PTEN, a key antagonist of PI3K and a well established upstream negative 

regulator of the mTOR pathway.  YAP inhibits PTEN by directly inducing the miR-

29 microRNAs, which bind the 3' untranslated region of PTEN to suppress PTEN 

translation.   Importantly, we show that PI3K-mTOR is a pathway modulated by 

YAP to regulate tissue growth and hyperplasia.  These findings provide a basis 

for the coordination of the Hippo and mTOR pathways in organ size control, and 

reveal an important mechanism through which YAP regulates growth.     

 As a crucial regulator of growth and proliferation, YAP acts as a potent 

inducer of tumorigenesis and metastasis.  Here, we demonstrate that knockdown 

of YAP alone is sufficient to reverse cancer phenotypes, highlighting a very 

important role of YAP in cancer.  We provide the molecular basis of this 

regulation and demonstrate that YAP regulates the Zeb2 transcriptional 

repressor to induce a cellular program called epithelial-mesenchymal transition 

(EMT), which is required for tumor infiltration and cancer metastasis.  Knockdown 
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of Zeb2 is sufficient to abolish YAP-induced cancer phenotypes, indicating that 

Zeb2 is an important mediator of YAP in cancer.  Ultimately, we found that Zeb2 

is a direct target gene of YAP.  Taken together, our studies provide insights into 

how the Hippo-YAP pathway regulates growth and promotes cancer, and reveal 

potential therapeutic avenues for diseases with Hippo pathway mutations.
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INTRODUCTION   

 Precise control of organ size is crucial during animal development and 

regeneration.  Classical organ transplantation studies provided the first clues that 

both intrinsic and extrinsic mechanisms operate in organ size control.  For 

instance, transplantation of multiple fetal thymus glands into a developing mouse 

results in each thymus gland growing to its characteristic adult size1, suggesting 

an organ autonomous mechanism for size control.  Similarly, Drosophila imaginal 

discs grown outside their environment attain a normal size even if given 

additional time to grow2, suggesting that growth determinants residing within the 

imaginal discs provide autonomous growth cues.  In contrast, transplantation of 

multiple spleens into a developing mouse results in the spleens collectively 

attaining the mass of one adult spleen3, indicating a non-autonomous 

mechanism for organ size regulation.   

 Regeneration studies similarly revealed both intrinsic and extrinsic 

mechanisms for organ size control.  For instance, Drosophila imaginal discs or 

the mammalian liver can regenerate to their original size following removal of part 

of their mass4, 5, implying that some form of memory is retained in these organs.  

In contrast, the intestine is incapable of recovering its length following resection 

despite the remarkable self-renewal capacity of its stem cells6.  These studies 

indicate that the ability to recover size and function following injury varies 

between organs.   

 In many cases the regulation of organ size is achieved by systemic or 

extrinsic factors, which can exert either positive or negative effects on size.  In 
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Drosophila and mammals the final rate of growth and final organ size of 

developing organs are dependent on nutritional status and are controlled by 

circulating factors, like growth hormone, insulin, and insulin-like growth factor 

(IGF).  In the central nervous system final organ size is determined primarily by 

growth factors through the regulation of cell proliferation and apoptosis.   

 In some cases progenitor cell number, independent of regulation by 

growth factors, is the critical determinant of organ size as shown by a study using 

genetic methods for altering the number of organ-specific progenitor cells during 

early embryonic development.  For instance, the final size of a pancreas from a 

primordium with a reduced cell number of progenitor cells is small, while that of 

the liver is normal, suggesting that final pancreas size is controlled by an intrinsic 

program established early in development that is not subject to growth 

compensation whereas final liver size is not limited by reductions in the 

progenitor cell number7.  Hence, embryonic progenitor cells may represent a 

crucial and limiting determinant of some but not all organs.   

 Here, we will focus on the contributions of cell growth, cell proliferation, 

and cell death to the regulation of organ size, and discuss the function of the 

Hippo signaling pathway in organ size regulation.  We will further dissect how this 

pathway contributes to cancer.       
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The Hippo Pathway   

 The Hippo pathway was first elucidated in Drosophila by genetic mosaic 

screens and consists of the tumor suppressor genes Salvador (Sav), Hippo 

(Hpo), Mob as tumor suppressor (Mats) and Warts (Wts) (Figure 1), all of which 

exhibit similar loss-of-function overgrowth phenotypes8-11.   The overgrowth 

phenotypes induced by loss of Sav, Hpo, Mats, and Wts are characterized by 

increased cell proliferation and diminished apoptosis9, 10, 12, 13, indicating that the 

Hippo pathway coordinately regulates these cellular processes to control cell 

number.  In vitro and cell culture-based studies reveal that Hpo phosphorylates 

and activates Wts13.  Sav potentiates Hpo-mediated phosphorylation of Wts, 

whereas Mats interacts with Wts and potentiates the intrinsic kinase activity of 

Wts12-14.   

 The major downstream target of the Hippo pathway in Drosophila is Yorkie 

(Yki)15.  Yki functions as a transcription co-activator and induces the expression 

of genes involved in cell proliferation and apoptosis, such as the cell cycle 

regulator cyclin E and the cell death inhibitor Diap116.  Studies have also 

uncovered that Yki induces a microRNA called bantam to control cell proliferation 

and apoptosis17, 18.  Overexpression of Yki phenocopies the loss of Hippo 

pathway components and rescues the phenotypes of Hippo pathway activation16.  

Biochemical studies indicate that Wts directly phosphorylates Yki at serine 168, 

creating a binding site for 14-3-3 proteins and resulting in the cytoplasmic 

translocation of Yki16.  The Hippo pathway thus consists of a kinase cascade in 
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which Hpo forms a complex with Sav to phosphorylate and activate the complex 

formed by Wts and Mats.  Wts in turn phosphorylates and inactivates Yki.   

 

  

Figure 1. The Hippo Pathway in Drosophila.  The core components of the Hippo pathway in 
Drosophila are the kinases Hippo (Hpo) and Warts (Wts) and the adaptor proteins Salvador (Sav) 
and Mob as tumor suppressor (Mats).  Hpo interacts with Sav to phosphorylate and activate the 
complex formed by Wts and Mats.  The main downstream target of the Drosophila Hippo pathway 
is Yorkie (Yki), which functions as a transcription co-activator.   
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The Hippo Pathway in Mammals 

 The core components of the Drosophila Hippo pathway are highly 

conserved in mammals as Mst1/2 (orthologs of Hpo), Sav1 (ortholog of Sav), 

Lats1/2 (orthologs of Wts), and Mob1 (ortholog of Mats) (Figure 2).  The key 

downstream targets of the Hippo pathway in mammals are the Yes-associated 

protein (YAP) and its paralog Transcriptional co-activator with PDZ binding motif 

(TAZ), which function as transcription co-activators.  Biochemical studies in the 

mammalian Hippo pathway similarly establish a kinase cascade whereby Mst1/2 

interact with Sav1 to phosphorylate and activate the complex formed by Lats1/2 

and Mob1 12, 19, 20.  Moreover, Lats1/2 phosphorylate YAP and TAZ, resulting in 

their cytoplasmic sequestration and inactivation16, 21, 22.    

 Consistent with Drosophila studies, mutations of the components of the 

mammalian Hippo pathway generate tissue overgrowth phenotypes.  For 

instance, loss of Mst1/2 results in liver expansion that leads to hepatocellular 

carcinoma23.  Transgenic mouse studies also show that sustained 

overexpression of YAP expands liver mass from 5% of body weight to 25%, and 

this enlargement is largely due to increased cell number16, 21.  Moreover, the 

enlarged liver reverts back to its normal size upon cessation of YAP expression, 

demonstrating that the Hippo-YAP pathway is a major mechanism controlling 

organ size in mammals.  Remarkably, expression of YAP, Lats1, Mst2, and Mob1 

can rescue the phenotypes of their corresponding Drosophila mutants in vivo16, 

highlighting a conserved role of the Hippo pathway in organ size control.   
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Figure 2. The Hippo Pathway in Mammals.  The core components of the Hippo pathway are 
the kinases Mst1/2 and Lats1/2 and the adaptor proteins Sav1 and Mob1.  Mst1/2 interact with 
Sav1 to phosphorylate and activate the complex formed by Lats1/2 and Mob1.  The main 
downstream target of the Hippo pathway is the Yes-associated protein (YAP) transcription co-
activator.  YAP is inhibited by the Hippo pathway through direct phosphorylation by Lats1/2.  In its 
phosphorylated form, YAP is retained in the cytoplasm where it is inactive.  In its 
dephosphorylated form, YAP translocates to the nucleus where it functions as a transcription co-
activator for the TEAD family of transcription factors to regulate gene expression.   
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The Hippo Pathway in Cancer   

 Given its crucial role in organ size regulation, it is not surprising that 

dysregulation of the Hippo pathway leads to tumorigenesis.  For instance, 

ablation of Sav1 and double knockout of Mst1/2 result in the formation of liver 

tumors23-26.  Mutations in Lats2, Sav1, and Mob1, as well as aberrant expression 

of Mst1/2 and Lats1/2, are also observed in human cancers27.  YAP 

overexpression in the liver leads to hepatocellular carcinoma16, 21.  Moreover, 

loss of YAP can suppress liver growth and hepatocellular carcinoma induced by 

ablation of NF2, an upstream regulator of the Hippo pathway28.  In the skin 

activation of YAP leads to epidermal thickening and formation of squamous cell 

carcinoma-like tumors29, 30.  Genomic amplification of YAP is also observed in 

human cancers31, as well as elevated YAP protein levels32, 33.  In cell cultures 

YAP overexpression promotes anchorage-independent growth and oncogenic 

transformation34, highlighting an oncogenic function of YAP.     

 The importance of YAP in cancer is further reinforced by its ability to 

extend primary tumor formation to systemic tumor dissemination.  YAP has been 

shown to play a role in breast cancer metastasis downstream of the leukemia 

inhibitory factor receptor (LIFR)35.  Expression of constitutively active YAP fully 

reversed the metastasis-suppressing effect of LIFR, establishing YAP as a potent 

inducer of metastasis.  Likewise, the activity of TAZ (transcriptional co-activator 

with PDZ-binding motif), a YAP paralog, has been shown to correlate with 

metastasis of breast cancer cells36.  A pro-metastatic function of YAP has also 

been independently demonstrated in breast cancer and melanoma cells37.  



 

 

8	  

Moreover, the expression of Lats1/2, the major regulators of YAP activity, has 

been found significantly downregulated in metastatic prostate cancer38, further 

supporting a role of YAP in promoting metastasis.  How YAP contributes to these 

cancer phenotypes remains to be uncovered.   

 

Upstream Regulators of the Hippo Pathway   

 Cell-cell contact is known to trigger the activation of the Hippo pathway, 

resulting in YAP phosphorylation, cytoplasmic translocation, and therefore 

inactivation22.  The precise mechanism of this regulation is not fully understood, 

but it has been suggested that cadherin-catenin complexes are important in 

mediating the effects of cell-cell contact on YAP activity29, 30.  Growth factors are 

also known to regulate the Hippo pathway, among which is the epidermal growth 

factor (EGF), which induces YAP activation to promote proliferation and 

tumorigenesis39, 40.  Diffusible factors, such as lysophosphatidic acid (LPA) and 

sphingosine-1-phosphate (S1P), have also been demonstrated to modulate the 

Hippo pathway via binding to their corresponding G-protein-coupled receptors 

(GPCRs) and acting through Rho GTPases to activate YAP41, 42.  Moreover, 

mechanical cues have been found to affect Hippo signaling by modulating the 

actin cytoskeleton to control YAP activity43, 44.  Thus, the Hippo-YAP pathway is a 

focal point on which several signals converge to regulate functions in proliferation 

and growth control.    

 Several proteins have been established to regulate the Hippo pathway.  

One of these is the neurofibromatosis 2 (NF2) gene whose mutation causes an 
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autosomal dominant disorder characterized by the development of benign 

tumors, such as schwannomas45, 46.  NF2 has been shown to function 

antagonistically with YAP to regulate liver development.  YAP inactivation results 

in loss of hepatocytes and biliary epithelial cells, whereas NF2 inactivation leads 

to hepatocellular carcinoma and bile duct hamartoma28.  Remarkably, the 

phenotypes induced by NF2 deficiency can be suppressed by heterozygous 

deletion of YAP, establishing YAP as a major effector of NF2 in growth 

regulation.  Another regulator of the Hippo pathway is the Ste20-like kinase 

Tao1.  Tao1 activates Hippo signaling through direct phosphorylation of Mst247, 

providing mechanistic insight into Hippo pathway activation.   

 

Downstream Targets of the Hippo Pathway   

 YAP acts as a major downstream effector of Hippo pathway signaling.  As 

a transcription co-activator, YAP itself has no DNA-binding domain and must 

therefore interact with DNA-binding transcription factors to induce gene 

expression48.  Several transcription factors have been reported to interact with 

YAP, including the TEAD family of transcription factors (TEAD1-4)49-54, ERBB455, 

56, RUNX1/248, SMAD transcription factors57, 58, and p63/p7359.  Among these, 

TEAD1-4 have been reported as the major transcription factors mediating the 

biological functions of YAP.  In a functional screen of a human transcription 

library, TEAD1-4 were found most potently activated by YAP54, and YAP and the 

TEADs share a largely overlapping set of target genes54, 60.  Knockdown of 

TEADs or disruption of YAP-TEAD interaction blunts the expression of majority of 
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YAP target genes and largely diminishes the ability of YAP to induce cell 

proliferation, cell transformation, epithelial-mesenchymal transition (EMT), cell 

contact inhibition, and maintenance of stem cell pluripotency29, 54, 60, 61.  

Moreover, TEAD1/2 double knockout mice exhibit reduced cell proliferation and 

enhanced apoptosis62.  The TEAD transcription factors thus serve as the major 

partners of YAP in the regulation of gene expression and organ size control.     

 YAP-TEAD has been shown to induce several target genes, the most 

prominent of which is the connective tissue growth factor (CTGF).  CTGF is an 

important downstream mediator of YAP in cell growth regulation as its 

knockdown blocks YAP-stimulated growth and significantly reduces YAP-induced 

colony formation in soft agar54.  However, CTGF alone does not account for the 

overgrowth phenotypes induced by YAP, and CTGF is not sufficient to mediate 

the functions of YAP in epithelial-mesenchymal transition (EMT) as its 

knockdown does not reverse the EMT-like morphology induced by YAP 

overexpression in monolayer culture34.  Hence, additional targets exist to mediate 

the functions of YAP-TEAD in growth control and metastasis.  Another reported 

transcriptional target of YAP is amphiregulin (AREG), a ligand for the epidermal 

growth factor receptor (EGFR).  AREG induction has been shown to contribute to 

YAP-mediated cell proliferation and knockdown of AREG abrogates the effects of 

YAP overexpression63.  YAP is also known to induce the expression of cysteine-

rich angiogenic inducer 61 (CYR61) to regulate epidermal proliferation and 

facilitate skin expansion30.  Moreover, YAP stimulates the expression of other 
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genes, including survivin and cyclin D1, that may contribute to cell survival and 

proliferation16.   

 

The Hippo Pathway in Organ Size Control  

 The importance of the Hippo pathway in organ size regulation is well 

established.  For instance, loss of both Mst1 and Mst2 and ablation of NF2 or 

Sav1 in mice result in liver expansion23, 25, 26, 28, 64.  Remarkably, loss of one or 

both copies of YAP suppresses liver enlargement induced by NF2 deficiency28.  

Most of the overgrowth phenotypes of Hippo pathway mutations are 

characterized by increased proliferation and diminished apoptosis15.  This role of 

the Hippo pathway in coordinating proliferation and apoptosis is crucial during 

regeneration.  In mice, for instance, biliary ductal epithelial cells make a 

significant contribution to liver regeneration after injury.  Interestingly, a tissue-

specific knockout of YAP in the mouse liver causes a defect in bile duct 

development28.  Likewise, during intestinal damage YAP expression is induced, 

and loss of YAP severely impairs intestinal regeneration induced by dextran 

sodium sulfate65, highlighting an important function of YAP in growth and 

regeneration.   

 To produce organs of predetermined size, proliferation of tissue-specific 

stem cells is tightly controlled during development and regeneration.  Studies 

have confirmed that the Hippo pathway is involved in the regulation of 

stem/progenitor cell self-renewal and expansion.  For instance, YAP activation is 

observed in induced pluripotent stem (iPS) cells and knockdown of YAP leads to 
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loss of pluripotency, whereas YAP is inactivated in differentiated mouse ES cells 

and ectopic expression of YAP prevents mouse ES cell differentiation61.  YAP 

also plays a critical role in the regulation of epidermal stem cell proliferation and 

skin expansion.  In a transgenic mouse model, activation of YAP in the skin 

causes epidermal thickening characterized by expansion of basal epidermal cells 

and leads to formation of squamous cell carcinomal-like tumors29, 30.  In contrast, 

knockout of YAP fails to expand basal epidermal progenitor cells.  The 

hyperplasia in the skin induced by YAP is mediated by interaction with TEAD 

transcription factors.  In support of this, knock-in of a YAP mutant defective in 

TEAD binding in the mouse skin results in reduced proliferation of epidermal 

basal cells and failure of skin expansion29.  Together, these studies demonstrate 

a key function of YAP in the regulation of stem cell self-renewal and organ size 

regulation.   
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The mTOR Pathway  

 Cells utilize a complex system to ensure that they undergo growth and cell 

proliferation only when the environmental conditions are suitable.  A central 

component of this sensing system is the mechanistic target of rapamycin 

(mTOR), an evolutionarily conserved serine/threonine kinase.  mTOR integrates 

multiple upstream signals to regulate a wide range of cellular processes, thus 

acting as an intracellular convergence point for signaling.  Integrating such an 

array of information allows mTOR to appropriately regulate protein synthesis that 

is required for cell growth and metabolism.  Not surprisingly, hyperactivation of 

the mTOR pathway has been linked to human diseases such as diabetes and 

cancer66.  

mTOR exists in two distinct complexes, mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2) (Figure 3).  Rapamycin specifically inhibits 

mTORC1, whereas mTORC2 is resistant to short-term rapamycin treatment67.  

mTORC1 consists of the subunits mTOR, Raptor, PRAS40, mLST8, and 

DEPTOR68-72.  The Raptor subunit is essential for mTORC1 activity and 

promotes the formation of mTORC173-75.  PRAS40 binding to mTORC1 in vitro 

inhibits mTORC1 activation, and growth factor depletion represses mTORC1 

activity in part through PRAS4076, 77.  mLST8 binds to mTOR and may be 

involved in the activation of mTOR in response to amino acids75.  DEPTOR is 

capable of inhibiting both mTORC1 and mTORC2, and its degradation is 

promoted by mTORC1 and mTORC268.  mTORC2 shares common subunits with 

mTORC1, including mTOR, DEPTOR, and mLST8.  However, several unique 
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mTORC2 members have been described, including Rictor, Sin1, and Protor68, 78-

81.  The binding of Raptor and Rictor to mTOR is exclusive to mTORC1 and 

mTORC2, respectively.  Protor associates with mTORC2 through direct binding 

to Rictor.  However, the function of Protor is elusive as it is not required for 

mTORC2 assembly or activity79.  Sin1 has been described to promote Rictor-

mTOR interaction and regulate the substrate specificity of mTORC278.   

 

Upstream Regulators of mTOR   

Upstream regulators of mTORC1 signaling include growth factors, energy 

levels, amino acids, and oxygen.  Collectively, these cellular cues are integrated 

by mTORC1 to balance cellular energy consumption (ribosome biogenesis and 

translation) and cellular energy production (autophagic production of 

metabolites).  Most of the signaling events, with the exception of growth factor 

signaling, are selective to mTORC1 but do not affect mTORC2.   

The PI3K-AKT pathway is a key upstream activator of mTOR.  Binding of 

a growth factor to its cell surface receptor initiates the signaling cascade that 

promotes mTORC1 activation.  Receptor activation creates docking sites for the 

intracellular kinase phosphoinositide-3-kinase (PI3K), which generates specific 

membrane phospholipids that are responsible for the recruitment and activation 

of AKT82.  A key antagonist of this pathway is the phosphatase and tensin 

homolog (PTEN), a tumor suppressor that reverses the activity of PI3K83 and 

thus blocks AKT activation.  An important target of AKT is the tuberous sclerosis 

complex (TSC) protein, which is a potent repressor of mTORC1 kinase activity84.  
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The TSC1-TSC2 complex functions as a GTPase-activating protein (GAP) for 

Rheb, a small GTPase that acts as a potent activator of mTORC185-87.  AKT 

activation also promotes mTORC1 activity by phosphorylating PRAS40, relieving 

its inhibitory effect on mTORC1 kinase activity88, 89.  Moreover, increased PI3K 

signaling in response to insulin activates mTORC2 by promoting mTORC2 

association with the ribosome, and this mTORC2-ribosome interaction is 

important for the oncogenic function of PI3K90.   

 

Downstream Targets of mTOR   

 The best characterized substrates of mTORC1 are the eiF4E-binding 

protein (4EB-P) 1 and the p70 S6 ribosomal kinase (S6K) 1, through which 

mTORC1 regulates the assembly of the translation machinery on a subset or 

mRNA transcripts91.  When conditions for growth are unfavorable, mTORC1-

mediated inhibition of 4E-BP1 is relieved, allowing 4E-BP1 to inhibit the pro-

translation factor eiF4E and resulting in a decrease in protein translation91, 92.  

mTORC1 also targets S6K, a kinase that targets substrates required for the 

progression of the ribosome towards the start codon of mRNA91-93.  A key 

substrate of mTORC2 is AKT80, which promotes cell survival.   
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Figure 3. The mTOR Pathway.  mTOR is a highly conserved serine/threonine kinase that 
responds to a myriad of signals, including amino acids, growth factors, and serum.  mTOR exists 
in two distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2).  A key 
substrate of mTORC1 is the p70 S6 ribosomal kinase S6K, which is phosphorylated by mTORC1 
at threonine 389.  A major substrate of mTORC2 is AKT, which is phosphorylated by mTORC2 at 
serine 473.    
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Interplay of Signaling Pathways in Organ Size Control   

 The determination of final organ size is a highly coordinated and complex 

process that is governed by the interplay of signaling pathways that play crucial 

functions in the regulation of cell number and/or cell size.  Hippo and mTOR are 

two important signaling pathways that are involved in organ size control.  Hippo 

regulates organ size by inhibiting cell proliferation and inducing apoptosis thereby 

controlling cell number, whereas mTOR regulates organ size by promoting cell 

growth thus controlling cell size (Figure 4).  Cells must grow before they can 

divide and proliferate, and as such coordination between Hippo ad mTOR is 

expected under physiological conditions.  However, such a crosstalk or its 

mechanism has not been elucidated.   
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Figure 4. Organ Size Control by Hippo and mTOR Pathways.  The Hippo pathway controls 
organ size by inhibiting cell proliferation and inducing apoptosis, thereby restricting cell number.  
The mTOR pathway regulates organ size by promoting cell growth, thereby increasing cell size.   
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MicroRNAs   

 MicroRNAs (miRNAs) comprise a large family of small non-coding RNAs 

that have emerged as important post-transcriptional regulators of gene 

expression94, 95.  In mammals it has been estimated that at least 60% of all 

protein-coding genes are regulated by microRNAs96.  MicroRNAs are involved in 

a wide range of cellular processes including cell differentiation97, proliferation98, 

apoptosis99, metabolism100, and development96.  Aberrant expression of 

microRNAs is a common feature of cancer101.   

 MicroRNAs reside in regions of the genome as distinct transcriptional units 

and in cluster of polycistronic units94, 102-104.  Some microRNAs reside in non-

protein coding RNA whereas others lie within the intron of protein coding 

genes105.  MicroRNAs are transcribed, usually by RNA polymerase Il, as primary 

transcripts with a cap and a poly-A tail94.  Within this primary microRNA (pri-

miRNA) is a 70-100 nucleotide long stem loop structure that can fold back onto 

itself, forming a hairpin structure that is recognized and cleaved by Drosha106.  

The cleaved precursor microRNA (pre-miRNA) is exported to the cytoplasm 

where it is further processed by the enzyme Dicer, yielding a ~22 nucleotide long 

mature microRNA duplex structure107.  The less stable of the strands in the 

duplex is incorporated into the RNA-induced Silencing Complex (RISC), which 

includes members of the Argonaute (Ago) protein family108.  

 MicroRNAs function by imperfectly base-pairing with specific sequences in 

the 3’ untranslated region (UTR) of target mRNAs and inhibiting protein 

translation109.  Translational inhibition by microRNAs is sometimes accompanied 
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by a reduction in target mRNA levels, resulting from accelerated adenylation of 

their poly(A) tail and subsequent exonucleolytic digestion110.  The key region of 

the microRNA that largely governs its target specificity is its seed sequence, 

which encompasses bases 2-7 from its 5’ end111.  MicroRNAs target a large 

number of genes based on the presence of hexameric seed sequence matches 

in their 3’UTRs111-114.  The target specificity of microRNAs is also determined by 

their expression pattern in tissues and organs and at different stages of 

development115-117.   

 Most of the predicted and experimentally validated microRNA binding sites 

are positioned in the 3’UTR of the mRNA.  However, in animals microRNAs can 

also target the 5’UTR and the coding region of the mRNA118-121.  Sites located in 

coding regions appear to be less robust than those in the 3’ UTR119, 121, while 

association of microRNAs with 5’UTR target sites appears to activate rather than 

repress translation120, 122.  Given their large number of targets and diversity of 

functions, microRNAs are key players in signaling and cancer.   
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Concluding Remarks   

 Each organ is patterned to a defined final size during animal development.  

The growth of an organ during this process is often accompanied with an 

increase in cell number that arises from a balanced coordination of cell growth, 

cell proliferation, and cell death.  The mechanisms for this balance must be 

precisely regulated to prevent diseases such as cancer.     

 Studies in the past decade have identified the Hippo-YAP signaling 

pathway as a critical regulator of organ size by regulating proliferation and 

apoptosis.  The importance of YAP in organ size control has been highlighted in 

several studies in which changes in YAP expression is sufficient to drive organ 

growth in an inducible and reversible manner, placing the Hippo-YAP pathway as 

a major mechanism controlling organ size.   

 The critical targets and mediators of YAP in organ size control and cancer 

remain to be uncovered.  The hypothesis of this dissertation is that microRNAs 

have important roles in mediating the functions of YAP in organ size regulation 

and cancer.  This concept is based upon the findings that several microRNAs 

have important functions in proliferation, apoptosis and tumorigenesis123.  

Moreover, the Drosophila homolog of YAP induces the expression of a 

microRNA, bantam17, 18.  Given the high conservation of the Hippo pathway, it is 

plausible to speculate that YAP may also regulate microRNAs.    

 The Introduction, in part, has been published in the manuscripts: 

Tumaneng, K. et al., Organ Size Control by Hippo and TOR Pathways, Curr Biol, 

22:R368-79, 2012; Tumaneng, K. et al., YAP mediates crosstalk between the 
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Hippo and PI(3)K-TOR pathways by suppressing PTEN via miR-29, Nat Cell Biol, 

14(12):1322-9, 2012.  The dissertation author was the primary author of these 

papers.  
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CHAPTER 1.  Investigating a crosstalk between the Hippo and mTOR 

pathways 

 

Rationale 

 Cell growth is required for cell division and hence proliferation.  As such, 

we hypothesize that the functions of Hippo and mTOR are coordinated under 

physiological conditions.  In support of this are the recent findings that mTORC1 

is activated upon deletion of the NF2 gene124 and liver-specific knockout of 

Mst1/223.  Studies in Drosophila also indicate that inactivation of the Hippo 

pathway increases mTOR signaling125, 126, though the underlying molecular 

mechanism is unknown.   These results demonstrate a crosstalk between the 

Hippo and mTOR pathways that is likely mediated by YAP.  	  

	  

YAP promotes the activation of mTOR   

 To reinforce a crosstalk between Hippo and mTOR, we performed siRNA 

knockdown of Lats1/2 in the human mammary breast epithelial cell line MCF10A.  

We found that knockdown of Lats1/2 decreased the phosphorylation of YAP at 

serine 127, which is indicative of an increase in YAP activity (Figure 5a).  Notably, 

Lats1/2 knockdown also resulted in the activation of mTORC1 and mTORC2, as 

evident in an increase in the phosphorylation of S6K (threonine 389) and AKT 

(serine 473), which are direct substrates of mTORC1 and mTORC2, respectively 



 
 

 

24	  

(Figure 5a).  Subsequently, we examined the effects of YAP on mTORC1 and 

mTORC2 by generating stable MCF10A cells with YAP overexpression, YAP 

knockdown by shRNA, and control vector.  As shown in Figure 5b, 

overexpression of YAP increased the phosphorylation of both S6K T389 and 

AKT S473.  Conversely, phosphorylation at these residues was decreased in 

YAP knockdown cells, indicating that YAP regulates mTOR activity.  We then 

investigated whether this regulation occurs in vivo using transgenic mice with 

YAP overexpression.  Indeed, in the YAP transgenic mice we observed an 

increase in the phosphorylation of the S6 ribosomal protein (serine 240/244), the 

substrate of S6K, in the intestinal crypt compartment, which was the region with 

the highest YAP expression (Figure 5c).  On the other hand, the crypt 

compartment of the control mice showed much lower levels of phosphorylated S6.  

We also observed an increase in the phosphorylation of AKT (S473) in the crypt 

compartment of the YAP transgenic mice (Figure 5d).  Cell contact is known to 

regulate YAP phosphorylation and activity22.  We found that high cell density also 

decreased the phosphorylation of S6K and AKT, which correlated with elevated 

levels of phosphorylated YAP (Figure 6a).  Similar effects of YAP knockdown on 

mTOR activity were also observed in HeLa cells (Figure 6b). Together, these 

data support a function of YAP in the regulation of mTORC1 and mTORC2.           
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Figure 5. YAP activates the mTOR pathway.  a. Lats1/2 knockdown results in the activation of 
mTORC1 and mTORC2.  MCF10A cells were transfected with non-targeting siRNA or siRNA 
targeting Lats1/2.  Cell lysates were collected after three days for immunoblotting.  b. YAP 
expression regulates mTORC1 and mTORC2 activity.  Stable MCF10A cells with YAP 
overexpression, YAP knockdown by shRNA, or control vector were generated.  Cell lysates were 
collected and immunoblotted with the indicated antibodies.  c, d. YAP overexpression activates 
mTORC1 and mTORC2 in vivo.  Immunohistochemical staining was performed using paraffin-
embedded intestine tissues from control mice and YAP transgenic mice.  Staining of YAP (green), 
phospho-S6 or phospho-AKT (red), and DAPI (blue) is shown (Scale bar, 40 µm).  Shown on the 
right are magnifications of the indicated boxed regions.   
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Figure 6. YAP inactivation correlates with mTORC1/2 inactivation. a, High cell density 
inactivates YAP and mTORC1/2.  MCF10A Cells were grown to low (~40%) or high (>100%) cell 
density.  Cell media were replaced with fresh media 10 minutes prior to harvest.  b. YAP 
knockdown in HeLa cells results in the inactivation of mTORC1/2.  YAP knockdown also 
increases the expression of the tumor suppressor PTEN.  Stable HeLa cells with control vector or 
YAP knockdown by shRNA were generated, and lysates were harvested and immunoblotted with 
the indicated antibodies.     
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YAP-induced activation of mTORC1 is not dependent on serum, amino acids, 

and growth factors 

 Several cues such as nutrients, serum, and growth factors can induce 

mTORC1 activation.  We examined whether YAP depends on these factors to 

stimulate mTORC1 activity.  To do this, we performed overnight serum starvation 

or one hour-amino acid starvation using control cells and YAP-overexpressing 

cells.  Deprivation of serum or amino acid did not abolish the YAP-induced 

increase in S6K phosphorylation (Figure 7a, 7b), indicating that these factors are 

not involved in YAP-mediated activation of mTORC1.  YAP is known to induce 

expression of many genes, including growth factors.  To determine whether the 

effect of YAP on mTORC1 is due to extrinsic factors released into the media, we 

performed a media swap experiment for 30 minutes between control cells and 

YAP-overexpressing cells.  Media swap did not affect S6K phosphorylation in the 

respective cells (Figure 7c), suggesting that YAP-induced mTORC1 activation is 

not dependent on extrinsic factors.  Consistently, no difference in ERK1/2 

phosphorylation was observed between YAP overexpression and YAP 

knockdown cells (Figure 7d).   
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Figure 7. YAP-induced mTORC1 activation is not dependent on serum, amino acids, and 
growth factors.  a. YAP can regulate mTORC1 activity in the absence of serum.  Stable 
MCF10A cells with control vector or YAP overexpression were subjected to overnight serum 
starvation (-serum, -insulin, -EGF).  Lysates were immunoblotted using the indicated antibodies.  
b., YAP can regulate mTORC1 activity in the absence of amino acids.  The indicated stable cells 
were subjected to one hour-amino acid starvation.  c. YAP-induced mTORC1 activation is not 
due to growth factor release.  The indicated stable cells were cultured for two days after which 
media were collected and swapped for 30 min prior to harvesting cell lysates.  d.  ERK1/2 
phosphorylation is not affected by YAP overexpression or knockdown.  Lysates were 
immunoblotted with the indicated antibodies.   
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The tumor suppressor PTEN is a target of YAP in the mTOR pathway   

 To test whether YAP regulates a known component of the mTOR pathway, 

we examined the protein level of known upstream regulators of mTOR and of 

proteins that are in complex with mTOR.  As shown in Figure 8a, YAP 

overexpression or knockdown did not affect the protein expression of TSC2, AKT, 

mTOR, Raptor, and Rictor.  However, YAP overexpression decreased the protein 

level of the tumor suppressor PTEN (Figure 8a).  Conversely, YAP knockdown 

increased the protein level of PTEN.  This YAP-dependent regulation of PTEN 

was similarly observed in HeLa cells (Figure 6b).  Consistently, YAP-induced 

PTEN loss led to AKT activation, as indicated by an increase in the 

phosphorylation of GSK3 and FoxO1, two well-characterized AKT substrates 

(Figure 8b).   

 To determine whether PTEN is a critical target of YAP in the regulation of 

mTOR, PTEN was ectopically expressed in YAP-overexpressing cells by 

transient transfection.  In parallel, PTEN was knocked down in YAP knockdown 

cells.  Indeed, re-expression of PTEN antagonized the effects of YAP on 

mTORC1 and mTORC2 (Figure 8c).  Conversely, knockdown of PTEN in YAP 

knockdown cells rescued mTORC1 and mTORC2 activities (Figure 

8d).  Interestingly, in PTEN-null U87MG cells YAP expression did not affect S6K 

phosphorylation (Figure 9a).  This YAP-dependent reduction of PTEN protein 

and the ability of PTEN to reverse the effects of YAP on mTORC1 and mTORC2 

suggested that PTEN is a crucial mediator of YAP in the regulation of mTOR.  
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Consistent with this, we found that inhibition of the PI3K-AKT pathway by 

Wortmannin abolished YAP-induced activation of mTORC1 and mTORC2 

(Figure 9b).  Further, we found that YAP overexpression in the intestine 

correlated with significant downregulation of PTEN (Figure 8e).  

YAP phoshorylation is regulated by G-protein-coupled receptor (GPCR) 

signaling42, 127.  For example, thrombin, a ligand for the GPCR PAR1, induces 

YAP activation in MCF10A cells127 .  Therefore, we used thrombin as a stimulus 

to determine the physiological function of YAP in PTEN regulation.  We found 

that thrombin treatment in MCF10A cells resulted in YAP activation and PTEN 

downregulation (Figure 9c).  In the absence of YAP, the effect of thrombin on 

PTEN was abolished.   

 Previously, it has been reported that liver-specific knockout of Mst1/2 

increases the phosphorylation of S6K23.  We therefore examined the status of 

PTEN in Mst1/2-/- mice.  Interestingly, we found that PTEN expression was 

significantly reduced in the livers of Mst1/2-/- mice and this correlated with YAP 

activation/dephosphorylation (Figure 8f).  Together, these results reinforce the 

existence of a crosstalk between the Hippo and mTOR pathways that is 

mediated by YAP and PTEN.       
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Figure 8. YAP negatively regulates the tumor suppressor PTEN.  a. YAP expression 
regulates PTEN protein level.  Cell lysates from the indicated stable MCF10A cell lines were 
collected at ~70% cell confluence for immunoblotting.  b. YAP-induced PTEN loss leads to 
increased AKT signaling.  Experiment was performed similarly as in (a).  c. Re-expression of 
PTEN suppresses the effects of YAP overexpression on mTORC1 and mTORC2.  Stable YAP-
overexpressing MCF10a cells were transfected with pcDNA3 or plasmid encoding PTEN.  Three 
days later, cell lysates were collected for immunoblotting.  d. PTEN knockdown rescues mTORC1 
and mTORC2 activity in YAP knockdown cells.  Stable YAP knockdown MCF10a cells were used 
as a background to generate stable cells with control vector or PTEN knockdown.  Cell lysates 
were immunoblotted with the indicated antibodies.  e. YAP overexpression downregulates PTEN 
expression in vivo.  Immunohistochemical staining was performed using paraffin-embedded 
intestine tissues from control mice and YAP transgenic mice.  Staining of YAP (green) and PTEN 
(red) is shown (scale bar, 40 µm).  f. Mst1/2 knockout in the liver results in PTEN downregulation.  
Tissue lysates were prepared from the livers of wild-type mice and Mst1/2 knockout mice (3 mice 
per group), and immunoblotted using the indicated antibodies.   
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Figure 9.  PTEN is an important mediator of YAP in the regulation of mTOR.  a. PTEN-null 
U87MG cells were used to create stable cells with YAP overexpression, YAP knockdown, or 
control vector.  Lysates from each stable cell line were harvested at ~60-70% cell confluence and 
immunoblotted with the indicated antibodies.  b. Inhibition of the PI3K pathway abolishes YAP-
induced mTORC1 activation.  Stable MCF10A cells with control vector or YAP overexpression 
were treated with Wortmannin (10 µM) for the indicated time points.  c. Thrombin activates YAP 
and downregulates PTEN expression in a manner dependent on YAP.  Stable MCF10A cells with 
control vector of YAP knockdown were serum-starved for 24 hours, and then cultured for the 
indicated times in the presence of absence of thrombin (10 U/mL).  Lysates were harvested and 
immunoblotted with the indicated antibodies.   
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Discussion 

 In this chapter we provided evidence for a crosstalk between the Hippo 

and mTOR pathways, and identified the YAP oncogene and the PTEN tumor 

suppressor as the mediators of this crosstalk.  The connection between YAP and 

PTEN has important implications in growth control and cancer biology.  The 

Hippo pathway is a key regulator of growth and its dysregulation plays a crucial 

role in cancer development.  PI3K and PTEN are two of the most frequently 

mutated genes in human cancers, resulting in unregulated mTOR signaling and 

providing irrefutable evidence for a central role of this pathway in tumor 

development.  It is plausible to speculate that the AKT-mTOR pathway may play 

a huge role in mediating the tumorigenesis induced by YAP overexpression in 

vivo.  Likewise, YAP may have an important role in the loss and inactivation of 

PTEN in human cancers.  Past studies have alluded to the possibility that YAP 

and PTEN may have an important functional link.  For instance, overexpression 

of YAP in mice produces an enlarged pancreas characterized by an increase in 

the number of acinar cells21, reminiscent of the phenotypes observed in mice 

lacking expression of PTEN in the pancreas128.  Thus, PTEN may have a 

physiological role in the biological functions of YAP.   

 Chapter 1, in part, has been published in the manuscript: Tumaneng, K. et 

al., YAP mediates crosstalk between the Hippo and PI(3)K-TOR pathways by 

suppressing PTEN via miR-29, Nat Cell Biol, 14(12):1322-9, 2012.  The 
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dissertation author was the primary author of this paper and the other authors 

helped perform experiments.   
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CHAPTER 2.  Delineating the mechanism of the Hippo-mTOR crosstalk 

 

Rationale  

 The uncovered link between YAP and PTEN is significant and exciting as 

it bridges two important signaling pathways that are major players in growth 

regulation and cancer.  Given that YAP is a transcription co-activator and that 

there has not been any evidence that YAP can directly suppress transcription, 

the effect of YAP on PTEN is likely indirect, suggesting a mediator for this 

regulation.   

 

YAP does not affect PTEN transcription, protein stability, and degradation 

 Several upstream regulators of PTEN have been reported, including early 

growth regulated transcription factor 1 (EGR1)129, insulin-like growth factor 2 

(IGF2)130, peroxisome proliferator activated receptor γ (PPARγ)131, p53132, and 

human sprouty homolog 2 (SPRY2)133, all of which have been shown to 

positively regulate PTEN transcription.  Negative regulators of PTEN have also 

been reported including the mitogen-activated protein kinase kinase-4 (MKK4)134, 

transforming growth factor beta (TGFβ)135, and the transcription factor JUN136.  

PTEN is also known to be regulated by interactions with other proteins, including 

members of the membrane guanylate-kinase inverted (MAGI) family137, 138, the 
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cytoskeletal protein vinculin139, and the microtubule-associated serine/threonine 

(MAST) kinases MAST1 and MAST3140.  Moreover, PTEN is heavily regulated by 

phosphorylation, acetylation, oxidation, and control of its localization141-144.  

Whether and how YAP affects the described regulators of PTEN are not known.       

 To elucidate the precise mechanism through which YAP suppresses 

PTEN, we first asked whether this regulation occurs at the level of transcription, 

translation, protein stability, or degradation.  We examined the effect of YAP on 

PTEN transcription by performing quantitative polymerase chain reaction with 

reverse transcription (qRT-PCR).  We found that YAP overexpression or 

knockdown did not significantly alter the level of PTEN messenger RNA (Figure 

10a), indicating that YAP does not regulate PTEN transcription.  Next, we 

performed a time-course experiment with MG132, which inhibits the proteasome.  

As a control, p53 protein accumulation was observed upon MG132 treatment 

(Figure 10b).  On the other hand, there was no difference in the protein levels of 

PTEN among YAP knockdown cells, control cells, and YAP-overexpressing cells 

after MG132 treatment, suggesting that YAP does not regulate PTEN protein 

degradation.  We also examined the effect of YAP on PTEN protein stability by 

performing a time-course experiment with cycloheximide, which inhibits de novo 

protein synthesis.  As a control, p53 protein expression disappeared after 

cycloheximide treatment  (Figure 10c).  However, there was no obvious 

difference in the protein expression pattern of PTEN after cycloheximide 

treatment among YAP knockdown cells, control cells, and YAP-overexpressing 
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cells, indicating that YAP does not affect PTEN protein stability.  Consistently, 

YAP had no effect on the phosphorylation of PTEN at the C-terminal tail (Figure 

10d), which has been reported to regulate PTEN protein stability145.  
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Figure 10. YAP does not affect PTEN transcription, degradation, and protein stability.   a. 
PTEN mRNA is not changed by YAP overexpression or knockdown.  RNA was isolated from the 
indicated stable MCF10A cell lines, and quantitative RT-PCR was performed using primers 
specific to PTEN (n=3, mean + s.e.m.).  Data were obtained from three independent experiments.  
b, c. YAP does not regulate PTEN degradation or protein stability.  Cells were treated with 
MG132 (10 µM) or cycloheximide (75 µg/mL).  Lysates were harvested at the indicated time 
points and immunoblotted with the indicated antibodies.  d. YAP expression does not affect PTEN 
phosphorylation.  Lysates from stable MCF10A cell lines with YAP overexpression, YAP 
knockdown, or control vector were immunoblotted using the indicated antibodies.  *Loading was 
normalized to PTEN.   
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The miR-29 family of microRNAs mediates YAP-dependent repression of PTEN 

 As YAP affected neither PTEN transcription nor protein stability, we 

hypothesized that YAP may regulate PTEN translation possibly through 

microRNAs.  MicroRNAs are important regulators of gene expression by 

inhibiting translation of their target mRNAs146.  Previously, it has been reported 

that the Drosophila homolog of YAP, Yorkie, induces the expression of the 

bantam microRNA that serves as a critical mediator of Yorkie’s biological 

functions17, 18.  Given the high conservation of the Hippo pathway, we 

hypothesized that microRNAs may play a role in mediating YAP-induced 

downregulation of PTEN.  To do this, we performed short interfering RNA 

(siRNA)-mediated knockdown of Dicer, an important component of the microRNA 

biogenesis machinery.  Interestingly, we found that Dicer knockdown restored 

PTEN expression in YAP-overexpressing cells (Figure 11a), suggesting that 

microRNAs are important for PTEN regulation by YAP.  To test the involvement 

of microRNAs more directly, we set out to identify potential microRNAs that are 

regulated by YAP using genome-wide deep sequencing technology.  Our data 

showed that YAP overexpression resulted in the upregulation of microRNAs, 

particularly the miR-29a/b/c family (Table 1).  Conversely, YAP knockdown 

resulted in the downregulation of miR-29a/b/c.  The regulation of miR-29 

expression by YAP was verified by qRT-PCR (Figure 11b).   Interestingly, the 

miR-29 family is predicted to target PTEN, as indicated by the presence of the 

miR-29a/b/c consensus site in the 3’ untranslated region (UTR) of PTEN (Figure 
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12).  Recently, two studies have confirmed that miR-29a and miR-29b target 

PTEN to regulate cell migration147, 148.  We then determined whether miR-29c 

regulates the PTEN 3’UTR by performing a luciferase reporter assay in HEK293 

cells.  For this, we co-transfected control miR precursor or miR-29c precursor 

with a plasmid encoding luciferase, luciferase fused with the 3'UTR of PTEN, or 

luciferase fused with the mutant 3'UTR of PTEN in which the miR-29 binding 

sites were deleted.  As shown in Figure 11c, miR-29c reduced a luciferase 

reporter that had the luciferase coding sequence fused with the PTEN 3'UTR but 

did not affect the control reporter without the PTEN 3’UTR.  Moreover, when the 

putative binding sites for miR-29c were deleted, the miR-29c-induced decrease 

in reporter activity was abolished.  Subsequently, we determined whether miR-

29c regulates the PTEN protein by transiently inducing or inhibiting miR-29c in 

MCF10A cells.  Transient overexpression or inhibition of miR-29c resulted in 

noticeable changes in PTEN protein levels (Figure 11d).  Together, these data 

suggest that miR-29c downregulates PTEN protein by targeting the PTEN 3’UTR.  

 We then investigated whether miR-29c is a direct target of YAP.  

Sequence analysis of the promoter region of miR-29c reveals putative binding 

sites for the TEAD transcription factors (Figure 13), the major transcription 

factors mediating YAP functions.  We performed chromatin immunoprecipitation 

(ChIP) with YAP antibody, followed by quantitative PCR using primers for the 

miR-29c promoter.  Our data showed that YAP did bind the promoter region of 

miR-29c, particularly the region 150-300bp upstream of the transcription start site 
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that harbors a TEAD consensus site (Figure 11e).  CTGF, a known YAP-TEAD 

target gene, and GAPDH were used as positive and negative controls, 

respectively.  Thus, YAP appears to directly induce miR-29c to target PTEN.  

The promoters of miR-29a and miR-29b1/2 also contain binding sites for TEADs 

(Figure 13), suggesting that YAP transcriptionally regulates miR-29 to inhibit 

PTEN.  Consistent with our observations, an inverse correlation between PTEN 

and miR-29 has been reported in hepatocellular carcinoma147.   

 To confirm the role of miR-29 in the regulation of PTEN by YAP, we 

transiently overexpressed each miR-29 in YAP knockdown cells and in parallel 

transiently inhibited each miR-29 in YAP-overexpressing cells.  We found that 

manipulation of a single miR-29 was sufficient to alter the effects of YAP 

overexpression or YAP knockdown on PTEN (Figure 11f).  Furthermore, each 

miR-29 is sufficient to rescue the effects of YAP knockdown on phosphorylation 

of S6K and S6 (Figure 11g).  These data support that the miR-29 family is 

important for the regulation of PTEN by YAP.   
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Discussion 

 In this chapter, we determined the underlying molecular mechanism 

through which YAP represses PTEN.  Our data establish an important role of 

microRNAs in mediating the effects of YAP on PTEN.  Here, we found that the 

miR-29 microRNAs are directly induced by YAP to target PTEN, thus linking 

Hippo to mTOR signaling.  This regulation highlights the important roles of 

microRNAs in bridging signaling pathways to regulate diverse functions and thus 

explains how deregulation of microRNA expression contributes to cancer 

development.   

It is worth noting that although the miR-29 family plays a role in mediating 

the effects of YAP on PTEN, the extent of PTEN downregulation caused by miR-

29 overexpression was not as robust as that caused by YAP overexpression, 

probably owing to the transient induction of miR29 versus stable overexpression 

of YAP.  However, it is also highly possible that additional microRNAs may be 

involved in mediating the effects of YAP on PTEN protein expression.  Indeed, 

our deep sequencing data indicate that there may be other microRNAs that 

regulate PTEN.  For instance, miR-152 and miR-130a are among the microRNAs 

induced by YAP (Table 1) and have binding sites present in the 3' UTR of PTEN.  

Based on our data, we are convinced that the regulation of PTEN by YAP occurs 

at the level of translation, and not transcription, protein stability, or degradation.  

Besides microRNAs there are other important players involved in post-
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transcriptional regulation, and it would be interesting to look into other possible 

mechanisms, such as long non-coding RNAs and polysomes.    

 Chapter 2, in part, has been published in the manuscript: Tumaneng, K. et 

al., YAP mediates crosstalk between the Hippo and PI(3)K-TOR pathways by 

suppressing PTEN via miR-29, Nat Cell Biol, 14(12):1322-9, 2012.  The 

dissertation author was the primary author of this paper and the other authors 

helped perform experiments.   
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Table 1. YAP induces the expression of the miR-29 family of microRNAs.  Deep sequencing 
was performed using miRNA-enriched RNA from stable MCF10A cells with YAP overexpression, 
YAP knockdown, and control vector.  MiRNAs that display high expression in YAP-
overexpressing cells and low expression in YAP knockdown cells are listed.   
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Figure 11. YAP induces miR-29 to target PTEN.  a. YAP-induced PTEN loss is mediated by 
microRNAs.  Stable MCF10a cells with YAP overexpression were transfected with transfected 
with non-targeting siRNA or siRNA targeting Dicer.  Cell lysates were collected for 
immunoblotting.  b. YAP regulates the expression of the miR-29 family of microRNAs.  microRNA 
expression was validated Taqman microRNA assay (n=3, mean + s.e.m.).  Data were obtained 
from three independent experiments.  c. miR-29c regulates the 3’UTR of PTEN.  HEK293 cells 
were transfected with control miR or mR-29c along with the indicated luciferase constructs.  
Luciferase activities were assayed  48 hours after transfection and normalized first to control miR 
and then to control luciferase (n=3, mean + s.e.m.).  Data were obtained from three independent 
experiments.  d. miR-29c regulates PTEN protein level.  MCF10a cells were transiently 
transfected with precursor or inhibitor for miR-29c or for control miR.  Cell medium was changed 
the following day and cell lysates were collected four days later for immunoblotting.  e. YAP binds 
the promoter of miR-29c.  Chromatin immunoprecipitation was performed using anti-YAP and 
anti-IgG antibodies followed by quantitative PCR using primers specific to the indicated promoter 
regions (n-3, mean + s.e.m.).  Data were obtained from three independent experiments.  f. miR-
29 mediates the effects of YAP on PTEN protein expression.  Precursors and inhibitors for miR-
29a, miR-29b, and miR-29c were transiently transfected in the indicated stable cells.  Cell 
medium was changed the following day, and cell lysates were harvested after four days.  g. 
Expression of miR-29 is sufficient to rescue the effects of YAP knockdown on S6K 
phosphorylation.  Experiment was performed similar as in (g) and lysates were harvested six 
days later for immunoblotting.    
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Figure 12. miR-29 microRNAs are predicted to target PTEN.   Target scan analysis indicates 
the presence of miR-29 binding sites in the 3' untranslated region of PTEN.   
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Figure 13.  miR-29 microRNAs are putative target genes of YAP-TEAD.  The promoters of 
miR-29a, miR-29b, and miR-29c contain perfect binding sites for the TEAD family of transcription 
factors.   
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CHAPTER 3.  Establishing the significance of the Hippo-mTOR crosstalk 	  

 

Rationale  

 Hippo and mTOR are crucial regulators of growth and tumorigenesis.  The 

data shown in Chapter 2 reveal how these two pathways are linked, providing a 

molecular mechanism that can be therapeutically targeted in cancer.  Here, we 

want to establish that the identified mechanism is physiologically relevant.   

 

PI3K-mTOR is a pathway modulated by YAP to regulate cell size, tissue growth, 

and hyperplasia  

 To validate the crosstalk between Hippo and mTOR, we determined 

whether YAP regulates the functions of mTOR by analyzing the effects of YAP 

on cell size.  We observed that YAP-overexpressing cells appeared larger than 

control cells when examined under a light microscope.  To confirm the effect of 

YAP on cell size, we cultured MCF10A cells to about ~40% confluence, 

synchronized the cells by overnight serum starvation, and then analyzed cell size 

by flow cytometry using forward scatter.  Indeed, we observed that cell size was 

increased in YAP-overexpressing cells and more significantly in cells 

overexpressing the constitutively active form of YAP, YAP-5SA (Figure 14a).  

Interestingly, the YAP-induced increase in cell size was mimicked by PTEN 
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knockdown (Figure 14b).  To determine whether mTOR mediates the effects of 

YAP on cell size, we inhibited the mTOR pathway by rapamycin treatment in 

control cells and YAP-overexpressing cells.  We found that rapamycin treatment 

indeed abolished the YAP-induced increase in cell size, and the corresponding 

histogram of YAP-overexpressing cells with rapamycin treatment overlapped with 

that of control cells with rapamycin treatment (Figure 14c).  Similarly, treatment 

with LY294002, which also inhibits mTOR via inhibition of PI3K, abolished the 

effect of YAP on cell size (Figure 14d).  These data strongly demonstrate that 

YAP has an important function in the regulation of cell size that is mediated by 

the PI3K/PTEN-mTOR pathway.  This function of YAP in cell size regulation was 

also confirmed in vivo.  Using YAP transgenic mice with YAP overexpression in 

the skin, we found that the keratinocytes in the YAP transgenic mice were 

significantly larger compared to the keratinocytes in control mice (Figure 14e), 

thus reinforcing a function of YAP in regulating cell size.  Although transient 

overexpression of miR-29 positively contributes to mTOR activity, we did not 

observe a detectable effect of miR-29 on cell size, possibly due to a weak 

activation of mTOR from transient overexpression of miR-29.     

 To establish the functional significance of the Hippo-mTOR crosstalk in 

vivo, we tested whether inhibition of the PI3K-mTOR pathway suppressed YAP-

induced tissue overgrowth phenotypes.  It has been reported that YAP 

overexpression in the skin leads to tissue expansion and hyperplasia29, 30.  

Notably, we found that YAP overexpression in the skin resulted in mTOR 
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activation as indicated by the increased phosphorylation of S6 (Figure 15a).  

Therefore, we performed LY29,4002 treatment in control mice and YAP 

transgenic mice.  As shown in Figure 15b, activation of YAP under the K14-Cre 

promoter resulted in thickening and hyperplasia of the epidermis and the tongue.  

Remarkably, the extent of hyperplasia was significantly reduced upon inhibition 

of the PI3K-mTOR pathway in the YAP transgenic mice, suggesting that PI3K-

mTOR is a pathway modulated by YAP to drive tissue expansion.  Consistently, 

decreased phosphorylation of S6 confirmed the inhibition of mTOR in the YAP 

transgenic mice by LY29,4002 and correlated with reduction of YAP-induced 

overgrowth and hyperplasia (Figure 15b, 15c).  These findings support that the 

PTEN axis is an important component contributing to YAP-driven tissue 

overgrowth in vivo.     
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Figure 14. YAP regulates cell size.  a-e. YAP increases cell size in a manner dependent on 
PI3K/PTEN-mTOR.  Flow cytometry was performed using forward scatter.  a. Stable MCF10a 
cells with control vector, YAP overexpression, or constitutively active YAP were grown to ~40% 
confluence and serum-starved overnight, then trypsinized, washed with 0.5% BSA/PBS, and 
stained with 7-AAD to exclude dead cells.  b. Stable YAP knockdown MCF10a cells were used as 
a background to knockdown PTEN.  Cells with both YAP and PTEN knockdown were puromycin-
resistant and dsRed+ whereas cells with only YAP knockdown were puromycin-resistant and 
dsRed-.  Cells were serum starved overnight.  c-d. Cells were grown to ~30% confluence, then 
treated with rapamycin (20 nM) or LY294,002 (10µM) for 36 hours, then serum-starved overnight.  
e. Keratinocytes were isolated from the skin tissues of control mice and YAP transgenic mice.   
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Figure 15.  PI3K-mTOR is a pathway modulated by YAP to regulate tissue growth and 
hyperplasia.  a. YAP overexpression in the skin results in the activation of mTORC1.  Staining of 
YAP (green), phospho-S6 (red), and DAPI (blue) is shown (Scale bar, 100 µm).  b. Inhibition of 
the PI3K-mTOR pathway abolishes YAP-induced hyperplasia of the tongue and reduces YAP-
induced epidermal thickening.  H&E staining was performed using skin and tongue tissues from 
the indicated mice.  LY denotes injection of LY294,002.  c. Reduced phospho-S6 staining 
confirms reduction of PI3K-mTOR activity by LY294,002.  Staining of YAP (green), phospho-S6 
(red), and DAPI (blue) is shown (Scale bar, 100 µm).  
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Figure 16. Proposed model of crosstalk between Hippo and mTOR.  YAP mediates the 
functions of the Hippo pathway in growth control and tumorigenesis, and among the target genes 
of YAP is the miR-29 family of microRNAs, which inhibit the tumor suppressor PTEN by binding 
to the 3' UTR of PTEN.  PTEN is a key antagonist of PI3K and a well-established upstream 
negative regulator of mTOR.  YAP-mediated repression of PTEN thus leads to increased AKT 
signaling, ultimately resulting in mTOR activation.   
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Discussion 

 Our studies establish an important functional link between Hippo and 

mTOR, two major signaling pathways that play crucial roles in organ size control.  

Coordination between these two pathways is expected given the function of YAP 

in cell proliferation, which cannot be sustained without cell growth.  The 

functional regulation of PTEN by YAP revealed in this study has important 

implications in growth regulation.  PTEN is a key negative regulator of the cell-

survival signaling pathway initiated by PI3K, whose activation is triggered by 

ligand binding to receptor tyrosine kinases (RTKs).  mTOR functions as a nutrient 

sensor that integrates PI3K-mediated growth factor signaling to regulate cell 

growth.  The recent discovery of the Hippo pathway as a downstream signaling 

branch of GPCRs suggests that a wide range of secreted signals could modulate 

growth through the Hippo pathway.  The link from YAP to PTEN to mTOR 

reveals a possible integration of GPCRs, RTKs, and nutrient status in growth 

control, illustrating how a web of signaling networks coordinate with each other to 

fine-tune physiological and pathological processes.  Given the prominent roles of 

both YAP and PTEN in tumorigenesis, it would be interesting to explore the 

interplay of these genes in human cancers.      

 Chapter 3, in part, has been published in the manuscript: Tumaneng, K. et 

al., YAP mediates crosstalk between the Hippo and PI(3)K-TOR pathways by 

suppressing PTEN via miR-29, Nat Cell Biol, 14(12):1322-9, 2012.  The 
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dissertation author was the primary author of this paper and the other authors 

helped perform experiments.   
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CHAPTER 4.  Delineating the mechanism of YAP in EMT 

 

Rationale  

 EMT (epithelial-mesenchymal transition) is a cellular program that allows 

cancer cells to gain increased motility and invasiveness, which are required for 

tumor infiltration and metastasis.  YAP has been implicated in the regulation of 

EMT31 and metastasis35, but the precise mechanisms have not been elucidated.   

 

Epithelial-mesenchymal transition   

 Unrestrained epithelial cell proliferation and angiogenesis are hallmarks of 

the initiation of primary epithelial cancers149.  At the invasive front of primary 

tumors are carcinoma cells, which are involved in the subsequent steps of the 

invasion-metastasis cascade including intravasation, transport through the 

circulation, extravasation, formation of micrometastases, and ultimately 

colonization.  The activation of an epithelial-mesenchymal transition (EMT) is 

proposed as a critical mechanism for the initiation of the invasion-metastasis 

cascade of cancer cells150.  EMT is a reversible program in which epithelial cells 

lose cell-cell contacts and gain mesenchymal characteristics151.  As a result, cells 

acquire spindle-shaped morphologies and enhanced migratory properties (Figure 

17).  EMT is essential for embryonic development, including gastrulation, neural 

crest formation, and development of tissues and organs152-155.  In adults EMT is 

an early step in metastasis of tumor cells from their primary site156.   
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Figure 17.  Epithelial-mesenchymal transition (EMT).  EMT is characterized by loss of the 
epithelial marker E-cadherin and upregulation of the mesenchymal markers N-cadherin and 
vimentin .   
 

YAP induces epithelial-mesenchymal transition (EMT)   

To confirm a function of YAP in the regulation of EMT, we used the human 

mammary epithelial cell line MC10A.  We found that overexpression of YAP 

decreased the protein level of the epithelial marker E-cadherin and 

simultaneously increased the protein levels of the mesenchymal markers N-

cadherin and vimentin (Figure 18a).  In contrast, knockdown of YAP increased 

the expression of E-cadherin and concurrently decreased the expression of N-

cadherin and vimentin.  We observed similar changes in the mRNA expression of 

the EMT markers to the pattern observed at the protein level (Figure 18b), 

suggesting that YAP regulates the expression of these EMT markers at the 

transcriptional level.      

 The acquisition of mesenchymal phenotypes induces cells to gain 

migratory properties157 .  Consistently, we found that YAP overexpression 

resulted in increased cell migration (Figure 18c).  The loss of cell junction 



 
 

 

58	  

complexes during EMT leads to cytoskeletal rearrangements and formation of 

stress fibers158, 159.  We analyzed the effects of YAP on the actin cytoskeleton by 

performing immunofluorescence staining with phalloidin, which binds F-actin.  

Indeed, YAP overexpression in MCF10A cells induced the formation of stress 

fibers (Figure 18d).  In contrast, stress fibers were not formed in YAP knockdown 

cells.  Moreover, cells with YAP knockdown displayed a more intact intercellular 

connection whereas cells with YAP overexpression appeared loosely connected, 

consistent with the E-cadherin expression patterns in these cells.  Together, 

these data demonstrate a function of YAP in regulating EMT.    
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Figure 18. YAP induces EMT.  a. YAP regulates the protein levels of EMT markers.  Stable 
MCF10A cell lines with YAP overexpression, YAP knockdown by shRNA, or control vector were 
generated.  Lysates were harvested and immunoblotted with the indicated antibodies.  b., YAP 
regulates the mRNA levels of EMT markers.  RNA was isolated from the indicated stable cell 
lines, and quantitative RT-PCR was performed.  c. YAP regulates cell migration.  Cell migration 
assay was performed using the indicated stable cell lines, following manufacturer's protocol.  Cell 
migration was analyzed after 2 days.  d. YAP regulates the formation of stress fibers.  
Immunofluorescence staining was performed using the indicated stable cells.  Staining of 
Phalloidin (red) and DAPI (blue) is shown.  Enlarged views of boxed images are indicated.   
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YAP represses the expression of the miR-200 family of microRNAs 

 We then investigated how YAP regulates EMT.  As a transcription co-

activator, YAP is known to induce gene transcription.  Among the most widely 

known target genes of YAP is the connective tissue growth factor (CTGF)54.  

However, knockdown of CTGF alone does not reverse the EMT-like morphology 

induced by YAP overexpression in monolayer culture34, suggesting other 

mechanisms may be involved.  In Drosophila among the key genes induced by 

Yorkie, the homologue of YAP, is the bantam microRNA, which plays a critical 

role in mediating the biological effects of Yorkie17, 18.   

Non-coding microRNAs are known to be important components of the 

cellular signaling circuitry that regulates EMT160-163.  Interestingly, we found that 

YAP overexpression decreased the expression of the miR-200 family of 

microRNAs, particularly miR-200c and miR-141, which are known to function as 

EMT suppressors (Figure 19a).  Conversely, YAP knockdown increased the 

expression of miR-200c and miR-141, indicating a function of YAP in the 

regulation of the miR-200 family.  The negative regulation of miR-200c and miR-

141 by YAP was verified by Taqman microRNA assay (Figure 19b).    

 We then determined the roles of miR-200c and miR-141 in YAP-induced 

EMT.  To do so, we overexpressed precursors for miR-200c and miR-141 in YAP 

overexpressing cells and examined effects on the EMT markers.  We found that 

overexpression of miR-200c and miR-141 resulted in the reversal of EMT, as 

indicated by the significant upregulation of E-cadherin and noticeable 
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downregulation of N-cadherin and vimentin (Figure 19c).  These data indicate 

that miR-200c and miR-141 play important roles in mediating YAP-induced EMT.   

 MicroRNAs act by repressing translation of target mRNAs, sometimes 

without affecting the mRNA levels of their targets.  We found that overexpression 

of miR-200c and miR-141 significantly increased the transcription of E-cadherin 

(Figure 19d), suggesting that miR-200c and miR-141 may have a target that in 

turn transcriptionally regulates E-cadherin.       
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Figure 19.  YAP represses the miR-200 family of microRNAs.  a. YAP negatively regulates the 
expression of miR-200 and miR-141.  Deep sequencing was performed using miRNA-enriched 
RNA from stable MCF10A cells with YAP overexpression, YAP knockdown, or control vector.  
miRNAs that display low expression in YAP-overexpressing cells and high expression in YAP 
knockdown cells are shown.  b. miRNA expression was validated by Taqman microRNA assay.  
c-d. Overexpression of miR-200c and miR-141 suppresses the effects of YAP overexpression on 
EMT markers.  Precursors for miR-200c and miR-141 were transfected in MCF10A cells.  Two 
days after transfection, lysates were harvested for immunoblotting.  miRNA expression was 
detected by Taqman microRNA assay.   
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Zeb2 is a critical mediator of YAP in the induction of EMT 

 The actions of several EMT-inducing transcription factors are critical in 

facilitating the acquisition of a mesenchymal phenotype.  These transcription 

factors include Twist, Slug, Zeb1, and Zeb2, all of which can inhibit transcription 

of E-cadherin164, 165.  We examined the effects of YAP on these transcription 

factors and found that YAP overexpression or knockdown did not affect the 

expression of Twist and Slug, suggesting that these transcription factors are not 

involved in YAP-induced EMT (Figure 20a).  YAP-induced EMT correlated with 

the repression of Snail, indicating that Snail does not account for the EMT 

phenotypes induced by YAP overexpression.  The miR-200 family has been 

reported to target Zeb1 and Zeb2 by binding to the 3' untranslated regions 

(UTRs) of Zeb1 and Zeb2166, 167.  We found that YAP overexpression resulted in 

Zeb2 induction whereas YAP knockdown resulted in Zeb2 repression (Figure 

20a), indicating a function of YAP in the regulation of Zeb2.  While YAP 

overexpression did result in Zeb1 induction, we observed a modest repression of 

Zeb1 when YAP was knocked down, suggesting that Zeb1 may have a less 

important role in YAP-induced EMT.  The YAP-dependent regulation of Zeb2 

expression suggested that Zeb2 may be a critical mediator of YAP in promoting 

EMT.   

 While the miR-200 family can inhibit Zeb2 by targeting the Zeb2 3'UTR, 

Zeb2 can also inhibit the miR-200 family by directly binding to the E2 box present 

in the promoters of these microRNAs168.  Thus, Zeb2 and the miR-200 family 
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form an intricate double negative feedback loop.   Since YAP is a transcription 

co-activator, the repression of miR-200c and miR-141 by YAP is likely indirect.  

To determine the role of Zeb2 in YAP-induced EMT, we knocked down Zeb2 in 

YAP-overexpressing MCF10A cells.  We found that Zeb2 knockdown completely 

abolished the effects of YAP on the expression of E-cadherin, N-cadherin, and 

vimentin (Figure 20b).  Zeb2 knockdown also restored the expression of miR-

200c and miR-141 in YAP-overexpressing cells (Figure 20), suggesting that Zeb2 

is a critical mediator of YAP in the repression of the miR-200 family and induction 

of EMT.   

 

Zeb2 is a direct target of YAP-TEAD   

 Subsequently, we determined how YAP regulates the expression of Zeb2.  

The TEADs are the major transcription factors that mediate the functions of YAP 

in cell proliferation and apoptosis through regulation of gene transcription49, 54.  To 

determine whether the TEADs play an important role mediating the EMT 

phenotypes of YAP, we knocked down the TEADs in YAP-overexpressing 

MCF10A cells.  Indeed, knockdown of the TEADs suppressed the effects of YAP 

overexpression on EMT and Zeb2 (Figure 21a-b).  We also examined the ability 

of the YAP-S94A mutant, which cannot bind TEADs, to promote EMT.  Indeed, 

YAP-S94A was completely defective in inducing Zeb2 and therefore unable to 

repress E-cadherin (Figure 21c-d).  In addition, we found that YAP-S94A could 

not induce N-cadherin and vimentin, and rather abolished the expression of 
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these mesenchymal markers, demonstrating a dominant-negative effect.  

Subsequently, we performed chromatin immunoprecipitation (ChIP) using YAP 

and TEAD1 antibodies, followed by qPCR using primers for the promoter region 

of Zeb2.  We found that YAP and TEAD1 did bind the promoter region of Zeb2 

(Figure 21e), suggesting that YAP-TEAD regulates Zeb2 transcription by directly 

binding to the Zeb2 promoter.   
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Figure 20.  Zeb2 is a critical mediator of YAP in the induction of EMT.  a. YAP regulates the 
expression of Zeb2.  RNA was isolated from the indicated stable cells, and quantitative RT-PCR 
was performed.  b. Knockdown of Zeb2 abolishes the effects of YAP overexpression on EMT 
markers.  Zeb2 was knocked down by shRNA in stable YAP-overexpressing MCF10A cells.  
Western blot was performed using the indicated antibodies.  mRNA expression was examined by 
quantitative RT-PCR and cell morphology was examined by light microscopy.  c. Knockdown of 
Zeb2 restores the expression of miR-200c and miR-141 in YAP-overexpressing cells.  miRNA 
expression was detected by Taqman microRNA assay.   
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Figure 21.  Zeb2 is a direct target of YAP-TEAD.  a. Knockdown of TEAD1/3/4 suppresses the 
effects of YAP overexpression on EMT markers.  Stable MCF10A cell line with YAP 
overexpression was used as a starting cell line to knockdown TEAD1/3/4 by shRNA.  Western 
blot was performed using lysates from the indicated samples.  b. Knockdown of TEAD1/3/4 
suppresses the effect of YAP overexpression on Zeb2.  Quantitative RT-PCR was performed 
using the indicated primers.  c. YAP S94A is unable to promote EMT.  The indicated stable cells 
were generated by retrovirus infection.  Western blot was performed using the indicated 
antibodies.  d. YAP S94A is unable to induce Zeb2 and regulate EMT markers.  RNA was 
isolated from the indicated stable cells, and quantitative RT-PCR was conducted.  e-f. YAP and 
Tead1 bind the promoter region of Zeb2.  ChIP was performed using YAP and TEAD1 antibodies, 
followed by quantitative PCR using primers for the Zeb2 promoter region.   
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Discussion  

 Studies in the past decade have confirmed the importance of the Hippo 

pathway in cancer development and progression.  Despite this, little is known 

about the underlying mechanisms through which this pathway contributes to 

cancer.  Here, we demonstrated he importance of YAP in the regulation of EMT 

and revealed Zeb2 as an important target gene and mediator of YAP in EMT.  

The function of YAP in EMT is largely, if not solely, mediated by Zeb2 in that 

Zeb2 knockdown alone abolished the EMT phenotypes of YAP.  We also found 

that miR-200c and miR-141 are important downstream mediators of YAP in EMT.  

Zeb2 and miRs-200c/141 can inhibit each other, forming an intricate double 

negative feedback loop.  The repression of miR-200c and miR-141 by YAP is 

likely primarily attributed to Zeb2 as knockdown of Zeb2 is sufficient to restore 

the expression of these microRNAs in YAP-overexpressing cells.   

 The precise function of YAP-mediated Zeb2 induction in normal 

physiology remains to be investigated.  Search for downstream mediators of YAP 

has been mostly focused on genes that are induced by YAP overexpression 

given the well-established function of YAP as a transcription co-activator.  

However, YAP is known to downregulate some genes54.  The connection 

between YAP, a transcriptional co-activator, and Zeb2, a transcriptional 

repressor, provides a potential mechanism through which YAP overexpression 

regulates gene repression.   
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 Chapter 4, in part, has been included in the manuscript “YAP promotes 

epithelial-mesenchymal transition (EMT) and tumor metastasis by targeting the 

Zeb2-miR-200 loop", which is in preparation for submission.  The dissertation 

author is the primary author of this paper and the other authors helped perform 

experiments.   
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CHAPTER 5.  Establishing the significance of YAP-induced EMT  

 

Rationale  

 EMT is a critical step in the initiation of the invasion-metastasis cascade of 

cancer cells and provides a relevant mechanism through which YAP contributes 

to metastasis.  In order to establish that YAP is a relevant target in metastasis, 

we have to validate that YAP-induced EMT via Zeb2 is indeed critical in the 

metastasis of cancer cells in vivo.    

 

YAP and Zeb2 are important for EMT, tumor colonization, and metastasis of 

cancer cells 

 We examined the functional significance of YAP-dependent regulation of 

Zeb2 in the context of the invasion-metastasis cascade.  The cell lines of the 

NCI-60 panel represent different cancer types and have been extensively utilized 

for drug screening.  We searched among this panel for an epithelial-derived 

cancer cell line with high expression of YAP.  We chose the high YAP-expressing 

EKVX cell line, which is derived from non-small cell lung adenocarcinoma.  

Interestingly, the YAP paralog TAZ has recently been identified as an oncogene 

in non-small cell lung cancer (NSCLC)169.  To investigate a potential role of YAP 

in this cancer, we generated stable EKVX cells with YAP knockdown or Zeb2 

knockdown by shRNA.  Remarkably, knockdown of YAP alone reverted the 
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phenotypes of the EKVX cells to epithelial-like properties as indicated by the 

upregulation of E-cadherin and the downregulation of N-cadherin and vimentin 

(Figure 22a).  These phenotypes correlated with suppression of Zeb2 (Figure 

22b).  Consistently, knockdown of Zeb2 alone in EKVX cells mimicked the 

epithelial-like phenotypes induced by YAP knockdown in these cells (Figure 22a-

b).  The sufficiency of YAP and Zeb2 in reversing the properties of the EKVX 

cells suggests the importance of YAP-mediated Zeb2 regulation in the 

aggressive phenotypes of these cancer cells.   

 To determine the significance of YAP-mediated Zeb2 induction in cancer 

metastasis in vivo, we injected via tail vein EKVX cells stably expressing control 

vector, YAP shRNA or Zeb2 shRNA in eight week-old female SCID mice.  Two 

months after injection, we analyzed the lungs of these mice.  Interestingly, the 

lungs of mice with EKVX control cells displayed multiple nodules, highlighting the 

capacity of these cancer cells to make their passage through the circulation to 

colonize target sites (Figure 22c).  Remarkably, YAP knockdown and Zeb2 

knockdown both prevented tumor colonization of the EKVX cancer cells (Figure 

22c-d), demonstrating the critical role of YAP in the regulation of Zeb2 and 

subsequent metastasis.  We further verified the role of YAP in metastasis using a 

highly metastatic cancer cell line, TB2T4.  The basal expression of YAP in this 

cancer cell line is not high (Figure 23a).  These cancer cells displayed significant 

lung metastasis when injected in mice via tail vein.  Remarkably, knockdown of 

YAP alone in these cancer cells prevented lung metastasis (Figure 23c-d), and 
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correlated with downregulation of Zeb2 (Figure 23d).  Together, these results 

highlight a pivotal role of YAP in the regulation of Zeb2 and metastasis.   
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Figure 22.  YAP and Zeb2 are important for EMT and tumor colonization of cancer cells.  a. 
YAP knockdown and Zeb2 knockdown reverse EMT in EKVX cancer cells.  Stable EKVX cells 
with control vector, YAP knockdown, or Zeb2 knockdown were generated by lentivirus infection.  
Western blot was performed using the indicated antibodies.  b. Knockdown of YAP in EKVX cells 
results in the suppression of Zeb2.  Quantitative RT-PCR was performed using RNA from the 
indicated stable cells.  c-d. YAP knockdown and Zeb2 knockdown prevent tumor colonization of 
EKVX cancer cells in mice.  Tail vein injection was performed in mice using the indicated stable 
cells.  Two months later, mice were sacrificed and the respective lungs were analyzed.  
Representative H&E of lung tissues from each group is shown (scale bar: 50 um).  Number of 
lung metastatic nodules of the mice in each group is shown (n=5, **p<0.01).  
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Figure 23.  YAP knockdown is sufficient to block cancer metastasis.  a, Stable TB2T4 cells 
with control vector or knockdown were generated by lentivirus infection.  Western blot was 
performed using the indicated antibodies.  b-c, Tail vein injection was performed in mice using 
the indicated stable cells.  Two months later, mice were sacrificed and the respective lungs were 
analyzed.  Representative lung tissues from each group are shown (b) and quantification is 
indicated in (c).  d, Quantitative RT-PCR was performed using RNA isolated from the indicated 
stables.      
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Discussion 

 In this study we established the importance of YAP in cancer with the 

demonstration that knockdown of YAP alone is sufficient to reverse cancer 

phenotypes.  YAP plays a pivotal role in modulating EMT as its overexpression 

can drive EMT in normal cells, whereas its knockdown is sufficient to revert EMT 

in cancer cells and prevent tumor colonization in mice.  We delineated the 

mechanism of this regulation and identified Zeb2 as an important mediator of 

YAP in cancer.  The function of YAP in EMT and cancer metastasis is largely, if 

not solely, mediated by Zeb2 as Zeb2 knockdown alone is able to recapitulate 

the same phenotypes as YAP knockdown.  Consistent with this model, Zeb2 

knockdown reverts the phenotypes caused by YAP overexpression in culture.   

 The functional importance of YAP and Zeb2 in the metastasis of EKVX 

cells demonstrated in our study suggests that this mechanism may be a potential 

target for preventing the dissemination of non-small cell lung cancer (NSCLC).  

Indeed, recent evidence has emerged implicating a potential role of YAP in the 

progression of non-small cell lung adenocarcinoma.  Elevated YAP expression 

was reported in 70% of NSCLC patients and was particularly observed in the late 

period of tumor stage170.  YAP overexpression also correlated with metastasis 

and associated with poor survival of NSCLC patients171.  The recent identification 

of TAZ, which has the same functions as YAP, as an oncogene in NSCLC169 

further strengthens the possibility that the Hippo-YAP/TAZ pathway is likely 

involved in the development and progression of this cancer.        
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 The link between YAP and Zeb2 revealed in this study has important 

implications in growth control and metastasis.  A well known function of Zeb2 is 

the repression of E-cadherin, which plays an important role in the maintenance of 

cell adhesion and cell integrity that in turn affect cell fate decisions via several 

intracellular signaling pathways.  YAP is known to be inactivated by cell-cell 

contact.  E-cadherin has been reported to mediate contact inhibition of 

proliferation through the Hippo-YAP pathway172, illustrating a feedback regulation 

that likely coordinates cell adhesion with cell growth and proliferation.  Hence, 

YAP may not only regulate Zeb2 to facilitate tumor metastasis via EMT induction, 

but also aid in the proliferation of cancer cells via repression of E-cadherin, thus 

relieving the inhibitory effects of cell contact on YAP.  How these biological 

processes are coordinated under physiological conditions require a more in-

depth future investigation.   

 Chapter 5, in part, has been included in the manuscript “YAP promotes 

epithelial-mesenchymal transition (EMT) and tumor metastasis by targeting the 

Zeb2-miR-200 loop", which is in preparation for submission.  The dissertation 

author is the primary author of this paper and the other authors helped perform 

experiments.   
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Figure 24.  MicroRNAs as key mediators of YAP.  MicroRNAs play important roles in mediating 
the functions of YAP in organ size control, tumorigenesis, and metastasis.  Among the 
microRNAs regulated by YAP are the miR-29 microRNAs, which are induced by YAP 
overexpression.   
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CONCLUSION  

 Extensive studies in the past decade have established a crucial role for 

the Hippo-YAP pathway in organ size control and cancer.  Until recently, the 

Hippo pathway was known to regulate organ size by regulating cell proliferation 

and cell death to control cell number.  Our studies, along with recent studies from 

other groups, have uncovered that PI3K-mTOR signaling is modulated by the 

Hippo pathway to regulate growth, thus highlighting an important interplay 

between these two pathways in organ size control.  This crosstalk also led us to 

identify new downstream targets of YAP.   

 Our studies have uncovered a role of microRNAs in mediating the 

downstream effects of Hippo-YAP signaling (Figure 24).  The miR-29 family links 

the YAP oncogene to the PTEN tumor suppressor, in turn bridging the Hippo and 

mTOR pathways.  The functional link between YAP and PTEN suggests the 

possibility that this may be an important mechanism through which PTEN is 

downregulated in some cancers.  It will be an important future study to determine 

the pathological link between these two genes in cancer.  Likewise, it will be 

important to examine other possible microRNA targets of YAP that can mediate 

the effects of YAP on PTEN.  Given that our sequencing data contain additional 

PTEN-targeting microRNAs, it will be interesting to also examine other possible 

microRNA targets of YAP that can repress PTEN to determine whether the 

extent of PTEN downregulation caused by YAP overexpression is a reflection of 

a combinatorial and synergistic function of microRNAs.  Another important future 

study is to evaluate the physiological role of the miR-29 family in tissue growth in 
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vivo.  It has recently been reported that miR-29 regulates myogenic 

differentiation through the transforming growth factor beta β (TGF-β)-Smad3 

signaling pathway by regulating the fate of skeletal muscle precursors, which is 

crucial in skeletal muscle growth173, supporting a likely function of miR-29 in 

organ size regulation.  Further, it will be intriguing to investigate other targets of 

miR-29 to discover other downstream mediators and functions of YAP.   

 The elucidation of the mechanism through which YAP contributes to 

cancer is important in that cancer metastasis remains a prevailing cause of 

cancer deaths.  Knowing where and how to interfere with the complex, multi-step 

process of metastasis offers promise for preventing tumor dissemination.  The 

ability of Zeb2 to mediate the effects of YAP in normal, as well as cancer, cells 

indicates that this regulation is important both in normal physiology and disease.  

The physiological role of YAP-mediated regulation of Zeb2 awaits discovery.  

Collectively, the studies conducted in this dissertation have helped us understand 

the intricate relationships between signaling pathways and allowed us to uncover 

the underlying molecular mechanisms through which growth and cancer are 

regulated by the Hippo pathway.   

 The Conclusion, in part, has been published in the manuscripts: 

Tumaneng, K. et al., Organ Size Control by Hippo and TOR Pathways, Curr Biol, 

22:R368-79, 2012 and Tumaneng, K. et al., YAP mediates crosstalk between the 

Hippo and PI(3)K-TOR pathways by suppressing PTEN via miR-29, Nat Cell Biol, 

14(12):1322-9, 2012 and has been included in the manuscript “YAP promotes 

EMT and metastasis by targeting the Zeb2-miR-200 loop”, which is in preparation 



 
 

 

80	  

for submission.  The dissertation author was the primary author of these papers 

and others helped perform experiments.   
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APPENDIX. MATERIALS AND METHODS 

 

Cell Culture and Lentiviral Infections 

 All cell lines were maintained at 37°C with 5% CO2.  MCF10A cells were 

cultured in DMEM/F12 (Invitrogen) supplemented with 5% horse serum 

(Invitrogen), 20 ng/mL EGF, 0.5 µg/mL hydrocortisone, 10 µg/mL insulin, 100 

ng/mL cholera toxin, and 50 µg/mL penicillin/streptomycin (P/S).  All other cells 

were cultured in DMEM supplemented with 10% FBS and 1% P/S.  Cells stably 

expressing PQCX1H empty vector, YAP, and YAP-5SA were generated by 

retroviral infection as previously described 22.  For lentiviral infection, HEK293T 

cells were transfected with lentiviral constructs and packaging plasmids (psPAX2 

and pMD2.G).  Forty-eight hours after transfection, the lentiviral supernatant was 

supplemented with 0.5 µg/mL polybrene, filtered through a 0.45-µM filter, and 

used to infect target cells.  PTEN, YAP, and TEAD1/3/4 shRNAs were described 

previously22, 54, 145.   

Antibodies  

 The following antibodies were purchased from Santa Cruz Biotechnology:  

YAP (sc-15407, 1:500), GAPDH (sc-20357, 1:1000), TSC2 (sc-893, 1:200), and 

Dicer (sc-136980, 1:200).  The following antibodies were purchased from Cell 

Signaling Technology: S6K (#9202L, 1:1000), phospho-S6K (#9234L, 1:1000), 

AKT (#9272, 1:1000), phospho-AKT S473 (#4058S, 1:1000), GSK3α (#9338, 

1:1000), p-GS6K3α/β (#9331L, 1:1000), PTEN (#9552, 1:1000), phospho-PTEN 
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(#9554S, 1:1000), p-YAP (#4911, 1:1000), Raptor (#2280, 1:1000), Rictor 

(#2140, 1:1000), mTOR (#2972, 1:1000), FoxO1 (#9462, 1:1000), p-FoxO1 

(#9461, 1:000), S6 (#2217S, 1:1000), phospho-S6 (#2215S, 1:1000), Lats 

(#3477S, 1:1000), and Mst1 (#3682S, 1:1000).  Tubulin antibody (T5326, 1:8000) 

was purchased from Sigma Aldrich.  TEF-1 (cat # 610922, 1:500), N-cadherin 

(cat # 610920, 1:250), and Vimentin (cat # 550513, 1:10,000) antibodies were 

purchased from BD Transduction Laboratories.  E-cadherin antibody (ab1416, 

1:1000) was purchased from Abcam.  Myc (9E10) antibody was obtained from 

Covance.   

YAP Intestinal Overexpression 

 As previously described21, tetracycline-inducible YAPS127A male mice, 4 

to 6 weeks in age, were given doxycycline (1 mg/mL) ad libitum in their drinking 

water.  These mice contain a single allele for YAPS127A in the Collagen A1 

locus and the M2-reverse tetracycline transactivator in the Rosa26 locus.  Mice 

were sacrificed five days after induction via carbon dioxide inhalation followed by 

cervical dislocation.  Intestines were removed from the animal and fixed in 4% 

paraformaldehyde in PBS at 4°C overnight. Intestines were then washed in PBS 

the following day prior to embedding for paraffin sectioning.  Three separate 

animals were examined and produced similar results.  This protocol was 

approved by an AAALAC accredited animal facility.    

Fluorescent Immunohistochemical Staining 
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 Tissue slides were deparaffinized/hydrated by consecutive washes with 

xylene (10 min, 2x), 100% ethanol (10 min, 2x), 95% ethanol (5 min, 1x), 80% 

ethanol (5 min, 1x), 70% ethanol (5 min, 1x), and PBS (10 min, 2x).  Slides were 

placed in a beaker containing 10 mM sodium citrate (pH 6.0), boiled for 5 min in 

microwave, and then cooled for 30 min at RT.  Sections were washed three times 

with PBS, blocked with 5% goat serum for 1 hr at RT, and incubated overnight at 

4°C with anti-YAP (sc-101199, 1:50, Santa Cruz Biotechnology), anti-phospho-

S6 (#2215S, 1:75, Cell Signaling), anti-phospho-AKT (#4058S, 1:50, Cell 

Signaling) or anti-PTEN (#9559, 1:50, Cell Signaling) antibodies.  Sections were 

washed three times with TBST (Tris-buffered saline, pH 7.4, with 0.05% Tween), 

and incubated with Alexa Fluor-488 or -594 secondary antibodies (Invitrogen).  

Sections were washed three times with TBST, and mounted onto slides using 

ProLong Gold antifade reagent with DAPI (Invitrogen).  Immunofluorescence was 

detected using Olympus confocal microscopy.     

RNA Isolation and Real-Time PCR 

 Total RNA was isolated from cells using Trizol reagent (Invitrogen).  cDNA 

was synthesized by reverse transcription using random hexamers and subjected 

to real-time PCR with gene-specific primers in the presence of Cybergreen 

(Applied Biosystems).  Relative abundance of mRNA was calculated by 

normalization to hypoxanthine phosphoribosyltransferase 1 (HPRT) mRNA.   

Taqman miRNA Assay 
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 miRNA-enriched RNA was isolated using miRNeasy Mini Kit (Qiagen).  

Mature miRNA was detected by Taqman MicroRNA Assay (Applied Biosystems).  

Relative abundance of mature miRNA was calculated by normalization to Rnu6b 

(Applied Biosystems).   

Small RNA Library Construction for Deep Sequencing  

 Total RNA was size-fractionated on a 15% tris-borate-EDTA Urea 

polyacrylamide gel.  The RNA fragments of length 15-50 nucleotides were 

isolated, quantified following gel elution, and ethanol precipitated.  The SRA 5’ 

adapter (Illumina) was ligated to the aforementioned RNA fragments with T4 

RNA ligase (Promega).  The ligated RNAs were size-fractionated on a 15% tris-

borate-EDTA-Urea polyacrylamide gel and the RNA fragments of size ~41-76 

nucleotides were isolated.  The SRA 3’ adapter (Illumina) ligation was then 

performed, followed by a second size-fractionation using the same gel condition 

as described above.  The RNA fragments of size ~64-99 nucleotides were 

isolated through gel elution and ethanol precipitation.  Next, the ligated RNA 

fragments were reverse transcribed to single-stranded cDNAs using M-MLV 

(Invitrogen) with RT-primers recommended by Illumina.  The cDNAs were 

amplified with pfx DNA polymerase (Invitrogen) in 20 cycles of PCR using 

Illumina’s small RNA primers set.  Finally, PCR products were purified on a 12% 

TBE polyacrylamide gel and a slice of gel of ~80-115 base pairs was excised.  

This fraction was eluted and the recovered cDNAs were precipitated and 

quantified on Nanodrop (Thermoscientific) and on TBS-380 mini-fluorometer 
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(Turner Biosystems) using Picogreen® dsDNA quantization reagent (Invitrogen).  

The concentration of the sample was adjusted to ~10nM and a total of 10 uL was 

used in sequencing reaction.   

Deep sequencing  

 The purified cDNA library was used for cluster generation on Illumina’s 

Cluster Station and then sequenced on Illumina GAIIx following vendor’s 

instruction for running the instrument.  Raw sequencing reads were obtained 

using Illumina’s Pipeline v1.5 software following sequencing image analysis by 

Pipeline Firecrest Module and base-calling by Pipeline Bustard Module.   

Standard Data Analysis for Deep Sequencing 

 A proprietary software package, ACGT101-miR v3.2 (LC Sciences), was 

used for standard data analysis.   

Luciferase Assay 

 HEK 293 cells were seeded in 12-well plates.  Control miR and miR-29c 

precursors (Ambion) were transfected using Lipofectamine 2000 Reagent 

(Invitrogen) following manufacturer’s protocol.  PGL3 control luciferase and PGL3 

wt PTEN 3’UTR luciferase plasmids were obtained from Addgene.  PGL3-mut 

PTEN 3’UTR was generated by Quikchange Site-Directed Mutagenesis with 

deletion of the putative miR-29c binding site in the 3'UTR of PTEN.  Luciferase 

assay was performed 48 hours after transfection using the Dual Glo Luciferase 

System (Promega).  All luciferase activities were normalized to Renilla.   
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miR Precursors and Inhibitors 

 Pre-miR precursors and anti-miR inhibitors were purchased from Ambion.  

Precursors and inhibitors were double-stranded and single-stranded RNA 

molecules, respectively, designed to mimic endogenous miRNAs or inhibit 

mature miRNAs from functioning.  Transfection was done in MCF10A cells using 

Lipofectamine 2000 Reagent (Invitrogen) following manufacturer’s protocol.   

miRNA Stem Loop Sequence 

mir-29a 

AUGACUGAUUUCUUUUGGUGUUCAGAGUCAAUAUAAUUUUCUAGCACCAU

CUGAAAUCGGUUAU  

miR-29b  

CUUCAGGAAGCUGGUUUCAUAUGGUGGUUUAGAUUUAAAUAGUGAUUGU

CUAGCACCAUUUGAAAUCAGUGUUCUUGGGGG  

miR-29c 

AUCUCUUACACAGGCUGACCGAUUUCUCCUGGUGUUCAGAGUCUGUUUU

UGUCUAGCACCAUUUGAAAUCGGUUAUGAUGUAGGGGGA  

Mature miRNA Sequence  

miR-29a:  UAGCACCAUCUGAAAUCGGUUA   

miR-29b:  UAGCACCAUUUGAAAUCAGUGUU 
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miR-29c:  UAGCACCAUUUGAAAUCGGUUA       

Chromatin Immunoprecipitation  

 MCF10A cells were crosslinked with 1% formaldehyde (Sigma) and 

chromatin DNA was sheared to 300-800 bp average in size through sonication.  

On day 1, sheep anti-rabbit magnetic beads (Invitrogen/Dynal) were pre-washed 

three times with 5 mg/mL BSA/PBS and incubated with 10 µg of YAP (sc-15407, 

Santa Cruz Biotechnology) or normal Rabbit IgG (sc-2027, Santa Cruz 

Biotechnology) on a rotating platform overnight at 4°C.  On day 2, beads were 

washed three times, and immunoprecipitation reactions were carried out with 

crude extracts overnight at 4°C in a solution containing 1% Triton X-100, 0.1% 

sodium deoxycholate, 1X Complete protease inhibitor, and 1X TE (10 mM Tris, 

pH 8.0, 1 mM EDTA).  5% of crude extract was set aside for input.  On day 3, 

beads were washed eight times with RIPA buffer (50 mM Hepes, pH 8.0, 1 mM 

EDTA, 1% NP-40, 0.7% sodium deoxycholate, dH2O, 0.5M LiCl, 1X Complete 

protease inhibitor) and once with TE.  After removal of TE by aspiration, tubes 

were centrifuged for 3 min at 4000 rpm and any remaining liquid was removed 

with a pipette.  Beads were resuspended in elution buffer (10 mM Tris, pH 8.0, 1 

mM EDTA, 1% SDS, dH2O) and incubated at 65°C for 10 minute with frequent 

mixing.  Tubes were then centrifuged for 30 sec at 13,000 rpm and supernatants 

were transferred into new tubes.  Elution buffer was added and reverse 

crosslinking reactions were carried out overnight at 65°C.  On day 4, proteinase 

K solution (140 µL TE, 3 uL of 10 mg/mL glycogen, 7 µL of 20 mg/mL proteinase 
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K) was added to samples, and tubes were incubated for 2 hr at 37°C, followed by 

two phenol extractions and one chloroform/isoamyl alcohol extraction.  DNA was 

then ethanol-precipitated and resuspended in TE containing 10 ug of RNAse A.  

The mixture was incubated for 1 hr at 37°C, and purified using Qiagen PCR 

purification kit.  DNA was eluted and stored in -20°C. 

Flow Cytometry 

 Live cells (7-AAD-) were gated and analyzed for size by FSC median 

fluorescence intensity (MFI) on a BDFacscalibur (BD Biosciences).  In the case 

of dsRed-expressing cells (shPTEN 1 and shPTEN 2, Fig. 4b), single cells were 

stratified into dsRed- and dsRed+ populations based on comparison to staining 

controls and size quantified using the FSC MFI.  Data was acquired and 

analyzed using BD CellQuest Pro and FlowJo (Tree Star) software.   

LY294002 Animal Experiment  

 For in vivo administration of LY294002, YAPS127A (YAP-Tg) K14-Cre mice 

(male), at the age of 5 weeks were treated with either LY294002 (Sigma 

Chemical Co., St. Louis, MO) or the vehicle control (DMSO/PBS).  LY294002 

(50mg/kg in DMSO/PBS) or DMSO/PBS only was administered to the mice via 

intraperitoneal injection (IP) every other day for a total of 5 injections.  The day 

after the first LY294002 injection doxycycline (1g/L) induction was started for a 

total of 8 days leading to overexpression of the constitutively active form of YAP 

(YAPS127A) in the epidermis.  The day after the last LY294002 or vehicle injection 
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(8 days on doxycycline) the mice were sacrificed and the shaved skin of the back 

as well as the tongue were isolated.  For immunohistochemical analysis back 

skin and tongue were fixed in 4% paraformaldehyde in PBS overnight at 4°C and 

embedded in paraffin.  Sectioned slides were stained with hematoxylin and eosin 

(H&E).  For cell size analysis back skin was incubated floating on 0.25% Trypsin-

EDTA with the epidermis facing up at 4°C overnight which allowed for separation 

of epidermis from dermis the following morning.  The epidermis was minced, 

resuspended in cold PBS and filtered (40µm), resulting in a single cell 

suspension of primary keratinocytes.  The primary keratinocytes were analyzed 

with a BD Biosciences FACSCalibur flow cytometer.  Events were gated 

according to forward scatter and side scatter to exclude debris and aggregates 

and plotted as a forward-scatter histogram to evaluate cell size.  All animal 

procedures were approved by the Children's Hospital Boston Institutional Animal 

Care and Use Committee.     

Mst1/2 Liver Knockout  

 All of the 3 WT liver samples were obtained from 7 week-old wild type 

mice (2 males + one female).  The Mst1/2-/- liver samples were harvested from 

AlbuminCre Mst1-/- ; Mst2 floxed/floxed mice23.  The gender and age of mice 

were as follow: (#1, Male, 7 week-old at sacrifice; #2, Female, 7 week-old at 

sacrifice; and #3, Male, 14 week-old at sacrifice).  All mice (WT and Mst1/2-/-) 

were maintained on a mixed genetic background (C57BL/6; 129SV).  Mouse 

work was done with Institutional Animal Care and Use Committee approval at 
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Massachusetts General Hospital Cancer Center (Protocol # 2005N000148), and 

in strict accordance with good animal practice as defined by the Office of 

Laboratory Animal Welfare.  

Statistical Analysis  

 Statistical comparisons of means were made using the unpaired Student's 

two-tailed t-test for two data sets.  For statistical tests, p>0.05 was used as the 

criterion for statistical significance.  Mean values are quoted + s.e.m. in figures.   

Accession Numbers 

 Details about deep sequencing deposition can be found at 

http://www.ncbi.nlm.nih.gov/projects/geo/ (the GEO accession number is 

GSE41124).   

Immunofluorescence Staining  

 Cells were fixed with 4% paraformaldehyde-PBS for 15 minutes and 

permeabilized with 0.1% Triton X-100/PBS for 15 minutes.  After blocking with 

3% BSA/PBS for 30 minutes, cells were incubated with rhodamine phalloidin 

antibody (Invitrogen) overnight at 4ºC.  Cells were washed three times with PBST 

(Phosphate-buffered saline with 0.05% Tween) and incubated with Alexa Fluor-

594 secondary antibody (Invitrogen).  Samples were mounted using Gold 

antifade reagent with DAPI (Invitrogen), and immunofluorescence was detected 

by microscopy.    
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Transfection 

 miR-precursors were delivered into MCF10A cells using Lipofectamine 

2000 (Invitrogen) following manufacturer's instructions.   

In vivo Lung Metastasis  

 Eight week-old female SCID mice were injected with 1 x 106 (1 million) of 

EKVX cells expressing scramble, shYAP, or shZEB2 (five mice each group) via 

tail vein.  Two months after injection, mice were euthanized and the lungs were 

dissected, and metastatic nodules were counted.  Student T test was applied to 

calculate the statistical significance of the differences between different groups.   

Chemicals   

 Thrombin was purchased from Enzyme Research Laboratories.  

Wortmannin and LY294002 were purchased from Sigma-Aldrich.   

shRNAs  

 YAP and TEAD1/3/4 shRNAs were previously described (Zhao et al., 

2008).  Zeb2 shRNAs were as follow: hZeb2 shRNA #1 TRCN0000013528 

GCAGTTCCTTAGTTTACATAT 

CCGGGCAGTTCCTTAGTTTACATATCTCGAGATATGTAAACTAAGGAACTGC

TTTTT; Zeb2 shRNA #2 TRCN0000013529 CCCACCATGAATAGTAATTTA 

CCGGCCCACCATGAATAGTAATTTACTCGAGTAAATTACTATTCATGGTGGG

TTTTT 

Primers  



 
 

 

92	  

PTEN #1.  5’ TGC AGA GTT GCA CAA TAT CC  

PTEN #1.  3’ CTG AGG ATT GCA AGT TCC GCC  

PTEN #2.  5’ AGA CTT GAA GGC GTA TAC AGG 

PTEN #2.  3’ CTA GCT GTG GTG GGT TAT GGT C    

HPRT.  5’ AGC CCT GGC GTC GTG ATT A  

HPRT.  3’ ACA ATG TGA TGG CCT CCC A  

GAPDH Promoter.  5’ ATC GGG CCA ATC TCA GTC CCT TC 

GAPDH Promoter.  3’ AGG TCT TGA GGC CTG AGC TAC G  

miR-29c Promoter #1.  5’ TTG TGT AGC AGC TGG AGC TTC 

miR-29c Promoter #1.  3’ CTT CAT CAG GAC ACA AGC AC  

miR-29c Promoter #2.  5’ TTC TGT TGA CTC CTA GCA GCC  

miR-29c Promoter #2.  3’ AGA CTG ATG GTG TCG ATG TG  

CTGF Promoter. 5’ CTT TGG AGA GTT TCA AGA GCC 

CTGF Promoter. 3’ TCT GTC CAC TGA CAT ACA TCC 

mut 3’UTR-29c.  5’ GCA TTT TTT TTT AAA GCA TAT AGA AAA GGC AGC TAA 
AGG  

mut 3’UTR-29c.  3’ CCT TTA GCT GCC TTT TCT ATA TGC TTT AAA AAA AAA 
TGC 

E-cadherin. 5' TGC CCA GAA AAT GAA AAA GG  

E-cadherin. 3' GTG TAT GTG GCA ATG CGT TC  

N-cadherin. 5' ACA GTG GCC ACC TAC AAA GG  

N-cadherin. 3' CCG AGA TGG GGT TGA TAA TG  

Vimentin. 5' GAG AAC TTT GCC GTT GAA GC  

Vimentin. 3' GCT TCC TGT AGG TGG CAA TC  

Snail. 5' CCT CCC TGT CAG ATG AGG AC  
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Snail. 3' CCA GGC TGA GGT ATT CCT TG  

Twist. 5' GGA GTC CGC AGT CTT ACG AG  

Twist. 3' TCT GGA GGA CCT GGT AGA GG  

Zeb1. 5' GCA CCT GAA GAG GAC CAG AG	  

Zeb1. 3' TGG TGA TGC TGA AAG AGA CG 

Zeb2. 5' TTC CTG GGC TAC GAC CAT AC  

Zeb2. 3' TGT GCT CCA TCA AGC AAT TC   

Zeb2 (-900/1100). 5' AAA TGC CTG TGC TCA GCA TCC 

Zeb2 (-900/1100). 3' CC ACA TCT GGA AGT CAG CAA 

Zeb2 (-800/900). 5' TTG CTG ACT TCC AGA TGT GG 

Zeb2 (-800/900). 3' AT GGA AGG GAT TTC CTG GAG 

Zeb2 (-600/800). 5' CTC CAG GAA ATC CCT TCC AT 

Zeb2 (-600/800). 3' GTA AGG GAG AGT GTG TAG GGA 

Zeb2 (-450/600). 5' TCC CTA CAC ACT CTC CCT TAC 

Zeb2 (-450/600). 3' GGG CAT GTG TAT TAG GGT  GTG  
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