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Glioblastoma multiforme (GBM) is an aggressive, high grade brain tumor.  Microarray 

studies have shown a subset of GBMs with a mesenchymal gene signature.  This subset is 

associated with poor clinical outcome and resistance to treatment.  To establish the molecular 

drivers of this mesenchymal transition, we correlated transcription factor expression to the 

mesenchymal signature and identified transcriptional co-activator with PDZ-binding motif 

(TAZ) to be highly associated with the mesenchymal shift.  High TAZ expression correlated 

with worse clinical outcome and higher grade.  These data led to the hypothesis that TAZ is 

critical to the mesenchymal transition and aggressive clinical behavior seen in GBM. 

We investigated the expression of TAZ, its binding partner TEAD, and the 

mesenchymal marker FN1 in human gliomas.  Western analyses demonstrated increased 

expression of TAZ, TEAD4, and FN1 in GBM relative to lower grade gliomas.  We also 

identified CpG islands in the TAZ promoter that are methylated in most lower grade gliomas, 

but not in GBMs.  TAZ-methylated glioma stem cell (GSC) lines treated with a demethylation 

agent showed an increase in mRNA and protein TAZ expression; therefore, methylation may 

be another novel way TAZ is regulated since TAZ is epigenetically silenced in tumors with a 

better clinical outcome. 
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To further characterize the role of TAZ in gliomagenesis, we stably silenced or over-

expressed TAZ in GSCs.  Silencing of TAZ decreased invasion, self-renewal, mesenchymal 

protein expression, and tumor-initiating capacity.  Over-expression of TAZ led to an increase in 

invasion, mesenchymal protein expression, mesenchymal differentiation, and tumor-initiating 

ability.  These actions are dependent on TAZ interacting with TEAD since all these effects 

were abrogated with TAZ could not bind to TEAD.  We also show that TAZ and TEAD 

directly bind to mesenchymal gene promoters.  Thus, TAZ-TEAD interaction is critically 

important in the mesenchymal shift and in the aggressive clinical behavior of GBM. 

We identified TAZ as a regulator of the mesenchymal transition in gliomas.  TAZ could 

be used as a biomarker to both estimate prognosis and stratify patients into clinically relevant 

subgroups.  Since mesenchymal transition is correlated to tumor aggressiveness, strategies to 

target and inhibit TAZ-TEAD and the downstream gene targets may be warranted in alternative 

treatment.  
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Glioblastoma multiforme (GBM) 

Glioblastoma multiforme (GBM) is the most aggressive and highest grade glioma 

(World Health Organization grade IV), responsible for approximately 12-15% of intracranial 

neoplasms and 60-75% of astrocytic tumors [1].  The incidence is 3-4 cases per 100,000 

population per year [1].  GBM is often separated into two subtypes, primary and secondary, 

based on molecular, genetic, and clinical presentation [1].  Primary GBMs often present at 50 

years of age or older and patients usually have a clinical history of less than 3 months [1].  

Genetic alterations in primary GBM include loss of heterozygosity (LOH) 10q (70%), 

epidermal growth factor receptor (EGFR) amplification (36%), p16
INK4a

 deletion (31%), TP53 

mutation (28%), and phosphatase and tensin homologue on chromosome 10 (PTEN) mutation 

(25%) [1].  Secondary GBMs arise from lower grade gliomas, including anaplastic 

astrocytomas.  The median time to progression to GBM from low-grade astrocytoma (WHO 

grade II) is 5.1 years and from anaplastic astrocytoma (WHO grade III) is 1.9 years [1].  

Genetic alterations are similar as those seen in primary GBM, but the differences in the type 

and frequency are identified.  For secondary GBM, the frequency of genetic alterations are 

LOH 10q (63%), EGFR amplification (8%), p16
INK4a

 deletion (19%), TP53 mutation (65%), 

and PTEN mutation (4%) [1].  In addition, mutations in IDH1 and IDH2 (discussed below) are 

unique to secondary GBM, and can serve as the principal genetic marker of these tumors.  The 

Cancer Genome Atlas (TCGA) analyzed the molecular characteristics of a large set of GBM 

and confirmed the following characteristics: mutations in neurofibromatosis 1 (NF1); 

amplification of EGFR, including a variant III deletion of the extracellular domain; 

phosphatidylinositol-3-OH kinase (PI(3)K) pathway activation; and methylguanine 

methyltransferase (MGMT) promoter methylation.  Using a multidimensional profiling 

technique, TCGA data analysis indicated that the three major pathways involved in GBM 
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pathogenesis include receptor tyrosine kinase (RTK) signaling, p53 and retinoblastoma (RB) 

tumor suppressor pathways [2]. 

Mutations of critical genes and alterations of specific pathways have been shown to 

play a role in gliomagenesis.  Mutations/deletions in the PTEN, TP53, and RB1 pathways are 

well-known in the pathogenesis of GBMs and groups have shown the significance of these 

mutations using mouse models to induce astrocytomas in vivo [3,4,5,6].  In addition to EGFR 

amplification, a mutation that results in a tandem kinase domain duplication (TKD-EGFR) 

escapes known mechanisms of receptor down-regulation (i.e.—phosphorylation and 

competitive inhibition of ligand binding) and confers tumorigenicity [7].  A novel exon 27 

deletion in the carboxyl-terminal domain of EGFR was shown to induce cellular transformation 

in the absence of ligands [8].  Newly identified mutations in gliomas include mutations of the 

isocitrate dehydrogenase (IDH) metabolic enzymes IDH1 and IDH2, where the majority of the 

mutations change a single amino acid located in the isocitrate binding site (R132 of IDH1 and 

R172 of IDH2).  These IDH1 and -2 mutations are early genetic modifications that occur early 

and frequently in astrocytomas and oligodendrogliomas.  The resulting neomorphic enzyme 

was shown to acquire novel properties that result in the accumulation of 2-hydroxyglutarate [9].  

Patients whose tumors exhibit IDH mutations tend to have a better prognosis compared to those 

who lack the mutation.  In addition, since IDH mutations are specific among CNS neoplasms to 

the diffuse gliomas, this marker has diagnostic utility [10].  Additional genes and proteins 

implicated in GBM formation include connective tissue growth factor (CTGF) [11], integrin b8 

[12], homeobox A9 (HOXA9) [13], and the forkhead box M1 (FoxM1)—β-catenin interaction 

[14].  It is likely that further research will discover new gene mutations and proteins involved 

in GBM pathogenesis. 
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The cell of origin of GBM is unknown, but several lines of investigation have led to 

specific insights on this topic.  One group has shown that mutant p53 proteins are first 

detectable in neural stem cells (NSCs) in the subventricular zone (SVZ) and that progenitor-

like cells in the SVZ-associated areas initiate gliomagenesis [15].  This suggests that the cell of 

origin may be NSCs located within the SVZ; however, other groups have shown that NSCs 

gave rise to gliomas regardless of their location [16].  These studies suggest that NSCs play a 

vital step in gliomagenesis and that the location of these NSCs is less important.  NSCs and 

gliomas have a few common intrinsic characteristics including the ability to invade and 

proliferate, diverse lineage possibilities, association with white-matter tracts and blood vessels, 

and immature expression profiles of nestin, EGFR, PTEN, hedgehog, telomerase and Wnt [17].  

Another group suggests that the oligodendrocyte precursor cell (OPCs) is the cell of origin even 

if the initial mutations occur in NSCs [18].  Overall, these studies show that the cell of origin 

for glioma is still elusive. 

Clinically, patients present with varied symptoms, including signs of raised intracranial 

pressure, such as headaches, papilledema, and nausea/vomiting [1].  A ring-enhancing lesion 

seen on contrast-enhanced magnetic resonance imaging (MRI) or computed tomography (CT) 

suggests a diagnosis of GBM; however, definitive diagnosis depends on pathology.  Histologic 

features of GBM include increased cellularity, nuclear atypia, microvascular proliferation, and 

pseudopalisading necrosis (the last two being pathognomonic for GBM) [1].  Primary and 

secondary GBMs are pathologically indistinguishable despite the molecular and genetic 

differences between the two classifications. 

Currently, the standard of care for GBM is maximal surgical resection combined with 

adjuvant radiotherapy and chemotherapy with temozolomide (TMZ) [1].  Patients with GBM 
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containing a methylated MGMT promoter benefited from TMZ, whereas those who did not 

have a methylated MGMT promoter lacked such a benefit [19].  Other alternatives include 

targeting EGFR in a subset of GBM patients [20].  At least some of the pathways driving GBM 

formation could be directly responsible for the therapy resistance of this tumor type.  Possible 

therapeutic approaches exist that may either overcome or take advantage of these GBM genetic 

alterations to improve the response of these tumors to DNA-damaging therapy [21]. 

Unfortunately, despite this aggressive therapeutic regimen, the median survival for 

patient remains 12-15 months and local recurrence remains a leading cause of mortality.  

Because of this, more needs to be understood about molecular genetic abnormalities that drive 

its biologic and clinical behavior.  Histology provides little to predict patient survival time, but 

genetic profiling has consistently identified clinical subgroups that correlate with prognosis 

[22,23,24,25,26].  Analyzing both the DNA and mRNA-based tumor profiles together allows 

for a more robust method of clinical classification and can better identify genes vital to 

gliomagenesis [27]. 

 

The mesenchymal signature and GBM 

To identify molecular abnormalities that drive the clinical behavior of GBM, our 

laboratory performed extensive microarray studies on GBM and found distinct gene signatures, 

proneural, mesenchymal, and proliferative that associate with clinical behavior [24].  After 

further analysis, the proliferative gene signature was found to be less robust than the other two 

groups.  The proneural gene signature, characterized by over-expression of genes associated 

with neural development, is associated with a less aggressive, better clinical course while the 
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mesenchymal gene signature, characterized by over-expression of genes associated with 

mesenchyme, extracellular matrix (ECM), cell motility, wound healing, and angiogenesis, is 

associated with exceptionally aggressive clinical behavior, poor outcome and resistance to 

treatment in GBM [24,25].  In addition, pre- and post-treatment samples from the same patients 

indicate that the expression of some of these mesenchymal genes is increased during 

recurrence, suggesting a shift to the mesenchymal subtype over time [24].  This shift from 

proneural to mesenchymal transition (PMT) in GBM may drive its aggressive behavior.  

Currently, it is unknown what drives this PMT in GBM. 

A mesenchymal phenotype is the hallmark of tumor aggressiveness in human malignant 

glioma, but the regulatory programs responsible for the mesenchymal signature are largely 

unknown.  One group showed that the two transcription factors, CCAAT/enhancer binding 

protein-beta (C/EBP-β) and STAT3, are synergistic initiators and regulators of the 

mesenchymal transformation in human gliomas that predicts poor clinical outcome [28].  We 

speculated that more transcription factors, besides STAT3 and C/EBP-β, may be involved in 

PMT.  We performed correlation analyses to identify the molecular mechanisms by which the 

mesenchymal shift occurs, asking which transcription factors were most highly correlated with 

the mesenchymal gene expression signature in the array data and identified a number of 

transcription factors (Table 1).  Analysis of correlations to this signature showed that 

transcriptional co-activator with PDZ-binding motif (TAZ; also known as WW domain 

containing transcription regulator 1, WWTR1) was one of the transcription regulators with the 

highest positive correlation with the mesenchymal signature (i.e.—high TAZ expression is 

positively associated with higher expression of key mesenchymal genes and is tightly 

associated with the mesenchymal change).  High expression of TAZ also correlated with higher 

grade gliomas as well as poorer patient outcome.  TAZ is regulated by the Hippo pathway, 
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Table 1: Transcription factors associated with the mesenchymal signature 

 

  



8 
 

is the paralog of Yes-associated protein (YAP), and binds to many transcription factors, the 

most well-characterized being transcriptional enhancer activator domain 

(TEAD)/transcriptional enhancer factor (TEF). 

 

 

The Hippo Pathway 

The Hippo pathway was originally described in Drosophila and Hippo (Hpo) was found 

to regulate cell death as well as cell proliferation via Cyclin E and Drosophila inhibitor of 

apoptosis protein (diap) [29].  The pathway is composed of three units: first, the upstream cell 

surface regulators (i.e.—cell adhesion molecules and cell polarity complexes); second, a serine-

threonine kinase cascade; and third, a downstream transcription co-activator target [30].  

Recently, it was discovered that the Hippo pathway is conserved in unicellular organisms, 

indicating the pathway predates Metazoa origins [31].  The pathway is interconnected with the 

BMP [32], transforming growth factor β (TGF-β) [33], and Wnt/β-catenin [34,35] signaling 

pathways (Fig. 1). 

Numerous upstream proteins have been described to regulate the Hippo pathway.  

Examples include Ataxia telangiectasia mutated (ATM) that regulates Ras association family 

1A (RASSF1A) [36]; Lethal giant larvae (Lgl) that regulates RASSF localization [37]; 

RASSF1A and RASSF6 that inhibit mammalian sterile20 kinases 2 (MST2), which leads to 

tumor protein (p73) activity [38,39,40,41,42,43]; moesinezrin-radixin-like protein (Merlin) and 

Expanded (Ex) [44,45,46] [[22354087]]; Crumb (Crb) that regulates Ex levels and localization 

thus affecting cell polarity [47,48,49]; Dachsous (Ds) and Fat (Ft) [50,51,52,53,54]; Four-

jointed (Fj) via modulation of Ds and Ft [55,56]; Kibra via interactions with large tumor 
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Figure 1: The Hippo pathway.  Diagram shows interconnection between the Hippo pathway 

and the BMP, TGF-β, and Wnt/β-catenin pathways.  Arrows indicate activation and blunt heads 

indicate inhibition. 
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suppressor (LATS) [57,58,59,60] or Pez [61]; E-cadherin [62]; Ajuba LIM proteins (Ajuba, 

LIMD1, and WTIP) [63]; and most recently Echinoid (Ed) [9].  The phosphatase complex 

Drosophila Striatin-interacting phosphatase and kinase (dSRIPAK) prevents Hippo activation 

during development [64] and recently, a group identified a class of endocytic neoplastic tumor 

suppressor genes in Drosophila that regulates the Hippo pathway [65].  Cellular detachment 

from the ECM also appears to regulate the Hippo pathway by activating LATS1/2, thus 

inhibiting YAP/TAZ downstream to initiate anoikis [66]. 

The Hippo pathway regulates cell polarity complexes by controlling the apical polarity 

complexes atypical protein kinase C (aPKC), Crb, and Patj [67,68,69] and is important in 

dendrite morphogenesis [70] and axis specification by interaction with the Notch pathway 

[71,72,73,74,75,76].  The Hippo pathway has also been linked to the Akt pathway via MST1/2 

and YAP [77,78] and the Rb pathway, possibly through LATS2 [79], to maintain the terminally 

differentiated states in the Drosophila eye [80].  In mammals, the Hippo pathway plays a vital 

role in organ size and tumorigenesis [81] as well as intestinal stem cell regeneration [82,83,84] 

and tissue regeneration [85,86].  The Hippo pathway may also play a role in mantle cell 

lymphoma [87] and glial cell proliferation [88]. 

In Drosophila, Hpo is required for the cell death response triggered by Ionizing 

Radiations (IR) or Drosophila melanogaster p53 (Dmp53) [89] and is regulated by 

dimerization and cytoplasmic localization [90].  Hpo encodes a sterile20 (Ste-20) family 

protein kinase that binds to and phosphorylates Salvador (Sav), a tumor suppressor that 

interacts with Warts (Wts) [91].  Mob as tumor suppressor (Mats) acts downstream of Hpo to 

regulate cell growth, organ size, and tumor suppression [92,93,94,95].   
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In mammals, Mps one binder (Mob) 1A and 1B, the homologs of Mats, are tumor 

suppressers that regulate mitotic exit and cytokinesis [96] as well as cell polarity [97].  LATS, 

the Warts kinase homolog, has been shown to increase chemosensitivity by stabilizing p73 

[98], to promote apoptosis-stimulating of p53 protein 1 (ASPP1) nuclear localization to 

promote cell death via p53 [99], and to repress cellular reprogramming, thus preventing cells 

from transitioning from a differentiated state to a pluripotent state [100].  Heat shock protein 90 

(Hsp90) inhibitors [101], Itch [102,103], forkhead box P3 (FOXP3) [104], nephronophthisis 4 

(NPHP4) [105], and angiomotin-like 2 (AMOTL2) [106] can affect LATS1 and 2 function.  

LATS is also a novel Snail1 regulator [107].  Crb interacts with TAZ/YAP to relay cell density 

information by promoting TAZ/YAP phosphorylation and TGF-β signaling suppression [108].  

The main components of the Hippo pathway can be found in Table 2.  

Many proteins have been linked to the Hippo pathway including division abnormally 

delayed (dally) and dally-like protein (dlp) that are two targets of Ft and Ds [109], Scribbled 

[110], cluster of differentiation 44 (CD44) [111], filamentous (F)-actin [112,113,114,115], 

Zyxin [116], Runt box domain DNA-binding transcription factor 3 (Runx3) [117], and Tao-1 

[118,119]. 

 

TAZ, YAP, and TEAD 

Much is known about Yki, the TAZ/YAP homolog, which is well-studied in 

Drosophila.  Homothorax (Hth) and teashirt (Tsh) promote cell proliferation and protect eye 

progenitor cells from apoptosis by interacting with Yki [120], which leads to an up-regulation 

of the microRNA bantam [121,122,123,124].  In the midgut, Yki regulates stem cell 



12 
 

Table 2: The Hippo pathway components 
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proliferation and intestinal regeneration [125].  Yki also interacts with dMyc in a regulatory 

feedback mechanism to control growth and regulate organ size [126,127,128]; with WW 

domain-binding protein 2 (Wbp2) to drive tissue growth [129,130]; and with dE2F1 to bypass 

the cell cycle exit [131].  Regulation may occur through direct physical interaction with other 

proteins upstream in the Hippo pathway in addition to phosphorylation [132,133].  Also, 

myopic controls Yki endosomal association and protein levels, thus influencing Yki target gene 

expression [134]. 

In mammals, TAZ is a WW domain-containing molecule that is located at chromosome 

3q23 that functions as a transcriptional co-activator by binding to proline-proline-any amino 

acid-tyrosine (PPXY) motifs present on transcription factors and is normally expressed highly 

in heart, lung, kidney and placenta [135,136].  TAZ also binds to the regulatory 14-3-3 proteins 

[135].  14-3-3 proteins bind to serine/threonine-phosphorylated residues in a context specific 

manner and bind and regulate key proteins involved in intracellular signaling, cell cycling, 

apoptosis, and transcription regulation [137].  TAZ binds 14-3-3 proteins when phosphorylated 

on four specific serine residues (S66, S89, S117, S311), serine 89 being the most important.  

Phosphorylation results in TAZ being exported out of the nucleus to the cytoplasm [135].  TAZ 

also contains a post-synaptic density, Drosophila disc large tumor suppressor, and zonula 

occludens-1 (PDZ)-binding motif in the C-terminus that localizes TAZ to discrete nuclear foci 

and is vital for TAZ-stimulated gene transcription [135]. 

YAP is located on chromosome 11q13 and is highly expressed in placenta, prostate, 

ovary, and testis, but undetectable in peripheral blood leukocytes [138].  YAP binds to the Src 

homology domain 3 (SH3) of the Yes proto-oncogene product [139] and interacts with many 

proteins including ezrin/radixin/moesin (ERM)-binding phosphoprotein 50 kD (EBP50) in the 
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apical compartment of the airway epithelia [140]; p53-binding protein-2 (p53BP-2) [141]; 

Smad7 to promote the inhibitory effect against TGF-β signaling [142]; the full-length 

erythroblastosis oncogene B 4 (ErbB4) receptor at the membrane and the C-terminal fragment 

that translocates to the nucleus to regulate transcription [143,144]; Runx2 to suppress its 

function [145]; heterogeneous nuclear ribonuclear protein U (hnRNP U), an RNA- and DNA-

binding protein that plays a role in the regulation of gene expression, via a proline-rich amino 

terminus not present in TAZ [146]; proline-rich γ-carboxyglutamic acid protein 2 (PRGP2) 

[147]; early growth response-1 (EGR-1) to upregulate B-cell leukemia/lymphoma 2 (Bcl2)-

associated X (Bax) expression in irradiated prostate carcinoma cells [148]; amphiregulin 

(AREG) whose induction contributes to YAP-mediated cell proliferation and migration, but not 

epithelial-to-mesenchymal transition (EMT) [149]; ΔNp63α [150,151]; anterior gradient 

homolog 2 (AGR2) in adenocarcinomas [152]; FatJ to restrict the neural progenitor cells (NPC) 

pool size [153]; Rous sarcoma virus (RSV) [154]; and p73, which enhances its transcriptional 

activity [155].  Many groups have shown that promyelocytic leukemia gene (PML) is required 

for YAP to interact with p73 [156,157] and another showed that YAP competes with Itch thus 

preventing Itch-mediated ubiquitination of p73 [158].  Phosphorylation by c-Abl at position 

Y357 in response to DNA damage stabilizes YAP and creates a higher affinity to p73 [159]. 

TAZ contains one WW domain, unlike YAP, which contains 2 [160,161,162]; however, 

a group recently discovered a TAZ isotype with two WW domains [163].  The WW motif, a 

sequence of 38 amino acids containing two widely spread tryptophans, mediates protein-protein 

interactions and binds to PPXY motifs on proteins [164,165].  The WW motif lacks disulfide 

bridges, forms a three-stranded antiparallel β-sheet [166], and has distinct regulatory roles in 

different cell types [167].  PPXY motifs are found on many transcription factors including jun 

proto-oncogene (c-Jun) [168], activating enhancer binding protein 2 (AP-2) [169], nuclear 
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factor erythroid-derived 2 (NF-E2) [170], C/EBPα [171], early growth response 2 (EGR2) 

[172], myocyte enhancer binding factor 2 (MEF2) [173], and polyomavirus enhancer binding 

protein 2 (PEBP2), which suggests that it is a transcription activation domain that functions by 

recruiting TAZ/YAP as strong transcription activators to target genes [174]. 

The regulation of TAZ is still being elucidated.  The Hippo pathway regulates TAZ via 

two mechanisms: 1) phosphorylating a phosphodegron and recruiting the S-phase kinase-

associated protein 1 (Skp1)-cullin-F-box protein beta-transducin repeat-containing protein 

(SCF
β-TrCP

) E3 ligase to promote degradation [175] and 2) LATS phosphorylation on the 

previously mentioned serine residues to promote cytoplasmic sequestration [135].  When these 

serine sites are replaced by an amino acid residue that cannot be phosphorylated (alanine), TAZ 

is constitutively active within the nucleus, which promotes cell proliferation, cell migration, 

invasion, and EMT in breast cancer cells [176,177].  EMT promotes the invasive and metastatic 

properties of tumor cells [178,179,180] and this model may provide insight into PMT seen in 

GBM.  Physical interaction with angiomotin (AMOT) and AMOTL1 also promotes 

cytoplasmic retention thereby restricting TAZ activity [181].  Recently, it was discovered that 

protein phosphatase 1 alpha (PP1A) and ASPP2 promote TAZ dephosphorylation by 

antagonizing LATS, thus promoting TAZ function [182].  TAZ is also involved in other 

pathways including BMP2 signaling pathway [32] and Wnt/β-catenin signaling pathway via 

interaction with disheveled (DVL) in the cytoplasm where it inhibits Wnt signaling by 

regulating β-catenin translocation to the nucleus [34,35]. 

Similar to TAZ, multiple regulatory mechanisms of YAP have been elucidated.  YAP is 

inhibited by cell density via the Hippo pathway and phosphorylation of serine residues by 

LATS1 leads to cytoplasmic translocation of YAP and binding to 14-3-3 
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[183,184,185,186,187,188,189].  Akt [190], Jun N-terminal kinase 1 and 2 (JNK1 and JNK2) 

[191], and α-catenin [192,193] act as negative regulators of YAP by phosphorylating YAP as 

well.  YAP is also regulated by phosphorylation of a phosphodegron thus recruiting the SCF
β-

TrCP
 E3 ligase to promote degradation [194].  In hepatocellular carcinoma (HCC), microRNA 

375 (miR-375) inhibits YAP [195] and AXL receptor tyrosine kinase drives YAP-dependent 

oncogenic activities [196].  miR-375 also inhibits YAP in lung cancer with neuroendocrine 

features [197].  The PDZ-binding motif is necessary for YAP localization in the nucleus [198] 

since zonula occludens 2 (ZO-2) was found to bind to YAP via the PDZ-binding motif to 

promote nuclear localization of YAP [199].  Cytoplasmic ASPP inhibits the interaction of YAP 

with LATS1, thus enhancing nuclear accumulation of YAP, which leads to inhibition of 

apoptosis [200].  In addition to phosphorylation, AMOTL1 and AMOTL2 regulate YAP via 

direct protein-protein interaction independent of YAP phosphorylation status and promote 

cytoplasmic retention [201,202,203].  Dobutamine has also been shown to inhibit YAP-

dependent gene transcription [204] as well as 4.1/ezrin/radixin/moesin (FERM) domain 

containing 6 (Willin/FRMD6) that also antagonizes YAP activity [205].  Thus far, PP1A is the 

only protein shown to dephosphorylate YAP [206]. 

It is interesting to note that TAZ plays a role in mesenchymal stem cell (MSC) and 

human pulp stem cell differentiation by activating Runx2 [136,207,208] and repressing 

peroxisome proliferator–activated receptor γ (PPAR- γ) [136].  Groups have shown that TGF-β 

[209] or ephrin B1 [210] may also interact with TAZ to promote this osteogenic differentiation 

and that dexamethasone may inhibit TAZ to promote adipogenesis [[22374070]].  TAZ is 

similar to β-catenin by integrating extracellular, membrane, and cytoskeletal-derived signals to 

influence MSC outcome [211].  One group studied MSCs of multiple myeloma patients and 

found that TAZ expression was suppressed by tumor necrosis factor α (TNF-α), which resulted 
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in decreased osteogenic potential [212].  Different from these results, TNF-α enhanced 

osteogenic differentiation of human adipose stromal cells (hADSC) by activating nuclear factor 

of kappa light polypeptide gene enhancer in B-cells (NF-κB), which then resulted in an 

increase of TAZ expression [213].  Another group found that fibroblast growth factor-2 (FGF-

2), a protein that inhibits bone mineralization and stimulates cell proliferation, reduced the TAZ 

protein expression level in the osteoblast-like cells MC3T3-E1 [214].  Molecular mechanisms 

for osteoporosis have also shown the involvement of TAZ with the disease process [215]. 

YAP has many roles including being a major effector of Merlin/Neurofibromatosis 

type-2 (NF2) in growth regulation [216], tissue growth, and cell transformation [217].  YAP 

also maintains stem cell pluripotency and basal epidermal progenitors [218]; regulates hair 

follicle morphogenesis [219]; modulates epidermal stem cell proliferation and tissue expansion 

[192,220]; plays a role in postnatal liver development [221]; and regulates vascular smooth 

muscle cells by interacting with myocardin [[22411986]].  YAP over-expression in primary 

human keratinocytes also appears to induce cell immortalization, but not malignant 

transformation [222]. 

TAZ has been shown to interact with many transcription factors including thyroid 

transcription factor-1 (TTF-1) to regulate surfactant protein-C levels [223]; polyomavirus T 

antigens [224]; paired box 3 (Pax3) within the paraxial mesoderm, limb buds, and the neural 

tube during embryogenesis [225]; T-box transcription factor (TBX5) during cardiac and limb 

development [226]; Pax8 and TTF-1 in thyroid to regulate thyroid development and 

differentiation [227]; myogenic differentiation 1 (MyoD) to promote myogenic gene expression 

during myoblast differentiation [228]; cell cycle and apoptosis regulatory protein 1 (CARP-1) 

to inhibit CARP-1 dependent apoptosis in breast cancer cells [229]; ZO-1 and ZO-2 that 
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negatively regulate TAZ via control of nuclear translocation and activity [230]; WW domain-

binding protein 2 (Wbp2) via the WW domain of TAZ to promote the transforming ability of 

TAZ [231]; msh homeobox 2 interacting nuclear target 3 (Mint3) to mediate signaling of 

amyloid precursor like proteins 1 and 2 (APLP1 and APLP2) [232]; and Krüppel-like factor 5 

(KLF5) to promote breast cell growth [233]. 

TAZ is also part of a Hemolysis, Elevated Liver enzymes and Low platelets (HELLP) 

syndrome molecular signature [234] as well as a pancreatic ductal adenocarcinoma molecular 

signature [235].  In addition, TAZ plays a role in papillary thyroid carcinoma [236], non-small 

cell lung cancer [237], epithelioid hemangioendothelioma via a gene fusion with calmodulin 

binding transcription activator 1 (CAMTA1) [238] [[22429593]], and infantile fibrosarcoma 

[[22374738]].  In breast cancer, TAZ appears to play a role in Taxol resistance [239]; is 

required for self-renewal, cell proliferation, and tumor-initiation capacities in breast cancer 

stem cells [233,240]; and is vital to the nuclear accumulation of the mothers against 

decapentaplegic homologs 2/3-4 (Smad2/3-4) complex via TGF-β stimulation [33].  TAZ is 

also involved in Xenopus development and is expressed in the migrating hypaxial myoblasts, 

presomitic mesoderm, trunk neural crest cells, facial connective tissues, brachial arch, and brain 

and is transiently expressed in the edges of the hypaxial myoblasts in the muscle lineage, 

presomitic mesoderm, and proliferation cells [241].  It has also been shown that TAZ is down-

regulated during decidualization [242].  Interestingly, a group recently showed that, 

independent of the Hippo pathway, TAZ plays a role in mechanotransduction by relaying 

signals exerted by the cellular microenvironment (i.e.—ECM rigidity and cell shape) [243].   

Expression of YAP is altered in several cancers including metastatic murine squamous 

carcinoma cells [244], oral squamous cell carcinoma [245,246] and esophageal squamous-cell 
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carcinoma (ESCC) [247].  YAP is also over-expressed in pancreatic cancer [248] [[    

22396793]], ependymoma [249], meningioma [250], medulloblastoma via Sonic hedgehog 

(Shh) signaling and Akt activation [251,252], gliomas [253], mesothelioma [254,255,256,257], 

HCC [258,259,260,261,262,263,264,265,266], clear cell renal cell carcinoma (ccRCC) via 

downregulation of Sav [267], gastric carcinoma [268,269,270,271,272], colorectal carcinoma 

via Wnt/β-catenin [273,274], non-small cell lung cancer [275,276], small-cell lung cancer 

[277], head and neck squamous cell carcinomas (HNSCCs) [278,279], soft tissue sarcomas 

[280], Ewing sarcoma via B lymphoma Mo-MLV insertion region 1 (BMI-1) [281], epithelial 

ovarian cancer [282,283], invasive breast carcinoma [284,285], and ovarian serous 

cystadenocarcinoma [286,287].  In nontransformed mammary epithelial cells, over-expression 

of human YAP induced EMT, apoptosis suppression, growth factor-independent proliferation, 

and anchorage-independent growth in soft agar [288], but other groups suggest that YAP acts 

as a tumor suppressor in breast cancer [289].  The effect on apoptosis may be different due to 

cellular context [290]. 

Mouse models show that TAZ -/- mice present with renal cysts that eventually lead to 

end-stage renal disease due to loss of cilia integrity [291].  The cilia integrity may be dependent 

on GLI-similar 3 (Glis3), a Kruppel-like zinc finger protein, since it localizes to primary cilium 

and binds to TAZ [292].  Another group showed that TAZ -/- mice develop polycystic kidney 

disease due to lack of polycystin 2 (PC2) degradation via a SCF
β –Trcp 

E3 ubiquitin ligase 

pathway [293].  The PC2 channel may be regulated by TAZ and the Protein Associated with 

Lin Seven 1 (PALS1)-associated tight junction (PATJ) protein [294].  A different group 

suggests that TAZ and never in mitosis gene a (NIMA)-related kinase 1 (Nek1) form a negative 

feedback loop that maintains PC2 at the level needed for proper ciliogenesis [295].  These mice 

present with severe urinary concentrating defects and polyuria [296].  Other groups show that 
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TAZ -/- mice also develop emphysema due to abnormal alveolarization during development 

[293,297]. 

Likewise, animal models have provided insight into the various roles of YAP.  In mice, 

YAP regulates embryonic stem cell self-renewal [298], promotes embryonic cardiac growth 

[299] by Wnt signaling inhibition [300], enhances proliferation in the postnatal mouse retina 

[185], regulates myogenesis [301], supports Smad1-dependent transcription, and is required for 

BMP suppression of neural differentiation.  Over-expression of YAP also leads to an increase 

in organ size and aberrant tissue expansion [302].  YAP -/- mice show an arrest in development 

around E8.5, indicating that YAP plays an important role in yolk sac vasculogenesis, 

chorioallantoic attachment, and embryonic axis elongation [303].  In zebrafish embryogenesis, 

YAP is required for the brain, eyes, and neural crest development [304]. 

Prior literature indicates that TAZ is an important signaling molecule that interacts with 

TEAD/TEF transcription factors to activate downstream targets [305].  TEAD proteins bind to 

MCAT (muscle C, A and T sites) and A/T-rich sites in promoters active in cardiac, skeletal and 

smooth muscle, placenta, and neural crest [305].  Mutations preventing TEAD1 binding to TAZ 

also results in Sveinsson’s chorioretinal atrophy (SCRA), an autosomal dominant eye disease 

characterized by bilateral chorioretinal degeneration [306].  YAP also interacts with TEAD, 

which is essential in facilitating YAP-dependent gene expression [307,308,309,310,311,312].  

The YAP-TEAD interaction plays a vital role in regulating NPC number by affecting 

proliferation, fate choice, and cell survival [313] and by Pax3 expression in the neural plate 

border zone [314].  YAP also induces gene expression and exerts its biological functions by 

interacting with transcription factors through the WW domain in addition to the TEAD-binding 

domain [315]. 
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TEAD-1, -2, -3, and -4 show different, but overlapping, spatiotemporal expression 

patterns.  This would suggest that they are redundant, but differ in their control of development 

and regulation of specific tissues [316,317].  They share a highly conserved 68-amino acid 

TEA/ATTS DNA-binding domain, which binds to many motifs with the predominate 

consensus of GGAATG [318].  The TEAD family regulates Hippo pathway-responsive genes 

[319,320,321].  In Drosophila, the TEAD homolog Scalloped (Sd) functions to regulate cell-

specific gene expression during development, especially in the nervous system differentiation 

[322].  TEAD-1/TEF-1 has been shown to activate human papillomavirus in cervical carcinoma 

cells [323], regulate vascular smooth muscle α-actin gene in myoblasts and fibroblasts 

[324,325,326,327], and plays an important role in cardiac development [328,329,330].  TEAD-

2/TEF-4/ETF was first identified in mouse neural progenitor cells and expression in developing 

embryos was restricted to certain tissue such as the hindbrain [331], gut, and nephrogenic 

region of the kidney [332].  TEAD-3/TEF-5/DTEF-1 is strongly expressed in placenta 

[333,334] as well as cardiac muscle [335,336] while TEAD-4/TEF-3/RTEF-1 plays an 

important role in trophectoderm [337,338] and embryonic development of skeletal muscle 

[332,339,340], and cardiac muscle in mice [341] and was also found to be aberrantly expressed 

in lung adenocarcinomas [342] and in hypoxic endothelial cells [343,344]. 

Silencing TEAD or even preventing the TAZ-TEAD interaction blocked the ability of 

TAZ to promote cell proliferation and to induce EMT in breast cancer cells [177,345].  TAZ 

and TEAD1 have been shown to up-regulate zinc finger E-box binding homeobox 1 (Zeb1), a 

well-known transcription factor involved in EMT, in retinal pigment epithelial (RPE) cells, 

which then results in dedifferentiation, cell proliferation and EMT [346].  EMT is a normal 

biological process vital for morphogenesis during embryonic development that goes awry in 

neoplastic cells [347,348].  EMT describes the event of polarized epithelial cells undergoing 
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morphologic changes into non-polarized mesenchymal cells, thus allowing improved abilities 

to migrate, invade, and resist apoptosis [347,349]. 

 
 

EMT versus PMT 

EMT is initiated by changes in expression of certain transcription factors (some 

discussed below), cell surface and cytoskeletal proteins, and enzymes that degrade the ECM 

[347].  EMT can be subdivided into three groups that are separated based on the cellular 

activities at the time of EMT.  Type 1 occurs during implantation, embryogenesis, and organ 

development; Type 2 occurs during tissue regeneration and organ fibrosis; and Type 3, occurs 

during cancer and metastasis [347].  Five common steps to EMT are first, a group of cells to 

undergo EMT; second, intercellular adhesion loss is mediated by cadherins at adherens 

junctions; third, polarity markers are lost; fourth, cytoskeletal reorganization drives 

delamination; and fifth, the basement membrane degrades [350].  EMT plays an important role 

in early development, such as gastrulation and neural crest formation as well as in cardiac and 

musculoskeletal development [178,351,352].  One group showed that induction of EMT in 

immortalized human mammary epithelial cells resulted in the gain of mesenchymal traits as 

well as stem cell marker expression [353].  EMT plays many roles in carcinogenesis, including 

invasion, resistance to cell death and senescence, resistance to chemotherapy and 

immunotherapy, immunosuppression, inflammation, resistance to immune surveillance, and 

confers stem cell properties [178].  Activation of EMT is a critical mechanism for acquisition 

of malignant phenotype by cancer cells and facilitates aggressive dissemination since cells 

acquire stem cell features, invasiveness, and resistance to chemotherapy [347]. 
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The loss of E-cadherin is central to EMT and leads to loss of cell-cell adhesion.  E-

cadherin is down-regulated during carcinoma by epigenetics, including transcriptional 

repression and promoter hypermethylation [354,355,356,357,358,359,360].  Sometimes a 

mutation leads to the absence or expression of a non-functional protein [361].  MicroRNAs 

have also been shown to play a role in E-cadherin regulation.  The miR-200 family was found 

to directly target the mRNA of the E-cadherin transcriptional repressors ZEB1 and ZEB2 (also 

known as Smad-interacting protein 1 SIP1) [362,363].  E-cadherin is then replaced by 

expression of N-cadherin, a mesenchymal cadherin, implying a “cadherin switch” is important 

to initiating EMT.  N-cadherin plays an opposite role of E-cadherin by promoting cell motility 

and migration.  Changes in cadherin expression may modulate tumor cell adhesion and affect 

signal transduction [364].  Loss of E-cadherin contributes to metastases by inducing 

transcriptional and functional changes [365]. 

A number of pathways regulate EMT including TGF-β signaling, Wnt signaling, the 

Notch pathway, and tyrosine kinase receptors [352].  TGF-β signaling is a primary inducer of 

EMT and uses multiple distinct signaling mechanisms, such as direct phosphorylation by 

ligand-activated receptors of Smad transcription factors and by certain cytoplasmic proteins 

regulating cell polarity and tight junction formation [352,366].  EMT can occur through the 

Wnt signaling pathway via inhibition of phosphorylation of β-catenin by glycogen synthase 

kinase-3β (GSK3β).  This decrease in β-catenin phosphorylation prevents degradation in the 

cytoplasm and leads to an increase of β-catenin in the nucleus, thus inducing Wnt target genes 

that are involved in EMT [367].  Notch signaling may trigger EMT via its regulation of stem 

cell function and maintenance of stem cell-like traits [368,369].  RTKs also play a role in EMT.  

Normally, they are involved in embryonic processes (i.e.—Type 1 EMT), but become mutated 

and constitutively active in cancer [352,370,371,372]. 
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Numerous transcription factors are involved in EMT as well.  A few well-studied 

proteins include Snail1, Slug, Twist, Zeb2/SIP1, and FOXC2.  Snail1 is a well-studied zinc-

finger transcription factor that triggers EMT by inducing the loss of epithelial markers, 

changing the cell shape and increasing the expression of mesenchymal markers.  These allow 

epithelial cells to develop migratory and invasive properties during both embryonic 

development and tumor progression [373].  Snail1-induced EMT has been shown to accelerate 

cancer metastasis through enhanced invasion and immunosuppression induction [374].  Snail1 

has also been shown to induce basement membrane degradation and perforation as well as 

initiate angiogenesis in cancer [375].  In addition to cancer cells, Snail1 regulates normal 

mesenchymal cell function [376].  For EMT induction, Snail1 requires binding to its co-

repressor, Ajuba, via 14-3-3 interaction [377].  Slug is associated with breast cancer tumors 

from patients with metastatic disease or disease recurrence [378] and plays a role in semi-

differentiated tubules within ductal carcinomas [379].  Twist expression leads to a loss of cell-

cell adhesion and activates mesenchymal markers and induces cell motility [380].  Twist1 and 

Twist2 may also contribute to early tumor progression by preventing ras-induced senescence 

[381].  Zeb2 is up-regulated after Snail1-induced EMT [382] and is a Smad-interacting, multi-

zinc finger protein that is triggered by TGF-β and acts as a transcriptional repressor of E-

cadherin by binding to the promoter [383].  FOXC2 plays a role in invasion and metastasis and 

also promotes mesenchymal differentiation during EMT [384]; however, cytoplasmic FOXC2 

has been shown to promote epithelial differentiation in injured tubular cells [385].  Twist1, 

Twist2, and Zeb1 have also been shown to regulate EMT, senescence, motility, and invasion 

[386]. 

Hypoxia can also induce EMT via up-regulation of hypoxia inducible factor 1α (HIF1α) 

and hepatocyte growth factor (HGF) up-regulation, DNA hypomethylation induction, and NF-



25 
 

κB pathway activation [387].  In fact, a group showed that in hypoxia-induced EMT, different 

chromatin modifiers are induced to control EMT and that histone deacetylase 3 (hdac3) is vital 

for this type of EMT [388].  Alternative splicing of several genes has also been correlated with 

EMT progression and in an established breast cancer cell line, a group found an alternative 

splicing signature [389].  Other transcription factors shown to play a role in EMT, include 

KLF17, which was shown to be a negative regulator of EMT and metastasis in breast cancer 

[390] and secreted clusterin induced by TGF-β that acts as an important extracellular EMT 

promoter [391].  Other new players in EMT include Pez [392], PRL-3 [393,394], Aurora-A 

[395], Podoplanin [396,397], L1 cell adhesion molecule [398], interleukin-related molecule 

[399], interleukin-6 [400,401], and Thymosin β4 [402].   

Similarities between PMT seen in gliomas and EMT can be drawn.  Resistance to 

chemotherapy is commonly seen in EMT and this resistance to chemotherapy is also seen in 

gliomas that were originally defined as proneural and later became more mesenchymal over 

time [24].  Another similarity is the aggressive behavior of the tumor; those with a proneural 

tumor survived longer than those with a mesenchymal tumor, implying the transition to 

mesenchymal increases aggressiveness.  This change in gene expression profiles is similar to 

the change seen in EMT when mesenchymal gene expression increases and epithelial gene 

expression decreases.  Although the two processes are similar, differences exist.  EMT is 

characterized by a loss of E-cadherin expression and a gain of Snail1, Slug, Twist, and/or ZEB2 

[348].  These major EMT players seem not to play a large role in PMT and were not found to 

be significantly associated with mesenchymal gene expression in GBM [24].  Most of EMT is a 

direct result of E-cadherin loss [179,347,348,349].  A similar loss of a single protein has not 

been elucidated in PMT.  EMT and PMT have similarities and while it would be convenient to 

hypothesize PMT is exactly the same as EMT, PMT likely has distinct differences that have yet 
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to be established, including the role of mesenchymal gene up-regulation in PMT.  The role of 

mesenchymal gene up-regulation can only be speculated at this point.  One can hypothesize 

that this up-regulation allows for an increase in tumor aggressiveness by increasing expression 

of genes involved in angiogenesis, cell motility, and ECM.  This up-regulation of mesenchymal 

genes may also play a role in down-regulating proneural gene expression, which could then 

potentially lead to neural de-differentiation helping to promote tumorigenesis. 

 

Hypothesis and Significance 

Based on this information, TAZ appeared to be the most promising candidate as a 

transcriptional regulator that promotes the mesenchymal gene expression signature.  Despite 

the well-established role of YAP in numerous tumors, it was not as highly correlated to the 

mesenchymal gene signature, thus I chose to further study TAZ.  The main hypothesis is that 

the TAZ-TEAD complex is critically important in PMT and aggressive clinical behavior 

in GBM.  Elucidating the mechanism of PMT in GBM is an important research question that 

needs to be answered.  To ascertain the mechanism, both in vitro and in vivo studies must be 

done to characterize TAZ and establish its role in PMT in gliomas.  TAZ expression will be 

stably knocked-down and over-expressed.  The TAZ-TEAD interaction will also be prevented.  

In vitro studies will include invasion and proliferation assays and in vivo models will test for 

tumorigenesis as well as PMT.  To study a possible molecular mechanism behind PMT, the 

Replication-Competent ASLV long terminal repeat with Splice acceptor (RCAS)/Ntv-a mouse 

model will be used.  In this model, the expression of retrovirus-encoded genes can be directed 

to express in NPCs [403].  In published literature, it has been shown that the platelet-derived 

growth factor-β (PDGF-β) gene when over-expressed in Nestin
+
 NPCs generates grade II 
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gliomas [404].  This model will be used to determine if over-expressing TAZ alone or in 

concert with PDGF-β is enough to drive the tumor from a lower grade, proneural phenotype to 

a higher grade, mesenchymal one.  Using this model will be an important tool to further 

understand PMT in GBM. 

Completion of this project will show an important mechanism that drives the aggressive 

nature of GBM.  This research is significant because in the long-term it will contribute to the 

understanding of the molecular process driving the aggressive clinical behavior of GBM.  TAZ 

could be used as a biomarker to estimate prognosis and stratify patients into clinically relevant 

subgroups.  Also, establishing that the TAZ pathway is responsible for the cellular change seen 

in GBM may lead to new directions in alternative treatment options for patients.  The high 

degree of clinical interest in attacking this pathway suggests that new concepts on elucidating 

the molecular mechanisms by which this pathway works will likely lead to a focused clinical 

trial on patients whose tumors show pathway activation.  This study may also provide a 

rationale for developing inhibitors that directly target TAZ-TEAD and the downstream target 

genes. 
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CHAPTER 2: METHODS 
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Bioinformatic analyses.  The ARACNe algorithm, as implemented in the geWorkBench suite 

(https://cabig.nci.nih.gov/tools/geWorkbench), was performed on the TCGA Affymetrix 

expression dataset (downloaded 04/28/2011, n=385), which was processed using a custom CDF 

and RMA normalization using R and Bioconductor (http://www.R-project.org/).  The resulting 

matrix of data was processed with the following ARACNe settings: p-value of 0.01, adaptive 

partitioning, and DPI Tolerance of 0.1.  For hub markers and the DPI target list, a composite set 

of transcription factors was generated from the TRANSFAC website and genes with the term 

‘transcription factor’ in their parent GO term.  The initial resulting ARACNe network was 

limited to GBM MES genes by combining the gene lists from Phillips [24] and Verhaak [25], 

and then selecting the immediately adjacent hub genes.  Genes that were identified to be 

associated with TAZ by ARACNe analysis were processed using the DAVID webtool 

(http://david.abcc.ncifcrf.gov/), to obtain association of these genes with GO functional 

categories.  Default processing was done, except the analysis was limited to DAVID’s Gene 

Ontology biological processes FAT (GOTERM_BP_FAT) category.  The resulting GO terms 

were ranked from smallest to largest p-values after removing terms that had 10 or less 

overlapping genes.  To determine if a TCGA GBM was PN or MES, first a metagene score for 

MES or PN was generated, using a union of the respective Phillips [24] and Verhaak [25] 

genesets.  The two metagene scores were then compared, with class being assigned based on 

the bigger metagene score.  Tumors that had both Illumina Infinium methylation data and 

Affymetrix gene expression data were subsequently analyzed for correlation of TAZ 

methylation with TAZ expression and GBM subtype. 
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Cell Culture.  Glioma stem cells (GSCs) were isolated from patients undergoing surgery at 

MDACC and grown in neural basal media (NBM) made from Dulbecco’s Modified Eagle 

Medium (DMEM)/F12 50/50 (Cellgro) supplemented with B27 (Invitrogen), 20 ng/ml EGF 

(Chemicon), and 20 ng/ml FGF (Akron-Biotech).  Antibiotics/antimycotics (Cellgro) were also 

added to the media at 1% final concentration.   

To split cells, cells were collected in 50 mL Falcon tubes and centrifuged down at 4000 rpm for 

5 minutes.  Media was aspirated off then 1 mL Accutase (Sigma-Aldrich) was added to the cell 

pellet.  Cells were incubated with Accutase at 37°C for 5 minutes then triturated prior to 

centrifugation.  After centrifugation (same settings as above), Accutase was aspirated off and 

cells were resuspended in NBM and placed in a fresh cell culture flask. 

 

Methyl light assay.  DNA was extracted from cell lines using a DNA isolation kit (Epicentre).  

Proteinase K (1 μL of 50 μg/μL) was diluted into 300 μL of Tissue and Cell Lysis Solution for 

each sample.  The cells were pelleted by centrifugation at 4000 rpm for 5 minutes and the 

supernatant was discarded.  The Tissue and Cell Lysis Solution containing Proteinase K (300 

μL) was added to each sample and mixed thoroughly then incubated at 65˚C for 15 minutes 

with vortexing every 5 minutes.  The samples were cooled to 37˚C and RNase A (1 μL of 5 

μg/μL) was added to each and mixed thoroughly then incubated at 37˚C for 30 minutes.  The 

samples were placed on ice for 5 minutes then MPC Protein Precipitation Reagent (150 μL) 

was added to the 300 μL lysed sample and vortexed vigorously for 10 seconds.  The debris was 

pelleted by centrifugation for 10 minutes at 10,000 x g in a microcentrifuge.  The supernatant 

was transferred to a clean microcentrifuge tube and 500 μL of isopropanol was added then the 

tube was inverted 40 times.  The DNA was pelleted by centrifugation at 4˚C for 10 minutes 
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then the isopropanol was carefully poured off without dislodging the pellet.  The pellet was 

then washed twice with 70% ethanol with residual ethanol removed with a pipet.  The DNA 

was then resuspended in 35 μL of TE buffer. 

DNA was then bisulfite converted using the EZ DNA Methylation-Gold kit (Zymo).  The 

prepared CT Conversion Reagent (130 μL) was added to 20 μL of DNA sample and mixed.  

The reaction was then incubated at 98˚C for 10 minutes, 64˚C for 2.5 hours, then held at 4˚C.  

The M-Binding Buffer (600 μL) was added to a Zymo-Spin IC Column then the sample was 

added and inverted several times to mix.  The sample was centrifuged at maximum speed for 

30 seconds and the flow-through was discarded.  The M-Wash Buffer (100 μL) was added to 

the column, which was then centrifuged at maximum speed for 30 seconds.  The M-

Desulphonation Buffer (200 μL) was added to the column and incubated for 20 minutes at 

room temperature.  After incubation, the sample was centrifuged at maximum speed for 30 

seconds.  The M-Wash Buffer (200 μL) was added to the column and centrifuged at maximum 

speed for 30 seconds; this step was repeated once more.  The M-Elution Buffer (30 μL) was 

added directly to the column matrix placed in a fresh microcentrifuge tube.  This was then 

centrifuged briefly to elute the DNA.  The DNA concentration as then measured using the 

Nanodrop.   

Primers (Forward: 5’-TTA TTA CGT TTC GAT TTC GGA AGT TCG-3’ and R: 5’-CGC 

CCA AAT AAT ACC CGC TAA AAC-3’) and probe (6FAM-CGC GCT CAT CCG ACA 

CCA CTC CAA-BHQ-1) were designed against the 2
nd

 CpG island in the TAZ promoter using 

Primer Express software (Applied Biosystems) against the amplicon; 5’-GGG TAA GAG GAG 

ACG GGT GTT TTT TAT TTA TTT TTT TCG GTC GCG CGG ATT TTT TTC GTT TAG 

ATT TGT ATT TGT ATT TTT TTG AGT TTA TTA CGG ATT TGG GGC GGG ATT-3’.  



32 
 

To increase sensitivity, pre-amplification of 10 cycles was performed prior to real-time PCR.  

Real-time PCR was performed using a 96-well optical tray and optical caps with the 25 μL 

reaction mixture composed of 600 nM forward primer, 600 nM reverse primer, 200 nM probe, 

200 µM dATP, 200 µM dCTP, 200 µM dGTP, and 400 µM dUTP, 3.5 mM MgCl2, 1x TaqMan 

Buffer A containing a reference dye, and bisulfite-converted DNA.  The reaction mixtures were 

then incubated at 50°C for 2 minutes for 1 cycle, 95°C for 10 minutes for 1 cycle, then 95°C for 

15 seconds and 60°C for 1 minute for 40 cycles.  The DNA methylation level was calculated 

using ΔCT values of WWTR1 to the COL2A1 reference gene using the ABI 7900 Sequence 

Detection System (Perkin-Elmer). 

 

Western Blot Analysis (WB).  Western blot analysis was performed using standard protocols.  

To make the gel, two glass plates were cleaned using 70% ethanol and 1.5 mm spacers were 

used between the plates and locked into WB apparatus.  The 15% resolving gel was made in a 

50 mL Falcon tube adding 4.4 mL ddH2O, 15 mL 30% Acrylamide (ISC Bioexpress), 2.6 mL 

1% Bis-acrylamide (ISC Bioexpress), 7.5 mL 1.5M Tris (pH 8.8), 300 µL 10% SDS, 150 µL 

10% APS, and 30 µL TEMED.  The resolving gel was added between the two plates and 

ddH2O was added on top to ensure an even top.  The gel was allowed to set for 20 minutes.  

The stacking gel was made in a 15 mL Falcon tube adding 7 mL stacking gel solution (22.1 mL 

ddH2O, 12.5 mL 0.5 M Tris (pH 6.8), 0.5 mL 10% SDS, 8.4 mL 30% Acrylamide, 6.5 mL 1% 

Bis-acrylamide; stored at 4°C), 70 µL 10% APS, and 7 µL TEMED.  The ddH2O on top of the 

resolving gel was poured off prior to the stacking gel.  Either a 15 lane or 20 lane come (1.5 

mm) was placed prior to pouring the stacking gel.  Once poured, the stacking gel was allowed 

to set for 30 minutes. 
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Protein extraction of GSCs was performed using 0.5% NP-40 lysis buffer containing 50 mM 

Tris-HCl (pH7.5), 150 mM NaCl, 50 mM NaF, and supplemented with protease inhibitors 

(Roche) and PMSF just before use.  A Lowry assay (Bio-rad) was performed to determine 

protein concentration.  A BSA standard was used to calculate the unknown protein 

concentrations.  Bio-Rad Dc Protein assay Reagent A (1 mL) and Bio-Rad Dc Protein assay 

Reagent S (20 µL) were added together to make a solution (“A + S”) to add to each lysate.  

Using a 96-well flat bottom plate, 5 µL of lysate were placed in each well.  To each well 

containing lysate, 25 µL A + S was added.  Bio-Rad Dc Protein assay Reagent B (200 µL) was 

then added to each well.  The assay was read using a plate reader and SoftMax Pro program.  

Protein concentration was then calculated and a final volume of 45 µL was used for each WB 

lane.  NP40 buffer was used to increase the volume when needed.  Prior to loading, each 

sample was placed in a microcentrifuge tube and 5 µL of 5x SDS + DTT was added.  Each 

sample was then heated at 95°C for 5 minutes then loaded into the gel.  The ladder (Precision 

Plus Protein Kaleidoscope standard) was loaded as well at 5 µL.  The running buffer was 1x 

SDS PAGE.  The gel was run at 220 V for 2 hours or at 40 V for overnight. 

Prior to transfer, four chromatography paper pieces (16 cm x 14.5 cm) were soaked in transfer 

buffer (50 mL 5x Transfer buffer, 150 mL ddH2O, 50 mL methanol) along with the 

nitrocellulose membrane.  Two chromatography paper pieces were placed in the Amersham 

Biosciences Hoefer TE 70 semi-dry transfer unit then the nitrocellulose paper was added.  The 

gel without the stacking gel portion was placed on top of the nitrocellulose.  The last two 

chromatography papers were added on top of the gel.  The transfer was run at 0.2 Amps for 1 

hour.  After the transfer, the nitrocellulose was blocked using 10% milk solution (10 g milk in 

100 mL PBS).  The primary antibody was added then left at 4°C overnight on a rocker. 



34 
 

To determine protein expression I used the following antibodies: from Sigma-Aldrich—TAZ 

(1:2500), NF2 (1:1000), MST1 (1:1000), p-MST1 (1:1000), MOB1 (1:500), LATS1 (1:1000), 

p-LATS1 (1:1000), 14-3-3-ε (1:1000), Flag (1:1000), Runx2 (1:1000), and SMA (1:1000); 

from Santa Cruz Biotechnology—YAP (1:500), TEAD1 (1:1000), TEAD2 (1:1000), TEAD3 

(1:1000), TEAD4 (1:1000), SMAD2 (1:2000), p-TAZ (1:1000), p-YAP (1:1000), C/EBP-β 

(1:500), GFAP (1:1000), and Lamin (1:1000); from Bethyl Labs—LATS2 (1:1000); from 

Calbiochem—Actin (1:10,000); from BD Biosciences—FN1 (1:5000), CAV2 (1:1000), Mash1 

(1:1000), SATB1 (1:1000), SATB2 (1:1000); from Abcam—CTGF (1:500); from Cell 

Signaling Technologies—CD44 (1:1000), Cyclin A (1:1000), Cyclin E (1:1000), Cyclin B1 

(1:1000), MST2 (1:1000), p-cdk1 (1:1000), p-cdk4 (1:1000), STAT3 (1:1000), TCF3 (1:1000); 

and from IBL—Olig2 (1:1000).  

The next day, the milk was poured off and washed with tap water once.  Then the membranes 

were washed three times with PBST (1 L PBS with 1 mL Tween 20) for 5 minutes each wash 

on a shaker.  The secondary antibody (Santa Cruz Biotechnology anti-rabbit or anti-mouse, as 

appropriate) was added to the milk (1:5000) and added to each membrane and rocked at room 

temperature for 1 hour.  The secondary antibody was then removed and the membranes were 

washed four times with PBST for 15 minutes each wash on a shaker. 

To develop, the SuperSignal West Dura Extended Duration Substrate Kit (ThermoScientific) 

was used.  Equal volumes of the SuperSignal West Dura Stable Peroxide Buffer and the 

SuperSignal West Dura Luminol/Enhancer Solution were used.  Each membrane was exposed 

to this solution for 3 minutes.  The membranes were placed in a cassette and exposed to Basic 

Blue Autorad film (Gene Mate) then the film was developed. 
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For human glioma specimens, frozen tumors were dissected out and lysed with buffer 

containing 7M urea, 2M thiourea, 1% CHAPS, and 50 mM Tris-HCl (pH 7.5).  Protein 

concentrations were determined using the CB-X Protein Assay (G Biosciences).  The CB-X 

was chilled at -20°C prior to start.  The protein samples (5 μL each) were transferred to 

microcentrifuge tubes and 1 mL pre-chilled CB-X was added to each sample and vortexed to 

mix.  The samples were centrifuged at 13,500 rpm for 5 minutes and the supernatant was 

carefully removed without disturbing the protein pellet.  CB-X Solubilization Buffer-I (50 μL) 

and CB-X Solubilization Buffer-II (50 μL) were added to the tube and vortexed to dissolve the 

protein pellet.  The CB-X Assay Dye was mixed prior to use by gently inverting the bottle 

several times and 1 mL was added to the tube and vortexed briefly.  The samples were 

incubated at room temperature for 5 minutes.  The sample (200 μL assay solution) was 

transferred to a microtiter well and the absorbance was read at 595 nm against dH2O.  The CB-

X Table was used to determine the amount of protein in the samples.  The protein concentration 

was calculated by dividing the amount of protein by the sample volume. 

 

Immunohistochemistry (IHC).  IHC analyses were performed on paraffin blocks, 

deparaffinized at 65°C for 10 minutes, and hydrated through an ethanol series.  The slides were 

placed in Xylene twice for 2 minutes each, then 100% ethanol for 2 minutes, 95% ethanol for 2 

minutes, and 70% ethanol for 2 minutes.  Slides were washed in PBS once then washed twice 

with tap water.  The slides were then placed in 196 mL ddH2O and 4 mL 0.5 M sodium citrate.  

The slides were placed in a crockpot (all vents completely closed) containing some tap water 

and microwaved for 10 minutes at high power then 12 minutes at medium low power.  The 

slides were allowed to cool for 30 minutes then were placed in 180 mL PBS + 20  mL 20% 
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H2O2 + 50 µL Tween 20 for 30 minutes.  Primary antibody was diluted in FBS (9:1 PBS:FBS).  

The slides were washed ten times with tap water then placed in a slide developer containing 

some water.  Excess water was removed using KimWipes then 100-150 µL primary antibody 

was added to each slide and evenly spread to ensure all tissue was exposed to the antibody.  

Antibodies against TAZ (1:33; Novus), FN1 (1:4000; BD Biosciences), or CD44 (1:5000; Cell 

Signaling Technologies) were incubated with the slides overnight at 4°C. 

The next day the slides were washed twice with PBS then excess liquid was removed using 

KimWipes and slides were placed in the slide developer.  Staining was performed using the 

DAKO Envision kit according to the manufacturer’s instructions (DAKO, Carpentaria, CA).  

The slides were covered with secondary antibody (DAKO labeled polymer-hrp anti-rabbit) and 

allowed to sit for 30 minutes.  The slides were then washed twice with PBS and placed in the 

slide developer after removal of excess liquid.  The slides were covered with 100 µL of dye (1 

drop DAB+ chromogen per 1 mL DAB+ substrate buffer) and allowed to sit for 5 minutes.  The 

slides were immediately added to tap water to stop the reaction.  The slides were placed in fresh 

hematoxylin and washed with tap water until the water was clear.  The slides were then 

dehydrated in 70% ethanol for 2 minutes, 95% ethanol for 2 minutes, 100% ethanol for 2 

minutes, and finally, Xylene twice for 2 minutes each.  Excess liquid was removed from each 

slide then covered with PerMount and covered with a 24 x 40 mm cover slip.  The slides then 

dried for two hours. 

 

Nuclear and Cytoplasmic Extraction.  The compartment proteins were extracted from 

cultured cells using the Compartmental Protein Extraction Kit (Millipore).  The cells were 

pelleted at 4000 rpm for 5 minutes then counted using the ViCell counter.  Ice cold buffer C 
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was added to the cells at a concentration of 2 mL per 20 million cells and mixed well.  The 

mixture was rotated at 4˚C for 20 minutes.  A syringe with a needle gauged between 26.5 and 

30 was prepared.  The cell mixture was passed through the needle base 50-90 times to disrupt 

the cell membrane and release the nuclei from the cells.  The cell mixture was centrifuged at 

15,000 x g for 20 minutes at 4˚C.  The cytoplasmic proteins were in the supernatant and saved 

in another tube then kept on ice.  The pellet was resuspended with ice cold buffer W at 4 mL 

per 20 million cells and rotated at 4˚C for 5 minutes.  The mixture was then centrifuged at 

15,000 x g for 20 minutes at 4˚C.  The nuclear proteins are in the supernatant and saved in 

another tube.  The proteins were stored at -80˚C until ready to be analyzed by WB. 

 

Bisulfite sequencing.  Genomic DNA isolated from GSCs using the Epicentre kit, described 

above, was bisulfite converted using the Zymo kit, also described above.  The DNA was then 

inserted into a Topo vector using the TOPO TA Cloning Kit for Sequencing (Invitrogen).  The 

cloning reaction was composed of the following: 4 μL Fresh Purified PCR product, 1 μL Salt 

Solution, and 1 μL TOPO vector.  The reaction was gently mixed and incubated for 5 minutes 

at room temperature then placed on ice.  The TOPO Cloning reaction (6 μL) was added into a 

vial of One Shot Chemically Competent E. coli and gently mixed then incubated on ice for 30 

minutes.  The cells were heat shocked for 30 seconds at 42˚C without shaking then immediately 

transferred to ice.  Room temperature S.O.C. Medium (150 μL) was added the cells then the 

cells were horizontally shaken in the tube at 37˚C for 1 hour.  Each transformation (125 μL) 

was spread on pre-warmed LB Ampicillin plates then incubated overnight at 37˚C.   

Colonies were picked the next day and grown in 2 mL LB Ampicillin (1:1000) overnight at 

37˚C while shaking.  After overnight culture, plasmids were isolated using the QIAprep 
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Miniprep kit (Qiagen).  In a fresh microcentrifuge tube, cells (1.5 mL) were pelleted down at 

6000g for 15 minutes.  The pelleted bacterial cells were resuspended in 250 μL Buffer P1 and 

250 μL Buffer P2 then mixed thoroughly by inverting the tube 6 times.  Buffer N3 (350 μL) 

was then added and mixed immediately and thoroughly by inverting the tube 6 times.  The cells 

were centrifuged for 10 minutes at 13,000 rpm in a table-top microcentrifuge.  The supernatant 

was applied to the QIAprep spin column by pipetting and centrifuged for 1 minute at 13,000 

rpm; the flow-through was discarded.  The QIAprep spin column was washed by adding 0.5 

mL Buffer PB and centrifuged for 1 minute at 13,000 rpm; the flow-through was discarded.  

The QIAprep spin column was then washed again by adding 0.75 mL Buffer PE and 

centrifuged 1 minute at 13,000 rpm; the flow-through was discarded.  The samples were 

centrifuged for an additional minute at 13,000 rpm to remove the residual buffer.  The DNA 

was eluted by placing the QIAprep column in a clean microcentrifuge tube and adding 50 μL 

Buffer EB to the center of each column.  This was allowed to sit for 1 minute then was 

centrifuged for 1 minute at 13,000 rpm.  The eluted DNA was sequenced at the MD Anderson 

Cancer Center core facility using the available M13 Forward (5’-GTA AAA CGA CGG 

CCAG-3’) and Reverse (5’-CAG GAA ACA GCT ATG AC-3’) primers.  Sequencing was 

compared to the promoter sequence available on the Transcriptional Regulatory Element 

Database website (http://rulai.cshl.edu/cgi-bin/TRED/tred.cgi?process=home) to identify 

methylated CpG pairs. 

 

Real-Time Reverse transcriptase PCR (qRT-PCR).  mRNA was obtained using the 

QIAshredder kit (Qiagen) and the RNeasy Plus Mini Kit (Qiagen) followed by a two-step qRT-

PCR method.  Cells were collected via centrifugation for 5 minutes at 4000 rpm.  The cells 
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were then disrupted by adding 350 μL Buffer RLT Plus with β-mercaptoethanol (β-ME; 10 μL 

β-mercaptoethanol per 1 mL Buffer RLT Plus).  The lysates were homogenized using the 

QIAshredder spin column placed in a 2 mL collection tube and centrifuged for 2 minutes at 

maximum speed.  The homogenized lysate was then transferred to a gDNA Eliminator spin 

column placed in a 2 mL collection tube and centrifuged for 30 seconds at 10,000 rpm.  The 

column was discarded and the flow-through was saved.  One volume (350 μL) of 70% ethanol 

was added to the flow-through and mixed well by pipetting.  The 700 μL sample was 

transferred to an RNeasy spin column placed in a 2 mL collection tube and centrifuged for 15 

seconds at 10,000 rpm; the flow-through was discarded.  Buffer RW1 (700 μL) was added to 

the RNeasy spin column and centrifuged for 15 seconds at 10,000 rpm; the flow-through was 

discarded.  Buffer RPE (500 μL) was added to the RNeasy spin column and centrifuged for 15 

seconds at 10,000 rpm; the flow-through was discarded.  Buffer RPE (500 μL) was added to the 

RNeasy spin column and centrifuged for 2 minutes at 10,000 rpm.  The RNeasy spin column 

was placed in a new 1.7 mL collection tube.  RNase-free water (40 μL) was directly added to 

the spin column membrane and centrifuged for 1 minute at 10,000 rpm to elute the RNA.  The 

RNA concentration was found using the Nanodrop. 

A total of 1 μg RNA was reverse transcribed to generate first strand DNA (Invitrogen).  The 

RNA/primer mixture was prepared in sterile 0.5 mL tubes as follows: 1 μg RNA, 2 μL random 

hexamers (50 ng/μL), 1 μL 10 mM dNTP mix, and DEPC-treated water to bring the volume up 

to 10 μL.  Each sample was incubated at 65˚C for 5 minutes then incubated on ice for at least 1 

minute.  For each sample, the following reaction mixture was prepared by adding each 

component in the indicated order: 2 μL 10X RT buffer, 4 μL 25 mM MgCl2, 2 μL 0.1 M DTT, 

and 1 μL RNaseOUT Recombinant Ribonuclease Inhibitor.  The reaction mixture (9 μL) was 

added to each RNA/primer mixture and mixed gently then collected by brief centrifugation.  
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The samples were then incubated at 25˚C for 2 minutes.  SuperScript II RT (1 μL; 50 units) was 

added to each tube then mixed.  The tubes were placed in a PCR machine and incubated at 

25˚C for 10 minutes, 42˚C for 50 minutes, 70˚C for 15 minutes, and 4˚C forever.  The reactions 

were collected by brief centrifugation and 1 μL RNase H was added to each tube and incubated 

for 20 minutes at 37˚C before amplifying the target cDNA. 

To amplify the cDNA, Taqman primer probes in conjunction with 2x Taqman Universal PCR 

Master Mix (Applied Biosystems) were used for the following genes: WWTR1, CTGF, CD44, 

FN1, YAP, CHI3L1, ACTG2, SMA, CXCL2, SERPINE1, SMAD7, TCF3, ADAMTS1, IL8, and 

Actin.  RNase inhibitor (0.4 units/μl; Roche) was included in every reaction.  Each reaction was 

done in triplicate wells and the final volume was 20 μL per well (10 μL Master Mix, 1 μL 

TaqMan primer probe mix, 8 μL ddH2O, 1 μL cDNA).   Reaction mixtures were incubated at 

95°C for 10 minutes for 1 cycle then 15 seconds at 95°C and 1 minute at 60°C for 40 cycles.  

The fluorescent signal was measured using the Applied Biosystems 7500 and the relative level 

of fold changes were calculated using the absolute ΔΔCT method. 

For the RCAS samples, RNA was isolated from tissue in Tissue-Tek O.C.T.  First, everything 

used including the bench was cleaned with RNase Zap (Ambion).  The bench was covered with 

a blue pad and a block of dry ice was covered with foil then placed on a Styrofoam top.  

Autoclaved microcentrifuge tubes were labeled (2 per sample) with 1 kept on dry ice and the 

other in liquid nitrogen.  Thoroughly cleaned mortars and pestles were used (1 each per 

sample).  A Thermoflask was filled with liquid nitrogen and the centrifuge was set to 4˚C prior 

to start.  PBS was placed in a 50 mL Falcon tube and placed on ice.  To isolate the tumors from 

the tissue, the frozen tissue was placed next to the dry ice block to soften the O.C.T.  The 

O.C.T. was cut from the tissue (as much as possible) and the isolated tumor was placed in an 
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microcentrifuge tube then kept on dry ice.  For each sample, a fresh scalpel was used and the 

foil surrounding the dry ice block was replaced.  Each sample was washed once with cold PBS 

(1 mL) then shaken until the O.C.T. was no longer white; the samples were kept on dry ice for 

as much as possible).  The tubes were then centrifuged for 5 minutes at maximum speed.  The 

PBS was removed then the sample was placed on dry ice.  Liquid nitrogen was poured into a 

mortar and the tissue was scooped out from the microcentrifuge tube.  The tumor was then 

ground to a fine powder (liquid nitrogen was added as needed) then the powder was transferred 

to the microcentrifuge tube that was kept in the liquid nitrogen.  The liquid nitrogen was 

allowed to evaporate from the powder substance before the microcentrifuge tube top was 

closed and the tube was placed back into the liquid nitrogen.  The RNA was then isolated as 

above using the Qiagen RNeasy kit. 

 

Small interfering RNA transfection.  Transient knockdown was performed using siRNA 

constructs from Dharmacon against: scrambled control (D-001810-10), TAZ (L-016083-00), 

STAT3 (L-003544-00), C/EBP-β (L-006423-00), and SMAD2 (L-003561-00).  Cells were 

cultured on laminin (BD Biosciences)/poly-L-ornithine coated plates.  The laminin solution 

was made from 45 mL filtered DMEM/F12 plus 5 mL poly-L-ornithine and 50 μL laminin.  

Plates were coated with enough volume to cover the surface and sat at room temperature for 30 

minutes.  After coating, the plates were washed three times with PBS.  Cells were allowed to 

attach to plates overnight in antibiotic free media.  The next day the antibiotic free media was 

removed and the cells were washed twice with PBS.  For a 6-well plate, each well had 700 μL 

OptiMem (Gibco) added after PBS wash.  Two solutions were then made: 1) siRNA mixture 

and 2) Lipofectamine 2000 (Invitrogen) mixture.  For the siRNA mixture, 6 μL of 10 μM 
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siRNA was added to 144 μL OptiMem and allowed to sit at room temperature for 5 minutes.  

For the Lipofectamine 2000 mixture, 5 μL Lipofectamine 2000 was added to 145 μL OptiMem 

and allowed to sit at room temperature for 5 minutes.  After the 5 minute incubation for both, 

the mixtures were added together and allowed to sit for 30 minutes at room temperature.  After 

the 30 minute incubation, the siRNA/Lipofectamine 2000 mixture was added to the cells 

suspended in 700 μL OptiMem (final siRNA concentration was 60 nM) and the cells were 

incubated at 37˚C for 6 hours.  After 6 hours, the media was changed to regular media 

containing antibiotics and cells were collected and analyzed 48-72 hrs later. 

 

Transfection.  For lentivial transduction, pGIPZ vectors expressing shRNA against mRNA of 

WWTR1, TEAD, and CTGF were used.  Viral particles were generated using the Trans-

lentiviral packing system (Open Biosystems).  293FT Cells were cultured in 6-well plates 

overnight at a concentration of 1.2 x 10
6
 cells in 2 mL media.  For each well of a 6-well plate, 

the following two mixtures were made: 1) 9 μg leniviral transfer vector DNA, 26 μL Trans-

lentiviral packaging mix, and serum free media to bring the volume up to 1 mL; 2) 187.5 μL 

Arrest-In and 812.5 μL serum free media.  Both mixtures sat for 5 minutes at room temperature 

before being added together.  The mixed solutions then incubated at room temperature for 30 

minutes.  Serum free media was added to the 293FT cells then the lentiviral/Arrest-In mixtures.  

After 6 hours, the media was changed to normal media containing serum.  The viral particles 

were collected by harvesting the supernatant, which was centrifuged at 1600 x g for 10 minutes 

at 4˚C to remove cell debris.  The supernatant was carefully removed and transferred to a fresh 

centrifuge tube.  The particles were filtered using a 0.45 μm filter, aliquoted, and stored at -

80˚C or used immediately.  The GSCs were grown overnight in antibiotic free media in laminin 
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coated (described above) P100 plates.  For each plate of cells, equal volumes of viral 

supernatant and NBM plus polybrene (Chemicon) was added.  For example, 2 mL viral 

supernatant, 2 mL NBM, and 0.8 μL of 10 μg/μL polybrene stock (final concentration 2 

μg/mL) were added to the cells.  The cells were incubated with this mixture for 6 hours then the 

media was changed to NBM.  The cells were analyzed microscopically for the presence of GFP 

then selected in NBM containing puromycin (4 μg/mL) for generation of stable clones. 

Phoenix Ampho (for GSCs) obtained from a commercial source (Orbigen) and grown in 

DMEM/F12 plus 10% fetal bovine serum (FBS) were transfected with 16 µg of DNA (pBABE 

vector containing wild type TAZ, 4SA, 4SA-S51A) using Lipofectamine 2000 (Invitrogen) 

according to manufacturer instructions.  Two mixtures were made: 1) 16 μg DNA in 500 μL 

OptiMem; 2) 20 μL Lipofectamine 2000 in 500 μL OptiMem.  These two mixtures incubated 

separately for 5 minutes at room temperature before being added together.  Once mixed 

together, the solution incubated for 30 minutes prior to adding to the cells.  The cells incubated 

with 1 mL DNA/Lipofectamine plus 2 mL antibiotic free media for 6 hours then the media was 

changed to regular media.  Viral supernatants were collected 48 hours after transfection, 

filtered using at 0.45 μm filter, and immediately used for transduction of GSCs.  Cells were 

cultured on laminin coated plates (described above) then transduced with viral supernatant plus 

polybrene at a final concentration of 2 μg/mL.  After 6 hours, the media viral supernatant was 

aspirated off then replaced with NBM.  The pBABE transduced GSCs were selected in NBM 

containing puromycin (4 μg/ml) for generation of stable clones.   

The pBABE-4SA-S51A plasmid was made using the QuikChange II XL Site-Directed 

Mutatgenesis Kit (Stratagene) and primers designed to introduce serine to alanine mutation (5’-

CGG AAG AAG ATC CTG CCG GAG GCC TTC TTT AAG GAG CCTG-3’; 5’-CAGG CTC 
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CTT AAA GAA GGC CTC CGG CAG GAT CTT CTT CCG-3’).  The sample reaction was 

prepared as follows: 5 μL of 10x reaction buffer, 10 ng or 50 ng of dsDNA template, 1.25 μL 

forward primer (10 μM stock), 1.25 μL reverse primer (10 μM stock), 1 μL of dNTP mix, 3 μL 

of QuikSolution, and ddH2O to a final volume of 50 μL.  Then 1 μL of PfuUltra HF DNA 

polymerase (2.5 U/μL) was added to the sample.  The samples were amplified using the 

following program: 95˚C for 1 minute for 1 cycle, then for 18 cycles at 95˚C for 50 seconds, 

60˚C for 50 seconds, and 68˚C for 7.5 minutes, followed by 68˚C for 7 minutes and 4˚C 

forever.  To each amplification reaction, 1 μL of Dpn I restriction enzyme (10 U/μL) was 

added.  The reaction was gently and thoroughly mixed by pipetting then centrifuged for 1 

minute at maximum speed.  The reactions were then incubated immediately at 37˚C for 1 hour 

to digest the parental dsDNA.  XL 10-Gold ultracompetent cells were thawed on ice and for 

each reaction to be transformed, 45 μL of the cells were aliquoted to pre-chilled 14-mL BD 

Falcon polypropylene round-bottom tubes.  β-ME (2 μL) were added to the 45 μL of cells then 

swirled to gently mix.  The cells were incubated on ice for 10 minutes and swirled gently every 

2 minutes.  The Dpn I-treated DNA (5 μL) were added to the cells and swirled to gently mix 

then incubated on ice for 30 minutes.  The S.O.C. Medium was preheated in a 42˚C water bath 

during this incubation.  The cells were heat shocked at 42˚C for 30 seconds then immediately 

incubated on ice for 2 minutes.  The preheated S.O.C. Medium (0.1 mL) was added to each 

tube then the tubes were incubated at 37˚C for 1 hour with shaking.  The entire reaction was 

plated on LB Ampicillin plates then incubated at 37˚C overnight. 

Colonies were picked the next day and grown in 2 mL LB Ampicillin (1:1000) overnight at 

37˚C while shaking.  After overnight culture, plasmids were isolated using the QIAprep 

Miniprep kit (Qiagen) as described above.  The eluted DNA was sequenced at the MD 
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Anderson Cancer Center core facility using the following primer sequences: 5’-CGC TCG 

CAC GCG TCG CCC GCG-3’ and 5’-CGC GGG CGA CGC GTG CGA GCG-3’. 

 

Matrigel Invasion Assay.  Matrigel (BD Biosciences) aliquots were thawed overnight in 4˚C 

then diluted down to 0.7 mg/mL using cold serum-free media and kept on ice.  This diluted 

solution was plated on a transwell (200 μL/well; ISC Bioexpress) and allowed to sit at room 

temperature for at least 20 minutes.  Then the medium was removed from the transwell prior to 

plating cells.  Cells were split as described above and resuspended in serum-free media then 

counted using the ViCell counter (described below).  The cells were washed at least 3 times in 

serum-free media and resuspended in serum-free media (one million cells in 500 μL are needed 

to plate on each transwell).  Each transwell had a final volume of 700 μL (500 μL of cells 

plated plus 200 μL serum-free media).  Serum-containing media (1 mL) was added below each 

transwell then the cells incubated overnight in a 37˚C incubator.   

The next day the medium from the transwell and the well below was removed.  Hema 3 

staining kit (Thermo Fisher) was used to stain the cells that invaded through the Matrigel.  

Stain 1 (fixative) was added to the transwell (200 μL) and the well below (500 μL) and allowed 

to sit for 20 minutes.  The stain was removed and Stain 2 was added as above.  After 20 

minutes, Stain 2 was removed and Stain 3 was added as above.  At the end of 20 minutes, Stain 

3 was removed and each transwell was removed and dipped in a beaker of tap water.  A Q-tip 

was used to remove the Matrigel and the transwell were left to dry overnight.   

The last day the transwell membranes were cut and placed in individual microcentrifuge tubes.  

Each tube had 250 μL of 5% Sodium Deoxycholate (Sigma-Aldrich) added and allowed to 
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rotate on a belly-dancer for 20 minutes to extract the dye.   For the OD reading, 200 μL of each 

sample was plated in a 96-well flat bottom plate and read at 595 nm using the SoftMax Pro 

program.  The control reading was set to 100% and the experimental arms were calculated 

relative to the control. 

 

Neurosphere Assay.  Cells were split as described above and resuspended in diluted propidium 

iodide (50 μg/mL) then filtered through a filtered cap flow tube.  Viable cells were 

fluorescence-activated cell sorted (FACS) using an MD Anderson Cancer Center core facility 

then centrifuged to collect the cells.  The cells were resuspended in 1.25 mL NBM then 250 μL 

of the cell suspension was added to 750 μL NBM in a ViCell vial.  Viability was calculated 

using the ViCell counter and 3 cells were plated per well in a 96-well flat bottom plate in 

triplicate.  Cells were allowed to grow for three weeks with the addition of fresh media as 

needed.  The number of wells containing neurospheres was counted three weeks after plating. 

 

EdU labeling and flow cytometric analysis.  After trituration, cells were chased with 30 μM 

EdU (stock 100 mM) for 2 hours at 37˚C.  The cells were then centrifuged and accutized after 

EdU treatment.  S phase cells were detected using the Click-iT EdU kit (Invitrogen) per kit 

instructions.  After accutizing, the cells were washed once with 1% BSA in PBS and pelleted 

by centrifugation at 500 x g for 5 minutes; the supernatant was removed.  The cells were 

resuspended at 1 x 10
7
 cells/mL in 1% BSA in PBS.  The cell suspension (100 μL) was added 

to flow tubes along with 100 μL of Click-iT fixative (Component D); the pellet was dislodged 

and mixed well to ensure a homogenous sample.  The tubes were covered with foil and 
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incubated at room temperature for 15 minutes.  The cells were washed once with 3 mL of 1% 

BSA in PBS then pelleted as above; the supernatant was removed.  The cell pellet was 

dislodged and mixed will to ensure a homogenous sample.  Triton X-100 based 

permeabilization reagent (100 μL; Component F) was added and mixed well then incubated for 

30 minutes at room temperature protected from light.  Each tube was washed with 3 mL of 1% 

BSA in PBS then pelleted as above; the supernatant was removed.  The pellet was dislodged 

and mixed well to ensure a homogenous sample.  The Click-iT reaction cocktail was made 

from the following components and was used within 15 minutes: for 1 reaction, 438 μL 1x 

Click-iT Reaction Buffer, 10 μL CuSO4 (Component H), 2.5 μL Fluorescent dye azide, and 50 

μL Reaction Buffer Additive.  The Click-iT reaction cocktail (0.5 mL) was added to each tube 

then mixed well and incubated at room temperature for 30 minutes protected from light.  The 

cells were washed once with 3 mL of 1% BSA in PBS, then pelleted as above; the supernatant 

was removed.  To the cells, 1% BSA in PBS (0.5 mL) was added along with 5 μL of 

Ribonuclease A (Component L) to each tube and mixed.  CellCycle 405-blue (2 μL) was added 

to each tube and mixed well then incubated at room temperature for 30 minutes protected from 

light.  The final product was filtered through the top of a filtered flow tube prior to FACS 

analysis at an MD Anderson Cancer Center core facility.  For the detection of EdU with Alexa 

Fluor 647 azide, 633/635-nm excitation with red emission filter (660/20-nm) was used.  The 

fluorescent signal generated by the Alexa Fluor 647 azide was best detected with logarithmic 

amplification.  For the detection of DNA content, blue emission filter (450/50-nm) was used.  

The fluorescent signal generated by the CellCycle stain was best detected with linear 

amplification. 
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Intracranial Mouse Injections.  Cells were split as described above and counted using the 

ViCell counter.  The cells were resuspended in serum free media at a concentration of 10K 

cells/μL.  SCID mice were bolted as previously described [405] and injected with cells 

(10K/μL) in serum free media.  Five mice were injected for each group.  Mice were sacrificed 

using carbon dioxide once they showed neurological symptoms or appeared moribund.  Brains 

were immediately fixed in 4% paraformaldehyde (PFA) and processed for hematoxylin and 

eosin staining or IHC. 

 

Immunofluorescence (IF).  IF was performed on GSCs plated on laminin (described above) 

coated chamber slides overnight.  The media was aspirated off the cells and the cells were 

washed twice in PBS at room temperature.  The cells were fixed in freshly prepared 3% PFA in 

PBS for 10 minutes at room temperature.  The cells were then rinsed once in PBS to remove 

the PFA.  The cells were then permeabilized in PBS/0.2% Triton X-100 for 5 minutes at 4˚C 

followed by two PBS washes to remove the Triton.  The cells were then blocked in blocking 

solution made from PBS and 0.5% bovine serum albumin (BSA) for 30 minutes at room 

temperature with gentle shaking.  The blocking solution was aspirated off then the primary 

antibody diluted in the blocking solution (Smad2/3 1:5000) was added (total volume 200 

μL/well) and incubated for 1 hour with gentle shaking at room temperature.  The cells were 

washed 3 times with PBS for 10 minutes per wash at room temperature while gently shaking.  

The secondary fluorescent antibody was diluted to 1:100 in blocking solution and added to the 

cells then incubated for 30 minutes at room temperature with gentle shaking (the chamber slide 

was covered with foil at this time).  The cells were washed 3 times with PBS for 10 minutes at 

room temperature while gently shaking and covered with foil.  The chambers were removed 
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and the cells were covered with 1 drop of ProLong Gold (Invitrogen) mounting solution 

followed by a cover slip.  The slide was analyzed using an Olympus microscope. 

 

Immunoprecipitation (IP).  Prior to start, the Protein G dynabeads (Invitrogen) were rocked 

(not vortexed) for 20 minutes.  After 20 minutes, the Protein B dynabeads were aliquoted (50 

μL) into microcentrifuge tubes (2 tubes per sample) and the buffer was removed.  The beads 

were then resuspended in 400 μL of 0.5% NP40 lysis buffer and 4 μL of the primary antibody 

(or IgG) was added as appropriate to each tube to cross link the beads to the antibody.  The 

tubes rotated on a belly dancer for 1 hour at room temperature.  During the hour incubation, the 

cells were prepped.  Each IP used 1 confluent P150 of cells.  The cells were pelleted and 

washed with PBS for 5 minutes at 4000 rpm.  Cells were lysed using the lysis solution 

mentioned above (1.5 mL 0.5% NP40 lysis buffer per P150).  The lysed cells were aliquoted 

(1.5 mL cells in a microcentrifuge tube) and rotated in the cold room for 30 minutes.  The cells 

were then spun down at maximum speed at 4˚C for 10 minutes.  The Input was aliquoted at this 

time (5 μL supernatant per P150).  The 0.5% NP40 lysis buffer was then removed from the 

beads and the 1.5 mL lysed cells were added to the beads and left in the cold room overnight to 

rotate. 

The next day the beads were washed 4 times with 0.5% NP40 lysis buffer (1 mL per wash per 

tube).  The first wash was immediate and the next 3 washes were 30 minutes each on the belly 

dancer at room temperature.  After the washes, 50 μL of 2x loading buffer dye was added to 

each tube and vortexed very well then spun down at maximum speed for 5 seconds.  The Input 

samples were prepared by adding 30 μL PBS, 10 μL 5x loading buffer dye, and 10 μL Input.  
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The samples were then boiled for 5 minutes at 95˚C and loaded onto a WB gel then ran 

overnight at 55 V. 

 

Osteogenesis and chondrogenesis assays.  Cells were seeded at a density of 5x10
4
 cells in a 6-

well plate.  After 24 hours, cell differentiation was induced with Complete Osteogenesis 

Differentiation Medium (Lonza).  Cells were fed every 3-4 days by completely replacing the 

medium with fresh Osteogenesis Differentiation Medium.  After 3-4 weeks, cells were rinsed in 

PBS, fixed with 4% formaldehyde solution for 30 minutes then rinsed twice with dH2O and 

stained with 2% Alizarin Red S Solution (pH 4.2) for 2-3 minutes.  The wells were rinsed three 

times with dH2O then visualized under light microscopy for analysis. 

For the chondrogenesis assay, cell pellets were prepared by spinning down 3x10
5
 cells in 15 ml 

polypropylene tubes and grown in Complete Chondrogenesis Differentiation Medium (Lonza).  

Cell pellets were fed every 2-3 days by completely replacing the medium with freshly prepared 

Complete Chondrogenesis Differentiation Medium.  After 3-4 weeks, pellets were fixed in 

buffered 10% formalin and embedded in paraffin.  Sections (5 μm) were slide-mounted and 

stained for glycosaminoglycans with Safranin O. 

 

Microarray analyses.  15 μg of cRNA was used in the hybridizations to U133A 2.0 human 

GeneChip expression arrays done according to the specifications of the manufacturer 

(Affymetrix).  Intensity data were obtained from array images and data was analyzed using R 

Suite as previously described. 
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Chromatin Immunoprecipitation (ChIP) assay.  The ChIP assay was done using the Imprint 

ChIP kit from Sigma-Aldrich.  For each ChIP sample assay well, 1 x 10
5
 cells were used.  The 

cells were centrifuged at 180 x g for 5 minutes then the supernatant was discarded.  The cells 

were washed once with 10 mL of PBS by centrifugation as above.  The cells were then 

resuspended in 9 mL fresh culture medium and 270 μL of 37% formaldehyde was added to the 

sample, which was then mixed by inverting the tube several times immediately following 

formaldehyde addition.  This mixture was incubated for 10 minutes at room temperature on a 

rocking platform.  The cross-linking was quenched by adding 1 mL of 1.25 M glycine for every 

9 mL cross-linking solution and mixed then centrifuged at 180 x g for 5 minutes.  The medium 

was removed and the cells were washed three times with 10 mL ice-cold PBS by 

centrifugation.  The Nuclei Preparation Buffer was added to resuspend the cell pellet (200 

μL/10
6
 cells) and transferred to a microcentrifuge tube then incubated on ice for 10 minutes.  

After incubation, the sample was vortexed vigorously for 10 seconds and centrifuged at 180 x g 

for 5 minutes.  The supernatant was carefully removed and the nuclear pellet was resuspended 

in Shearing Buffer (100 μL/10
6
 cells) containing Protease Inhibitor Cocktail (PIC; 10 μL PIC/1 

mL Shearing Buffer).  The samples were incubated on ice for 10 minutes with occasional 

vortexing.  DNA was sonicated using an Ultrasonic Processor (GE130, Sorvall) at 25 cycles of 

10 pulses each at 80% power with 1 min interval between cycles.  Sonicated DNA was then 

centrifuged at 14,000 rpm for 15 minutes at 4
o
C.  The clarified supernatant was transferred to 

microcentrifuge tubes in 50 μL aliquots and stored at -80˚C until use. 

The Stripwells were washed once with 150 μL of Antibody Buffer prior to start.  Antibody 

Buffer (100 μL) was mixed with 2 μg of antibody (mouse IgG, BD Biosciences TAZ, or Novus 
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TEAD2) then added to each well as appropriate.  The Stripwells were then covered with 

Parafilm and shaken at 50-100 rpm for 60-90 minutes at room temperature.  The clarified 

supernatant was diluted with Dilution Buffer at a ratio of 1:9.  The diluted supernatant (5 μL) 

was set aside on ice as Input (5%) control.  The incubated antibody solution was removed from 

the wells and the wells were washed 3 times with 150 μL of Antibody Buffer by pipetting up 

and down.  The diluted supernatant (100 μL) was added to each well and the wells were 

covered with Parafilm then incubated on an orbital shaker at 4˚C overnight. 

The supernatant was removed the next day then the wells were washed 6 times with 150 μL of 

IP Wash Buffer for 2 minutes each wash.  The washes were removed by inverting and striking 

the wells onto a paper towel 10 times.  The wells were washed once with 150 μL of 1x Tris-

EDTA Buffer.  DNA Release Buffer (40 μL) containing Proteinase K (1 μL Proteinase K/40 μL 

DNA Release Buffer) was added to each sample including Input then mixed well by pipetting.  

The sample wells were covered with Stripcaps then incubated along with the Input vial at 65˚C 

for 15 minutes.  Reversing Solution (40 μL) was added to the samples and Input then mixed, 

covered, and incubated at 65˚C for 90 minutes.  The samples were then transferred and stored 

in microcentrifuge tubes at -20˚C overnight. 

A GenElute Binding Column G was placed in a Collection Tube then the column was 

equilibrated by adding 500 μL of Column Preparation Solution.  The column was centrifuged 

for 1 minute at 12,000 x g and the flow-through was removed.  All subsequent centrifugations 

were done at 12,000 x g.  In a separate vessel, 400 μL of Binding Solution and the ChIP lysate 

were added together and briefly vortexed.  The mixed solution was then transferred to an 

equilibrated binding column and centrifuged for 1 minute; the flow-through was removed.  

Diluted Wash Solution Concentrate (500 μL) was added to each spin column then centrifuged 
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for 1 minute; the flow-through was removed.  The columns were centrifuged for an additional 2 

minutes to thoroughly dry the column.  The spin column was then transferred to a new 

collection tube and 50 μL of Elution Solution was added directly to the membrane in the 

column then incubated for at least 1 minute.  The column was centrifuged for 1 minute then the 

DNA was stored for downstream applications at -20˚C. 

ChIP DNA was analyzed by PCR.  Each reaction had the following: 12.5 μL AmpliTaq Gold 

Master Mix (Applied Biosystems), 1.25 μL 10 μM forward primer, 1.25 μL 10 μM reverse 

primer, 9 μL sterile H2O, and 1 μL DNA.  Reaction mixtures were incubated at 95°C for 2 

minutes for 1 cycle then 30 seconds at 95°C, 30 seconds at 58°C, and 30 seconds at 72˚C for 40 

cycles.  PCR products were run on 0.5% Tris base, acetic acid, and EDTA (TAE) agarose gel 

containing ethidium bromide (1:10,000) after the addition of 5 µL dye to each PCR sample.  

The ladder (100 bp; 5 µL) was diluted with ddH2O (30 µL) and 6x loading dye (7 µL).  The gel 

was run for 1 hour at 100 V.  Pictures of the gel were taken using the UVP BioImaging 

Systems unit and the VisionWorksLS program.  Primer sequences for each gene are shown in 

Table 5. 

   

RCAS Mice.  Prior to start, the genes of interest were in the pBABE vector.  These were 

transferred to pENTR using the pENTR Directional TOPO Cloning Kit (Invitrogen) before 

transferring to the RCAS vector.  The genes in the pBABE vector were PCR amplified prior to 

the pENTR transfer using the following primers: for 4SA and 4SA-S51A (Forward: 5’-CAC 

CAT GAA TCC GGC CTC GGC GCCC-3’; Reverse: 5’-TTA CAG CCA GGT TAG AAA 

GGG-3’) and for WT-YAP (Forward: 5’-CAC CAT GGA TCC CGG GCA GCA GCCG-3’; 

Reverse: 5’-CTA TAA CCA TGT AAG AAA GCT-3’).  Each PCR reaction was composed of 
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100 ng DNA Template, 5 μL 10x PCR Buffer (appropriate for Pfu), 0.5 μL dNTP Mix, 1 μL 

forward primer, 1 μL reverse primer, 1 μL Pfu, and sterile water to bring the volume up to 50 

μL.  The reactions were amplified using the following parameters: 94˚C for 2 minutes for 1 

cycle, 94˚C for 1 minute, 55˚C for 1 minute, and 72˚C for 1 minute for 25 cycles, then 72˚C for 

7 minutes for 1 cycle.  The reaction (10 μL) was run on a 1.5% agarose gel to ensure a single 

discrete band was present.  The band was excised from the agarose gel and purified using the 

PureLink Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen).  The gel slice 

containing the DNA fragment was weighed then placed into a microcentrifuge tube.  Three 

volumes of the Gel Solubilization Buffer (L3) was added to one gel volume.  The tube was then 

incubated at 50˚C for 10 minutes with mixing by inverting every 3 minutes.  After the gel slice 

can no longer be seen, the tube was incubated for an additional 5 minutes.  One gel volume of 

isopropanol was added and mixed well.  The dissolved gel mixture with DNA was loaded onto 

the center of the PureLink Clean-up Spin Column inside a Wash Tube and centrifuged at 

13,000 rpm for 1 minute; the flow-through was discarded.  The Wash Buffer (W1; 700 μL) was 

added then centrifuged for 13,000 rpm for 1 minute; the flow-through was discarded.  The tube 

was centrifuged an additional 3 minutes at maximum speed to remove any residual Wash 

Buffer.  The Wash Tube was then discarded and the Spin Column was placed in an Elution 

Tube.  The Elution Buffer (E1; 50 μL) was added to the center of the column and incubated at 

room temperature for 1 minute then centrifuged at 13,000 rpm for 1 minute to elute the purified 

DNA.  The TOPO Cloning reaction was set up from the following: 4 μL fresh PCR product, 1 

μL Salt solution, and 1 μL TOPO vector.  The sample was mixed gently and incubated for 30 

minutes at room temperature then placed on ice.  The TOPO Cloning reaction (6 μL) was added 

to a vial of One Shot chemically competent E. coli cells and mixed gently then incubated on ice 

for 30 minutes.  The cells were heat shocked for 30 seconds at 42˚C without shaking then 
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immediately transferred to ice.  Room temperature S.O.C. Medium (250 μL) was added to the 

tube then incubated at 37˚C for 1 hour with shaking.  All of the bacterial culture was spread on 

pre-warmed LB kanamycin plates then incubated overnight at 37˚C. 

Colonies were picked the next day and grown in 2 mL LB Kanamycin (1:1000) overnight at 

37˚C while shaking.  After overnight culture, plasmids were isolated using the QIAprep 

Miniprep kit (Qiagen) as described above.  The eluted DNA was sequenced at the MD 

Anderson Cancer Center core facility using the available M13 Forward (5’-GTA AAA CGA 

CGG CCAG-3’) and Reverse (5’-CAG GAA ACA GCT ATG AC-3’) primers.  Once the 

correct sequence was confirmed, the gene of interest was transferred from pENTR to RCAS. 

The RCAS model for somatic gene transfer has been previously described in detail [406,407].  

The Gateway LR Clonase II Enzyme Mix Kit was used for the LR reaction to transfer the gene 

of interest from a pENTR vector to the RCAS vector.  The following was added to a 

microcentrifuge tube: 1 μL Entry clone (150 ng/μL), 1.09 μL RCAS-DV (1:10 dilution stock 

from Rao laboratory), 5.91 μL TE buffer.  The LR Clonase mix was then thawed on ice for 2 

minutes and vortexed twice for 2 seconds each time.  The LR Clonase mix (2 μL) was added to 

each sample and vortexed twice then microcentrifuged.  The reaction incubated overnight at 

room temperature. 

The next day Proteinase K (1 μL) was added to the reaction mixture and vortexed then 

incubated at 37˚C for 10 minutes.  After the incubation, 50 μL DH5α cells were aliquoted into a 

fresh microcentrifuge tube and 1 μL of the LR reaction was added to the cells then incubated on 

ice for 30 minutes.  The cells were then heat-shocked at 42˚C for 30 seconds and placed on ice.  

S.O.C. Medium (250 μL) was then added to each sample and incubated at 37˚C with shaking 
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for 1 hour.  The cells (40 μL) were then plated on LB containing Ampicillin plates and 

incubated overnight at 37˚C. 

Colonies were picked the next day and grown in 2 mL LB Ampicillin (1:1000) overnight at 

37˚C while shaking.  After overnight culture, plasmids were isolated using the QIAprep 

Miniprep kit (Qiagen) as described above.  The eluted DNA was sequenced at the MD 

Anderson Cancer Center core facility using the following primer sequences: RCAS forward 

(5’-GAG CTG AGC TGA CTC TGC TGG TGGC-3’); TAZ reverse (5’-CTT CCA GGA ACA 

AAC GTT GA-3’); YAP reverse (5’-TGC CAT GAA CCA GAG AAT CA-3’). 

After sequencing confirmed proper insertion of the gene into the RCAS vector, a maxi prep 

(QIAGEN Plasmid Purification kit) was performed.  The remaining 500 μL from the original 

culture was added to 200 mL LB Ampicillin (1:1000) broth and grown overnight in a 37˚C 

shaker.  All the media was centrifuged at 6000 x g for 15 minutes at 4˚C.  The bacterial pellet 

was homogeneously resuspended in 10 mL Buffer P1 then 10 mL Buffer P2 was added and 

mixed thoroughly by vigorously inverting 6 times.  This solution incubated at room 

temperature for 5 minutes then 10 mL of pre-chilled Buffer P3 was added and mixed 

thoroughly by vigorously inverting 6 times.  This solution then incubated on ice for 20 minutes.  

The solution was then centrifuged at 20,000 x g for 30 minutes at 4˚C.  During the 

centrifugation, the QIAGEN-tip 500 was equilibrated by applying 10 mL Buffer QBT, which 

was allowed to empty the column by gravity flow.  The supernatant from the spun down cells 

was then applied to the QIAGEN-tip and allowed to enter the resin by gravity flow.  The 

QIAGEN-tip was washed twice with 30 mL Buffer QC, which was allowed to move through 

the tip by gravity flow.  The DNA was eluted with 15 mL Buffer QF into a clean 50 mL Falcon 

tube.  The DNA was precipitated by adding 10.5 mL isopropanol at room temperature.  The 
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sample was divided into two 14 mL round bottom tubes (Falcon) and centrifuged at 5000 x g 

for 1 hour at 4˚C.  The supernatant was carefully removed and 200 μL 70% ethanol was added 

to each tube.  The samples were collected in a fresh microcentrifuge tube and vortexed gently 

then centrifuged at maximum speed for 5 minutes.  The supernatant was removed and the pellet 

was allowed to air dry before it was resuspended in water.  DNA concentration was determined 

by a Nanodrop. 

DF-1 cells were transfected by using Fugene (Promega).  The cells were grown to 50-70% 

confluency in a 100 mm plate.  In a microcentrifuge tube, 582 μL DMEM without antibiotics or 

serum was added together with 18 μL Fugene.  The tube was flicked to mix and incubated for 5 

minutes at room temperature.  DNA (6 μg) was then added to the tube and flicked to mix.  This 

mixture then incubated for 15 minutes at room temperature.  After the incubation, the mixture 

was added in a drop-wise manner to the cells and the plate was swirled to ensure even 

distribution over the entire plate surface.  The cells were incubated until confluent.  WB was 

used to confirm over-expression of the gene of interest. 

To prepare the DF-1 transfected cells for injection, the cells were rinsed in 3 mL PBS and 

trypsinized in 2 mL trypsin for each plate.  The cells were pooled together from all plates and 

placed in a 15 mL Falcon tube then pelleted down at 1000 rpm for 10 minutes.  The supernatant 

was discarded by aspiration and the cells were resuspended in 11 mL cold PBS.  Of the 11 mL, 

1 mL was used for counting using the ViCell counter while the remaining 10 mL were spun 

down at 1000 rpm for 10 minutes.  The supernatant was discarded and the cells were 

resuspended in PBS (enough to make the final concentration 1 x 10
4
 cells/μL).  The 

resuspended cells were transferred to a sterile microcentrifuge tube and kept on ice until the 
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injections.  For two genes, both were at the concentration of 1 x 10
4
 cells/μL then mixed at 

equal volumes into a microcentrifuge tube. 

To inject the mice, 2-day old pups were removed from the cage and placed on a gauze in the 

hood.  The Hamilton syringe was rinsed with cold PBS before every injection.  For 1 gene, 1 

μL of cells was drawn up into the syringe and directly injected intracranially on each side 

(i.e.—1 μL of cells per hemisphere).  For 2 genes, 2 μL of cells was intracranially injected on 

both sides (i.e.—2 μL of cells per hemisphere).   

Mice were sacrificed using carbon dioxide when neurological symptoms were present (i.e. 

hydrocephalus, seizures, inactivity, and/or ataxia).  Mice were sacrificed after 90 days post-

injection if they did not show symptoms.  Brains were fixed in formalin and embedded in 

paraffin blocks for further analyses. 

To make new breeding pairs, the mice were genotyped from DNA isolated from their tails.  The 

tip of their tails were cut and each tail tip was placed into a fresh microcentrifuge tube.  The 

Proteinase K Buffer (50 μg/μL) was prepared from the following and stored at room 

temperature: 500 μL 1M Tris pH 8.0, 1 mL 5 M NaCl, 1 mL 0.5 M EDTA pH 8.0, 2.5 mL 10% 

SDS, and 45 mL H2O.  The Proteinase K buffer was diluted to a final concentration of 250 

μg/mL and 500 μL of the diluted buffer was added to each tail sample.  The samples were 

incubated overnight at 50˚C. 

The mouse tail samples were then centrifuged at 11,000 rpm for 10 minutes and the supernatant 

was removed to a fresh tube.  Saturated (6M) NaCl (250 μL) was added to each tube and 

vortexed.  The samples were placed on ice for 10 minutes then centrifuged at 10,000 rpm for 10 

minutes at 4˚C.  Some of the supernatant (500 μL) was removed and added to a fresh 
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microcentrifuge tube containing 1 mL cold 100% ethanol.  The two liquids were mixed by 

inversion then centrifuged at 4˚C for 10 minutes at maximum speed.  The pellets were washed 

with cold 70% ethanol to remove the salt.  The non-resuspended pellets were centrifuged at 4˚C 

for 5 minutes at maximum speed.  The supernatant was decanted with any residual removed by 

a pipet.  The pellet was resuspended in 200 μL TE buffer overnight at 4˚C. 

The DNA was amplified using PCR.  Each reaction had the following: 22.7 μL AmpliTaq Gold 

Master Mix (Applied Biosystems), 2.25 μL 10 μM forward primer (5’-CTG CTG CCC GGT 

AAC GTG ACC GG-3’), 2.25 μL 10 μM reverse primer (5’-GCC CTG GGG AAG GTC CTG 

CCC-3’), 17.1 μL sterile H2O, and 1 μL DNA.  Reaction mixtures were incubated at 94°C for 5 

minutes for 1 cycle then 30 seconds at 94°C, 30 seconds at 55°C, and 30 seconds at 72˚C for 30 

cycles followed by 72˚C for 10 minutes then 4˚C forever.  The PCR products (15 μL + 3 μL 6x 

dye) were then run on a 2% agarose gel.  The TVA band runs around 500 bp. 

 

Statistical analyses.  For all experiments, biological triplicates were performed.  Means are 

expressed as mean +/- standard error.  A p-value less than or equal to 0.05 is considered 

significant.  Student’s t-test or ANOVA was performed as appropriate.  Sample size was 

calculated using power analysis. 
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TAZ is associated with both the mesenchymal signature and GBM. 

 

To ascertain the role of TAZ in the mesenchymal transition, we first needed to establish 

the association of TAZ with mesenchymal activities.  To establish this association, we used 

ARACNe, as described previously [408], on TCGA data to find transcription factors highly 

associated with the mesenchymal gene signature.  Based on this initial list, I chose to further 

characterize TAZ because of its established role in EMT in breast cancer [176] as well as its 

ability to predict survival (Fig. 2A).  Although YAP involvement has been established in 

numerous tumors, it was not as highly correlated to the mesenchymal gene signature and did 

not predict survival as well as TAZ based on TCGA glioma data (Fig. 2B).  To further show 

that TAZ plays a role in mesenchymal activities, we produced a list of genes predicted to be 

regulated by TAZ and analyzed this list using DAVID [409,410], which then produced a list of 

biological activities of these genes (Table 3).  The biological activities included wound healing 

and inflammatory response, which supports the role of TAZ in mesenchymal activities.  

TAZ/WWTR1 expression in the TCGA data was also found to be highly correlated with a 

mesenchymal metagene score created by combining the Phillips [24] and Verhaak [25] 

mesenchymal genes (Fig. 3).  Taking everything together, we found a positive correlation of 

TAZ with the mesenchymal gene signature. 

Next, we speculated that WWTR1 was regulated by methylation of CpG islands in its 

promoter region since it is well-established that methylation can affect expression [411]; 

therefore, we analyzed its methylation status along with other genes in the Hippo pathway 

(Figs. 4, 5, and 6).  Fig. 4 shows the basic Hippo pathway and the main proteins involved in 

the pathway.  The CpG islands in the WWTR1 promoter (Fig. 5A) were highly methylated in 

the proneural subgroup compared to the mesenchymal subgroup (Fig. 5B) and the methylation 

status inversely correlated with WWTR1 expression (Fig. 5C).  YAP1, LATS2, and MST1  
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Figure 2: Kaplan-Meier analyses of patient survival in TCGA datasets.  (A) Survival based 

on TAZ/WWTR1 expression.  (B) Survival based on YAP1 expression.  Expression was 

compared between lowest 25th quantile (Low) and remaining 75th quantile (High).  NS = not 

significant.  Data analyzed by EP Sulman.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 



63 
 

 

 

 

 

 

 

 

 

 

Table 3: Functional gene analysis of genes regulated by TAZ 
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Figure 3: TAZ/WWTR1 expression versus mesenchymal metagene score.  Blue dots indicate 

proneural tumors and red dots indicate mesenchymal tumors from the TCGA data set.  Gene 

signatures of tumors were established by composite metagenes defined by Phillips [24] and 

Verhaak [25].  Data analyzed by BD Vaillant.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 



65 
 

 

 

Figure 4: The Hippo pathway (simplified).  Thin arrows indicate movement, thick arrows 

indicate activation, and blunt heads indicate inhibition.  “P” indicates phosphorylation.  
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Figure 5: Methylation status of WWTR1 and YAP1.  (A) Diagram of CpG islands 

(highlighted blue regions) within the TAZ/WWTR1 promoter.  (B) Methylation of WWTR1 and 

YAP1 sub-divided into proneural or mesenchymal tumors.  Blue dots indicate proneural and red 

dots indicate mesenchymal samples.  Gene signatures of tumors were established by composite 

metagenes defined by Phillips [24] and Verhaak [25].  Black bars show the methylation β-score 

mean.  (C) WWTR1 methylation status versus WWTR1 expression.  Blue dots represent 

proneural samples while red dots represent mesenchymal samples.  Data analyzed by BD 

Vaillant.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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showed significant methylation in the proneural subgroup as well, but not to the degree seen in 

WWTR1 (Figs. 5B and 6).  TEAD1 was also methylated, but no significant difference was seen 

between the proneural and the mesenchymal subgroups (Fig. 6).  LATS1, TEAD2, and TEAD4 

showed no significant difference in methylation status between the proneural and mesenchymal 

subgroups (Fig. 6). 

We next analyzed the WWTR1 methylation status of all glioma grades and found that 

lower grade gliomas (grades II and III) were more frequently methylated relative to GBM 

(grade IV) tumors (Fig. 7).  Since lower grade gliomas tend to be proneural nature [413,414] 

while GBMs can be either proneural or mesenchymal, we suspect this association of TAZ 

methylation with lower grade gliomas to be due to the gene expression signature rather than 

differences in grades.  Based on microarray data, TAZ expression was higher in GBM relative 

to grades II/III (Fig. 8A) and in short-term survivors (≤ 2 years) compared to long-term 

survivors (> 2 years; Fig. 8B).  Consistent with this data, TAZ expression was higher in GBM 

compared to lower grade gliomas at the protein level (Fig. 9).  A similar pattern was seen with 

phospho-TAZ, YAP, TEAD4, MST1, LATS1/2, and the mesenchymal marker fibronectin1 

(FN1; Fig. 9).  The WB analyses of MST1 and LATS2 were consistent with the methylation 

data (Fig. 6).  Although expression was higher for both MST1 and LATS2, the activated form 

of both proteins (i.e.—phosphorylated) was not significantly different between lower and high 

grade gliomas (Fig. 9).  MOB1 showed higher expression in grades II/III (Fig. 9), which may 

indicate signals to promote activation of the LATS1/2 that is present, despite the low levels, in 

order to regulate TAZ localization.  No other proteins in the Hippo pathway that were 

examined showed significant expression differences between grades II/III and GBM (Fig. 9).  

In addition to FN1, smooth muscle actin (SMA) was also used as a mesenchymal markers 

while oligodendrocyte lineage transcription factor 2 (Olig2) was used as a proneural marker.   
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Figure 6: Methylation status of Hippo pathway genes.  Methylation of LATS1, LATS2, 

MST1, TEAD1, TEAD2, and TEAD4 sub-divided into proneural or mesenchymal tumors.  Blue 

dots indicate proneural and red dots indicate mesenchymal samples.  Gene signatures of tumors 

were established by composite metagenes defined by Phillips [24] and Verhaak [25].  Black 

bars show the methylation β-score mean.  P1 = Probe 1 and P2 = Probe 2.  Data analyzed by 

BD Vaillant.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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Figure 7: Methylation frequency of WWTR1 CpG sites in grades II, III, and IV gliomas.  
Bar graph shows percentage of tumors within each group to have a methylated (blue) or 

unmethylated (red) 2
nd

 CpG island in the WWTR1 promoter region.  Experiment performed by 

KL Diefes.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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Figure 8: WWTR1 expression in microarray dataset of 783 diffuse glioma samples.  (A) 

Bar graphs show normalized mean probe intensity of WWTR1 across glioma grades.  (B) Bar 

graphs show normalized mean probe intensity of WWTR1 in long-term survivors (LTS; > 2 

years) and short-term survivors (STS;  2 years).  Data analyzed by KD Aldape.  Reprinted 

with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], 

Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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Figure 9: Western analyses of lysate from frozen grade II-IV gliomas.  Most proteins in the 

Hippo pathway were analyzed.  FN1 and SMA were used as mesenchymal markers while Olig2 

was used as a proneural marker.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, 

et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory 

Press. 
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SMA showed expression in more GBM samples than grades II/III, although the sample size is 

quite small (Fig. 9).  Olig2 showed expression in some grades II/III and GBM samples, but 

higher expression was seen in the grades II/III samples (Fig. 9).  Since FN1 is associated with 

endothelial cells [415], the increase in expression seen in the GBM samples could be due to an 

increase in vasculature rather than a mesenchymal shift.  To rule this out, we did IHC and 

found FN1 expression in unequivocal GBM tumor cells, unlike lower grade tumors, where FN1 

was only expressed around vessels (Fig. 10). 

To determine the clinical significance of TAZ subcellular localization, I analyzed 189 

gliomas using IHC.  TAZ was highly expressed in the GBM samples, but was mostly 

undetectable in the lower grade gliomas (Fig. 11A).  TAZ showed localization in both the 

nucleus and cytoplasm (score = 2
+
) in some GBM samples and these patients had a shorter 

survival compared to those who only had TAZ expression in either the nucleus or the 

cytoplasm (score = 1
+
) or to those with no expression (score = 0; Fig. 11B).  Taken together, 

TAZ is strongly associated with the mesenchymal signature and is regulated via both 

phosphorylation and methylation.  In addition, its expression correlates with the mesenchymal 

signature, higher grade gliomas, and worse overall prognosis. 
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Figure 10: IHC staining of FN1 on grade II and IV gliomas.  40x magnification.  

Experiment performed by EF Hollingsworth.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 
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Figure 11: Clinical significance of TAZ expression.  (A) Representative IHC pictures of TAZ 

stained glioma samples (40x magnification).  (B) Kaplan-Meier survival analysis based on IHC 

staining pattern of TAZ.  No expression was scored 0 while expression in the nucleus or the 

cytoplasm scored 1
+
 and expression in both scored 2

+
.  Reprinted with permission, Bhat, 

Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold 

Spring Harbor Laboratory Press. 
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TAZ is essential for PMT and aggressive behavior in glioma stem cells (GSCs). 

  

I next tested TAZ expression in GSCs.  Some of these lines have been established to be 

proneural (GSC 7-11, GSC 8-11, GSC 11, and GSC 23) while others have been established to 

be mesenchymal (GSC 6-27 and GSC 20).  Consistent with the data from human tumors, TAZ 

expression is higher in the cell lines identified as mesenchymal compared to those identified as 

proneural; a similar pattern is seen in the mesenchymal marker CD44 (Fig. 12).  Of note, YAP 

expression did not correlate with the proneural or mesenchymal signature (i.e.—similar 

expression levels in the proneural line GSC 23 and in the mesenchymal line GSC 20).  In 

contrast to the glioma samples, LATS1 and LATS2 expression were higher in the proneural 

lines (Fig. 12).  Alterations in expression of established cell lines from that of the original 

tumors are common [416] and may be the cause of this discrepancy.  The increase in LATS1/2 

expression may help regulate TAZ via phosphorylation, thus promoting cytoplasmic 

localization and ubiquitination.  This type of regulation, in addition to methylation, may play a 

role in the low levels of TAZ seen in the proneural cell lines.  CTGF and FN1 appear to show 

no difference between lines (Fig. 12).  We also show that TAZ expression is higher in the 

nuclear fraction isolated from the mesenchymal cell lines compared to the nuclear fraction 

isolated from the proneural cell lines (Fig. 13).  This also holds true for the cytosolic fraction, 

but to a lesser extent (Fig. 13).  This result may reflect ubiquitination once TAZ localizes to the 

cytoplasm.  I performed bisulfite sequencing of the WWTR1 promoter, which showed 

hypermethylation in GSC 7-11 and GSC 8-11 and hypomethylation in GSC 6-27 and GSC 20 

(Fig. 14A).  I followed that up with demethylation treatment using 5-aza-2’-deoxycytidine 

(DAC) on GSC 7-11 and GSC 8-11 and found an increase in TAZ expression at the protein 

level for both cell lines (Fig. 14B), but with a greater increase in GSC 8-11.  We also saw an 

increase in the relative mRNA expression level in GSC 8-11 with a subsequent increase in the 
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Figure 12: Western analyses of established GSC lines.  Western analyses of TAZ, YAP, 

CTGF, CD44, FN1, LATS1, and LATS2 in the proneural lines GSC 7-11, GSC 8-11, GSC 11, 

GSC 23 and the mesenchymal lines GSC 6-27 and GSC 20.  Reprinted with permission, Bhat, 

Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold 

Spring Harbor Laboratory Press. 
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Figure 13: Cellular fractionation of proneural and mesenchymal cell lines.  Comparison of 

p-MST1 and TAZ expression in the nuclear and cytosolic fractions of proneural lines (GSC 11 

and GSC 23) and of mesenchymal lines (GSC 6-27 and GSC 20).  Lamins are intermediate 

filament components of the nuclear envelope.  Experiment performed by KP Bhat.  Reprinted 

with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], 

Copyright © 2011, Cold Spring Harbor Laboratory Press.  
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Figure 14: DNA methylation analysis of glioma cell lines.  (A) Bisulfite conversion followed 

by sequencing of cloned PCR products.  Methylated CG pairs are indicated by black circles 

while unmethylated CG pairs are indicated by white circles.  Each column represents 11 CpG 

sites proximal to the transcription start site of TAZ (shown on top).  Each row represents the 

methylation status of a clone.  (B) Western analyses of TAZ expression in GSC 7-11 and GSC 

8-11 after demethylation treatment with 10 μM DAC for 72 hrs.  Reprinted with permission, 

Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, 

Cold Spring Harbor Laboratory Press. 
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mesenchymal gene targets CD44 and CTGF (Fig. 15A).  For GSC 7-11, the increase in 

WWTR1 post-DAC treatment was not as dramatic as GSC 8-11 (Fig. 15B), which is consistent 

with the WB data (Fig. 14B).  I tested the same principle using two different cell lines, HL60 

and Raji.  HL60 showed hypomethylation while Raji was hypermethylated (data not shown).  

After DAC treatment, Raji showed a slight increase in TAZ expression at both the mRNA level 

and the protein level while HL60 did not show any difference (Fig. 16A and B).  Taken 

together, the data elucidate a novel mechanism of WWTR1 regulation via CpG island 

methylation. 

 To test whether expression of mesenchymal proteins in GSC 2 and GSC 20 were TAZ-

dependent, I transiently knocked down WWTR1 in these cells using siRNA and found that 

silencing WWTR1 for 72 hours led to a decrease in expression of the mesenchymal markers 

FN1 at the protein level (Fig. 17A) and CD44 at both the protein and mRNA levels (Fig. 17A 

and B).  At the mRNA level, I also observed a decrease in CTGF, an increase in CHI3L1, and 

no significant change in YAP expression (Fig. 17B).  To further characterize the effect of 

silencing WWTR1 in vitro, I stably silenced WWTR1 using shRNA.  Two independent shRNA 

constructs targeting different regions of the WWTR1 transcript were used in GSC 20 and found 

to significantly decrease the expression of TAZ at the protein level; however, these clones did 

not affect YAP levels (Fig. 18A).  Compared to the non-targeting control, the stably silenced 

WWTR1 clones showed a significant decrease in invasion across matrigel (Fig. 18B) and a 

significant decrease in self-renewal as tested by neurosphere formation (Fig. 19A).  These data 

suggest that TAZ is required for the invasive and self-renewal capacity of GSC 20.  These 

stably silenced WWTR1 clones did not appear to affect the proliferation of GSC 20 (Fig. 19B).  

I therefore reasoned that the decrease in invasive and self-renewal capabilities was not due to a 

decrease in proliferation.  Next we characterized the effect of silencing WWTR1 in vivo by   
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Figure 15: Real-time qPCR analysis after demethylation treatment.  (A) Real-time qPCR 

of WWTR1, CD44, and CTGF expression in GSC 8–11 after treatment with 10 μM DAC for 72 

hrs.  To compare transcript levels, fold change before and after treatment was used.  

Experiment performed by KP Bhat.  (B) Real-time qPCR of WWTR1 expression in GSC 7-11 

and GSC 20 after treatment with 10 μM DAC for 72 hrs.  To compare transcript levels, fold 

change before and after treatment was used.  NS = not significant.  Reprinted with permission, 

Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, 

Cold Spring Harbor Laboratory Press.  
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Figure 16: Western and real-time qPCR analyses after demethylation treatment.  (A) 

Western analyses of TAZ expression in HL60 and Raji after treatment with 10 μM DAC for 72 

hrs.  (B) Real-time qPCR of WWTR1 expression in HL60 and Raji after treatment with 10 μM 

DAC for 72 hrs.  To compare transcript levels, fold change before and after treatment was used.  

NS = not significant. 
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Figure 17: Western and real-time qPCR analyses after transient knockdown of WWTR1.  

(A) Western analysis of TAZ, FN1, and CD44 expression after transient knockdown of 

WWTR1 in GSC 2 and GSC 20.  Cells were cultured in laminin and poly-L-ornithine-coated 

plates and transfected with siRNA for 48 hrs.  (B) Real-time qPCR of CD44, CTGF, CHI3L1, 

WWTR1, and YAP expression in GSC 20 after transient knockdown of WWTR1.  To compare 

transcript levels, fold change with siCtrl and with siTAZ was used.  NS = not significant.  

Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 

[412], Copyright © 2011, Cold Spring Harbor Laboratory Press.  
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Figure 18: Invasive capacity of stable TAZ knockdown clones.  (A) Western analysis of 

YAP and TAZ expression in GSC 20 stable TAZ knockdown clones.  NT is the non-targeting 

control; shTAZ-1 and shTAZ-2 are independent, non-overlapping constructs that target 

different portions of the WWTR1 transcript.  (B) Invasion assay of GSC 20 stable TAZ 

knockdown clones.  The invasion efficiency of the non-targeting control was set to100% for 

comparison.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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Figure 19: Self-renewal and proliferation capabilities in stable TAZ knockdown clones.  

(A) Neurosphere assay of TAZ knockdown clones.  Bar graphs indicate percentage of 

neurosphere formation.  The self-renewal ability of the NT construct was set to 100% for 

comparison.  NT is the non-targeting control; shTAZ-1 and shTAZ-2 are independent, non-

overlapping constructs that target different portions of the WWTR1 transcript.  (B) Proliferation 

assay of TAZ knockdown clones.  Bar graphs indicate percentage of cells in S phase.  NS = not 

significant.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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intracranially injecting the non-targeting and stably silenced clones into severe combined 

immunodeficiency (SCID) mice with the hypothesis that the tumor-initiating ability of the 

stably silenced clones would be decreased compared to the non-targeting clone.  All five mice 

injected with the non-targeting control formed tumors with pseudopalisading necrosis and 

microvascular proliferation, two pathognomonic characteristics of GBM (Fig. 20A).  None of 

the mice injected with shTAZ-1 formed tumors while only two of the five mice injected with 

shTAZ-2 formed tumors.  The tumors that formed in the shTAZ-2 group were smaller and 

lacked the pathognomonic signs of GBM (Fig. 20A).  They also lacked expression of TAZ and 

CD44 compared to the tumors that formed in the non-targeting control group as tested by IHC 

(Fig. 20B).  The percent of animals tumor-free as well as the overall survival proportion was 

improved in those mice injected with the stably silenced clones compared to those injected with 

the non-targeting control (Fig. 21A and B).  Taken together, these data show that TAZ 

increases tumor-initiating ability and negatively affects overall survival in this mouse model.  

In GSCs, TAZ is epigenetically silenced and is required for mesenchymal marker expression, 

invasion, self-renewal, and tumor initiation; however, I observed no effect on proliferation by 

TAZ. 
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Figure 20: Stable TAZ knockdown clones in an orthotopic intracranial mouse model.    

(A) Representative pictures of hematoxylin and eosin stained brain slides from SCID mice 

injected with stable TAZ knockdown clones.  NT is the non-targeting control; shTAZ-1 and 

shTAZ-2 are independent, non-overlapping constructs that target different portions of the 

WWTR1 transcript.  Top row is 2x magnification and bottom row is 40x magnification of top 

images.  Mice injected by J Gumin.  (B) IHC staining for CD44 and TAZ.  Representative 

images of negative staining or strong positive staining are shown (40x magnification).  

Experiment performed by EF Hollingsworth.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 
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Figure 21: Kaplan-Meier analysis of tumor-free progression and overall survival.  (A) 

Kaplan-Meier analysis of tumor-free progression of SCID mice injected with stable TAZ 

knockdown clones (shTAZ-1 and shTAZ-2) compared to those injected with non-targeting 

control (NT).  (B) Kaplan-Meier analysis of survival probability of SCID mice injected with 

stable TAZ knockdown clones (shTAZ) compared to those injected with non-targeting control 

(NT).  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-

2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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CHAPTER 4: RESULTS—SPECIFIC AIM 2 
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The mesenchymal transition is controlled by TAZ interacting with TEAD. 

 

Using proneural GSCs to further characterize TAZ and its role in the mesenchymal 

transition, I stably over-expressed a mutant that always localized to the nucleus (4SA).  TAZ 

can be phosphorylated on four serine residues (S66, S89, S117, and S311) and when this 

occurs, TAZ is shuttled out of the nucleus into the cytoplasm where it is sequestered by 14-3-3 

[135].  Muation of these serine residues to alanine, results in absence of phosphorylation, 

nuclear sequestration, and increased transcriptional activity of TAZ (Fig. 22A and B).  I 

hypothesized that when TAZ is localized to the nucleus, it would increase the mesenchymal 

behavior of normally proneural GSCs.  Next, I further hypothesized that the TAZ-TEAD 

interaction was important for the mesenchymal transition in gliomas due to its established role 

in EMT in breast cancer [176,345].  To test this hypothesis, I created an additional mutation in 

the 4SA construct at the S51 site located in the TEAD binding domain to prevent the TAZ-

TEAD interaction.  To our knowledge, TEAD is the only transcription factor that binds to TAZ 

in the TEAD binding domain.  With this construct (4SA-S51A), TAZ is localized to the 

nucleus, but cannot bind to TEAD (Fig. 22A and B).  I created stable clones in GSC 11 (Fig. 

23A), GSC 7-11 and GSC 8-11 (Fig. 23B) using a retrovirus-expressing Flag-tagged vector and 

used an empty vector as the vector contol.  Most studies were completed using GSC 11 unless 

otherwise noted.  Immunofluorescence (IF) showed predominently nuclear localization of 4SA 

while 4SA-S51A showed localization to both the cytoplasm and nucleus (Fig. 23C).  This is 

likely due to the fact that TEAD also helps with the nuclear retention of TAZ [417].  To show 

the S51A mutation prevents TEAD binding, I did immunoprecipitation (IP) using Flag 

antibody that showed interaction of TEAD4 and Runx2 with 4SA, but only Runx2 interacted 

with 4SA-S51A (Fig. 24A).  Western analysis showed an increase in expression of CD44, FN1, 

CTGF, and Cav2 in 4SA that was abrogated in 4SA-S51A (Fig. 24B), suggesting that the   
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Figure 22: Mutant constructs 4SA and 4SA-S51A.  (A) Diagram showing the locations of 

the serine sites that are normally phosphorylated in WT-TAZ and that are converted to alanine 

in 4SA and in 4SA-S51A.  “P” indicates phosphorylation.  (B) Table describing location and 

TEAD binding ability of each construct. 



91 
 

 

Figure 23: Stable 4SA and 4SA-S51A clones in GSCs.  (A) Western analysis of Flag in GSC 

11 expressing a Flag-tagged empty vector, 4SA or 4SA-S51A.  (B) Western analysis of Flag in 

GSC 7-11 and GSC 8-11 expressing a Flag-tagged empty vector, WT-TAZ, 4SA or 4SA-S51A.  

(C) IF analysis of Flag in GSC 11-4SA and GSC 11-4SA-S51A.  Reprinted with permission, 

Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, 

Cold Spring Harbor Laboratory Press. 
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Figure 24: IP and Western analyses of 4SA and 4SA-S51A.  (A) IP (Flag)-WB (TAZ, 

TEAD4, Runx2) of GSC 11-4SA and GSC 11-4SA-S51A.  (B) Western analysis of CD44, 

FN1, CTGF, and Cav2 in GSC 11-4SA and GSC 11-4SA-S51A compared to GSC 11 empty 

vector control.  Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 

25:2594-2609 [412], Copyright © 2011, Cold Spring Harbor Laboratory Press. 
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TAZ-TEAD interaction is important in mesenchymal protein expression.  These constructs also 

affected invasion capacity, but not self-renewal abilities (Fig. 25A and B).  Invasion increased 

in 4SA, but this was decreased to almost control levels in 4SA-S51A (Fig. 25A), suggesting 

that the TAZ-TEAD interaction is important for the invasive properties of GSCs.  Self-renewal 

does not appear to be affected by 4SA (Fig. 25B), which is unexpected based on findings from 

another publication using breast cancer stem cells [240].  It is possible that the 4SA mutation 

affects self-renewal in GSCs through an unknown mechanism, but it has been noted that self-

renewal does not necessarily predict tumor potential in murine models [418].  Another cell line 

expressing 4SA, GSC 23, (Fig. 26A) also showed an increase in invasive capabilities (Fig. 

26B).  Next, these GSC 11 constructs were also tested for changes in proliferation.  Using EdU 

incorporation, neither 4SA nor 4SA-S51A showed a significant change in proliferation 

compared to vector control (Fig. 27A), suggesting that in GSCs, TAZ does not appear to 

enhance proliferation.  Consistent with these findings, western analysis showed no difference in 

expression of proteins involved in the proliferation between vector control, 4SA or 4SA-S51A 

(Fig. 27B).  Stable knockdown constructs of TEAD were also used in 4SA as another way to 

test the importance of the TAZ-TEAD interaction.  I also stably knocked down CTGF, a well-

known downstream target of TAZ-TEAD, to rule out the possibility that the changes seen in 

vitro were specifically due to TAZ-TEAD-CTGF rather than TAZ-TEAD affecting many 

downstream targets.  Invasive capacity decreased when TEAD was stably knocked down in 

4SA; however, this was not seen when CTGF was stably knocked down (Fig. 28A), suggesting 

that it is the TAZ-TEAD interaction that subsequently activates CTGF in addition to many 

other target genes that is important to invasion in GSCs.  Western analysis of FN1, CD44, 

CTGF, and Cav2 in 4SA-shTEAD also showed a decrease in expression similar to that seen in 

4SA-S51A (Fig. 28B); however, no signficant decrease was seen in CD44 or Cav2 in   
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Figure 25: Invasive and self-renewal abilities of 4SA and 4SA-S51A.  (A) Invasion assay of 

GSC 11 vector control, 4SA, and 4SA-S51A.  The invasion efficiency of the vector control was 

set to100% for comparison.  (B) Neurosphere assay of GSC 11 vector control, 4SA, and 4SA-

S51A.  Bar graphs indicate percentage of neurosphere formation.  The self-renewal ability of 

the vector control was set to 100% for comparison.  NS = not significant.  Reprinted with 

permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright 

© 2011, Cold Spring Harbor Laboratory Press.  
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Figure 26: Western and invasion analyses of 4SA in GSC 23.  (A) Western analysis of Flag 

in GSC 23 expressing a Flag-tagged empty vector or 4SA.  (B) Invasion assay of GSC 23 

vector control and 4SA.  The invasion efficiency of the vector control was set to100% for 

comparison.  
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Figure 27: Proliferation in 4SA and 4SA-S51A.  (A) Proliferation assay of vector control, 

4SA and 4SA-S51A in GSC 11.  Bar graphs indicate percentage of cells in S phase.  NS = not 

significant.  (B) Western analyses of p-cdk1, p-cdk4, Cyclin A, Cyclin B1, and Cyclin E in 

GSC 11 vector control, 4SA, and 4SA-S51A.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press.  



97 
 

 

Figure 28: Stable knockdown of TEAD and CTGF in 4SA.  (A)  Invasion assay of GSC 11-

4SA expressing the stable knockdown of TEAD or CTGF.  The invasion efficiency of GSC 11-

4SA expressing the non-targeting control was set to100% for comparison.  shTEAD-a and 

shTEAD-b are independent constructs that target different TEAD transcripts.  (B) Western 

analysis of FN1, CD44, CTGF, Cav2, TEAD2, and TEAD4 in GSC 11-4SA expressing stable 

TEAD knockdown constructs.  (C) Western analysis of CD44, Cav2, and CTGF in GSC 11-

4SA expressing a stable CTGF knockdown construct.  Reprinted with permission, Bhat, 

Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold 

Spring Harbor Laboratory Press. 
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4SA-shCTGF (Fig. 28C). 

From previous publications, I knew that TAZ plays a role in mesenchymal stem cell 

differentation by interacting with Runx2 to promote differentiation into osteoblasts [136].  I 

hypothesized that something similar would occur in GSCs expressing nuclear TAZ.  To test 

this hypothesis, we performed osteogenesis and chondrogenesis differentiation assays on GSC 

11-4SA and GSC 11-4SA-S51A.  For osteogenesis differentation, both constructs were 

subjected to osteogenic conditions for 30 days then fixed and stained with alizarin red, a dye 

that binds specifically to calcium matrix formations.  Only 4SA showed significant red staining 

while vector control and 4SA-S51A lacked staining (Fig. 29A).  For chondrocytic 

differentation, vector control and 4SA-transduced cells were subjected to chondrogenic 

conditions for 30 days then fixed and stained with safranin O, a stain used for the detection of 

cartilage.  Safranin O staining was positive in the 4SA construct compared to vector control 

(Fig. 29B).  Taken together, these data show that TAZ-TEAD interaction induces the 

mesenchymal transition in GSCs.  Next we characterized the effect of 4SA and 4SA-S51A in 

vivo by intracranially injecting the vector control, 4SA, and 4SA-S51A into SCID mice with 

the hypothesis that the tumor-initiating ability of 4SA would be increased when compared to 

the vector control followed by a subsequent decrease in 4SA-S51A.  Those mice injected with 

vector control showed smaller tumors that lacked the pathognomonic characteristics of GBM 

(i.e.—microvascular proliferation and pseudopalisading necrosis) while those injected with 

4SA developed large tumors that showed the signs of GBM (Fig. 30A).  None of the mice 

injected with 4SA-S51A formed tumors (Fig. 30A).  Overall survival was also decreased in 

those mice injected with 4SA compared to those injected with vector control (Fig. 30B).  

Collectively, the data show that the TAZ-TEAD interaction is important for mesenchymal 

protein expression, invasion, differentiation, and tumor-initiating abilities, but not  
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Figure 29: Osteogenic and chondrogenic differentiation of 4SA and 4SA-S51A.  (A) 

Osteogenic differentiation of vector control, 4SA, and 4SA-S51A after growth in control media 

(Undiff. column) or osteogenic conditions (Diff. column) for 30 days.  Cells were fixed then 

stained with alizarin red to identify calcium matrix formation.  Experiment performed by J 

Gumin.  (B) Chondrogenic differentiation of vector control and 4SA after growth in 

chondrogenic conditions for 30 days.  Cells were fixed and stained with safranin O to identify 

cartilage.  Experiment performed by J Gumin.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 
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Figure 30: 4SA and 4SA-S51A in an orthotopic intracranial mouse model.  (A) 

Representative pictures of hematoxylin and eosin stained brain slides from SCID mice injected 

with GSC 11 vector control, 4SA or 4SA-S51A.  Top row is 2x magnification and bottom row 

is 40x magnification of top images.  Mice injected by J Gumin.  (B) Kaplan-Meier analysis of 

survival probability of SCID mice injected with GSC 11-4SA compared to those injected with 

GSC 11 vector control. 
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proliferation and self-renewal. 

 

 

TAZ-TEAD directly binds the promoters of target genes to induce mesenchymal transition. 

 

It is possible that the mesenchymal transition seen with TAZ is due to interaction with 

other transcription factors established in mesenchymal transition in gliomas, specificially 

STAT3 and C/EBP-β [28].  To determine if such an interaction exists, STAT3, C/EBP-β, and 

WWTR1 were transiently knocked down in GSC 20.  Western analysis of STAT3, C/EBP-β, 

and TAZ showed no interdependence of expression between these proteins (Fig. 31A), 

suggesting that although STAT3 and C/EBP-β also lead to mesenchymal transition in gliomas, 

they likely do so via an independent pathway of TAZ.  Next I asked if this transition could also 

be due to activation of TAZ via TGF-β upstream since this has been established in other models 

[33].  I looked at Smad2 in GSC 11-4SA and interestingly saw a decrease in expression on 

western (Fig. 31B).  One would expect similar or greater expression of Smad2 between vector 

control and 4SA if TGF-β played an important role the mesenchymal transition in gliomas.  To 

further show that the TAZ-TEAD induced mesenchymal transition was independent of the 

TGF-β pathway or STAT3 and C/EBP-β, I transiently knocked down SMAD2, or STAT3 and 

C/EBP-β in GSC 11-4SA.  Real-time qPCR of ACTG2, CD44, SMA, and WWTR1 showed no 

significant difference in expression between control and transient knockdown of SMAD2 or 

STAT3 + C/EBP-β (Fig. 32).  This suggests that although these pathways ultimately result in 

the mesenchymal shift, they are working independently of each other in our glioma model. 

To test if the TAZ-TEAD interaction is responsible for up-regulating mesenchymal 

genes, we analyzed GSC 11 vector control, 4SA, and 4SA-S51A using microarray.  We found 
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Figure 31: Western analyses of transient knockdown of STAT3, C/EBP-β, and SMAD2.  

(A) Western analysis of STAT3, C/EBP-β, and TAZ in GSC 20 after transient knockdown of 

STAT3 and/or C/EBP-β and WWTR1.  (B) Western analysis of TAZ and Smad2 in GSC 11 

vector control and 4SA after transient knockdown of SMAD2.  Reprinted with permission, 

Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, 

Cold Spring Harbor Laboratory Press. 
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Figure 32: Real-time qPCR after transient knockdown of SMAD2, STAT3, and C/EBP-β.  

Real-time qPCR of ACTG2, CD44, SMA, and WWTR1 expression in GSC 11-4SA after 

transient knockdown of SMAD2 or STAT3 + C/EBP-β.  To compare transcript levels, fold 

change with siCtrl and with siRNA was used.  NS = not significant. 
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hundreds of genes that were up-regulated by 4SA (i.e.—fold change > 1.5 compared to vector 

control) and this induction was abrogated in the 4SA-S51A cells (i.e.—similar to vector control 

levels), suggesting that TAZ-TEAD interaction is important for up-regulation of specific 

mesenchymal genes (since these genes are down-regulated when the TAZ-TEAD interaction is 

prevented in 4SA-S51A; Fig. 33).  To confirm the microarray results, I used real-time qPCR to 

analyze the following mesenchymal genes: WWTR1, CD44, ADAMTS1, CTGF, IL8, and FN1.  

The real-time qPCR data are consistent with the microarray data (Fig. 34), further suggesting 

that the TAZ-TEAD interaction is important for the mesenchymal shift via up-regulation of 

numerous mesenchymal genes.  The collective set of genes that were up-regulated in 4SA cells 

were analyzed using DAVID and these genes were found to have mesenchymal biological 

activities, including vasculature development, response to wound healing, and regulation of cell 

motion (Table 4).  These data further support the importance of TAZ in the mesenchymal shift 

seen in gliomas.  Conversely, when we looked at the genes that were down-regulated in 4SA 

and subsequently up-regulated in 4SA-S51A, we found predominantly proneural genes (Fig. 

35A).  DAVID analysis showed that these genes have proneural biological activities, including 

gliogenesis, neurogenesis regulation, and glial cell differentiation (Fig. 35B).  Western analysis 

of TAZ, Olig2, and achaete-scute complex homolog 1 (Mash1) was consistent with the 

microarray data (Fig. 35C), suggesting that TAZ-TEAD is important to the proneural-

mesenchymal shift seen in gliomas. 

To show that these genes are up-regulated directly by TAZ-TEAD, ChIP-PCR was 

performed.  Genomatix was used to analyze 3 kb portions proximal to the transcription start site 

of sixteen mesenchymal genes.  Primer3 was used to design primers around putative TEAD 

consensus sequences (GGAATG [318]) in these mesenchymal genes (Table 5).  GSC 11-4SA 

was used for the ChIP-PCR experiment and both IP-TAZ and IP-TEAD was performed.  PCR 
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Figure 33: Microarray of vector control, 4SA, and 4SA-S51A.  Heat map showing genes 

induced in GSC 11-4SA compared to GSC 11 vector control.  Gene expression levels in GSC 

11-4SA-S51A are relative to GSC 11 vector control as well.  Plots are the log2 of Affymetrix 

expression values.  Data analyzed by BD Vaillant.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 
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Figure 34: Real-time qPCR of vector control, 4SA, and 4SA-S51A.  Real-time qPCR results 

of WWTR1, CD44, ADAMTS1, CTGF, IL8, and FN1 expression in GSC 11 vector control, 

4SA, and 4SA-S51A.  To compare transcript levels, fold change with vector control and with 

4SA or with 4SA-S51A was used.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press.  
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Table 4: Functional gene analysis of genes up-regulated by 4SA 
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Figure 35: Down-regulation of proneural genes in 4SA.  (A) Heat map showing genes 

down-regulated in GSC 11-4SA compared to GSC 11 vector control.  Gene expression levels in 

GSC 11-4SA-S51A are relative to GSC 11 vector control as well.  Plots are the log2 of 

Affymetrix expression values.  Data analyzed by BD Vaillant.  (B) Functional gene analysis by 

DAVID of genes down-regulated by GSC 11-4SA.  (C) Western analysis of TAZ, Olig2, and 

Mash1 in GSC 11 vector control, 4SA, and 4SA-S51A.  Reprinted with permission, Bhat, 

Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold 

Spring Harbor Laboratory Press. 
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Table 5: ChIP-PCR Primer Designs 
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bands were seen in both IP-TAZ and IP-TEAD, but not IgG, in the following genes: ACTN1, 

COL1A1, CTGF, and CXCL2 (Fig 36).  Some genes (ACTG2, CD44, COL11A1, and MYL1) 

demonstrated inconclusive data (Fig. 36).  Other genes (CAV2, IL4R, LAMP1, LUM, PLAUR, 

TAGLN2, and TUBB6) displayed positive bands following TAZ IP, but not TEAD IP (Fig. 36).  

These data suggest that at least a subset of these genes is directly activated by TAZ-TEAD.  

However, it is possible that some of these results are due to technical issues and with changes, 

such as alternative primer design, more conclusive outcomes could be drawn.  Overall, these 

data show that TAZ-TEAD is important for activation of mesenchymal genes and de-activation 

of proneural genes independent of the TGF-β pathway or STAT3 and C/EBP-β. 

 

 

TAZ-TEAD interaction decreases survival and increases glioma grade in a mouse model. 

 

To supplement the SCID mice data, I used the RCAS/N-tva mouse model system due to 

its advantages including the ability to control the cell of origin, to combine specific gene 

alterations, and to know the earliest time of onset (i.e.—day of injection).  Also, this system 

allows for tumors to develop in a normal cellular environment (i.e.—normal microenvironment 

with a competent immune system) and the tumors that form are similar to the human 

counterparts [419].  This system uses retrovirus-encoded genes that can be directed to express 

in Nestin
+
 neural progenitor cells (NPCs) expressing the tv-a receptor on their cell surface.  

Chicken fibroblast (DF-1) cells were transfected with the RCAS vector containing specific 

genes of interest and directly injected into the N-tva mouse brains as described previously 

[406,407]. 

Since specific gene combinations can be studied in this model, PDGF-β was chosen as 

the baseline control and was common among the experimental groups.  Tumors that form from 
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Figure 36: ChIP-PCR of inferred TAZ-TEAD target gene promoters using 4SA.  IP was 

done with either TAZ or TEAD.  Standard PCR was performed using designed primers in 

Table 5 (above).  PCR products were run on 0.5% TAE agarose gels with ethidium bromide.  

Pictures were taken using a UV-lamp light box. 
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the over-expression of PDGF-β in this mouse model are typically lower grade proneural tumors 

[420].  I hypothesized that the addition of WT-TAZ or 4SA to PDGF-β would induce a 

proneural-mesenchymal shift that would generate high grade gliomas.  I further speculated that 

the addition of the 4SA-S51A allele, which lacks TEAD binding, to PDGF-β would result in 

tumors similar to PDGF-β alone.  Mice were sacrificed once neurological symptoms (e.g.—

seizures, hydrocephalus, ataxia, etc.) were present.  I found that mice injected with WT-TAZ + 

PDGF-β or 4SA + PDGF-β had a significant decrease in overall survival compared to those 

injected with PDGF-β alone (Fig. 37A and B).  Interestingly, when 4SA-S51A is injected 

along with PDGF-β in these mice, the overall survival improves compared to those injected 

with either WT-TAZ + PDGF-β or 4SA + PDGF-β (Fig. 37A and B).  The median survival of 

WT-TAZ + PDGF-β and 4SA + PDGF-β was almost half of that of PDGF-β at 5 weeks 

compared to 11 weeks while the median survival of 4SA-S51A + PDGF-β was in between at 8 

weeks (Fig. 37C).  Mice injected with WT-TAZ, 4SA or 4SA-S51A alone survived more than 

90 days post-injection and did not form tumors (Figs. 37A and 38).  This is likely due to a 

known property of this mouse model when specific oncogenes are used in isolation.  Others 

have shown that tumors fail to form when well-known oncogenes, such as Akt and Ras, are 

injected alone [421].  To our knowledge, PDGF-β is the only gene that can form tumors when 

over-expressed alone in this mouse model [422].  Over-expression of WT-TAZ + PDGF-β and 

of 4SA + PDGF-β also led to an overall shift in grade, meaning the predominate grade in 

PDGF-β alone was grade II (76%) while the predominate grades with the gene combinations 

was grades III (41-50%) or IV (43-45%; Fig. 38).  Given more time without serious 

neurological symptoms, the mice could have transitioned from grade III to grade IV, thus 

increasing the predominant grade to grade IV in the WT-TAZ + PDGF-β and in the 4SA + 

PDGF-β groups.  No shift in grade was seen in 4SA-S51A + PDGF-β since most of the tumors   
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Figure 37: Kaplan-Meier of survival analyzing TAZ in the RCAS/N-tva mouse model.  (A) 

Kaplan-Meier of survival probability of RCAS/N-tva mice injected with PDGF-β, WT-TAZ  

PDGF-β, 4SA PDGF-β or 4SA-S51A PDGF-β.  (B) Table shows statistical significance 

between groups.  (C) Table shows median survival of PDGF-β, WT-TAZ + PDGF-β, 4SA + 

PDGF-β, and 4SA-S51A + PDGF-β.  Reprinted with permission, Bhat, Salazar, 

Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold Spring 

Harbor Laboratory Press. 
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Figure 38: Grade frequency in the RCAS/N-tva mouse model.  Bar graph shows percentage 

of each grade (no tumor = purple; grade II = red; grade III = blue; grade IV = green) within 

each group (PDGF-β, WT-TAZ PDGF-β, 4SA PDGF-β, and 4SA-S51A PDGF-β).  

Reprinted with permission, Bhat, Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 

[412], Copyright © 2011, Cold Spring Harbor Laboratory Press.  
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were grade II (57%; Fig. 38).  The grade IV tumors that formed in the WT-TAZ + PDGF-β and 

the 4SA + PDGF-β groups showed the pathognomonic characteristics of GBM (i.e.—

pseudopalisading necrosis and microvascular proliferation) while these features were lacking in 

the majority of the tumors in the PDGF-β alone and the 4SA-S51A + PDGF-β groups (Fig. 39).  

Again, no tumors formed in the mice over-expressing WT-TAZ, 4SA or 4SA-S51A alone (Fig. 

39).  Next, I performed real-time qPCR of CD44, CTGF, CXCL2, and FN1 on fresh frozen 

tumors isolated from the PDGF-β and the WT-TAZ + PDGF-β groups.  I found no significant 

difference of relative expression of these genes between PDGF-β and WT-TAZ + PDGF-β 

(Fig. 40).  This may be due to isolation methods where normal tissue was also removed and 

contaminated the samples.  It is also possible that other mesnchymal gene targets not studied 

may show a difference between the two groups.  Taken together, TAZ in conjunction with 

PDGF-β decreases overall survival and increases the predominant tumor grades in the 

RCAS/N-tva mouse model.  Activation of CD44, CTGF, CXCL2, and FN1 is inconclusive at 

this time. 

In summary, the TAZ-TEAD interaction, independent of the TGF-β pathway or STAT3 

and C/EBP-β, deactivates a proneural pathway and activates a mesenchymal pathway via direct 

binding to mesenchymal gene promoters that increases invasive capacity, promotes 

mesenchymal stem cell like properties, decreases survival, and increases tumor grade. 
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Figure 39: Representative pictures of hematoxylin and eosin stained RCAS/N-tva tumors.  

Representative tumors of each group (PDGF-β, WT-TAZ PDGF-β, 4SA PDGF-β, and 

4SA-S51A PDGF-β) are pictured at 40x magnification.  Reprinted with permission, Bhat, 

Salazar, Balasubramaniyan, et al., Genes Dev 25:2594-2609 [412], Copyright © 2011, Cold 

Spring Harbor Laboratory Press. 
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Figure 40: Real-time qPCR of PDGF-β and WT-TAZ + PDGF-β.  Real-time qPCR of 

CD44, CTGF, CXCL2, and FN1 expression tumors isolated from RCAS/N-tva mice injected 

with PDGF-β or WT-TAZ + PDGF-β.  To compare transcript levels, the fold change compared 

to PDGF-β tumors is shown.  NS = not significant.  
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CHAPTER 5: DISCUSSION 
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Summary 
 

Our findings show the importance of TAZ in the mesenchymal shift seen in gliomas.  

We showed that TAZ is highly associated with the mesenchymal signature and is regulated by 

methylation in addition to phosphorylation and ubiquitination.  I also showed that TAZ is 

important for the mesenchymal transition and aggressive behavior in GSCs.  Next, I showed 

that the TAZ-TEAD interaction controls the mesenchymal transition and that the TAZ-TEAD 

complex directly binds to target gene promoters.  Lastly, I showed that TAZ-TEAD increased 

grade and decreased survival in the RCAS/N-tva mouse model.  Overall, I show that TAZ is 

another key modulator of the mesenchymal transition in gliomas. 

Using a variety of different methods, we demonstrated that TAZ is associated with the 

mesenchymal gene signature seen in GBMs.  We analyzed TCGA data and found that WWTR1 

expression was able to predict patient survival.  We also looked at the functional activity of 

genes regulated by TAZ and found these genes to be involved in mesenchymal actions.  Next, 

we examined the mesenchymal metagene score and found a positive correlation with WWTR1 

expression.  We also able identified a novel regulatory mechanism of WWTR1 via methylation 

of its promoter region in proneural tumors.  This frequent promoter methylation in lower grade 

gliomas likely represents at least one mechanism that results in lower protein expression levels 

that is seen in clinical samples when compared to GBM.  I found this same regulatory 

mechanism present in GSC lines deemed proneural.  Analyzing hundreds of samples using 

microarray data, we also showed that WWTR1 expression correlated strongly with GBM.  I was 

also able to show this in clinical tumor samples.  Lastly, I found that when TAZ expression was 

lowered, invasion, self-renewal, mesenchymal gene expression, and tumor potential decreased.  
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Taken together, these data support that TAZ is strongly connected to the mesenchymal gene 

signature and affects clinical behavior. 

To further establish the role of TAZ in the mesenchymal gene signature, I over-

expressed TAZ and found that this over-expression led to an increase in expression of 

mesenchymal markers.  I also found that this increase was prevented when TAZ could not bind 

to TEAD, thus showing that it is not the over-expression of TAZ alone that is important to this 

mesenchymal shift, but that it is the interaction of TAZ with TEAD that causes this change to 

occur.  I found an increase in invasion, self-renewal, mesenchymal stem cell differentiation, 

and tumor potential when TAZ was over-expressed, but all this was abrogated when TAZ could 

no longer bind to TEAD.  Interestingly, I saw a concurrent decrease in proneural gene 

expression when TAZ was over-expressed, but again, this was prevented when TAZ could not 

bind to TEAD.  Lastly, I observed that TAZ-TEAD directly bound to some mesenchymal gene 

targets to up-regulate their expression.  Overall, I show that not only is TAZ associated with the 

mesenchymal signature, but that it is the interaction of TAZ with TEAD that causes this 

mesenchymal shift. 

Others have also shown the importance of TAZ in cell proliferation, migration, 

invasion, self-renewal, and EMT in breast cancer [176,177,240].  Although we show that TAZ 

is important in invasion and self-renewal, we did not see an effect on proliferation.  It is 

possible that in gliomas the main effect of TAZ is on the mesenchymal signature and not 

necessarily on cell growth like in breast.  Gliomas and breast cancers are quite different, but it 

is possible that some signaling pathways are similar between the two, namely the TEAD 

interaction [177,345].  The TAZ-TEAD interaction likely leads to an increase in self-renewal, 

invasion, and EMT in both cancers, but the differences seen in the effect of TAZ on these 
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cancers may be due to different signaling mechanisms or possibly different downstream targets 

that are cancer specific.  It is reassuring to see that TAZ-TEAD play an important role in other 

cancer models since it helps strengthen the importance of TAZ-TEAD on mesenchymal 

transition.  However, it is likely that TAZ is involved with other pathways to induce the 

mesenchymal transformation in other cancers. 

One group showed that in breast cancer TAZ was important in TGF-β signaling since 

TAZ controlled Smad localization, thus affecting TGF-β target gene induction [33].  Early on, 

an appealing idea was that TGF-β signaling was involved in the mesenchymal transition seen in 

gliomas.  While I initially hypothesized the importance of the TGF-β pathway involvement in 

PMT (since it is associated with EMT [352,366]), interestingly, our results did not point to a 

role of this pathway in PMT.  Due to the results I obtained, which are discussed in greater detail 

in the Appendix chapter, I chose to further characterize the role of TAZ and TEAD in PMT.  It 

is possible that TGF-β may still play a role in the mesenchymal change, but further studies need 

to be done to establish this pathway in the mesenchymal shift seen in gliomas.   

Another group showed that STAT3 and C/EBP-β also regulate the mesenchymal 

signature in gliomas [28], but we were able to show that this occurs independently of TAZ-

TEAD.  Although we asked similar questions, our study differed from theirs because we used a 

larger dataset of approximately 400 compared to their almost 200 profiles and we limited our 

analyses to only GBMs whereas they studied both grades III and IV.  Their study may have 

emphasized the difference between grades III and IV whereas ours highlighted the differences 

within GBM.  Overall, these findings show that more than one transcription factor can 

modulate the mesenchymal change with more regulators destined to be discovered. 
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We also showed that TAZ is regulated via methylation in lower grade gliomas.  

Normally in cancer, methylation is associated with the down-regulation of tumor suppressor 

genes important for cell cycle or growth regulation; therefore, methylation is thought to be 

central in the early tumor initiation phase of tumorigenesis [423,424,425].  We show that TAZ 

is normally methylated in normal brain and in lower grade gliomas, but when TAZ becomes 

demethylated in GBM, we see a higher expression of TAZ as well as an increase in invasion, 

but we see no effect on proliferation.  Because of this, methylation of TAZ in GBM may be 

associated with later events in tumorigenesis.  It is possible that in GBM, other mutations or 

gene alterations occur before the demethylation of TAZ.  Other genes that show a similar 

methylation pattern in low grade gliomas and GBM are part of a glioma-CpG island methylator 

phenotype (G-CIMP) [426].  This hypermethylation is associated with low grade proneural 

gliomas in younger patients with an improved outcome.  Some of the genes in the G-CIMP 

signature are mesenchymal in nature (e.g.—CHI3L1, MMP9, LGALS3, PDPN, etc.) and the 

silencing of these mesenchymal genes may be the reason for the better clinical outcome [412].  

Although CIMP exists in numerous cancers, a few including colorectal [427], gastric [428], 

pancreatic adenocarcinoma [429], ovarian carcinoma [430], esophageal adenocarcinoma [431], 

HCC [432], and neuroblastoma [433], TAZ has not been shown to be methylated in these 

tumors.  It is possible that TAZ is also methylated in these tumors, but it has not been studied 

yet in previous work.  It would be interesting to see if TAZ is methylated in other cancers and if 

it affects early or late tumorigenesis.  Both effects are possible and may be cancer specific. 

This research gives us a working model of how gliomas become higher grade and more 

aggressive.  TAZ-TEAD, in addition to STAT3 and C/EBP-β [28], can modulate this 

mesenchymal transition.  In proneural tumors, TAZ is mediated via methylation of its promoter 

(Fig. 41A), but this is not the case in mesenchymal tumors.  In mesenchymal gliomas, the 



123 
 

TAZ-TEAD complex directly binds to mesenchymal gene promoters, thus up-regulating gene 

expression (Fig. 41B).  How the TAZ-TEAD complex can silence proneural genes is unknown, 

but one could hypothesize that the TAZ-TEAD complex either directly inhibits the proneural 

gene expression or the mesenchymal genes that are up-regulated somehow inhibit the 

expression of proneural genes (Fig. 41B).  It is possible that TAZ binds to another unknown 

transcription factor to silence the proneural genes, but based on the 4SA and 4SA-S51A 

microarray data, the silencing likely occurs via the TAZ-TEAD interaction. 

 

Future Directions, Clinical Implications, and Conclusions 

A number of avenues could be pursued to follow up this work.  The next step would be 

to identify potential drugs that target TAZ-TEAD function.  This could be done by testing a 

drug panel using a CTGF-drive luciferase assay.  The luciferase would be used as a read-out of 

TAZ activity and those drugs that decrease the luciferase level would indicate blocked TAZ 

activity.  These drugs could then be tested in vitro using GSCs.  Once the potential drugs have 

been narrowed down to the most promising, we could test them in animal models.  Either 

multiple animal glioma models would need to be used or animal models of mechanism would 

be another option [434].  Multiple animal models would allow us to study if the drug is 

effective in more than one animal and hopefully ensures that the results we find are not animal 

specific.  It is possible to use the same animal (i.e.—mouse), but have mice modeling different 

gliomas (proneural, mesenchymal, etc.).  Another option would be to use animal models of 

mechanism, where the mechanism of TAZ is mimicked to induce tumors.  This would allow us 

to study which drugs block the action of TAZ.  Yet an additional model would be a humanized 

transgenic mouse that studies human drug metabolizing enzymes.  This model would be ideal  
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Figure 41: Proposed model of TAZ-TEAD regulating Mes and PN genes.  (A) Gene 

regulation of WWTR1 in PN tumors via promoter methylation, indicated by black circles.  (B) 

Gene regulation of WWTR1 in Mes tumors lacks promoter methylation, indicated by white 

circles.  Gene activation of WWTR1 eventually leads to binding with TEAD, thus activating 

Mes genes.  PN gene down-regulation, indicated by a ‘?’, is speculated at this point. 
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to test pharmacokinetics, drug clearance, and toxicity in humans [435].  The use of all these 

models would help find the best drug inhibitor to use in humans since it would test the drugs 

from multiple angles. 

It would also be interesting to study if and/or how the regulation of TAZ via interaction 

with tight junction proteins (e.g.—AMOT, AMOTL1 [202], ZO-1, and ZO-2 [230]) or 

adherens junction proteins (e.g.—E-cadherin and α-catenin [62,192,193]) affects 

gliomagenesis.  It is possible that this interaction with tight and/or adherens junction proteins, 

which results in cytoplasmic retention, is another regulatory mechanism of TAZ in gliomas.  It 

would be interesting to find that a loss of these tight and/or adherens junction proteins results in 

high grade, mesenchymal gliomas due to the loss of cytoplasmic retention of TAZ.  This 

regulation could also be exploited clinically as another way to regulate TAZ in gliomas. 

Lastly, elucidating how TAZ down-regulates the proneural genes would also be 

interesting.  Again, it likely occurs via TAZ-TEAD interaction, but if the down-regulation 

occurs due to TAZ-TEAD directly or due to mesenchymal genes remains to be determined.  It 

seems that the proneural and mesenchymal phenotypes cannot co-exist, so if the tumor could 

switch to a proneural phenotype, the clinical outcome may be better.  Preventing the down-

regulation of proneural genes via TAZ/TAZ-TEAD may be yet another way this research could 

be used clinically.  If we could doubly prevent the effect of TAZ on proneural genes (i.e.—

down-regulation) and mesenchymal genes (i.e.—up-regulation) in the clinic, then patient 

survival may improve. 

The glioma field is heading towards greater understanding of the molecular drivers of 

gliomagenesis and the mesenchymal signature.  Many more modulators of the mesenchymal 

gene phenotype will be found in the future, including miRs along with other transcription 
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factors.  Ideally, we would be able to translate this information in the clinic by developing 

treatments targeting these mesenchymal network regulators.  Molecular profiling will be 

essential to personalized medicine by identifying patients who will do better clinically and 

identifying treatments to which they will respond.  If personalized medicine advances greatly, it 

is possible that diagnostic gene marker panels will eventually identify cancer patients earlier 

than when they start to show symptoms. 

Further investigation of the Hippo pathway is likely to lead to great advances in the next 

several years.  This pathway will likely be connected to many more pathways besides BMP, 

TGF-β, and Wnt/β-catenin [32,34,35,108].  Understanding how these pathways are integrated is 

an important question.  Additional proteins that dephosphorylate TAZ/YAP may also be 

identified as well as other downstream targets of TAZ/YAP.  Like YAP, TAZ will likely be 

found to be important in numerous other cancers.  Also, how the upstream regulators of 

MST1/2 regulate its activity and how these upstream regulators relate to one another will 

hopefully be elucidated in the near future.  How cell polarity and cell adhesion proteins regulate 

the Hippo pathway are additional important questions that could be answered in the years to 

come.  It is an exciting time for those studying the Hippo pathway since many aspects of this 

relatively new pathway have yet to be explored and fully understood. 

Ideally, this research would be translated clinically and TAZ could be used as a 

biomarker, but much more research would need to be done in order for that to happen.  To be 

the best biomarker, it must identify the disease throughout its development (i.e.—from early to 

late) and it would have to pass a Food and Drug Administration (FDA) process qualification 

[436].  Convincing biotechnology companies to develop this as a biomarker, it must show 

promise financially and be readily available for physicians in all settings from rural to urban 
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areas to use.  The biomarker would show appeal to clinicians if it was cheap, fast, easy to use, 

accurate, and reimbursed by health insurance.  To use as a screening tool, it would need high 

sensitivity and would have to be followed up with another test that has high specificity to rule 

out the false positives.  To truly translate this research to the bedside, many obstacles exist and 

must be dealt with at each step. 

If TAZ biomarker development is not possible, other tests could be established.  

Examples of potential studies include testing gene signatures or TAZ methylation status.  The 

gene signature could be tested via microarray, but that would be difficult due to cost, variability 

between batch runs and the need for bioinformatics experts to decipher the data for clinicians.  

Microarrays would have to become cheaper to be used clinically.  A biomarker panel could be 

developed to test for the overall gene signature, but that development faces the same problem 

as using TAZ as a biomarker.  This kind of panel could be a cheaper option compared to 

microarray.  Another option would be to test the methylation status of the TAZ promoter, but 

this would require DNA isolation followed by bisulfite conversion and PCR.  These analyses 

have potential, but all would have to be streamlined to make it practical to use clinically. 

Even if a biomarker test is developed, we must know what to do with this data once 

obtained and what it means for treatment.  Without a drug inhibitor of TAZ, it will not help the 

patient by merely just knowing the TAZ levels of the tumor.  Drug inhibitors would have to be 

identified and clinical trials would be needed before this data could be used clinically.  A 

general start to this study would include testing a drug panel and using a CTGF driven 

luciferase assay to test the TAZ activity.  Once potential drugs that silence TAZ activity are 

identified, we would need to test them both in vitro and in vivo.  For the in vivo experiments, 
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we would need to find concentrations of the drugs that are both effective and could realistically 

be used on human subjects without numerous side effects. 

This research is important because it provides a greater understanding of the molecular 

mechanism controlling mesenchymal transition.  It shows that more than one transcription 

factor can regulate this transition and that the tumor cells have more than one pathway to 

transition to a mesenchymal signature.  Realistically, it would be difficult to target all these 

modulators, but maybe it is possible to target more than one at a time.  Another possibility is 

trying to both promote the proneural signature to mask or inhibit the mesenchymal signature as 

well as attempt to silence the mesenchymal phenotype.  If we were to focus on TAZ alone, then 

it could be used as a drug target or methylation of its promoter could be tested.  This research 

changed the field because it shows that TAZ is epigenetically regulated and that the 

mesenchymal shift is also due to TAZ-TEAD interaction.  These data show that many 

transcription factors can regulate the mesenchymal transition in gliomas similar to the many 

transcription factors that affect EMT.  In the end, TAZ-TEAD-related mechanisms represent an 

important part of the mesenchymal phenotype, but additional transcription factors and 

pathways are also likely to play an important role.  The future has much potential to improve 

our understanding of the clinical aggressiveness of gliomas. 
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WT-YAP decreases survival and increases glioma grade in the RCAS/N-tva model. 

 

In addition to TAZ and its role in gliomagenesis, I was also curious about the potential 

role of YAP in glioma formation.  Although I chose to further characterize TAZ, I speculated 

that YAP may also play a role in gliomagenesis since they are comparable, but with some 

differences.  I used the RCAS/N-tva mouse model to test the role of YAP in glioma formation 

and found that the over-expression of WT-YAP + PDGF-β also decreased overall survival 

compared to PDGF-β alone (Fig. 42).  The mice injected with WT-YAP alone did not form 

tumors and survived more than 90 days (Fig. 42).  Over-expression of WT-YAP + PDGF-β 

also led to an overall shift in grade, meaning the predominantly grade in PDGF-β alone was 

grade II (76%) while the predominate grade with the gene combinations was grade IV (69%; 

Fig. 43A).  The grade IV tumors that formed in the WT-YAP + PDGF-β group showed the 

pathognomonic signs of GBM (i.e.—pseudopalisading necrosis and microvascular 

proliferation) while these features were lacking in the majority of the tumors in the PDGF-β 

alone group (Fig. 43B).  Again, no tumors formed in the mice over-expressing WT-YAP alone 

(Fig. 43B). 

The next step for this experiment is to develop mutants that are similar to 4SA and 4SA-

S51A and test these mutants in the RCAS/N-tva mouse model as well.  YAP is phosphorylated 

at S61, S109, S127, S164, and S381 [437]; mutations of these serine residues to alanine would 

create a mutant functionally similar to 4SA.  Adding a mutation at S94 to an alanine would 

prevent TEAD binding [437], thus creating a mutant functionally similar to 4SA-S51A.  It 

would be interesting to see similar results to those seen with TAZ; however, if results are 

different, then that would imply that YAP is involved in gliomagenesis, but through a 

mechanism not involving the interaction with TEAD.    
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Figure 42: Kaplan-Meier of survival analyzing YAP in the RCAS/N-tva mouse model.  

Kaplan-Meier of survival probability of RCAS/N-tva mice injected with PDGF-β or WT-YAP 

 PDGF-β.  
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Figure 43: RCAS/N-tva mouse model studying WT-YAP.  (A) Bar graph shows percentage 

of each grade (no tumor = purple; grade II = red; grade III = blue; grade IV = green) within 

each group (PDGF-β or WT-YAP PDGF-β).  (B) Representative pictures of hematoxylin 

and eosin stained RCAS/N-tva tumors from each group (PDGF-β or WT-YAP PDGF-β) are 

pictured at 40x magnification. 
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TGF-β does not activate TAZ in GSCs. 

 In a paper written by Varelas, et. al., the group found that TAZ controlled Smad 

localization, thus affecting TGF-β induced genes [33].  When TAZ localized to the nucleus, the 

Smad complex was able to bind to TAZ and the promoter regions of TGF-β genes.  When TAZ 

localized to the cytoplasm, the Smad complex was unable to induce TGF-β driven genes.  The 

group also found that the TAZ-Smad interaction regulated human embryonic stem cell (ESC) 

self-renewal.  Based on these findings, I hypothesized that something similar was occurring in 

GSCs.  I first tested this hypothesis by IF of Smad2/3 in GSCs after TGF-β treatment (R&D 

Systems).  In GSC 20 (high TAZ), Smad2/3 localized to the nucleus while this was not seen in 

GSC 23 (low TAZ; Fig. 44).  This suggested that Smad2/3 localization depended on TAZ.  I 

further tested this hypothesis by real-time qPCR of GSC 20 after transient knockdown of 

WWTR1 and looked at two known downstream TGF-β targets, SERPINE1 and SMAD7 [438].  I 

found that there was no significant increase in expression of either gene after the addition of 

TGF-β to the siCtrl sample (Fig. 45).  I also did not see a decrease in expression of either gene 

when WWTR1 was transiently knocked down (Fig. 45).  One would speculate that if these 

targets were TAZ dependent, then expression should decrease after transient WWTR1 

knockdown.  Other real-time qPCR experiments showed inconsistent results when I tested the 

effect of TGF-β on GSCs (data not shown), thus I chose to study the TAZ-TEAD interaction 

instead.  TGF-β may play a role in gliomagenesis via TAZ, but the genes I chose to study did 

not support this hypothesis.  Of course if pursued in the future, TGF-β-TAZ dependent genes 

could be found to support the hypothesis. 
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Figure 44: IF of Smad2/3 in GSCs after TGF-β treatment.  IF of Smad2/3 localization after 

100 pM TGF-β treatment for 3 hrs in GSC 20 (high TAZ) and GSC 23 (low TAZ).  
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Figure 45: Real-time qPCR of transient TAZ knockdown with TGF-β treatment.  Real-

time qPCR of WWTR1, SERPINE1, and SMAD7 expression in GSC 20 after transient 

knockdown of WWTR1 followed by 100 pM TGF-β treatment for 3 hrs.  To compare transcript 

levels, fold change before and after treatment was used.  NS = not significant.  ‘*’ = p-value < 

0.05.  
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In another angle, I also tested transcription factor 3 E2A immunoglobulin enhancer 

binding factors E12/E47 (TCF3) in GSCs after TGF-β treatment.  TCF3 was found to be 

important for maintaining ESC self-renewal [439] and I found that TCF3 levels paralleled TAZ 

in GSCs (Fig. 46A).  I hypothesized that TGF-β-TAZ-TCF3 played a role in regulating GSCs.  

To test this hypothesis, I used real-time qPCR to test TCF3 expression after TGF-β treatment 

and after transient WWTR1 knockdown followed by TGF-β treatment.  I would expect TCF3 

levels to increase after TGF-β treatment and to be low after TGF-β treatment in transient 

WWTR1 knockdown samples if TCF3 expression was dependent on TAZ.  I did not find a 

significant difference in TCF3 expression after the addition of TGF-β or after the transient 

knockdown of WWTR1 with the subsequent treatment with TGF-β (Fig. 46B).  This suggests 

that TCF3 is independent of TAZ.  Based these data, I chose not to further study TCF3 and its 

potential role in maintaining self-renewal in GSCs. 
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Figure 46: Western and real-time qPCR analyses studying TCF3 in GSCs.  (A) Western 

analysis of TCF3 and TAZ in GSC 7-10, GSC 11, GSC 20, and GSC 23.  (B) Real-time qPCR 

of WWTR1 and TCF3 in GSC 11 and GSC 20 after 100 pM TGF-β treatment for 3 hrs.  

WWTR1 was transiently knocked down in GSC 20 and samples were subsequently treated with 

TGF-β.  To compare transcript levels, fold change before and after treatment was used.  All 

results are NS unless noted with an ‘*’ or an ‘**’.  NS = not significant.  ‘*’ = p-value < 0.05 

and ‘**’ = p-value < 0.005.  



138 
 

GSCs cultured with CTGF show an increase in growth. 

  

It is well-established that CTGF is a downstream target of TAZ-TEAD [181,297,345].  

Early on, I hypothesized that the mesenchymal transition seen in gliomas was due to TAZ-

TEAD-CTGF.  I wanted to test if CTGF was the primary reason that GSCs shifted to a 

mesenchymal phenotype, thus I tested the effect of adding CTGF (ThermoScientific) to 

cultures of GSCs with low basal expression of TAZ as a way to bypass TAZ-TEAD.  I also 

wanted to test if CTGF could supplement EGF or FGF, growth factors that are important in 

culturing GSCs to maintain the original tumor phenotype [440].  I cultured GSC 11 and GSC 

23 in neural basal media containing various combinations of EGF, FGF, and CTGF.  Cells were 

split and counted prior to addition of the appropriate media.  I found that adding CTGF 

increased the number of neurospheres in both GSC 11 and GSC 23 and could supplement EGF, 

but not FGF (Fig. 47).  It is possible that the results were due to the addition of high, non-

physiological levels of CTGF.  The next step would be to add physiological levels of CTGF; 

however, based on other experiments mentioned earlier, I chose not to pursue this route and 

modified the hypothesis to its current form. 
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Figure 47: Effect on GSCs cultured with CTGF.  GSC 11 and GSC 23 were cultured in 

neural basal media (NBM) with various combinations of EGF, FGF, and CTGF.  EGF and FGF 

concentrations were based on [440] and CTGF was added at 25 μM.  Cells were grown in this 

media for 14 days.  Representative pictures were taken at 5x magnification. 
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TAZ-TEAD may recruit SATB1/2 to repress proneural genes. 

 

As mentioned previously, TAZ-TEAD appears to down-regulate proneural genes.  The 

mechanism of this repression is unknown; however, I hypothesized that special AT-rich 

sequence-binding protein 1 (SATB1) and SATB2 were potential mediators of proneural 

repression.  SATB proteins are PDZ domain containing proteins that control nuclear gene 

expression by recruiting histone deacetylaces directly to the promoter of genes [441,442].  

Since TAZ contains a C-terminal PDZ binding motif, I hypothesized that the TAZ-TEAD 

complex represses proneural genes by recruiting SATB1 and/or SATB2 to target promoters 

(Fig. 48A).  To test this hypothesis, I first wanted to know the basal expression levels of 

SATB1 and SATB2 then I wanted to confirm the interaction of TAZ with SATB1 and/or 

SATB2 via IP-WB.  I found no correlation between SATB1 or SATB2 expression and TAZ 

(Fig. 48B), but one would not necessarily expect different levels of SATB1 or SATB2, just 

different levels of TAZ-TEAD affecting proneural gene expression via recruitment of SATB1 

and/or SATB2.  Next I performed IP-WB to test the interaction of TAZ with SATB1 in GSC 20 

and GSC 11-4SA.  I found that TAZ and SATB1 may interact, but different antibodies need to 

be used for the experiment in the future since the IP-WB was not very clean (Fig. 48C).  This 

hypothesis has potential to be pursued at a later time in order to discover the mechanism 

repressing proneural gene expression in GSCs.  
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Figure 48: Western and IP-WB analyses of SATB1 and SATB2 in GSCs.  (A) Proposed 

model of PN gene down-regulation via TAZ-TEAD.  Blunt head indicates inhibition.  (B) 

Western analysis of TAZ, SATB1 and SATB2 in GSC 7-11, GSC 8-11, GSC 11, GSC 23, GSC 

6-27, and GSC 20.  (C) IP-WB analysis of GSC 20 and GSC 11-4SA.  IP-TAZ or IP-Flag was 

done and western analysis of TAZ and SATB1 was performed. 
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